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Abstract.

Records gre shown of the three components of
ground vibration taken at distances out to 3284 meters
following small explosions of dyneamite about ten
meters underground., The apparatus used to record
this motion is described, and its limitations discussed.
The refracted compressional waves recorded are used to
calculate roughly the thickness of the near surface
layers. Three principal dispersed waves are recognized
and described., It is shown that two of these do mnot
behave like any well known type of wave motion. It
ig pointed out that this is not surprising since the
near surface material is probably neither homogeneous
nor elastic and these conditions are required by the
classical theories, The third dispersed wave is shown
to closely resemble a modified Rayleigh wave, Three
published theories of such modified motion are
reviewed and compared with the observations. The
recorded data are also compared with other similar

records copies of which have been published,
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GROURD VIBRATIONS NEAR EXPLOSIONS,
I. PREVIOUS EXPERIMENTAL WORK,

Introduction.

One would expect that since seismic waves from
explosions are the bagis of a whole industry (seismic
surveying), theilr nature would have been thoroughly
investigated and described. A seismic crew commonly
sets off in & normal day's operation some tens of charges
of dynamite, photographically recording the groumd motion
following each explosion at sometimes as many as 24
separate locations, The records made are later studied
in detail by specially trained engineers and scientists.
Yet in spite of the tremendous amount of data thus
acéumlated, our knowledge of the detailed character
of the energy radiated from such an explosion is very
limited., In particular, the aspects of the problem
which have no obvious, immediate, commercial applicatiom
have largely been neglected,

One reason for this is that the records regularly
taken in geophysical exploration for possible oil
reservoirs are not well suited for such studies, Only
one component of the motion is recorded; and the
apparatus used to measure that is commonly not carefully
calibrated, so that the amplitude of the original ground

motion can not be accurately determined, Often the
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gain of the amplifiers is caused to vary during the
time of recept@on,of the energy from a single explosion,
Also, only a very limited frequency spectrum is normally
recorded. The reason for this restricted type of
recording is that the exploration geophysicist is not
primarily interested in the shapes of the seismie pulses,
but in the paths they travel to his instruments. Great
care is taken to determine the velocities of compressional
waves in the ground where such surveys are conducted,

by making well velocity surveys, and refraction records
to determine "weathering corrections"; and much work has
been done on studying the phenomena of reflection and
refraction (Gutenberg, 1944; Dix, Fu, and McLemore,
1945)*, But in general, little effort has been made to
investigate the physical properties of the ground
itselfy such as its absorption and dispersion
characteristics,

It is common practice in studying seismic exploration
records to assume that &1l of the significant energy
recorded represents compressional waves, though
occasionally the presence of some transverse wave energy
is postulated to explain otherwise incomprehensible
observations, Other types of wave motion are treated as
part of the background noise, and wherever possible are

excluded from the recorded spectrum by the use of
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* A1l references are made to the bibliography at the
end of the paper,
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appropriate filters in the amplifiers,

However, proper interpretation of the records
obtained requires some knowledge of the detailed
character of the ground motion; and therefore any
information on the nature of the seismic energy which
is generated by em explosion is certain to have some
value in the science of exploration geophysics, The
series of experiments described herein was undertaken
with the intent of increasing the knowledge of the
basic seismic forms to be expected in the record of

an explosion,

Work of J, A, Sharpe.

Some previous work has been done on this problem,
and a certain smount of information is available from
researches primarily pointed in other directions. A
very fine approach was made by J. A. Sharpe (1942),

He made a series of observations of the energy_from
smail explosions at depths from 2,4 meters to 94 meters,
with seismometers located in holes 1.5 meters to one
side, and at various depths above and below the shots.
Unfortunately his observations were limited to
measurements of the vertical component of ground motion.
Since his geophones were always close to directly above
or below his shots, and responded only to vertical
movements, his observations give a good picture of the

nature only of the compressional pulse generated by an



explosion,

Sharpe's paper is of particular interest because
he analyses the pulse shape to be expected from
theoretical considerations, and compares it with those
observed. Since the initiating forces in the ideal
case are entirely radial, there should be no shear waves
directly generated, a conclusion borm out, in general,
by observation for explosions buried at sufficiemt
depth beneath the surface, Shear waves are, however,
to be expected from & superficial explosion, as
predicted by Lemb (1904) for the case of a force applied
vertically to the surface,

Limitations on this theory.

In practice we do nmot encounter a homogeneous,
isotropic, elastic medium thru which the seismic energy
can be treansmitted from the explosion to the recording
mechanism, Most rock in place consists of a mumber of
different formations. Where these formations are
sedimentary, as is often the case at the surface of
the earth, the formations are arranged in sheets, each
of which is relatively uniform throughout, and which
may be flat, or folded either gently or sharply, or
faulted, or both folded and faulted. Where the
deformation is not too complex the paths of the seismic
waves thru the rocks are relatively simple (provided

the classical theory applies), energy from the
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original explosion reaching the recording station by
a mumber of pafhs, being split into reflected and
refracted compressional and shear components each time
it encounters the boundary between two media of
distinetly different physical properties. Thus a
large part of the energy received from an explosion
consists of pulses which heave followed such paths.
This is the basis of seismic exploration, and the
details of such transmission are well known.

However, this model of the earth's structure,
ig only a very rough first approximation to the true
conditions., Although the deeper layers of rock may
be considered to be homogeneous, the surface layer
itself certainly is mnot, and can he satisfactorily
approximated only by assuming that it vearies in nature
at least in the vertical direction. In this case the
ray paths can still be calculated. As a second
approximation we can say that our earth departs from
homogeneity only in simple ways.

The seme is true of the condition of isotropy.
Mbst rocks may be considered isotropic, although for
some rocks this is known not to be the case. Foliated
and bedded rocks can be shown to have different elastic
constants perpendicular and parallel to the foliation
or bedding (Birch and Leet, 1942, p.73-77). In

practice, however, these differences are generally
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small, Even if the rocks are not isotropic the theory
can be extended to include any case where the departure
from isotropy is of a regular nature (see for instance
Macelwane, 1936, Chapter III), though the equations
become much more complex,

The third necessary condition for the simple
classical theory is that the rocks be elastic, that
is that the strain be proportional to the stress, and
that the body return to its original state om removal
of the stress. Study of the tramsmission of body waves
thru the earth indicates that this condition is held to
a first approximation except right at the earth's
surface, The layer of decomposed and decomposing, or
for other reasoms unlithified material which overlies
the "solidﬁ rock almost everywhere is not elastic,
Although equations have been developed to describe the
response of such material to long continued stresses
of one polarity (Gutemberg, 1933, Ch., XV), the wave
mechanics in such media are largely umdescribed, though
some special cases have been treated (Frenkel, 1944},
Yet it is at the upper boundary of this layer that most
of our observations in geophysical exploration are
made,

In spite of the inaccuracies of our assumptions
as to the nature of the medium, our simple theory of

wave transmission is adequate to explalin most of the
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observed motions of the ground., However, when
observations dg not seem to fit the theory, we have

a ready possible explanation in the differences between
our assumptions as to these conditions and fact.
Conversely, if we could meke our theory more general

t0 include more varied ground conditions, we might be
better able to explain our observations,

Besides the body waves in the earth, surface waves
are generated at its surface; and possibly, though this
has never been proven for an explosion, im the interfaces
between the formations., Thus the record of am
explosion consists of a series of motions, which
commonly overlap, being the results of transmission of
the different types of elastic waves (plus any other
types of waves which mey be present, if such exist)
along & multiplicity of different paths.

The techniques of sorting out and identifying the
nature of each of these different pulses are well
known, and need not be reviewed here, They are the
same as those used in seismic exploration and in
studying teleseisms., At small distances from the
explosion the different pulses overlap, and are hard
to identify. At larger distances they are more distinct,
but of smaller amplitude. Thus the pulses possessing
little energy are difficult to examine except from

large explosions,
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Studies of very large explosioms.

For this {eason.most of the wbrk done in the past
has been on large explosions., These are often recorded
at nearby permament seismic observatories. Such a case
was the Oppau explosion, or explosions, on Sept. 21,
1921 (Hecker, 1922, also Wrinch emd Jeffreys, 1922),
which was recorded at seismic stations from Heidelberg,
29 km, away, to Munich, 307 km. away. Most of the
recorded energy from this explosion, and the others
mentioned below, does not travel directly to the
recording seismographs, but follows complex refracted
paths penetrating to considerable depth into the crust
of the earth, or even thru it. *

Wood and Richter published two studies (1931 and
1933) on the records from quarry blasts recorded at
southern California seismic stations; Byerly and others
have similarly treated explosions in the San Franecisco
region (Byerly amd Dyk, 1932; Byerly and Wilson, 1934:
Byerly, 1946), Gutenberg and Richter published brief
descriptions of records of the experimental atomic bomb
explosions at Los Alamos amnd Bikini atoll (Gutenberg,
1946; Gutenberg and Richter, 1947); and Jeffreys (1947)
has described the records of an explosion in England,
Willmore (1947) has reported briefly on the Heligoland
explosion. All of these papers deal primarily with

data recorded many kilometers from their source., Pulses
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of compressional and tramnsverse waves coming along
refracted ray-paths are discussed, and in some cases
possible surface wave components mentioned. However,
the principal aim of these studies is to determine
something of the structure of the crustal layers of the
earth, Because of the large distances from the
explosions the ray-~paths for the body waves penetrate
so deeply into the earth, that the effect of individual
formations is lost, the identified wave paths being
associated with the major divisions of the crust. The
shapes of the pulses are altered by the selective
attemuation of certain frequencies, by dispersion, and
by resonance effects of the ground near the recording
station (Lee, 1932), Such literature as has been
published on material recorded in this manner places
little emphasis on surface waves, which are not
prominent on records of this type. Thus only limited
information on the character of seismic waves from
explosions is to be expected from studies of explosions

recorded at permement seismic statiomns,

Work of L, D, Leet.

Besides Sharpe's paper mentioned earlier, another
direct approach to the problem was made by L. D, Leet
(1939, 19463 also Leet and Ewing, 1932), Leet
recognizes two other types of waves in records from

explosions besides the well known compressional,
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trangverse, Love and Rayleigh waves. The first of
these, the "“C4 or "Coupled" wave is characterized by
simultaneous in-phase motion on all three components,
The second, the "H" or "Hydrodynemic" wave, is similar
to the Rayleigh wave, except that whereas the particle
motion in a Rayleigh wave is retrograde with respect

to the direction of propagation, in the Hydrodynamic
wave the particle motion is directy being like that of
a gravity wave in a liquid, H has been observed up till
now only in the atomic bomb record mede during the

Los Alamos test and in the record of one explosion in
New England, C was observed also in these records, and
in other records from blasts in New England., These
results will be considered in greater detail in

section IX at the end of this paper.

From the above brief review of previous work it
can be seen that of the various kinds of seismic waves
initiated by explosions only the compressional waves
have been studied in great detail. In the work which
is described below, therefore, the emphasis is upon the
less weli known types. The compressional waves, though
well recorded, will not be discussed in detail,



II., THE APPARATUS,

The appardtus used in this research was very
generously loaned by the United Geophysical Company.
A considerable nmumber of different types of seismometers
and amplifiers were used in the early stages of the
research; but eventually the assemblage described below
became available, and as it proved to be well adapted
to the requirements of studying seismic waves from
explosions, it was the one used to obtain all of the
significant information presented in this report.

Figure 1 is a block diasgream of this apparatus,

The Seismometers.

The seismometers were mamufactured by Engineering
Laboratories, Inc., of Tulsa; and are their type GS 13,
They were designed primarily for use in refraction type
seismic surveying. They are electromagnetic induction
type instruments, with the acoustical energy transformed
into electrical emergy by the relative motion of a
permanent magnet with respect to a coil suspended by
springs in the gep of the megnetic assembly. Their
electrical output, when properly damped, was uniform
for constant velocity of the ground from about eight
cycles per second to the highest frequencies recorded
by the rest of the apparatus. Below four cycles per

second their sensitivity rapidly decreased.
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Three seismometers of this type were used., One
measured the vertical component of the ground motionm,
one the horizontal component radislly from the shot
point, and the third the horizontel component in a
direction perpendicular to the other two.

The seismometers were originally intended to be
used only in the vertical position, and some
modification was required before they could be used to
measure the horizontal components of the ground motion,
Unfortunately, because of the nature of the instruments,
it was impossible to meake them completely insensitive
to the vertical component of motion without completely
rebuilding them, so that both of the horizontal units
responded slightly to vertical movement.

The Amplifiers.

The amplifiers used were also designed for
refraction type seismic surveying. Their outputs were
essentially uniform for comnstant electrical input from
below four cycles per second to over one hundred cycles
per second, They also contained filters which could be
used to decrease the sensitivity of the apparatus to
the higher frequencies. These filters had sharp cut-
offs at nominally 10, 20, 40 and 80 cycles per second.,
The amount of amplification could be varied by the use
of calibrated voltage dividers,
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The recording oscillograph.
The electrical output of each emplifier was fed

to a D'Arsonval type moving coil galvanometer.
Transformers were used to match the amplifiers to

both the galvanometers amd seismometers, A small
mirror was mounted on each galvanometer coil, The
galvanometers were part of a recording oscillograph
wherein the rotary motions of the galvanometer coils
and attached mirrors displaced beams of light which
fell on a moving strip of photographic paper. When
developed, the photographs showed three wavy lines, one
for each light beam., The amount each of these lines
was displaced from a straight line at any point was
proportional to the corresponding component of the
velocityvof the ground at the time it was recorded.

As the sensitivity of the galveanometers decreased
rapidly above 120 cycles per second, they provided an
upper 1limit to the frequency response of the recording
system,

The same recording oscillogreph was not available
at all times for this investigation; but the same type
of instrument was used throughout, so that the records
differ only in the width of the photographic paper
used and the speed with which it was drawn past the
light spots.

A means was provided in the oscillograph whereby

marks were placed on the photographic record every
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one hundredth of a second., The frequency of these
lines was contﬁplled by a 50 cycle per second tuning
fork. The timing lines were checked against standard
time signals sent out by radio station WWV in
Washington, and were known to be of the frequency
indicated with an error of less than 1/100 second im
a minute, The possible error of timing any motion
recorded is appreciably less than the accuracy with
which the time of that phase of the pulse can be read
from the record.

In order to determine the interval from the time
of the explosion until the arrival of any phase of
the recorded energy, a signal was transmitted by radio
at the instant of the explosion, and was recorded on
the photographic record on a fourth trace beside those

representing the three components of ground motion,

Calibration of the seismographs.

Figures 2, 3 and 4 show the overall response
characteristics of the three chammels., Figure 2 is
for the vertical component; figure 3, for the
longitudinal component (horizontal component radially
from the shot point); and figure 4, for the transverse
component (horizomtal component perpendicular to the
other two components), The calibrations are given in
decibels above 1 millimeter peak to peak displacement
of the light spot on the paper per 1/1000 millimeter



pucoes geod ssToL£o ur Lousnbed,
<R AR RN © (6 & MO ISEN MESEN BAR _

.
44 . i

- OT = 4
r— ——+Ot !
bt toroe o

' '

i

‘ .»}

) «

. i,

+
BT T o B

;
C -
[ Cho Ly
Hl T - .
1 R
] 1
4
+ ' oOF
1 ! T
4
et ..

ik

L N 58%. 'qed
L ! } TAT}TSUSS
[} Bl
|
% N
- {
TR




pucoes ged soTofo ul Louenbouay
o B I owm ! 07> 1 T N U RO IO PO ¢ S N PO S X o 0 M OISR PRADG L:  OURE EUOOS PR A
. . “ . H % ) DN L - - . . A u . - . . ,4, N . P - - “ e . . .
: i - : : t : :

1

o S

'
{

. .0
&

1 A S A _“‘.wwoﬂmm
_ R T A UESH A R | e A SO A W
w I i nﬁr ! ,/
B T A I
RO BN N L
.2 S 4 SR SRIDY { H
1y i
Jo P P A,., . I ...
: o Mlz,:wh
[ ) o ) -
P . WJ-.S_'QVJHW v ; i
. VR DR S SR O A $e g
. R UURT PR DU RS ISP (IS NN B I
: *qp omno;;am.metmboumscmuﬁ&,
1 A R DU PR 1571 OON DR DOODN NS ISR TR
Tolob eARap TEBUTPRRTIUET o
poied Do -l S (ol Regingo ook
. HagﬁwmaHonﬁ,qOM&Fahﬁ%anmm4
S0 T e et AU DS (I00F 10001 SN AR B RIS SR O
. 4 BAES!
,w . ERE [T ;4 :
I



pUooes Jeod soToL0 ul Lousnbed,

I CLN oo QQT T T T o0 ST Ot . ) :
f . P PN N . “ : — - i : - - P R I * . - N - = ;
- .. S L -k . ! PR . FERPONS - y :
e _— S
. : . A
: : Q f !
I Lo |
——r—t WOLNI +
ol e
i
o
i
I 1 .
0T=
I -~ S S 4
-l
A4
A ,“Qw
i

- T00 " 10

| - L TAT3TsUSg
W L o
1qp H,
ol S

o

T .
P

|
1
4
1
+
+
i
.
‘
i

6t
5 —i

9

8

7

6

5

4

3,

2

]

9t
8—tf
J—t—

A



-10-

per second peak to peak ground velocity. (The ratio
of two emplitudes, A and B, expressed in decibels is
20 logjp A/B. Six decibels, ebbreviated "db.",
corresponds approximately to a ratio of 2; ten db.,
to a ratio of 33 20 db., to a ratio of 10,) The five
curves in each chart correspond to the five different
settings of the filters in the emplifiers. When the
filters are set for 10 cycles per second cut-off (F-10},
the amplifier is overdemped, causing considerable loss
of gain as compared to the gain at the other filter
positions. The "unfiltered" commection (F-W) is
accomplished by shorting out the inductance of a T
gsection filter, resulting in an awkward match between
two steges of the smplifier, which causes the amplifier
response to droop throughout the range of frequencies
to which it responds., TIts upper limit of frequency
response is eventually determined by the natural
frequency of the galvanometer, since above that frequency
(approximately 120 cycles per second) the galvanometer
rapidly loses sensitivity. The low frequency response
is limited by the failure of the seismometers to respond
to ground motions of less than their matural frequencies
(3 1/2 cycles per second).

Figures 5, 6, and 7 show the relative semsitivities
of the three channels to motions perpendicular to their

principal direction of response with the filters on
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position P-W, At low frequencies the apparatus is
relatively inqgnsitive to this motion, but above about
70 cycles per second there are "parasitic'" frequencies
in the response. This is presumably due to undamped
~modes of the spring suspension of the coil of the
seismometer, Where these parasitic frequencies were
within the pass-band of the filters, their presence
could sometimes be detected, since they caused an
almost continuous background of vibration of low
amplitude at 70 to 80 cycles per second,

The method of obtainimg the overall frequency
response curves was to place the seismometer on an
electrodynamically driven shaking table, using a
sinusoidal driving force, and photographically
recording the output of the amplifier with the
oscillogreaph, exactly as was done in recording
explosions in the field. At the same time the output
of a "standard" vibration pickup, sitting on the
shaking table beside the seismometery was measured,
The standard pickup (am M B Manufacturing Company
type 124) had previously been calibrated on a
mechanical shaking table whose amplitude of motion
could be measured with a scale, and hence from its
output the motion of the shaking table used here could
be calculated. Records were taken at a series of

frequencies, and from the measurement of these records
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the sensitivities calculated. Figures 2-7 were drawn
using this da}a.

Limitations in accuracy.

The curves obtained in this way were repeatable
within two decibels (a ratio of 1,26) from about 6
cycles per second to the top of the pass band of the
seismogreph, However, outside of the pass band the
accuracy decreases with distance from the cut-off
frequency. Since the method of calibration was
essentially the same as that used to record explosions,
except for the difference in the source of the driving
motion, corresponding inaccuracies enter in both cases,
and will be discussed together.

The principle known sources of error are: 1,
errors in leveling the seismometers; 2, errors in
measuring the amplitude of the recorded trace;

3. inaccuracies in measuring the frequencies of the
motions; 4, possible errors in measuring the output of
the standard pickup; and 5, variations in the voltages
of the batteries supplying the amplifiers,

To a first approximation, the output of each
seismometer was proportional to the cosine of the
angle between its axis and the direction of the driving
force. Therefore, the sensitivity was changed by
tilting the instrument. Near the direction of maximum
reéponse the sensitivity changed slowly; but near the



direction of minimum response the reverse was true.
Thus a slight ?isalignment had little effect on the
response in the proper direction, but greatly increased
the sensitivity to motion at right angles to this.

The horizontal instruments were so constructed
that, when they lay flat the coils were not free to
move, Therefore, to keep the coils freely suspended,
they had to be mounted with a tilt of epproximately
2 1/3° from the horizontal., This is why the horizontal
components were so much more sensitive to vertical
motion than the vertical component was to horizontal
motion,

During the calibrations a spirit level was used
in setting up all the instruments; but in making
observations in the field, the vertical instrument was
leveled by eye, and the spirit level was used only for
the horizontal instruments, The alignment of the
horizontal instruments along directions toward the shot
and transverse to that direction was also dome by eye.
The result was that no component was completely
independent of motion in the other two directions,

The amplitudes of the records were measured by
drawing lines tangent to the crests amd troughs of the
recorded tracesy and measuring the distances between
these lines to the mnearest hundredth of an inch, On
the calibration records this amplitude was about one

inch except outside of the pass band of the amplifiers,
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where it sometimes decreased to as little as 1/20 of
an inch. In the records from explosions the amplitude
between successive peaks and troughs was in most cases
between 1/5 and 24 inches. Therefore, except at
frequencies rarely encountered in this investigation
the accuracy of the actual measurements of the records
was good.

Howevery as these traces were not sinusoidal in
shape, a large amount of uncertainty was introduced,
since thé trace amplitude depended greatly on how the
emplitudes of components of ground velocity of different
frequencies added., It must be remembered that because
of the frequency discrimination of the system, most
frequencies were suppressed on the records, and only
those lying withir a narrow band recorded with sufficient
amplitude to be measured,

The frequency of the motion was determined by
measuring the period between successive peaks or
troughs on the records using the 1/100 second timing
lines. PFor the shaking table calibrations this method
was very accurate, as the motion was sinusoidal. In
the observations of ground motion, on the other hand,
the periods thus obtained were dependent on the phase
relations between the various freQuency components
present in the motion, and large errors were possible.
Since much of the measured motion had "periods"

determined in this fashion of more than 1/4 second,
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they corresponded to parts of the response curves where
the gain was varying with frequency, and appreciable
error would be introduced by computing the emplitude
of motion for the wrong frequency.

Thus the measurements of amplitude made in this
investigation, though good for comparison with each
other where the frequency is within the pass band of
the emplifiers, or where it is alikey, are not of great
absolute &ccuracy. |

The output of the standard pickup was measured with
a Ballantine Vacuum Tube Voltmeter which could easily be
read to the nearest half decibel., However, the absolute
accuracy of this instrument is unknown, so that the
absolute magnitude of the ground motion is also unknown,
On the other hand, the relative magnitudes at the
different frequencies could be accurately measured except
below 10 cycles per second. At these freéuencies the
needle of the voltmeter was inadequately damped, and
vibrated at the frequency being studied., Therefore,
at low frequencies it was necessary to depend om the
doubtful‘linearity of the driving mechanism to obtain
a calibration curve.

Three batteries were used to supply each channel,
Two 45 volt dry batteries supplied the plate and screen
voltages. The voltage of these batteries was not
observed to change during the whole series of experiments,
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Storage batteries were used to supply the filament
voltage, and they were recharged before each day's
observations. Therefore, there is no reason to suspect
that variation in battery voltages caused variations

in the sensitivity of the apparatus during the

experiments,

Indicial edmittance of the seismographs.
Another way to study the response of the apparatus

is to examine its imdicial admittance,y or respomse to

a "step wave" input., A typical response of this sort
for one channel is illustrated in figure 8. The
indicial admittance for filter position F-W, which is
not shown, is almost identical with that for position
F-80. The indicial admittance can be obtained in
several ways., The ideal way is to give the seismometer
& small mechanical displacement, photographically
recording the output of the amplifier in the usual way,
If the mechanical displacement is of the form of a step
wave, this gives the true indicial admittance., However,
it is difficult to produce mechanically a true step
wave motion., Electrically it is easy, since this can
be done by simply introducing a sudden chenge of
voltage across the input of the circuit whose response
is being studied. To obtain the indicial admittances
shown, the electrical "equivalent! circuit of the

seismometer was constructed, and a small voltage



0,1 Sec,

cut-of?t

cut-off

:

cut~off

Input "step wave!

Indicicl admittance of one of tile recorcing seismograpis
used in this survey. The response incluces the effect
of tihie selsmometer, amplifier, anc galvenonmeter.

Figure 8.
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introduced in series with the "eduivalent coil" of the
instrument, ag shown in figure 9. (This produces the
same response as suddenly giving the real seismometer
a constant velocity).

The indicial admittance is a measure of the
response of the recording apparatus to any type of
pulse of motion, Since any pulse can be looked upon as
a sum of step waves of different sizes and phases, the
response of the system cen be found by adding replicas
of the indicial admittance of appropriate size and in
proper phase relationship. Since the energy received
from an explosion consists of a series of pulses, a
knowledge of the shape of the indicial admittance is
desirable to get some idea of the shape of the ground
motion before it has been reshaped by transmission thru
the amplifier,

Amplitude control.

Since the maximum amplitude of ground motion
resulting from an explosion decreases rapidly as one
goes farther from the shot, some mechanism had to be
provided to adjust the gain of the recording system so
that the trace of the light spot stayed on the
photographic paper. At distances up to 600 feet from
the explosionsy a resistive pad was placed across the
seismometers, whereby only 1/100 of their output was fed
to the amplifiers. At larger distances the two

attenuators in the amplifiers were adequate to cover
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the range of signals encountered, These attenuators are
situated in the grid circuits of the first two stages

of the amplifier, and consist of tapped resistors whereby
the grids are fed only a fraction of the total input
signal to that stage. These dividers were calibrated by
measuring the relative amount of input signal required

to give a constant spot deflection on the photographic
paper for each tap on the divider as compared to a
"standard" setting for which the frequency response

calibration curves were made,
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TIT. LOCATION OF THE SURVEY AND FIELD PROCEDURE,

The location where the records were taken lies mear
the center of the Los Alamitos, California, quadrangle
of the United States Geological Survey, 42 kilometers
gsoutheast of Los Angeles., The exact location is shown
on the map, figure 10, Measurements were takem at 14
different locations along an east-west line at from
97 to 3284 meters from the place where the explosioms
were set off, Tﬁe distances from the shots to the
recording locations were measured using a 100 foot steel
tepe. In all, 33 explosions were recorded here.

The seismometers were set on the surface, or half
buried in the ground at the side of the road, or in a
dry irrigation ditch about a meter deep. The rest of
the recording apparatus was mounted in a truck‘provided
with dark room and developing facilities, so that each
record could be developed as soon as it was taken, and
changes in the amplification or filtering made before
recording the next explosion. The charges set off
consisted of either 24 or 5 pounds of Hercules 60%
Petrogel. The charges were being detonated in the
course of routine testing of new seismic apparatus by
the United Geophysical Company. The records were taken
between October 1947 and February 1948, whenever such
routine testing was being made so that explosions were

available,
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The explosions were detonated im different holes
on different ogcasions, but all were within a radius of
approximately 6 meters. The cherges were fired at
depths ranging from 6,7 to 12.5 meters.

Little detailed information is available on the
geology of the district where this investigation was
made. There are no surface outcrops of solid rock.

The surface material is everywhere a fine grained clayey
soil. The driller's log for the shot holes shows
nothing but "sand-loem" except for "clay ledges" at
10.7 and 13,1 meters. Hoots (1932, plate 6, p.28 and
figure 1, p.24) shows the surface rocks to be recent
alluvium, probably overlying Pleistocene marine terrace
and alluvial fan deposits of unknown thickness,
possibly 500 meters or more. These deposits are
believed to overlie a thick section of Tertiary marine
deposits.

The water teble is shallow, but varies, probably
seasonally. When observed during loading of the

dynamite into the holes it was at 3 meters.
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IV. THE BODY WAVES.

The records.

Charts I-III are tracings of a selected group of
the records taken. They are arranged in order of
increasing distance from the shot. In each case the
three traces represent from top of the group to the
bottom, vertical motion, longitudinal motion, and
transverse motion. An upwards deflection of the trace
on the record corresponds to a downward velocity of the
ground, a velocity away from the shot, or a velocity to
the left as one stands at the recording position facing
the shot. The sensitivities of the three channels are
not identicaly so the relative amplifications of the
horizontal chemmels with respect to the vertical in
decibels at 10 c. p. s, are given beside each horizontel
trace. Positive values correépond to greater
amplification in the horizontal channel, negative to
lesser aemplification.

To the left of each record is given the amplification
of the vertical channel in db, also at 10 c. p. s. The
units are millimeters peak-to-peak spot deflection om
the paper compared to millimeters per second peak
ground velocity. Also given are the nominal cut-off
frequency of the high frequency filter, the distance
from the shot to the recording station in meters, the
size of the charge of explosive in pounds, and the
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depth in meters beneath the surface at which it was
detonated. Timing marks are given representing half
second intervals following the shot. A correction for
the time of the explosion before or after the first
timing line is written beside it., ("+" corrections mean
that the marked t, is late,; "-" corrections mean it

is early.)

Principal compressional waves.

"here the author has succeeded in correlating the
separate pulses, a representative symbol is given above
the beginning of that pulse, "P" as defined here is
the first wave to arrive at the recording station
regardless of by what path it travelled., It is a
compressional wave, and it is always refracted. It
arrives at the surface at angles of 28° or less with
the vertical, in general decreasing as the distance
from the shot increases,‘as shown in Table I (p.38).
This steep angle of incidence suggests that the near
surface material has a much lower compressional wave
velocity than the deeper material, as would be expected.

From the travel time curve, Chart IV, it appears
that the deepest layer to which any identified, refracted
wave has penetrated has a compressional wave velocity of
1980 meters per second, Arrival times at short
distances suggest theat above this layer there is another

layer whose compressional wave velocity is 1565 meters
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Table I.
Angle of incidence of P at surface,

Distance from shot Angle of incidence

97 meters 289

478 22° Roughly

762 5° Roughly

1095 10°

1285 159

1493 10°

1711 120

2441 150

3284 11°

per second, (See also figure 11.,) Above this layer there
mist be a layer of even lower velocity material, since
the average uphole velocity is much less than 1565

meters per second,

Layer thicknesses.

If we assume that we are concerned only with
horizontal layers of constant thickness, we cen use the
data from figure 11 to investigate the thickness of the
uppermost layer. Figures 12 and 13 are the ray paths of
P for this case, figure 12 applying if the shot was
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detonated in the second layer; figure 13, if the shot
was in the first,

If o is the distance along the surface of the ground
from the explosion to the recording point, s is the depth
at which the explosion occurs, h1 is the depth of the
uppermost layer, in is the angle of incidence of the
recorded ray in the nth layer, T is the time required
for the explosion to travel to the recording point, Vpp
is the compressional wave velocity in the nth layer, and

the explosion takes place in the second layer, then:

A - "‘: tan il h.
= + - [ o
T; sz sin iz VP‘ cos I, (4 1)
For a))s, sin iy=1, and (4-1) becomes:
T, 2= h, tani, h, . (4-2)
a VPz Vo, cosi,
In this case Smell's law states:
.. _ Ve
R V) (4-3)

The tangent to the travel-time curve for
large A's will intercept the time axis at a value
T = To. Since equation (4-2) is the equation of this

straight line, we can say:

__h tani h, _ h, ( I sin i,
To: Ver Vp, cosiy cosi, \ Vp Ve (4-4)

Substituting (4-3} into (4-4) we get:

2 3
T; : CO: ‘i, ( I vp') ) ‘1' (vpl - VP, ) (4-5)

B 2 | ° : X
Voo Viez[ 5 i\ Vi Ver
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But (4-3) is equivalent to: y
2
. ;\J'/g . (\/P; 'vﬂ) R
cos 1, : [" (sm ") ) Vi (4~6)

And therefores

2\
| (Ve -Ver)?
To =h oV (4-7)

If we solve this for VP1 we get:

i h, Vez
Ver s TTAVE « R (4-8)

If, on the other hand, the explosion takes
place in the first layer, (4-1) becomes:

) ’h-s + 4-(h.'5)tan ;l - h.ta" ;I + ha (4_9)

s Vp, €os i, Vea Ve, cos i,

and in the same manner as before:

T - Rh, - s _ (Rh,-s)tani, (4-10)
0V, cosi, Vea

Which is the same as (4-4) except that (2h1-s)

replaces hl. Therefore, (4-8) becomes:

VP, __(Rh,-s) Vez (4-11)

T[TV + (26, ST

From figure 11 we see that T, equals ,010 sec,
and Vpo = 1565 meters per second. Using these values
equations (4-8) and (4-11) are the relations which
Vpy and hy must satisfy to give the travel-time curve
of figure 11, This relation is plotted in figure 14.
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Figure 11 was made using an explosion at 13,1 meters
depth, TUsing ypz of 1565 m/s., and the values of Vp; and
hy from figure 14, we can calculate the uphole time, T,
which the sound of the explosion would take to reach the

surface from 13,1 meters depth using the formulas:

. _hs s- h, _ 4

TV Ve s (4-12)
.S if h2ls

Tu N VPI (4—13)

The values of Tu found in this manner are also
shown in figure 14, T, should lie between .00838 sec,
for very large h; and ,01838 sec. for hl = 0. However,
the observed Tu was actually .023 seconds. There is
no reconciling this data under the assumption of uniform,
horizontal formations. We must, therefore, conclude
either that the uppermost layer was thicker at the shot
point than at the recording point, that the velocity
of compressional waves in our formations changes laterally,
or that our assumption of only two layers is too simple
a picture.

Since the travel-time curve strongly suggests the
existence of a second layer with a uniform compressional
wave velocity of 1565 m/s., perhaps our difficulty arises
out of some error in our assumptions as to the simple
nature of the first layer.

This is not unlikely. It is common knowledge that
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at most places very near to the surface there exists a
layer of material in which the seismic wave velocities
are relatively very low. This layer is thought to be
in some fashion related to the layer of material lying
above the water table, where the rocks are decomposed or
decomposing, and the pores filled with air instead of
water., It is known as the "weathered" layer. The
weathered layer is often variable in thickness and in
its elastic constants from place to place. Such a
variation may explain the inconsis%ency of the observed
and calculated uphole times. It could also explain the
late arrivals of P at distances between 2106 and 2441
meters,

It is also likely that in the weathered layer the
velocity of compressional waves increases with depth
from the surface to the bottom of the layer. This
velocity distribution may in itself be enough to account
for the large uphole time,

There is, however, another likely explamnation. A
great many explosions had previously been detonated in
the same hole before the one which was used to make the
records from which figure 11 was made; and as a result of
this, the ground had been very much disturbed. It is
possible that the uphole time was greater than it would
otherwise have been as a result of this. Hence, none
of the uphole times taken at the shot location are

dependable for calculating layer thicknesses. Explosions
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at 21.3 meters depth dGetonated about 1/3 kilometer from
the shot locat%on under consideration had uphole times
of .023 to .UR4 seconas. If we assume that all of the
material Delow 18.1 meters has a coupressional wave
velocity of 1%5 m/s., and that there are only two layers
above <l.5 meters, then the pair of vaiues of hl and VPl
in figure 14 which will give an uphole time of .023 secc.
for a shot depth of 21.5 meters is hyZ l.2 meters and
Vp1 = 120 m/s.

Another approach is to consider what velocity
in the first layer would give the observed angle of
incidence at the surface. The angle of incidence at

A= 97 meters is, from table 1, 28°. Frou (4-3) we find

289, Vpy = 735 m/s.

Similarly at A = 478 meters, i, = 220, giving Vpy = 586 n/s.

However, the [irst coupressional wave arriving at 478

that for Vpy = 1565 m/s. and iy

meters may have penetrated deeper than the second layer,
If vPl = 735 m/s., we find from figure 14 that h, =
8.4 meters, while if VP = 58 m/s., hy = 6.3 meters.

1
In loading the dynamite into the shot hole, it was found
that the water table lies at & meters depth. Thus
considering all the evidence, it appears probable that
our explosion was detonated in a second layer whose
compressicnal wave velocity is 1565 m/s. lying beneath

a first layer, whose thickness most likely is between

l.2 anu 8.4 meters, and whose compressional wave velocity
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most likely is between 120 m/s. and 735 m/s.
At distances greater tham 600 meters from the shot
the first compressional waves to arrive have penetrated
to a layer whose compressional wave velocity is 1950 m/s.

The time of arrival of this wave is given by the formula:

T. = hitha-s _ a-(h *ha-s)tan iz3 - hg tanizs - htanis
@ Vpg €0Siz3 Vs

he ., _h

Vpg cos iRB Vp, C05;|3

+ (4-14)

The symbols are the same as those used previously except
that we now use inm for the angle of incidence in the nth
layer of the ray whose deepest penetration is the top of
the mth layer. hn is the thickness of the nth layer.
Figure 15 shows the ray path of a ray whose deepest
penetration is the third layer.

(4-14) can be solved giving:

s-h. & #(s-h)tanizz -h tan i3 ___h )
b= Tat Vea cos iz3 Ves3 Vp cos i3 (4-15)
2
2 _Rtanizs

We now use Snell's law in the form:

sin ;nm= I (4-16)
Vn Vi

From chart IV we see that for A= 2441 m., T = 1.342 sec.,
Vp3 = 1250 m/s. We know that Vpe = 1565 m/s,, and for
this explosion s = 12,2 meters. From (4-16):
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29 meters,

ir v

1 120 m/s., h

1 1.2 meters,-then ho

106 meters.

i
]
i}

if Vpy = 735 m<s., hy = 8.4 meters, then hy
At 2«41 meters the observed angle of incidence
was 15°. Using equation (4-16) we find that this corresponds
to a value of Vpy of 505 m/s., which is within the
range of values we have found for the first layer.
Qur best estimate, therefore, as to the structure
of the Los Alamitos area is that there is a weathered
layer between 1.2 and 8.4 meters thick whose compressional
wave velocity lies between 120 m/s. and 735 m/s., a
secona layer between 29 and 106 meters thick whose
coupressional wave velocity 15 1565 w/s., ana a third
layer of unknown thickness whose compressional wave

velocity is 1950 m/s.

Other body waves.

Following P on tihe records are a nuuber of wmore
obscure pulses, several of which can, however, be
correlated on a large percentage of the recoras. There
are also a nuuwber of other pulses which represent
arrivals of some sort of seiswic disturbance, but which
can not be correlatea from one record to another. Thé
four pulses wnich were correlated are marked on the
travel-time curves, chart IV, together with a few of

the more prominent non-correlatable pulses. These four
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are also marked on charts I-III, Unfortunately, the
beginnings of:}he pulses are not distincty, so the data
are too inaccurate to use for detailed calculations of
.subsurface relations, or even to determine accurately
the velocities of these seismic waves,

The first of the four pulses is labeled "P3". It
eppears to be in general similar to P in the nature of
its motion. It is probably a refracted compressional
pulse which has penetrated deeper than P,

Next to arrive is “Xl". This pulse, and "X," and
"X3" which follow, can be recognized on all the
components, but usually not clearly on all three on any
one record, X1 is often a prolonged oscillation, so
it may be & combination of several pulses., X1 commonly
has a vertical component, but X2 and X3 are normally
recognizable only on the horizontal components. They
are probably body waves penetrating beneath the third

layer., One or more of them may be shear waves,
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Ve DISPERSED WAVES ON THE LONGITUDINAL COMPONENT.

*‘Deseription of the pulse.

The next group of waves to arrive, which start with
the emergent pulse marked "C" on the records, consists
of motion predominantly in the longitudinal direction
(figures 16 and 17), There is some motion also on the
vertical component at short distances. Simultaneously
with the arrival of C on the longitudinal and vertical
is a train of waves arriving on the transverse. That
these are two separate wave trains is made clear by the
lack of correlation of the periods of the two motions,

It should be noted that the motion illustrated by
figures 16 and 17 and the other diagrams like them which
follow is given in terms of velocity, not displacement,
so the diagrams do not give a true picture of the
particle path, For a sine wave the relations between
the horizontal and vertical components of the frequency
and displacement are identical at any one frequency,
but there is a relative phase shift between different
frequency components in the two cases, and a frequency
factor in the expression for the amplitude. Since the
pulses recorded are the sum of many frequency components,
the shape of the particle path will be different from
what is shown in the figures, although these diagrams
do give an indication of the nature and direction of the

particle motion during the passage of the pulse,
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The beginning of C is not clear, being recognizable
only by a gradual growth in amplitude of the ground
motion, especially at low frequencies. In general the
average amplitude increases throughout the time of
arrival of this pulse, building up to a series of maxima,
with lower amplitudes in between. These maxima can
sometimes be correlated on records teken at successive
distances, but can never be correlated continuously over
long distances. A number of such correlations are shown
in Chart IV. Their pattern is that of group velocity
showing that unquestionably C is dispersed.

To/demonstrate the dispersion the times of arrival
of all of the outstanding maximum awey-from-the-shot
velocities of C have been plotted. The last C motiom
commonly includes a series of strikingly large maxima
marked Cyy, QMZ and Cyigz on charts I-IIT and CM on
Chart IV. It is clear that these mexima do not correlate
throughout the record. In general they belong to a
family of group velocity correlatioms in which the
maximum amplitude migrates to later and later correlations
as one gets farther from the source of the waves,

Following the last recognized C motion, a line
can be roughly drawn which represents the minimum
recorded phase velocity of C4 just as the emergent
pulse labeled C on the records is the observed maximum
velocity phase., The period of this lowest velocity C

wave, as measured from the records, lies between ,22
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and .31 seconds (figure 18). Since 4 cycles per second
is the approximate cut-off frequency of the recording
system, this may explain the abrupt decrease in amplitude
at this point., The seismometer fails to respond to
motion of lower frequencies. Figure 18 shows that the
dispersion is one wherein the velocity decreases as the
frequency decreases,

An interesting feature of C is that, like P, it
seems to be refracted., Its travel-time curve appears
to have two "legs" and possibly three. This is apparent
both for the maximum and minimum velocities.,

After attaining its largest amplitude on the
longitudinal trace, C appears to terminate suddenly,
or to decrease rapidly in amplitude, However, as a
different type of motion has already begun on the
longitudinal and transverse before C is ended, the
suddenness of its cessation 'is not certain, This later
arriving pulse will be discussed in section VI. The
suddenness of the termination of motion of C suggests
a minimum group velocity, such as observed by Jeffreys
(1925) for both the Love and Rayleigh waves from
earthquakes, and predicted from theory by Stoneley (1925)
and others (for instance Press and Ewing, 1948).
However, as pointed out above, this apparent minimum
is very likely due to the lesser sensitivity of the

- seismograph below 4 cycles per second.
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Nature of C.

The motion of the ground during the arrival of C
is not that of any of the well known wave types of

seismology. Seismic body waves do not exhibit appreciable

dispersion, and seismic surface waves can not, by
definition, be refracted. Therefore, we must conclude
either that C 1s a different type of wave motion from
those found and deseribed in earthquake seismograms, or
that the ground at Lbs Alamitos is in some way so
different from that assumed by classical theory that
under these conditions one of the well known body or
surface waves will be modified to the type of motion
observed. The wide variance of the rocks at Los Alamitos
from those assumed by classical theory was discussed in
the first section of this paper.

If the wave motion is a mew type, for which the
theory has not yét been worked out, then we must wait
for the mathematical physicists to explain our observed
phenomena, On the other hand, if the peculiarities of
our data are a result only of the special conditions of
the ground near the surface, then we can with profit
seek to determine which of the already known types of

wave motion most nearly resembles what we have observed,

C compared to described surface waves.

Since our waves are dispersed, the suggestion is

strong that they are surface waves, But since the
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motion is largely restricted to the longitudinal
component, it resembles neither a Love wave in which

the particle motion is in the transverse direction,

nor a Rayleigh wave in which the particle motion is
elliptical, Therefore, it is unlikely that the observed
waves are related to either of these common types of
surface waves.,

In approaching the problem of what types of ground
motion can be propagéted the waves are usually assumed
to be plane., If this limitation is dropped the problem
becomes much more complex. Fu (1947) has considered
the waves resulting from the incidence of spherically
symmetrical compressional waves on an interface, and
concluded that besides body and Rayleigh waves there
Tesult several other types including a compressional
surface wave travelling with the velocity of the body
shear wave, and falling off in amplitude as the square
of the distance from the source of the energy.

The decrease in amplitude of such a wave would
follow the formula:

An :AoT‘ﬁ: e-O(An (5-1)
where A‘n is the amplitude of the vibrational velocity
at distance a,from the source of the waves, and & is
the absorption coefficient. This can be written:

2

A sl | w628 (5-2)
Az 422
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! A, af
= log, Xt L (5-3)
% A; -a, 9e Az A} .

Figure 19 is a plot of AnAzn VSe Ape
Tt is clear that the rate of decrease of the amplitude
against distance is not as great as that required by Fu's
theory, since the observed amplitudes would indicate that
X was negative, an impossibility,

If C were an ordinary surface wave (5-1) would -

becomes

I - &g
An :Ao —Zx—:ﬁ e (5"4)

and in the same manner as before the absorption would

bes

7
_ A8 )R |
ar loge Az( ﬂa) (5-5)

From figure 20 we see that in this case o« is approximately
equal to ,0012,

Other types of surface waves were described by
Uller (see Gutenberg, 1932, p.115-124), but no attempt
has been made to correlate what was observed here with

Uller's complicated wave mechanics,

C compared to body waves.

Since the ground motion is largely longitudinal,
it could be caused by shear waves arriving close to
vertically from below, or by compressional waves

travelling in the upper layer nearly parallel to the
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surface, that is a train of waves coming directly from
the shot 1ocat§on without passing thru the deeper layers.
It might also be the sum of two waves of these kinds,
which is the type of motion that corresponds to the
degenerate solutions of Rayleigh's equation when the
velocity of the surface waves exceeds that of the body
waves., The equations for this case are developed in
section VII, If Poisson's ratio is exactly zero,

VR = Vp, there is a compressional wave only, and no
vertical component of motion at all, If the surface
velocity, VR, differs slightly from Vp the direction
of particle motion mekes an angle with the surface as
indicated by e@uation (7-34),

The observed motion, though largely confined to the
longitudinal, has an appreciable vertical component at
short distances., If C is ome pulse and not the sum of
two, the angle of this motion with respect to the
horizontal is such as to favor the view that C consistis
of longitudinally polarized shear waves, as shown in
figures 21 and 22, The change of angle of incidence with
distance might be a result of the deeper penetration of
the waves recorded farthest from their source. It is
not necessary that the explosion take place in the
first layer as indicated in figure 22, as the surface
motion at large distances will be similar even if the
explosion occurs at greater depth,

Another noteworthy feature of C is that it often
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Di%action of perticle wotion of direct compressional
ray arriving at the surface, Near the shot the motion
is up-away anu aown-toward the shot location. At large

aistances the verticcl component vaniches,

Figure <1.

Diréction of particle motion of r .fracted shear ray
arriving &t tne surfece, Newr the shot the motion is
Qown-away anu up-towara the shot locetion. The tdeeper
it penctrates the steeper its arrival at the surfuce.

Figure 2.
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has the largest amplitude on the record, and since it
also arrives q?ring a longer interval of time then any
other pulse it must carry the largest share of the energy
of the explosion, This is surprising, as no shear wave
would be expected to be generated by an underground
explosion, as pointed out by Sharpe (1942), However,

at each interface both a reflected and a refracted shear
wave will be produced, the relative amplitudes depending
on the angles of incidence (Gutenmberg, 1944), At some
engles the transverse r?fracted ray has the greatest
emplitude, This is of particular significance near the
surface where the wave velocities increase rapidly with
depth, as then comparatively little energy will be
transmitted into the lower medium, as shown in figure 23,
Only waves arriving at the interface at angles no larger
than the critical angle, i,, will enter the lower medium.
ic is small if the velocity in the second medium greatly
exceeds that in the first. At angles between the
critical angle for compressional waves and that for
shear waves, there will be a refracted transverse ray
only; at larger angles, no refracted waves, Furthermore
if the surface lies not fer above the interface, when

ic lies between these two critical angles, the reflected
P will soon again reach the interface after reflection
from the surface, and at such an angle that more of

its energy will be fed into the second layer as refracted



S

Division and spreaaing of an incident coumpressiocnal
ray at &n interface where Vg is greater than Vl.

Figure zo.

Loss of energy from a compressional ray confined to
a superficial layer by refraction as shear rays in

tne unueerlying waterial,
Figure x4,
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shear waves., This is shown in figure 24. These later
generated shear waves will not arrive at a distent
point simulteneously with the first refracted waves,

but will result in a series of pulses of shear waves,

or a long continuous sequence of shear waves. This

is very like the motion of C. The phenomenon is related
to the "multiple reflections® of exploration geophysics.
(see for instance, Gutenberg and Fu, 1948.)

This suggests an explenation of why it is
desirable to detonate the explosioné of exploration
geophysics beneath the low velecity layer, besides the
reduction of surface wave amplitude., If the shot 1is
not deep enough there may be a beam of strong direct
compressional and refracted transverse waves arriving
at the ssme time as the compressional reflections that
are being sought. The surface waves, which have up till
now been thought to cause most of the interference with
seismic exploration, have periods largely much longer
than one tenth of a second, as will be discussed later;
but this is not necessarily true for the direct
compressional and refracted transverse waves. Also the
fanning out of the cone of waves entering the lower
medium is avoided.

It is notable that C is longitudinally polarized.
This is what would be expected if it owed its existence

solely to the incidence of compressional waves on
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horizontal or nearly horizontal interfaces, as theory
predicts no transversely polarized waves in such a
situation. The same applies to the ebsence of surface
shear waves, as they must arise either from the initial
disturbance of the surface by the explosion or from the
incidence of compressional waves on the surface, and in
both cases the motion would be radial from the explosion,
Any waves originating at an interface as a result of
a radial motion arriving at the interface should have
particle motions lying in the plane which is
perpendicular to the interface and contains the incident
ray. The particle motion of tran%yersely polarized
shear waves is in a direction perpendicular to this
plane.

We have seen that the particle motion is close
to that of either a\direct compressional wave or a
refracted shear wave., The difficulty lies in the
dispersed nature of the waves. In the case of surface
wavesy dispersion will result if the elastic constants
of the ground near the surface change rapidly with
depth. It is possible that if the elastic constants
change sufficiently rapidly within a distance of omne
wave length in a direction parallel to the wave fronts
of body waves, these waves will also be dispersed.
As will be discussed in detail later, surface waves

of the Rayleigh type were recorded at Los Alamitos,
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and were dispersed, showing that the elastic constants
do change rapidly with depth. There remains, however,
the problem of proving theoretically that body waves
can be dispersed in this manner.

Another way in which body waves might be dispersed
is by absorption. Alexander Wood (1941, p.129-136)
shows that absorption of sound waves in gases results
in dispersion. In the notation of (5-1) the absorption

for a body wave would follow the formula:

-k &n

(5-6)

loqe A A (5-'7)
Dy - Az a2
From figure 25 it follows that &= ,00073 per meter,

d =

As pointed out above, the wave length of C is of
the order of 90 meters., Therefore, for body waves A&
would be about ,066 per wavelength, while for surface
waves & would be about ,It per wavelength., In either
case this is a very large &bsorption, though it is not
necessarily enough to account for the dispersion.

Since & is so unusually large, the fact that it
is smaller on the assumption that C is a body wave than
on the assumption that it is a surface wave is in
itself an argument in favor of C being a modified form
of body wave. However, as will be shown later, the

above values of & are not as great as the absorption
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coefficient calculated for the observed Rayleigh

waves in section VIT,

Inferences as to_layer thickness if C is a shear wave.

Although the forces genersted by an explosion in
the ground are presumably entirely radial, it is not
completely certain that no shear waves would be
generated in a medium whose nature is as little known
as the outermost part of the earth's crust. It may be
that C is simply a modified shear wave. If this is the
case, it should be possible to check the thickness of
the upper layers found in section IV using the
velocities and arrival times of C as determined from
the travel-time curves. Since C has both a maximum
end a minimum velocity, we will use both sets of data,
The two sets should give us about the same enswer if
they are the phase velocities of body waves transmitted
at different speeds along the same paths.

We define Vg and V'c, as the maximum end minimum

Cn
phase velocity of C in the nth layer. Otherwise our
notation is the same as that of section IV. From the

travel-time curves we get:

Vgp = 225 m/s. V'cp = 163 m/s.
Vecg = 675 m/s. Viceg = 275 m/s.
Ve = 1225 m/s. Vics = 385 m/s,

For waves penetrating to the second layer only, where
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the explosion is in the first layer, equation (4-10)

holds, It can _be rewritten:

7:_25,-5 _(ZM-ﬁtmf,

z - 5-8
Vc, cos 1, ch ( )
This can be solved for hy givings
e To cos i,
hl "R [S T _ sin ¢, ] (5-9)
Ve Vea
Where il is defined by Snell's law as:
sin_ i, _ | (5-10)
Ver T Ver
Using this relation (5-9) can also be written:
To \/n Vez (5-11)

h S 2 z
roA R(ch 'Vc:)'/R
Similar formulas hold on substituting V', for Vg,.

(5-11) unfortunately depends on the shot depth,
8y which is not the same for all shots, verying from
8.2 meters to 12.1 meters. However, if we assume
s = 10.1 meters for the purposes of calculation, not
more than 1,05 meters error will be introduced in hl‘
From the travel-time curves, chart IV, we see that
for the minimum phase velocity of C, T, = .62 sec.
Using these figures equation (5-11) gives
hy = 79 meters, For the maximum phase velocity of

Cy To = «55 sec.y and hy = 66 meters. The average
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of these two depths is 72,5 meters.
In sectiog IV we estimated that the total thickness
of the first two layers lay between 30.2 and 114.4

meters. Thus the value of h, calculated from the C

1
wave velocities is not unreasonsble if we assume that
in this case the first layer corresponds to the first
two layers of the previous case. Since the wave
Iength of C exceeds the probeble thickness of the
first layer the pulse can not be expected to have a
distinct path there.

The travel-time curve of C has also a third leg,
so we can use the velocities determined from it to

caleulate the thicknesses of the third layer (figure 26).

In this case:

T-: hl 'S. + ha ' ¥+ A‘(h.'S)tln ;IS '2}\1 tan l.tJ -h| tin ;lj
O Ve cos itz Veg €05 iy Ves
(5-12)

ha + hl

-+

Snell's law becomes:

sin inm '
= (5-13)
val VCI'T'I

Solving (5-12) we find:

Rhs - S A'(Z"N'S)tan I3

h - T;s ~ Ve €0S 1is Ve3s
R R 2 tan izs (5-14)

Vez €08 iz3 Ves
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aeepest penetration is the top
of the tnira leyer,

Figure 6.
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C arrives at 3284 meters from 5,100 sec. to 11,076
sec, from an explosion at 8,53 meters depth. TUsing
hy = 72,5 meters and the values of Vg, and V'cy, given
above we find hy = 835 meters using the minimum phase
velocities, and hg = 365 meters using the maximum
phase velocities, Though these values differ widely,
this is not surprising considering that Vea is
determined from a part of the travel-time curve where
there is only one observed errival time to determine
its slope,

These calculated thicknesses should not be taken
too seriously, as it is very doubtful if € is a
refracted shear wave.

It is of interest to compare the angles of
emergence observed for C with those computed using
formula (5-13), The first breaks of C at short
distances move upward and toward the shot. At 97
meters the angle of incidence, as determined from
the ratio of the vertical to the horizontal amplitude
of motion at the surface, is 21°; at 189 meters, it
is 69; at larger distances it is smaller or

umneasurable, Using (5-13):

if VCl = 225 III/S. and VC2 = 675 m/So

. o
sin i1, = .333 i, = 19

if Vop = 225 m/s. and Veg = 1225 m/s,
sin i35 = 184 i13 = 11°
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However, at 97 meters the ray presumably penetrates
only the first layer, and at 189 meters it may or may
not have penetrated thru the second layer. It therefore
appears that C arrives at the surface ét steeper angles
than are predicted by these formulas. This is to be
expected, as the velocity of C in the weathered layer
is unknown, and is presumably smaller than Veye

It is also of interest to see what the values of
Poisson's ratio, 65 are if C is a refracted shear wave,
The well known expression for Poisson's ratio in terms

of the compressional and shear wave velocities is:

vé
o = 2 - ( ch) (5_15)
2208

In section IV we estimated that for the weathered layer
Vp lay between 120 and 735 m/s., that in the first
layer beneath the weathered layer Vp = 1565 m/s., and
in the second layer beneath the weathered layer

Vp = 1950 m/s, Since we do not know V¢ in the weathered
layer, we can not calculate ¢ there. However, using
Vgy = 225-163 m/s. and Vp = 1565 m/s., we find

g = +488-,494, Where VCZ =~ 675-275 m/s,, and Vp =

1950 m/s., we find ¢ = .44~-.49. In section VII it
will be shown that if the last pulse of measurable
amplitude recorded is a Rayleigh wave, and if the
velocity of compressional waves is 1565 m/s,,

G = .49. This value is in good agreement with that



-76~

found assuming that C is a refracted shear wave.
However, the evidence certainly is not good enough
to prove that it is of this nature. In conclusiony it
is clear that our ideas of wave transmission must be
somewhat modified before we can describe properly such
a ground motion as C, Its similarity to the motion
described by existing theories suggests that all that
is needed is modification of these theories to include
the effects of the special properties of the surface

materials,
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VI. THE "H" PULSE,

Description of the pulse.

Starting shortly before the end of € is a pulse
which appears on both the longitudinal and vertical
components, It is recognizable by phase-related
motion on these two components as compared to the
restriction to the longitudinal in the case of C,.

The maximum of this pulse is labeled "H" on the
records. Figure 27 is a plot of the magnitude of the
particle velocity during the later part of the passage
of this pulse at a distance of 1493 meters from the
explosion, The first part of the motion is distorted
by the co-~incident arrival of the end of C. The
velocity of the maximum, as determined from the travel-
time curve, chart V, is 345 meters per second; but this
is probably a group velocity, and not the wave velocity.
H is followed by a relatively quiet period during which
the motion of the ground is irreguler, but what motion
there is appears to be generally of the same mature as
H. This may all be a part of the dispersed H pulse,

or it may be that there are several pulses of this
type. At the larger distances it is possible to pick
out several successive groups of oscillations of this
sort,

During the time of arrival of H the particles move
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in elliptical paths. The motion is direct, not retro-
grade as in the case of a Rayleigh wave, The horizontal
component of motion has about twice the amplitude of

the vertical, The ellipses are tilted with their tops
toward the shot at an angle of about 45°, The average
period of the waves is about .22 seconds.

There is some motion on the transverse component
during the time of arrival of H. At places this
energy seems to be related to that on the other two
components, but there is no consistent correlation,

Because the motion of H and C overlaps a special
travel-time curve has been made for H alone, chart V,
The beginning of the pulse can not be determined, as
it appears to be dispersed. The amplitude gradually
increases t0 a maximum, then dies out again. The
begimning appears to be at some time shortly before
the time of maximum amplitude of C., On chart V are
plotted the times of.arrival of the outstanding maximum
downward velocities, The average velocity of this
pencil of motions is 270 meters per second.

Leet (1946) gave the name "Hydrodynamic" waves
to similar motion which he found on the records of the
Los Alamos atomic bomb test in about the same position
with respect to other arrivals as the wave called H
here. The implication presumably is that this motion

is related to that of gravity waves in water,
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H treated as a gravity wave.

The basic, equations for gravity waves in two
dimensions are well known (see for instance Lamb, 1932,
p.363 ff). Choose a horizontal coordinate exis, x, in
‘a free surface and a vertical coordinate axis, 2,
directed downward. The equation of continuity, which

muist be satisfied, is:

vid = 0O (6-13

Where ¢ is the velocity potential.

If we have a layer of incompressible fluid of depth,
h, overlying a solid half-space, the boundary condition
at the surface, z = h, is that the vertical component

of velocity be zero, or:
0

—=:0 (6-2)
dz
TIf we seek & solution wherein the surface moves
with simple harmonic motion, we must satisfy the

equation of motion:
NELS
g9t (6-3)

where U is the elevation of the surfacey, and g is the
acceleration of gravity.

A solution which satisfies (6-1) is:
(pt-fz
‘1"&6'(‘9 ) (6-4)
where P, depends only on 2z
27T
period



-81-

£ 2 . o

wave length L

X

Substituting (6-4) in (6-1):

' et -0

3 z2

which has the solution:
P, :Acf= +Bef2
Substituting this in (6-2)}, we see:

AC“‘ - Be-fh

Using this (6-4) becomes:

where A, .-.2Be'ﬂ‘. Since the velocity of the free

(6-5)

(6-6)

(6-7)

(6-8)

surface is 3_1? s we find from (6-3) as a condition for

the existence of such waves:

v & 09

Eat‘- Jd z

at the free surface, to the first approximetion for

small motion,

Substituting (6-8) in (6-9), at z = 0:

E.-f tank(-Fh) - f tanh(FH)

The velocity, Vg

v, = ¥eve length _ p
g period ~ f

s of such waves is given by:

(6-9)

(6-10)

(6-11)
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or
. .

Vg =~ (f, tanh (14]) [ﬁ% tanh(z %)] & 2
If h)) L: |

Ve (" (=)' 19
Squaring (€-13) and dividing by (6-11) we find:

E %: B peried (6-14)
From the records we find that the period is of the
order of .22 seconds, or Vg = 9'802ﬁ7f22 = .34 m/s.

If L is not small compared to h, Vg will be even smaller.,
From chart V we see that the velocity of H is of the
order of 270 m/s.

The above was derived on the assumptions that the
layer was fluid and incompressible, neither of which
conditions is satisfied by the ground in the Los Alamitos
area, It is doubtful if the ground is even elasticy
which means that the more fundamental condition, of
which incompressibility is a special case, that the
density of the medium be a function only of pressurey
may not be satisfied. The other two assumptions, plane
waves and very smell amplitudes, though resulting in
approximations to the true conditions, are probably
sufficiently well satisfied., It is possible, that if
the special conditions of the ground at Los Alamitos
were taken into account, the velocity of "gravity"

waves would be that observed. However, the theory



=-33=

would have to be radically extended, and at present
there seems to be no relation between gravity wave
theory and the Los Alamitos observations except for

the similarity of the particle paths.,

B treated as & Stoneley wave,

Another possible explanation for H is that it is
some form of Rayleigh wave wherein the direction of
particle motion around the ellipse has been reversed
from wheat is normal for a Rayleigh wave. A wave where
this condition exists was described by Stoneley (1224)
end is mow known as a "Stoneley wave", It is a surface
wave confined to the neighborhood of a contact between
two distinct, but not too different, media.

Assume coordinate axes such that the x axis lies
in the direction of propagation of the waves and the z
axis is perpendicular to the contact. The equations

to be satisfied are:

The equations of motion in the two media:

ata (1 /« +/«V u (6-15)
s /‘) Y (6-18)
i) 2
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where u, v, and w are the displacements, A end /‘ are

Lame's constents, and © is the dilatation:

The boundary conditions &are;

No motion far from the interface:

U_:V:W=O dt

No openings at the interface:

u, ® U
v, * Yz a-T
w, = Wz

(6-18)
=0 (6-19)

(6-20)
z:0

(6-21)

(6-22)

(Subscripts "1" and "2" will henceforth be used to

distinguish the two media, the z
into medium 1,)

The tractions must be continuous

axis being directed

across the interface:

~ (au. aw.) /,R(auaJr aw;) o

Rt I

¢y

R VR RPN RIS (6-25)
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A motion which satisfies all these conditions is:

" :(_; V:l D e-r,‘z +5 Q e.s'z)e;f()"vﬂt)
1 {.'V: i et

v, : O

R . _
W, : (-;,f—"}, v, De % +ifQ, e's’z) e’”X Vit)
H

2

Up ‘(';%%Dzeﬁz +52Q269g2)c.'f(x -V,,t)

Vz’O

2 ) _
W ‘(‘-—)—/ﬂrr‘zDzC""Hmzﬂs‘z if(* Vi)
2L 'Yy

where:
. 2
v of (l— —z”—)
fn
2
2 Vi
S,f =)c (l - z)
Sh
£ = 2
wave length
Vi = velocity of Stoneley waves

(6-26)

(6~27)
(6-28)

(6-29)

(6-35)

(6-31)

(6-32)

(6-33)

D, end Q, are constents determined by the boundary

conditions, The other symbols have the same meaning
es they have had up till now.
The condition which must be satisfied if such

waves are to exist is:
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{05 -£)- (£As * £ANEB £ B)
+2KV2{EA.B, - LAB, - £ + £

+ KA, B - 1) Az By = 1) = O (6-34)
where:
. Va Y
An (1 T/z') (6-35)

B (1" yf )* | (6-36)

K =25 Ve - £ Viz) (6-37)

Vp, 1s the velocity of compressional waves in the nth
medium and Vg, is the velocity of shear waves in the
nth medium,

Tt will be seen at once from equations (6-26) to
(6-31) that the particles move in ellipses. The
direction of the particle motion around the ellipse
will depend on the velocities of body waves in the two
media, It is not possible to show in what direction the
motion will be in any particular case without substituting
values in the gbove equations. However, it can be
easily demonstrated that the motion may be either
retrograde or direct. Suppose that we are standing in
medium 1 looking at the interface as a train of Stoneley

waves passes, as shown in figure 28, and that the motion
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appears to us to be retrograde. 1f we view the motion
from medium 2 instead, as we may do simply by turning
the page upside down, the motion will appear to be direct.
Thus for a Stoneley wave the direction of particle motion
depends on from which side of the interface we look at
it,

Because of the complexity of equation (6-34) it
is ngt obvious when such waves can exist in an interface,
Stoneley (1924, p.421) has shown thet in general "when
the wave velocities are not too widely different for the
two media a wave of the Rayleigh type can exist at the
interface". The presence of other interfaces in one or
both media may make it more or less likely that such
waves exist, particularly if ome of these interfaces is
essentially & free surface such as the surface of the
earth, However, if conditions were right, it is
possible that a Stoneley wave in a shallow interface
might result in motion at the surface such as observed
during the passage of H,

Unfortunately, too little is known about the
thickness and elastic comstants of the first layers
at Los Alemitos to make a good quantitative check on
whether or not Stoneley waves could exist there, Some
notion of the velocities of compressional waves was
developed in section IV. However, the shear wave

velocities are unknown., Although the C waves may be
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some sort of shear waves, they are certainly different
from the shear waves whose velocities are needed to
solve equation (6-34), Furthermore, the densities of
the layers are completely unknown,

It is necessary to make additional simplifying
assumptions before the problem can be treated further,
To do this let us assume that the demsities in the two
layers are the same, a not too unlikely assumption if
both are sedimentary layers, In this case (6-34)

reduces to:

P2V (A * Ad)(B. +Ba) + 2KV, (AB,-AB)

"’Kz(A-:B.',)(Ax:Bz - ]) -0 (6=-38)

where ‘fgf=/;

Next we observe that except in the weathered layer,
the velocity of compressional waves greatly exceeds
that of H., When this is the case, A and Az differ
very little from 1., If we assume that Al = A2 =1,
(6-38) simplifies to:

2 £, V4(B, +Bz) +Rf K Ve (B-B.) + K (B,-1)(B:-1) =0 (6-39)

(6-36) can be rewritten:

2 Va -
VSn ) |- B (6~40)

n
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(6=37) can now be written:

K=2f(VSI ) RfV, n (B"l B:B: ) (6-41)
Substituting (6-41) in (6-392) we find:

27V (B, B) 4 £2y BTN D)

B B‘)(B -1)(Be -1)
-i‘i-f V4 (3“—‘{[)’(.32 Ok :0

(6~-42)

On cancelling out common terms, if Bo# 1 and By# 1:
~(BF-)(BF- 1B+ )(Bi+1) - R (B,-Ba) (B, +1)(B,+1) +2(B+BNB-B,) 0 (6-43)

Which reduces to:

Csﬁi "CZB: *C:Bz +Cq =0 (6~44)
Where:

C3 =:B,3 "B.z "’B, - ’

Cz ’B,z '3B,z ':B, +

c,:B} -B2-3B, ¢+ §6-45)

Co:-B2+B%+B +

If we assume that Vgy) Vy , them 0(B1{1,
and we can solve (6-44) for B2 getting three roots,
as shown in figure 29, Below Bl = ¢4 two of the
roots are imaginary, and nowhere are there any real
roots between O and 1. Therefore B, must always be
imaginary, and we may conclude that if V51> VH o
f,= f, end Vp1 and Vpg)) Vg, Stoneley waves can mot

exist,
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Since these conditions were approximately what we
would expect a:c any interface within the sedimentary
section except the first one, it is unlikely that
Stoneley waves with the velocity of the observed H
waves can exist above the basement contact at Los
Alamitos unless they are related to the interface at
the base of the weathered layer,

Therefore we must determine if there is a solution
of (6=-34), using the velocities of compressional and
shear waves in the weathered layer, and in the layer
immediately beneath it.

Vy we know from the travel-time curves is
approximately 270 m/s., Vpo is 1565 m/s.s the other
velocities are unknown. It will be suggested in
section VII that the average value of Poisson's
ratio, 0, 1s unusually large in the near surface
material, being almost certainly over .4 and probably
between .45 and .49, Large values of 0 were similarly
found on the assumption that C is 'a shear wave, If
we assume Ow ,485 in the first layer beneath the
weathered layer, Vsg = VH and B, = O. If we also
assume as before that f=f , using the value of A,
determined from (6-35), (6-34) becomes:

R

3
B, (A1) 40,3, (o-1) - 4 (A3-1)(VF 1)+ 0 (6-46)
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Which can be solved for Al giving:s

2
(- - ‘170(1*%",)/Z

MGGk .

Multiplying both the numerator and denominator by
4

-V—'}r (6-47) becomes:
Si

ali-) - a0
! (2 VH)
Vs,
If Vy exceeds Vg1, Ap is complex. Therefore, we
need consider only the range Vg2 Vg.
From (6-35) we find:
V
e D (6-49)

From (6-48) and (6-49) we calculate Vpj for all
values of Vgy2 Vyg. The resulting relation between
Vpy and Vsi is shown by figure 30, There is only
one value of Vpy above 1102 m/s, since we are not
concerned with values of Vg less them 270 m/s.
Equation (6-49) shows that Vy can never exceed Vpj
for the assumed conditions,

Not all of the solutions are physicelly possible.
To determine which are possible we calculate Poisson's
ratio, 0, using the well known relation:
2 - ()
R -2(%)°

6 = (6-50)
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The resulting values are shown in figure 31. Only one
of the roots of Vp1 shown in figure 30 corresponds 1o
a physically possible value of @, as values of 0) %
are impossible; and all values of Vpj less than about
395 m/s. correspond to unlikely physical conditions,
since negative values of Poisson's ratio have never
been observed. We showed in section IV that'vpl
probably lay between 120 m/s. and 735 m/s. If the
larger figure is more nearly the true one, Stoneley
waves may be possible in the interface beneath the
weathered layer,

This analysis does not prove that Stoneley waves
do exist, or even can exist in this interface, since
as has already been pointed out the weathered layer
is not the semi-infinite elastic medium required by
Stoneley's theory; but if the differences are not too
great, the approximation may be so good that something
closely resembling Stoneley waves may exist. The range
where this is likely has now been narrowed to
395 m/s. < Vp1 & 735 m/s.

If Stoneley waves can exist, we must consider
whether or not their particle motion will be direct
or retrograde. To do this consider equations (6-26)
and (6-28), Since we do not know if Dy and Qi have
the same sign, we must clear the equations of one or

the other. By substituting (6-26) thru (6-31) in
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(6~20) and (6-25) we get, at z = O:

\\l,’: 1;)' +5, Q = - \\//?];“ +5: Qp (6-51)
VA VA
A,( v D -Hfs,a,) +(2, +2/‘1,)[ ;; V‘D ifs, Q]
(6-52)
A (4§ +518) a2 5, oy
On rearranging (6-52) we get:
VPI VPI
[ ~(3, 2/1) ( /7 )]]) -RinfsQ, (653
VA Vex(, . Va
[) V- (120 vl 'v—;‘)}D;),;fszak+(A,o2/~‘);fs‘az
or:
VPI VPI . .
[x (X, +2) <1 )]D,-Zo/LFS. Q, (6-52)

3 Ozl R0

Now if we assume Vg, = Vp and j’fz :f s sy becomes
zero, and (6-51) and (6-54) become:

\\//’;'p fifs,Q, : ﬁépz (6-55)
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[2/‘ Y/P; + (2, +2/1,)]:D, -,li/i,fs.a,

or substituting VB, =L}°2A end Vo, =% into

[ ‘Vﬁk

AR ()\2*2/‘:)]])2

(6-56) s

[ sz; Vz +

Clearing D

V(-

2 Vpl

2

H
Vi

Which simplifies to:

V5 (1= %), - ifs G (2V -Vi)=0

Clearing Dy from (6-26) and (6-28) by using (6-59):

s Q RV -Vi) e
W, ¢

[V

Vsi

Slal (zvsz’- V:) "V"z
2 (Vi -Vs))

2F (Vi -Vsh)

5.Q, (VS -VE) + Rs.a, (Vi

e +s5, Qe

L ifQ e's"] ol

If z = 0, neglecting the time dependent exponential:

from (6-55) and (6-57):

V2)

VAID,-2iVA £, = [-2VE Vi I

Vs:):D 21\/SI'F50 VHD ."FS,V:Q,

-s,z]eif(l - V“t)

-Vyt)

__S& P

2 (Vi-vy)

" 2(v2: ’Vsz:)

(6-56)

(6-57)

(6-58)

(6-59)

(6-60)

(6-61)

(6-62)
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ris,Q,(2V%1- Vi) « 2F Q. (V- Vi) (6-65)
Rf (V:'v.'u)

w_ i misilRWE-VR) «2f(Vi- Va)
“ fs, Vi

(6-64)

For real, positive values of Ty and 51 this reduces

to:
i 1= ) -2 Y () cs)

If VPl lies between 400 m/s. ana 735 m/s., the physically
acceptable part of figure 30 gives i.52f£wl/ulf;i.67.
This mezans that the particle motion is retrograde
elliptical, the reverse of what was observed for H

waves.

Actually to compute Wl/ul properly we shoula
exauine its magnitude at the surface of the ground, not
at the interface. To do this we would have to consiaer
the case of a surface leyer of finite thickness, which
was not done here, as the cecquations are too cumbrous,
However, since the surface layer 1is probably considerably
less than & wave length in thickness, the wmotion at
the surface, if Stoneley waves will exist at all in this
case, might be expecteta to be similar to that at the

interface. Since the Stoneley wave equations precict
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motion other than that observed, we are still lacking

an adequate explanation for H,

H the sum of two pulses.

Another approach which the author has not yet had
time to investigate thoroughly is to examine the
possibility that H is the sum of a compressional and
a shear pulse arriving from below at different angles
but with the same frequencies., This approach seems to

show promise, and will be made the subject of a later

paper.
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VII. RAYLEIGH WAVES,

EDescription of the pulse.

The last pulse of energy of measurable size
recorded is also the most distinctive. Its maxima are
labeled "R" on charts I-III, It appears on the
longitudinal and vertical components only. Chart VI
is a plot of the particle velocity during the passage
of this pulse at a distance of 1493 meters. The
velocity of its meximum is 193 meters per second, This
is obviously a group velocity, as can be seen from the
travel-time curve, chart IV. The average phase velocity,
determined from the slope of the lime thru this maximum
and the origin is 167% meters per second. The retrograde
elliptical pattern of the particle motion suggests that
this wave is of the Rayleigh type. It is motable,
however, that the ellipses are "tilted" at about 45°,
with their tops awey from the shots. A possible
explanation for this is that, since the velocity of
propagation increases with depth, energy travelling
along the deeper paths tends to get ahead of the
shallower energy, end the arrivals give the impression
of coming from below because of the earlier arrival
of the pulse along these deeper paths., If this is the
case, one would expect that, since the ellipses are
tilted back, the larger component of chart VI would

correspond to what would normally be the horizontal
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component of motion if the pattern were not tilted.
Figure 32 _is a plot of the ratio of the amplitudes
of the vertical to horizontal motion against distance
(disregarding any tilt of the ellipses), It is plain
that this ratio never exceeds one., This has been
observed for the Rayleigh waves from earthéuakes also
(Byerly 1933, p.182), The points are badly scattered,
but there appears to be a decrease in this ratio at
increasing distance, The two points at less than 200
meters have been disregarded as at these distances the
different pulses all overlap, and it is uncertain how
much of the motion attributed to R was really due to
one of the other phases. If these two points should
not be disregarded then it is questionable whether the
ratio of amplitudes does decrease with distance,
Figure 33 is a plot of the periods of the maximum
motions of R against time after the explosions at
different distances., This period clearly increases
with increasing distance. However, at any distance,
the period decreases during the time of arrival of R.
Using the velocity of the meximum of the pulse
of 1674 meters per second as teken from the travel-
time chart, the wave lengths of the largest motioms
can be computed from these periods, and are shown in
figure 34. Periods of more than one third of a second

correspond to frequencies below the pass band of the
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seismic recorders, and therefore at these frequencies
there is a tendency of the apparatus to attenuate the
fundamental frequency of the ground motion and record
only therhigher harmonics, This causes scattering of

the points at large wave lengths,

Amplitude of R vs, distance,

To determine the rate at which the amplitude of R

decreases with distance, we use the formula:

C Jo _-a'Y,
o3, € t (7-1)

taken from Gutenberg (1932, p.225), where
Jn is the maximum energy of the surface waves
et the recording station at a distance An

from the shot.

Jo is a constant for any one source, or for
identical sources of seismic energy.

An : Ao siﬂ (Fﬂ
A, is the radius of the earth.

Y. is the angular distance to the nth recording
station along the great circle path.

o’ is the attemuation factor, a function of the
ground. Note that d'is tmce the & used in
section V to describe the attenuation of C,

- since (5-1) was set up in terms of amplitude
variations, whereas (7-1) is in terms of
energy.

Since the energy of the waves is proportional to the
square of the velocity, we can also say, similarly:

R
- AO e' o&,\'}n

An N A n (7—2)
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where A, is the magnitude of the ground velocity as
computed from the record, and A, is a constant similar

to Jy. Gutenberg (loc. cit.) uses Ju = (53%33332 where

a is the amplitude of the displacement of the ground, but
our calibrations are already made in terms of the
velocity, so we can neglect variations in frequency.

Ao can be cleared from the equation by using the data
from any two observations at different distances from

the shot, thus:

Aa:-_ . % e-“’("’. ‘L'Jx) (7-3)
az

Or, returning to the notation of section V by

substituting 2« for a's

2‘:,, e e-2%(Y - 1) (7-4)
oa

Which can also be written:

(_o_-)"aA_m e-a(t-1) B

fa¥: Acz
This can be solved for o giving:
| Aot A, ‘/2
o = [o e ——(—) (7-6)
'{’a-‘f" 9 AAz A,
: . An
Since 4L- 2.
'
A AA, A2
A arear %€ A“('zz) 7=7)

where the units of « are inverse radians; or
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R _Ag_a_-)"‘
o a2 - 4, ‘78 AAR(AZ

Ry

(7-8)
where the units of & are inverse distance.

Substituting the data from figure 35 into (7-6)
we find that X is ,0036 per meter or sbout .14 per wave
length (o’ is ,0072 per meter). If one compares this
with the values of &' found from earthquake studies
(Gutenberg, 1932, p.255-258) of .00013 to ,00053 per
kilometer, it is clear that the near surface layers have
a very high coefficient of absorption.

The plot of the amplitudes against distancey
figure 35, shows a lot of scattéring of the points.
This is not surprising as the ground conditions at the
shot hole vary from one explosion to the next, particularly
when the records are madé on different days, After many
shots in one hole the ground becomes much broken up,
Also, the amount of surface waves depend greatly on the
depth below the surface at which the explosion was
detonated. Five pounds of dynamite were exploded at
3284 meters, while only 24 were used at the shorter
distances. There may also have been variations in the
plants of the seismometers in the loose soil at the
different recording locations., 1In short, successive
explosion measurements depend on so many unknown and
unmeasurable factors that the amplitudes of resulting

motion can not be expected to fall on a line,
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The Rayleigh wave was plainly felt at almost all
the recording locationsj and it is a part of what is
knowvn as ground roll in the seismic exploration industry.
Probably C also contributes to the ground roll, but it
does not give the characteristic rolling sensation which
R gives. H may contribute something, but as it is
generally smaller in amplitude, its arrival is not so

easily recognized by the physical sensation it produces.

Rayleight!s theory.

The R waves on the records are, in general,
similar to the type which was first predicted by Lord
Rayleigh (1885), and which are nemed after him. Rayleigh
found that along the surface of a homogeneous, isotropic,
elastic, half space, in which the velocities of the
body waves are Vp (compressional) and Vg (shear),
surface waves, that is waves whose amplitudes decrease
rapidly with increasing depth, can be propagated. It
has already been pointed out that the near surface
material is probably neither homogeneous nor elastic,
so that Rayleigh's theory does not strictly apply to
the observations, Howevery as it is a first
spproximation to the conditions, although a poor one,
we will examine it in some detail since we lack a
development of the wave mechanics for a better
approximation, it must be kept in mind that because

the conditions required by Rayleigh's theory are not
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met, we can not expect the ground motion to be exactly
what it would be if the actual ground closely resembled
the ideal medium. Any similarity of the motion could
be a pure coincidence,

We choose a coordinate system with the z axis
perpendicular to the free surface and directed into
the solid half space, and the x axis along the free
surface in the direction of propegation of the waves.
The equations to be satisfied are similar to those

required for Stoneley waves (section VI). The first ones

are the equations of motion:

3 0
T e (-9

OV (Y. u 38 .oz  (7-10)
ST VA A

Fw (7-11)
Py ()
where as before P is the density, u, v, and w are
the particle displacements along the Xy ¥, and z
axes respectively, ;\ a.nd/\ are Leme's constants,
and O is the cubical dilatation:
3 \% a)w
=12
VE 5y "I (7-12)

At great depthsy z =Qo, there must be no motion:

Uusvzw =0 (7-13)
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At the free surface, z = O, there must be no traction:

32 T3z 0 (7-14)
dw 9V

__7_,. TS :0 (7-15)
16 -3p 32 0 10

As in the case of Stoneley's waves, we find that there
is no motion in the transverse direction; the

displacements in the other two directions are:

o f _rz, 2frs _-sz) i(fz+pt) (7-17
“"( e TR )e )
r vz 2fr -sz) (Fx +pt) (7-18)
wzl —=—€ ~Tz27m a2 ¢ €
( he ha(f*+5)
where f = 2 = 2T (7-19)
wave length L
- 27
» period (7-20)
I‘2 = £2 - th (7-21)
s2 = £2 - k2 (7-22)
) 2
kg = i -23)
72 (7-23)
th = _LZ. -24
% (7-24)

The necessary condition for the existence of such waves

is:
a
kﬂ gk _& PRLT “;,‘:ﬂ lb=2220 (7-25)
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From (7-19} and (7-20) it is plain that:

Vk'zél‘

Therefore (7-23} and (7-24) becomes
12 - V"
k fz Vk

Substituting these values of hp and kR in (7-25):

Ve g Vaupg Vi g Yoy Vi Ly Yy
VOtttV T W

This is an equation for Vy in terms of Vp and VS'
Vp end Vg are further related by equation (5-13),
which can be rewritten:

V? =R
V3 R-2¢
6 is Poisson's ratio.

(7-29) can be reduced to the form which is

generally called "Rayleigh's equation" by dividing

thru by 3@ yielding:
s

(2416 J LR \\;:) 0

Thus the condition for the existence of Rayleigh

(7-26)

(7-27)
(7-28)

(7-29)

(7-30)

(7-31)

waves in a homogeneous earthy in which Poisson's ratio

has the value 0, is that there exists a V; such that

(7-22) can be satisfied., For every value of Vp/Vg
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except Vp/Vs = 1 or -1 there exists a unique value of
va2/vp? given by (7-29).

Let us now supéose that these equations can be
applied to the ground motions we have observed, always
remembering, however, that the fundamental assumptions
of Rayleigh were not satisfied. Although the R pulse
is dispersed, Vi can be approximately determined from
the travel-time cufve, chart IV, and is found to be
167> m/s, as noted earlier. Using this value of Vg
and equation (7-29), we get the values of Vp which
correspond to all real values of Vg as shown in
figure 36. A

Plginly there are some values of Vp for which
Rayleigh waves with the observed velocity can not exist.
This can also be seen from figure 37, which shows what
value 6" must have to give the observed value of Vy
for different values of Vp. There is no real value of
o~ corresponding to 1674 m/s. { Vp { 259 m/s.; and
no value of 0" where 0 0 (.5 for Vp { 105 m/s,.
Therefore R can be a true Rayleigh wave only if VP
falls outside of these ranges.

In section IV above it was showﬁ that Vp varied
with depth. In particular, it was shown that we could
approximate the conditions in the Los Alemitos area
by assuming three layers, a shallowest layer between

1.2 and 8.4 meters thick whose compressional wave
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velocity lies between 120 m/s. and 735 m/s.s @ second
layer between 22 and 106 meters thick whose compressional
wave velocity is 1565‘m/s., and a third layer of
unknown thickness whose compressional wave velocity

is 1950 m/s. Since the wave length of our R waves is
of the order of 40 meters, it must penetrate at least
into the second layer, and its velocity will be
affected by this‘layer; but since the third layer lies
at a depth of the order of a wave length or more from
the surface, it will probably be little affected by
this material as was shown by Fu (1946, p.21). TNeither
compressional wave velocity corresponds to the Rayleigh
wave velocity for substitution in eduation (7-29), as
the observed compressional ﬁaves being of much shorter
wave length were primarily transmitted along distinct
paths in each layer though they passed thru both layers;
while the Rayleigh waves were transmitted in the two

in a more complicated fashion, However, the appropriate
Vpy if there is one, presumably lies between 120 m/s.
end 1565 m/s.,, the extremes of the compressional wave
velocities in the upper two layers. Thus the observed
value of VR is possible for any value of ¢ from O to
.49, Since the wave length of R is over four times the
probable maximum depth of the weathered layer, the
velocity of VR is probably more dependent on the elastic
constants of the second than the first layer, and

therefore, ¢ must be about .49, neglecting the
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negative root. For this value of 6, Vg = 175 m/s.

This is so cloge to the value of Vg that we would

expect the direct sheér wave, if it existed, to arrive
coincident with the Rayleigh waves, No such waves were
recognized on the records, though there is sometimes

some motion on the transverse component which may
represent body shear waves or more likely Love waves,

Even if body shear waves did exist, unless they were

of larger amplitude than R, they could not be distinguished
from it unless they were horizontally polarized.

In section V we suggested that C might be a
modified shear wave. On the assumption that at short
distances the first arrivals of C represented shear
waves travelling in the first layer beneath the
weathered layer, we found that C's velocity of
163-200 m/s, corresponded to a Poisson's ratio of
from ,491-,494, These figures are in good agreement
with the values of Vg and Poisson's ratio of 175 m/s.
and .49 found from Rayleigh's equation. This agreement
supports the idea that the value of Vg of 163-200 m/s.
found from the travel-time curves is for a combined
layer which corresponds to the first two layers found
using the P wave data,

Now let us examine the ratio of the vertical to
the horizontal component of motion for Rayleigh waves.

From (7-17) and (7-18), at z = Ot
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2f% )
w_ 1" Fow) a2
B 73
this can be reduced to:
o -ill-3(EF) (7-33)
W ——____n___

At any one frequency this equation applies whether
the motion is measured in units of displacement,
velocity, or acceleration,

We have already solved equation (7-29) for all
values of Vg in order to obtain figure 36. Using this
data and (7-33) we can obtain w/u as shown in
figure 38 for all possible values of Vpe

Note that if Vp exceeds Vg T and s as determined
from equations (7-18) thru (7-24) become imaginary;
and, therefore, the displacements u and w given by
equations (7-17) and (7-18) no longer decrease
exponentially with depth. In this case, also, equation

(7-32) becomes:

Ve
w (7 (7-34)

R

The motion is no longer either elliptical or

confined to the neighborhood of the surface, The
solutions of Rayleigh's equation are body waves. The
motion is, except in one special casey neither parallel

nor perpendicular to the surface along which the waves
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are travelling, but is at some intermediate angle. It
appears from equation (7-34) that w/u can have any
values except +00, whiéh correspond to the cases VS =0
and Vg = VR for which Rayleigh's equation is
indeterminéte or reduces to a contradiction. However,
only a small range of these values corresponds to
positive values of Poisson's ratio less tham &. This
is the range 0 < Iw/ul ﬁ .787, It can be shown that
except in the case Vp = Vg the motion is the sum of a
compressional and a shear wave of the same frequency
arriving from different directions.

The + sign in equation (7-34) arises from the
uncertainty whether s (and similarly r) becomes of the

form i lsl or -i|s|. If s is of the former form,

then the negative sign applies in (7-34), There is no
preferred choice of sign on physical grounds. The
compression and shear waves involved in this case must
arrive at angles such that their surface velocities
are both Vz. Since Vpy Vg and Vi are related by
Rayleigh's equation (7-31), there is a fixed relation
between these angles., However, the only lﬁmitationuon
the relative amplitudes of the two component waves is
that they must satisfy (7-34)., If the shear wave can
be either in time phase or 180° out of time phase with
respect to the compressional wave, then by proper

choice of the amplitudes of the two either angle of
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motion shown by (7-34) can be realized.
VR
The case w/u = 0 is of interest. Here CV§)2 = 2,

Vs, 2
and (7-31) reduces to (-vg)

=-§, which means (= O.
This is the special case when all three roots of
Rayleigh's equation are identical and Vp = VRe

Physically this means that if a body can be
compressed without the sides tending to bulge, the
Rayleigh wave degenerates into a compressional body
wave travelling along the surface and extending to
infinite depths. Loose earth is easily compressed,
and may very well be a good approximatiom to this
condition, If this is the case then our C waves might
be this degenerate type of Rayleigh waves, as noted in
section V,

Figure 38 shows that for true Rayleigh wavesy where
Vs exceeds Vi and the particle motion is ellipticel,
w/u must exceed 1. Figure 33 (p.104) is a plot of the
ratios of the maximum values of the vertical and
horizontal velocities as determined from the records,
It can be seen that it varies with distance from the
shot, but is never more then ome, Therefore, the
simple theory of surface waves described by Rayleigh
is inadequate to explain the observed ground motion,
although it agrees with observation in certain important
respects., The two principal ways in which R resembles
Rayleigh waves are its retrograde elliptical particle

motion, and the dying out of the motion with depth.
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The particle motion is shovm in chart VI. The dying
out of the motion with depth has not yet been
demonstrated,

The evidence is indirect. As was discussed
previously, the R waves are the principal cause of
the ground roll from explosions. It is a well known
fact that ground roll is pronounced only for explosions
at or near the surface, as was pointed out by Sharpe
(1942), By analogy with tectonic earthquakes, where
the relative amplitudes of the surface to the body
waves are less the greater the depth of focus of the
earthquake, this decrease in ground roll amplitude
with increase in shot depth indicates that the ground
roll, or R waves, is also a form of surface wave,

and they too must die out with depth.

Stoneley's theory.

Several extensions of Rayleigh's theory have been
made to include special surface conditions. Stoneley
(1926) has studied the case where a homogeneous
isotropic, elastic, half space (the earth) is overlain
by a layer of fluid such as water of thickness, h. The
coordinates used are a horizontal axis in the interface
between the fluid and the solid earth in the direction
of propagation of the surface waves, and a vertical
axis directed into the layer of fluid. The notation

is the same as that used for Rayleigh waves.



-1c4-

The first equatlion to be satisfied 1s the eguation

of continuity in the water (See for instance Stewart

and Lindsey, 1830, p.<l):

of . Ul a(rwJ
ot +‘ax oz

where j: is the density of the water ana U anac W are

(7-35)

thie horizontal ana vertical velocities. As in the case

of Rayleigh waves, it can be shown that because of our

cheice of coordinates the transverse motion will be

zero, so our problem is a two dimensional one.

If we introduce the velocity potential in the water:

20 ¢
3 Wt

(7-35) can be rewritten:

Bf _'_fvzq> W“"_

":, and W‘)—E are both of

If we neglesct gravity,
the seconu order of small guantities, ana (7-%6)

beccmes:
AK+PV¢ 0

It is well known that in weter (see for instance

Stewart ana Lindsey, 1900, P.RT-R8) 2

dpw
o

Vinere V is the velocity of couwpressional waves in

water, k is the bulk moduius of water, anc Py 1s the

pressure in tne water.

(7-36)

(7-57)

(7-38)

(7-39)
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Using (7-38) and (7-39) we get:

dpw. 3fs dpw, K V't’(lp:-kv’(i) 7-40
o3t dp TR e

which is the equation of motion in the water. As in

the case of Rayleigh's analysis, the equations of motion

in the solid are:
(1 /1) Vz“ (7-41)
at* (1/1) FATIW (7-42)

where f, is the density in the earth, land/1 are Leame's

constants, and u and w are the particle displacements.

O is again the cubical dilatation:

ow_

O z ‘H‘f 3z | (7-43)

Next we have the boundary conditions. The
vertical velocity must be continuous across the

interface between solid and fluid:

3P .
Pz
The horizontal traction at the interface is O

a St at z = O (7-44)

6w .
at z =0 7-45
d% +T 0 ( )

The vertical traction is continuous across the

interface:
J t . {(1 ;/') } at z = 0 (7-46)

At the free surface there is no stress:
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The wave motion which satisfies these conditions is:

stn Tilz-h) fi(z- k) if(X'vRt)
Cb A f cosfh (7-48)
wheres Vz
{3 (7-49)
and A is an amplitude constant,
Y
U:5rifd (7-50)
j_f;f,[cof f (z.A)HD (7-51)
The necessary condition for the existence of such waves
iss
FVok tan fh Ve VEVe f vz
ffaVe T VE 4(I- _Vs*') - "F(z 'W) (7-52)
We know that: ‘
2 2 kﬂ (7-21)
¢ Va 7-24
b 5 (7-24)
k(SR (7-39)
- V%
and 2 (7-53)
Vs ) -’%
Using these relationshipsy (7-52) becomes:
4 Va 12
£ tan fh Vi 4 Vn)'/z _(_2;__\_/i_) (7-54)
RE VA il (1-A)"
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(Since fi occurs in these equations in the form

_Eé%iﬂl we need not be concerned with its sign as long

i

as flh lies in the first quadrant. This argument still

ta.ﬂh fu‘\

1]

applies if £ is imaginary, since

positive. Discussion of how other values of fl than

the one observed would effect the equations is beyond

the scope of this work,)

Using (7-49}, (7-54) becomes:

a’t, (- v k a | Nk
e (0 -

Let us define

Vi Va Va
VX vl gz

('7-55) becomes:

Yz /%(fan ﬂ’c)(’Z:i( "a: "‘]‘(I‘Y)VRU'XJ," - (Z'Y)z

If we further define

4 . fl (]-)()'/z
oo |

(7-57) becomes:

3 -1v2 2 a1 (0% - (202

is always

(7-55)

(7-56)

(7-57)

(7-58)

(7-59)
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or

2
475 - 4Y +4 = 4(1—Y)2 (1-X)%

On dividing by 4 asnd squaring:

v e
ce c

+(%+1)Y2 - W+1=1-X-Y+XY

¥4 - 20v3+(20+C2)Y2 ~ Ce(14+X)Y+€2X = O

if C = 4, this becomes:

¥4 - 8v3+24v2 - 16(1+X)Y+16X = O

Or in the ordinary notation:

8 6 u
Va _ g Va v _16Ya Vn

vhich is simply equation (7-22), Therefore, when
C = 4 the condition (7-52) reduces to Rayleigh's

condition, This is the case if:

4 ). 20X fA-.—-——ﬁ('°%R:‘)'lz fan[2 i(—‘;")vz]
(c ') AT AUEL : [”

(7-60)

(7-61)

(7-62)

(7-63)

(7-64)

(7-65)

Where L. is the wave length. If V, is grester than Vgy:

E-1)=0 if £f» Vr® Vps or n(L.

(7-66)
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VR = Vp corresponds to the special case where all
_ _Va

— Vs L ]
as pointed out earlier, 6 = O, which is a very special

four roots of (7-64) are Y = 2 In this casey
and unusual condition., The meanings of the other two
conditions where (#-1)20 are obvious.

This means that if a solid such as the earth is
overlain by a light or thin layer of fluid, beneath
this layer Rayleigh waves can be transmitted with
velocities identical with normal Rayleigh wavesy but
if the conditions are other than this, the waves will
have different velocities. It is possible that under
the proper conditions, Rayleigh waves can not exist at
all under a fluid layer,

If we consider the air to be a fluid layer, since
P Lfs Cxz4, and equation (7-66} will epply if our R
waves are this sort of Rayleigh waves.,

Dividing (7-51) by (7-50):
W . -if, cof f(z-h)

U - f (7-67)
Using (7-49) this becomes at z = O:
: t wh \,/2 Y.
-‘Cj—/ﬁ(l-—\[,z)/* coth [3?(‘7'}) ‘] (7-68)

Since for air V, equals 344 m,/sec. (Stewart and
Lindsey, 1930, p.328), and Vg equals 1674 m./sec.

from the travel-time curve:

-\'Ui=+a 874 coth 5"*"% (7-69)

Unless h (L, coth 5,49 %2‘1, and the motion in the



-130~

air is retrograde elliptical with the amplitude of

the vertical component .874 times the emplitude of

the horizontal. (Remember that Stoneley's vertical
axis is directed oppositely from Rayleigh's, so that

in this case thei?sign corresponds to retrograde motion,
whereas previously the reverse was true,} Comparing
this with figure 32 we see that the calculated amplitude
ratio is of the same order of magnitude as those

observed. If h{L, coth 5,49 :Lh-) 1, and W/U becomes

larger as the ratio h/L decreases,

These figures, however, are for the amplitudes in
‘i;he air, not those in the ground., To find the motiom
in the ground we must calculate u and w, These are

given by Stoneley as:

fVa

V rz s2 x th) ~71)
wr( {,;,rEe LifRe et (7-71)

Substituting these in (7-45) at z = O:

u:( Ve ifers. sQe“) i#(x-Val) (7-70)

o VP‘ . \/ r 2 >
,f( F‘V‘:"“E +|'FQ) + ( fVR \ E -S a 0 (7-72)
This reduces to: 2
s (7-73)

Substituting this in (7-70) and (7-71), at 2z = O:

i EV: f"u'"-??"S) iFlx- Vot) 74
“"fvz( fress /€ (7-74)
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eV [ r(s*-r?) ) if(x-Vat)
W V; ( fr.sz /)€ (7-75)
Therefore:
2
w . r(s*-f*) . 7"(%7 ")
U T if(fres?-2vs)

— (7-76)
f(’*‘??; 21")
From (7-21) thru (7-24) and (7-26):

o VA (7-77)
2 ° I Vo?
s? Va* -
Substituting these in (7-78):
L) %)
w o (1 v Vs*
u - _ﬁt 2( _._\Q‘.)/Z( _ﬁa ,,’ (7-79)
A Vf‘ Vit
(We use the positive roots of r® and s2 since we are
considering only waves which die out with increasing
depth,)
(7-59) can be written:
' R
£ ALY Vﬂ ' (g_ﬁz
‘*{" v (7-80)

Which can be rearranged to give

o VR R
(}_ vﬁ)":__ ()5 (- )

L"(‘ - _‘\;f:) VR

(7-81)
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Substituting this in (7-79) and simplifyings:

)%, (- )]

(1% [l )] %] (7-52

If (% ~1) = O this reduces to (7-33), the w/u

for true Rayleigh waves, except that the sign is
reversed since Stoneley's z axis is oppositely directed
from Rayleigh's. For real positive values of

= f(1 - V%)%; (— -1) is positive, as shown by (7-66).
Therefore w/u is greater than the w/u obtained from
Rayleigh's theory, Thus the values of this ratio found
assuming that the air is a fluid layer of Stoneley's
type is not any closer to the observed ones than those
shown in figure 38,

If it is the air actimng in the manner described

by Stoneley which causes the low values of w/u observed,
then the surface of the ground must be behaving as if
it were a part of that medium instead of a part of the
ground. This suggests an explanation of why we observe
only relatively low frequency surface waves. The
transition from the air to the ground may be so gradual
that it looks like a sharp boundary only to vibratory
movements whose wave lengths exceed a certain value,
Vibrations of shorter wave length might not be

transmitted by such an interface at all,
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The air is not of constant density as was assumed
in the above derivation; but it is much thicker than
a wave length, and the density changes very slowly with
height, so that the arguments may epply reasonably well
to an ideal earth, It must not be forgotten, however,
that the real earth differs greatly from the ideal one
assumed in this derivation,

Stoneley derived his equations to describe the
effect of a layer of water on the surface waves in the
interface beneath the water. We might ask, next, if
we could treat the weathered layer in the Los Alamitos
area as a fluid layer, amd then study the effect on the
Rayleigh type waves. In this case, since our
observations would then have to be made at z = h,
equation (7-50) reduces to U = 0, which is not the
' case; so this approach is of no assistance in under-

standing the actual motion.

Bateman's theoryv,

A somewhat similar approach has been made by
Bateman (1938), He assumed that the half-space was
overlain by a layer of gas of thickness h, which
acted as a cushion, so that the upper surface of the
layer was not displaced. The justification of this
assumption is beyond the scope of this work., Bateman
believed that certain aspects of loudspeaker theory

supported it. The coordinate axes are a horizontal
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exis lying in the surface of the half space in the
direction of propagation of the waves, and a vertical
axis directed into the solid half-space. Bateman took
into account the velocity of any wind which might be
moving the air, but we will neglect the effect of such
movements, Gravity is neglected also. Since the air
is a fluid, the basic equation to be satisfied is:
2
g—i‘-‘/f o (7-83)

Vy is the sound velocity in the air., Otherwise our
notation is the same as previously.

The solution must also satisfy the wave equations

in the ground:

& 30

AU /e e (7-64)
LI 90

pip(Ar) oY (7-85)

Where P is the density of the ground, u and w are the
particle displacements., The equation for v is omitted
since it can be shown that there is no component in
this direction.
The first boundary condition is that there be no
vertical velocity at the top of the layer of air:
°P

Jdz
Secondly, the vertical velocity must be continuous

at z=nh (7-86)

across the interface between the air and solid:
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. 3—;,: 3—¢; at z = 0 (7=87)

Thirdly, neglecting any viscous drag of the air et
the interface, there must he no shearing traction
here:

Au jf" =0 at z = 0 (7-88)

Fourthly, the normal excess pressure of the eir must

equal the normel traction at the interface:

)’Vp(au :)~2f%2‘;—;‘ (7-89)

‘& is the density of the air.
The wave motion which setisfies these equations

end is confined to the neighborhooed of the surface

[N

S -if(x-Vpt)

U = -2ifKy cosh fB(z+h) e (7-90)
W = 2fgKp sinh fp(z+h) e-lf(X-VRt) (7-91)
where
: 2
292 (1t -
fB :f (l—v 2) (7-22)

U end 'V ere the particle velocities in the cir,
end Kp is an emplitude constent. The other symbols

ere the same &s used up till now,

The condition for the existence of guch waires is:

(-8 kb o1 Af-Gf 2| oo
AV (-
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Which can be rearranged in the form:

2

AV
fv4(f"'\7“) Vals(, Valt. -"':,z (7-94)
fAV}(I'%;)” ot = (-1 - )

Which differs from (7-55) only in the presence of

, ifih
fn ___T—-‘°T"‘ viah instead of ﬁ(————_\zn_f-t = f ————V—j(:a"f A°\%
(=) ve ! )

For f1h) 2,65, tenh f£;h = 1 = coth £1h to within 1%.
Therefore Bateman's and Stoneley's conditions are

alike if

fih=2w (1 - v") P26 (7-95)

Since for air V, = 344 m/s., and VR = 1674 m/s.:
fih = 5.49 h/L (7-96)

and equation (7-95) is satisfied unless the layer of
air is very thin,

For Bateman's condition (7-58) becomess

[l \ﬁ)"z (1 z)iz} |
N A p — -—Ra + -
(_,‘-s- :[ f(l ~ V}R)"’z {COth T Vo J (7=

If we assume j;. .001205 g/cc., (Stewert and Lindsey,
1030, p.328), P= 1.7 g/cc.y coth £7h = 1, and if Vg
exceeds VR, C is between 3,996 and 4. Thus the
velocities of the surface waves will be the same as

those found using Rayleigh's equation unless the layer
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of air is very thin. This is true if the air is treated
as a fluid with a free surface as Stoneley did, or if
it is treated as a cushion as Bateman did.

Using equations (7-20) and (7-91):

i fotanh fa(z+h) (7-98)
Using also equations (7-19) and (7-92):
w [, Va)%z z+h/  Valk -
—U—-!(I vAa) tanh [211' C (l V:) (7-99)
Compare this with (7-67) which can be written:
2 2\y
wW _ Vg I{z h-z __Y_R_)Z -
T -l( "'\70:) coth|aTr L ( v: (7-100)

(7-99) and (7-100) ere similar in form if we recall
that z is oppositely dirécted in the two sets of
coordinate axes,

Since for our case:

,4 h -2 vz V.
fanh szlu( _ﬁ)gl:‘ccoﬂn AT = (l—Tg)z('?-lol)

at z = O, in the air:
R |,
_\A_/:;(,--\-/"T)’=i. 87 (7-102)
Y,
v A
as discussed previously.

In the ground in Bateman's case:

e ;‘F(Z' Vat)

w:(ifPee™ +isQ,e'“) (7-103)

w:(rPse™™ +fQg e*?)e if(x-Vat) (7-104)
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This is of the same form as (7-70) and (7-71), and

similarly, it can be shown that it yields the

relation: IVRE
R

wo U

T2 - Ve Va*)Y Va?\Y,

w 2 Ve - (._\7‘:‘.‘):(]-7})2

If we write (7-94) in the form:

(5 - )1 ) (-

Where:
Y

VA& V% :
(4 -I)- fa (1 Vp‘) coth ZTL(’ _%})4

— 3 L

“ T4

’ 2
and use it to clear (7-105) of (1 - lé})%, we gets
F

4 R
@]

G RN

This is identical to (7-82) except that Cy replaces

C., Thus the same arguments apply as in Stoneley's
case, |

Therefore, either Bateman's and Stoneley's
assumptions lead to equations which predict motion
with w/u larger than that observed, or the surface
material itself reacts like the lower part of the

fluid layer of which the air is the upper part,

(7-105)

(7-106)

(7-107})

(7-108)
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Meissner's theory.

The problem was approached in a slightly different
way by Meissner (1222), He assumed that a layer of
density ﬂ_and thickness h overlies the half space of
Rayleigh. The layer is inert in that its only effect
is to exert a force on the surface of the half space.
The coordinate axes are the same as in Rayleigh's and
Bateman's analyses, a horizontal axis in the interface
in the direction of propagation, and a vertical axis
into the solid halftspace. The basic equations to be

satisfied are again the wave equations:

f atz (k/‘)ax"‘/“v u - (7_9)

at*( ) TV (7-11)

(As usual the equation involving v can be omitted, as
v will be zero). The notation is that used for
Bateman's and Stoneley's equations, The boundary
conditions are that the added load of the layer equal

the tractions at the interface:

()u du dw

a t' :/‘\( K +3—z—) (7—109)
2 ' ‘
w3SH-210+ 2Ty (7-110)

where w is the load at the surface, and is equal to
jﬂ_h per unit area,
The solution which satisfies these equations

and is confined to the neighborhood of the interface
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is:
w= Kn% [ 2 o2 +s/9e ]Sln fx +pl - 0(,1)
fhal
Km[ . .
w: ?Lwe "repe ‘7'] cos (fz +pt‘°ln)
R

where Ky is an amplitude constant, o, 1is a phase

angle, and
/( P W'Z{‘z*kg

ﬂ 25"-7‘—13

The condition for the existence of such waves is:
A ] ! V4 A H : %
[0SR (2] -0
2, 2,4 V“
+[i~(i-%§‘)’*(|-l/‘%)"]—\,—;=o

_P _LP
where L! SFe SZwhp

Using the abbreviations of equation (7-56):
2
Va _ Va
H Vs
(7-114) becomes:

1?2 (202 (1-1)-(2-1)2] - 11v2 [(1-Y)%‘+(1-X)’5‘]
e [1-(1-}()%“(1-'{)%] = 0

This can be solved for (l-X)% givings

(1-X)% = L12(2-v)2+ L1y2(1-1)% -
aLf(1-7)2 L'v2—v3(1 Y)’Z

(7-111)

(7-112)

(7-113)

(7-114)

(7-115)

(7-56)

(7-116)

(7-117)
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Since Vy is known from the travel time curves, (7-117)
is essentially an equation telling what values VP must
have for diffe}ent L' anda Vg to give the observed Vg
If we assuue that the load is provided by the surface
leyer whose thickness we computed in section IV, then
l.cm. € h < 8.4m, If tne density of the weathered
layer approximately equals tnat of the uweaterial iummediately
below the weathered layer,‘f ='f1; and since the wave
length is Jf the order of 40 meters, the range of L'
is approximately .75‘§ L S 5.%5. Figure 39 shows

V, against Vg for L' = .75, & ana 5.0, If L' =2

P
or 5.4 tnere is only one real range for which solutions
exisé for (7-117); but if L' = .75 there are two ranges,
These are not the sawe two ranges that we observed

earlier for true Rayleigh waves, since in Melssner's

case both occur where VP and VS both exceed VR' When

the body wave velocities are less than the éurface wave
veiocities, (7-117) becomes couwplex.

Tius the special, uegenerate solutions of Rayleigh's
equation described earlier in which the motion 1s
non-eliiptical, anu whicn can exist if Vi excceus VP
woern tnere is no surface loaG do not a;pear as solutrons
of the equaticns under the conditicns assuieu by Lieissner.
ieissner (loc. cit.) has also shown that the

ratio of the awmplituaes or the vertical to horizontal

couwponents of wmot.on 1is:



},_.i
e
;
|

H
A\
@y
(@

.
:‘:C‘
8

,,,,,,

~lelU

T

14U0

ST

o
i

)
q
Q-

= 09 T2p6 400 600 BUU P00 L300
S et R ol vpinw/s.

’”solntidﬁs;ﬁftﬁéisSn@?*ﬁ;equati?nfiQr three yalues

—of LT when| Vg = 1-6.'“:;5 n7/8e — —" -

{27 ] pepre 6.




i
|
[
|
I |
: !
: |
]
Resl values—ofPoipsents—ratio for—sothtions—of
-  leipsner's eqhationm whep Vp=167z p/s.

200

400

600

800 10



-144-

Va )4, Va)*
Ve 121 - )2
W, I v . (7-118)
U va[(l v,)'/z (-5 )'(t#)]
AN L

or in our abbreviated notation:
Wo_ | L, Y+d(l—Y)  (1-X)2-2
U | Y Lr(I-Y)E-1+(1-Y)5(1-X)2 (7-119)

Figure 41 is a graph of W/U for tne cases consiaered
above., It is plain that W/U can not have the valiues
observed on our records for any solution of (7-117)
tuat corresponas to a physically 1likely state of the

groulid.

Otiier treatments of Rayleign waves.,

The general case when the half space 1s overlain
by a layer of solia material of diiferent elastic
properties is more difficult to treat. Fu (194o)
has given the equations for tanls case, anwu has investigatea
them far encugh to get theoretical dispersion curves
by treating tine efiect of the layer as a perturbuation
of tire Rayleigh waves in the lower medium. Love (1911,
P.165-177) has exawlined in soue Getall tne case where
tne superficial layer is incowpressible. Stoneley (1634)
and Pekeris (1935) have investig.tea the case wnere
there is no lay ering, but the elastic constants are a

function of depth. These treatuments, tnough tiey show
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tnat Rayleigh waves cen exist under & wide veariety
of condltlonsk have not as yet been cevelopea in a form
convenient for quantitative consiceration using the
eXperlmental data of this investigation.

It will be notea that throughout the investigation
so rar the effect of gravity has been neglected. OF
tne verious treatments mentiocnea of Reyleigh waves,
only Stoneley's (1925) considered the effect of gravity
in the presence of a superficial layer, though Rayleigh's
original treatuwent has been wouifiea by Love (1811,
p.154-160) to incluce tnis effect. Love states (loe.
cit., p.160) in referring to Rayleigh waves:

"The mocaification necessitated by gravity is

notning more tnan a correction, which is

trifling except in so far as it suggests as

eXplanation of the observea fact tnat the wotion

is oscillatory.®
Thus the eifect of gravity will in general be merely
to disperse the pulse. Stoneley (1926) also founc
thet gravity nad little efiect, except for very long
wave lengtns.

Consiaeravle work has aiso beon done vy Uller,
W0 has developea the general equatiuns for the existence
of all kinds of surface waves in detail (see Gutenberg,
19562, p.lib-1lz4), but here agailn the results zre so
compiicatea tnat the sutnor has been unable to correlate

the observed data with Uller's eguations,
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Iﬁ summary then, we can say taat, in spite oI
the large differences between the earth and the ideal
meaium of theo;y, the retrograde, elliptical motion
observed frow shaliow explosions in the Los Alamitos
region is of the type which would be expected for é
Rayleigh wave, except for the small values of the
ratios of the vertical to the horizontal amplitudes
of motion. These ratios can only be explained by
the theoriesvdeveloped if the surface materisal behaves
as though it were a part of the fluid air. The observed
ratio of the vertical to the horizontal amplitude
is such that some influence is needed to modify the
true Rayleigh wave motion, since the horizontsl component

of wovement everywhere exceeds the vertical.
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VIII . #OTICN O THE TRANSVERSE COuPONENT.

It was notew eariier tuat transversely polarized
energy is arriving coincident witnh C. Such waves
continue to arrive at ieast untii the maximuw of R.
it is possible that Love waves or transversely polarized
body shear waves were recorded, in which case thelr
origin must be sougnt in inhowmogenieties in tue earth
which transfori moticns in raGisl planes perpenciculear
to tihe surface of the grouna to motions in other Girections.
Structures such as faulting, tilting or folaing of the
rocks could have the erfeet of making the cowpressional
or longitudinally polarizew. sinear waves appeal to be
coming-from a airect.on other tian directly frow the
sioty but the origination of truly transversely polarizec
shear waves ITom an expiosion in the ground 1is uore
diffieulit to visualize mechanically than tie simple
tueory of plane or spherical waves.

On cnart VII are plooted the times of arrival of
tiie first recognizable pulses of energy in toe
transverse dairection following XS' This errival is
warked "T" on the recorus, charts I-III, wher: 1t neas
been identified. Folliowing the arvival of T are
plottea the arrivals of tne outstenclng mexXlisuu to-
tne-left-facing-tne-snot velocities of moticn.

Tais transverse aotion begins rougnly about the

ssme tams as C. It nas & maxXilwuws veloelty close to



~149-

the source of the energy of about 250 m/s.s and at

larger distances the velocity apparently increases to

about 800 m/s., as compared to the corresponding velocities
of C of 225 m/s. and 675 m/s., Close to the origin,
alignment of the times of these maximum velocities
indicates dispersion with a group velocity of about

275 m/s.

The data are so poor that the true velocities of
this pulse and C could be the same, If this is true
and the transverse motion is Love wave motion, or
shear body wave motion, this would agree with the

hypothesis that C is a body shear wave,
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IX. SUMMARY AND CONCLUSIONS.

" List of pulses observed.

In summary, the following pulses were recognized
on many or all of the records taken in the Los Alamitos

region:

P The first pulse to arrive, refracted thru one or
both of the first two layers beneath the weathered
layer.

P3 A compressional pulse arriving later than P,

X19 Xoy X3 Three pulses presumed to be body waves
travelling along deeper paths than P and P3.

C A strongly dispersed pulse largely confined to
the longitudinal component, Its nature is
uncertain,

T Motion on the transverse component arriving largely
coincident with C. Possibly Love waves.

H A direct, elliptical motion in a vertical plane,
It partly overlaps the end of C, even at several
kilometers from the explosion.

R A Rayleigh-type motion possibly influenced by

loading of the surface by the air or weathered layer.

P, C and R are prominent on all of the records,
though at distances less than 300 meters from the
explosionsy C and R overlap each other and are not

clearly distinguishable., H is also recognizable on
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almost all of the records, though its beginning is
always indistinguishable because it starts to arrive
before C is past. In the same manner H overlaps the
begimming of R. C, H and R are all strongly dispersed,
and their beginnings are therefore difficult to identify
at best., It is the times of arrival of their maxima

which are plotted in the travel-time curves.

Comparison with Leet's records.

As was noted previously, the only published,
previous investigation with which these results are
directly comparable are those of Leet, Reproductions
of some of Leet's records appear in his report, "Earth
motion from the atomic bomb test" (Leety 1946); |
and two of these are reproduced here as figures 42
and 43, In comparing Leet's-records with those of this
investigation, it must be remembered that his apparatus
is of the displacement type, while that used here
responds more linearly to constant velocity. Also
Leet's seismometers have resonant frequencies below
three cycles per second, whereas those used here are
resonent at about 3% c. pP. S.

Consider first Leet's record obtained at 650 feet
(198 meters) from an explosion in granite (figure 42)
and the author's record taken at 189 meters in
alluvium (Chart I). The records are very similar.,

Both start with relatively high frequency motion with
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Longitudinal : Down trace = Push Recorded on LEET SEISMOGRAPH

Transverse : Down trace = Right 5:30 o.m MWT MONDAY, JULY 16,1945

Vertical : Down trace * Down

Record of earth motion at Atomic Bomb test in Jornada del Muerto Valley, New Mexico, July 16, 1945.

Reproauction of recorc teken by L. Ton Leet,
Farth motion from the atomic bcmb test,
Augericor Sclentist veos, lusb, p.lob.

Figure 48
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the largest amplitudes on the vertical components.

This is followed by some increase in the energy on the
longitudinal components, Next comes the C pulse,
Shortly after the beginning of this phase on Leet's
records occurs a relatively high frequency pulse which
he has concluded is the shear wave corresponding to

his first arriving compressional waves. This pulse is
not discernible in the records taken by the author.

At a time equal to about twice the time from the origin
time until the arrival of C, Leet's record shows motion
beginning on thé transverse component. A similar pulse
occurs on the author's record, but somewhat earlier,
This pulse is not always clearly distinguishable on
records made at larger distances at Los Alamitos. This
is followed by a pulse having the maximum amplitude on
Leet's record, and identified as the Rayleigh wave., A
similar pulse appears on the author's record, having
motion of the.same nature and predominant amplitude,
After the arrival of this R pulse the amplitudes rapidly
diminish on both records, and no more identifiable
pulses are recorded, On Leet's record, the vertical
motion arriving coincident with C appears to be
related to it, whereas on the author's records, this is
not the case, since ¥ is already, even at this short
distance, clearly recognizable.

Now let us compare Leet's record teken at the time
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of the explosion of the atomic bomb at Los Alamos,
New liexico (Leet, 1946, p.199), which is reproduced
as figure 43, with one taken by the author at the
greatest distence at which he was able to record
explosions with a useable amplitude., Leet's distance
from the atomic bomb explosion has not been given for
"gecurity" reasons, The author's distance was 3284
meters, Both observations were taken in regions
underlain by alluvial deposits, In each case the
records begin with a compressional pulse, followed
by energy probably representing other body wave pulses
of both compressional and shear type. These are
followed, as in the case of the records discussed
above, by C in both cases., On Leet's record the
motion is clear on all three components. On the
author's records it is clear on only one component,
the longitudinal, Four seconds after the arrival of
the first pulse on Leet's records the amplitude of
the transverse component begins to increase, Three
seconds later that of the longitudinal component also
increases, and at the same time the amplitude of the
transverse motion is at a maximum. More striking,
however, is the- increase in the period of the
predominent motion. This is accompanied by a phase
shift of the longitudinal with respect to the transverse

component of about 60°. The period of the motion on
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the transverse trace is such as to suggest that an
independent wave may be coming in on that trace., Leet
identifies this as a Love wave. Because of the phase
shift, he believes that a wave of a different type than
the C wave is also being recorded on the other two
components, He has called this an H or Hydrodynemic
wave, because the particles follow paths similar to
those in a gravity wave in a liquid. This is an
assumption which should be investigated with care, as
the period is approaching that corresponding to the
natural frequency of his recording apparatus, and in
this region there are rapid phase shifts of the
recording mechanism, Hence the distinctly different
appearance of the two motions could be entirely an
effect of the change of frequency of the motion if the
two recording channels do not have identical phase
response at these frequencies, Some difference in
phase is to be expected since the natural frequency
and damping of the three seismometers is not identical,
as shownt in Leet's published response characteristics
(Leet, 1939, p.4833),

On the corresponding record teken by the author
we find that the'longitudinal trace becomes active
at about 5 seconds (Chart III). A small amount of
motion on the transverse component beginning at
about 6% seconds may correspond to Leet's Love wave,

Also, beginning at ten seconds there is a train of
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waves on the vertical and longitudinal which has a
motion similar to that of Leet's Hydrodynamic wave,

The appearance of strong motion on the previously quiet
vertical trace makes it certain that this is a
distinctly new arrival,

Leet identifies a second pulse of Love type motion
while H is still arriving, and following the end of
strong H motion considers the motion of the longitudinal
trace to represent the arrival of the direct compressional
wave along the surfece,

Toward the end of Leet's record the amplitudes
of all three traces build up again, the motion on the
vertical and longitudinal components being correlatable,
Leet Interprets this as being due to simultaneous
arrival of a Love wave pulse on the transverse, and a
Rayleigh wave pulse on the longitudinal and vertical,
The author's records show a similar pulse of the
Rayleigh type, but lack significant motion on the
transverse component,

Comparing all the records it can be said that the
present investigation recorded waves in general similar
to those recorded by Leet, with the exception of the
notable absence of motion on the transverse component,
The pulse called C by the author occupies the same
place on the records as Leet's "coupled" waves, but

differs from them in its lack of vertical and transverse
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motion, especially the latter, However, it should be
noted that Leet's coupled wave has its greatest
amplitude on the longitudinal component,

Similarly, pulses called H and R by the author
correlate with Leet's Hydrodynamic and Rayleigh waves.
The greater amount of transverse motion on the atomic
bomb record may be due to application of the explosive
force, whereas the explosions used in this survey were
detonated beneath the surface,

Other observations of surface waves are not
comparable, record against record, with these
investigations, Sharpe (1942) in his investigation of
compressional waves did not record the horizontal
components of motion, so that his records do not show
most of the phenomena of the ground motion following
an explosion. The waves recorded at distant permanent
seismic observatories have travelled largely thru
deeper parts of the earth, and the original seismic
pulses have been changed so much in character in these
long distances of transmission thet they do not
closely resemble the pulses recorded here, Records
taken at distances of three to fifty kilometers would
greatly help +to fill the gap between the observations
of small explosions such as are treated here, and the
large blasts regularly recorded by the permanent

seismic stations, and would help to correlate the
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types of motion observed here with the better known

waves of teleselsms,

Need of & new theory.

The recorded pulses of energy were all of types
previously reported. For all except two, namely C and
H, the ground motion is satisfactorily described by
well known equations. If we could modify the theory
of shear waves to include adequate dispersion, and that
of Stoneley waves to include the proximity of the
surface we might be able to explain C and H equally
well, To describe these two pulses, called "coupled"
and '"hydrodynamic" by Leet, whether they are new types
of ground motion, or are well known types modified by
special near-surface conditions, requires a new theory.
Such a theory must be based on a knowledge of the
fundamental properties of the first few meters of the
earth's crust, a complicated medium which is plainly
neither homogeneous nor elasticy and hence for which
the classical wave equations do not apply. The fact
that such a medium can transmit both compressional
and Rayleigh type waves is an encouraging sign, as
it means that its behavior can not be radically
different from that of elastic substances, especially
since Rayleigh waves are essentially simply a
combination of compressional and shear waves confined
to the neighborhood of a surface. Relatively little

is known about the properties of non-elastic
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substances (Gutenberg, 1939, p,361-384); but it is to
be hoped that the mathematical physicists will soon

come to our aid and develop equations describing wave
trensmission thru such media similar to those we now

have for elastic media,
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LIST OF SYMBOLS AND ABBREVIATIONS USED IN THE TEXT.

a Magnitudé of displacement,

A, A, Amplitude constants,

Ao Amplitude coefficient depending on £ and h.
An Magn;tu%e of wvelocity at distance An'

- Vi vH

Ays Ay (1- V}n)%, n=1o0r 2,
B Amplitude constant,

Vi vk
SN 2k
C A dispersed pulse on the longitudinal component,

- Y, =1
also the expressions 4—51(' X %tan fh +|
H\Z-]
Cy A similar expression involving —li%Lﬁﬁ
8

Cos C1s Coy9 Cgy Cubics in Bl'

CMy Gy Qu2y Cv3 Three peak movements during the
passage of C,

Dp Amplitude coefficients.
Amplitude coefficient.

hif 2 /wavelength

£ f(—@- -21)%‘

fp (-4

g Acceleration of gravity.

h Thickness of surface layer,
hy, Thickness of the nth layer,
b PV

H A direct elliptical pulse.
i WA

i

Critical angle of incidence,



-162-

Angle of incidence in the nth layer.

Angle of incidence in the nth layer of the ray
which penetrates to the mth layer.

Meximum energy of surface waves at a distance Ape

Bulk modulus,
Pz/V 52

2 ,
20 f Vs1°= f, Vg3©)
Amplitude coefficient.

Wave length,

£
fw

2w /period

The first wave to arrive at the recording statiom.
Amplitude coefficient,

Pressure in the water,

A function depending only on z,

A refracted compressional pulse,

Ws Q Amplitude coefficients,

Ve
£(1- —V—P.-)’}

f(l- VRl )%‘

i

A pulse similar to a Rayleigh wave.
2
Shot depth, also f(1- __\{%_)%
£(1- )2
Vs
Time,
Time at which the explosion was detonated,

Motion on the transverse component,

Uphole time,
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T, Time of transmission over surface distance A.
Uy vy w Displacements,
Upy Ve Wy Displacements in the nth medium,

Us Vy, W Velocity components of compressional waves
in a fluid.

Va Yelogity of propagation of compressional waves
in air,

Ve  Surface velocity of C,

Vens Vo' Meximum and minimum phase velocities of C
in the nth layer,

v Velocity of propagation of gravity waves.
Vg Surface velocity of H,

Vp Velocity of propagation of compressional waves
in the ground,

Vpp Velocity of propagation of compressional waves
in the nth medium,

Vg Velocity of propagation of Rayleigh waves.

Vg Velocity of propagation of shear waves in the
ground,

Vgn Velocity of propagation of shear waves in the
nth medium,

Vo Velocity of propagation of compressional waves
in water, ’ v

Xy ¥y 2 Coordinates,

X vg2/vp2

Y  VRZ/vs®

Z  VR3Mg®

Xi, X5y X5 Three body waves,
¢,a’  Absorption coefficients,
an Phase angle,

8  An amplitude coefficient.
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Distance.

Distance to the nth recording location.
Radius of the earth,

Elevation of the surface of a fluid layer.
Density.

Density of the nth layer,

Density of a surface load,

Poisson's ratio,

Dilatation,

Dilatation in the nth medium,

Angular distance along a great circle path.,
Lame's constants,

Velocity potential,
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