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INTRCTUCTICON

Definition and Deseription of the Ground Roll.

The seismograms of applied seismology frequently exhibit the
late srrivel of large amplitude, low frequency (3-30 cycles per second)
oscillations. Because the arrival time of these oscillations is equal
to the arrivael time of the rolling motion which one mey feel underfoot
as one stands on the ground at the seismometer receiving the earth
viﬁratiun, these oscillstions are known as the ground roll, and this
term mey be token to mean either this physiological sensatlon itself,
or the oscillations corresponding te it which are obsgervable on the
seismograph record.

In the seismogram of Fig, 1, sn example of the ground roll
(labelled G) is recorded on the first three traces. The corresponding
seismometers were all buried at the same disbance from the shot peint.
The three seismometers were all of low natursl frequency, almost
critically damped, and were used with smplifiers having flat response
characteristics. For comparison, the records obbained by two standard
discriminatory systems are given in the last two traces. It is to be
noted that the large oscillations which comprise the ground roll do

not die sway rapidly as do the other phases, but contimue to have a

sizesble amplitude for a long period of time.



Fig. 1. Sample of Ground Rell

.

i1s0 dlscernible from Fig, 1 is the small anserent velocity of

the ground roll, Texing the observed =rrival time of +57 sec., and
tiie known distance from shot peint to seicmometer of £00 ft., one

+1

Tinds for the asnerent ground roll velocity in thi: case only

700 ft./sec. (235 m./sec.). This small velocity is tysical although

it mzy be found to vary from olace to nlsce between the limits of
;] < v is] e I C
130 and 550 m./sce. For examnle, Lngenheister, vne secens to have

been the first to describe ground roll phenonenon, found surface waves
with velocities of 510 n./sec. in Jliterbog, CGernany, at o slace where
tite elluvium has a thickness of sbout 100 m,** Gutenberg, Vood =nd

Buwalda™ found a ground roll velocity of 550 m./sec. in the Los Angeles
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At Yosemite in 1937, = seismological expedition from Californis
Institute of Technology* found thet the grouné roll velocity varied
frem 130 to 550 m,./sec.

The fact thet the gound roll is = surface wave hss been common
knowledge for several years. As far back as 1886 Fouqué/and Léﬁyll had
performed seismic experiments at different depths, and found that the
amplitude of low velocity waves decreased with denth, Prior to this
work, o velocity of about 500 m./see. for granite was obtained by

" .
b4nﬂetzand others. This velocity is now known to be too small by a
factor of almost 10. The work of Fouqué’ané Lé%yll definitely estab-
lished these low velocities as belonging to waves conditioned by the
gurface, In the earlier work of Md“etzﬁionly these surface waves had
sufficient energy to be observed with the crude seismometer which he used.
Present day investigators mey now safely congider these surface waves as
having been the ground roll,

It was well known from the early theoretical work of ZoeppritzAl and
otherg that the waves on the surface of an elastic earth should diminish
rapidly with increase cf depth of the origin of the waves. This led
certain early seismic prospectors, whe recognized the fact that the ground
roll wee a surface wave, to succeed in diminishing the ground roll amplitude
by burying the dynamite charge et greater depths. Cthers, by pure
coincidence, found diminishment of the ground roll amplitude azccompenying
deeper charge burials, which, in wealily, were designed for the purpose
of improvement of seismic reflections or perhaps the curtailment of

explosion damage.**

* Headed by Professors B, Gutenberg, J. P, Buwalda snd C. F. Richter. The
results of this expedition are as yet unpublished.,

*By 1936, most seismic prospectors had recognized the possibility of taking
advantage of the low frequency of the ground roll to digcriminate against it
by means of suitsble electricel filtering in the amplifiers, or by the use of
ceismometers of sufficliently high natursl frequency.



As & genersl rule it is possible to observe the ground roll in
almost any locality if the shot depth is sufficiently smell, even with
fairly smell charges of dynamite, Conversely, even if the shot depth
is large, it is generally possible to secure congiderable ground roll,
if sufficlently large charges are used. In some locelities, however,
even large charges expleded on the surface feil to produce apprecisble
ground rcll. Such localities are usuelly characterized by exposure
of very hard geologic formetione end the sbsence of a low velocity
layer. These three factors--size of charge, shot depth, and nature
of the surface material--geem to debermine the occurrence of the ground
roll,

The characﬁer of the ground roll alsc dependse on these three
factors., In addition, the character is merkedly influenced by the
distance of the seismometer from the shot point., Generally the number
of osgcillebions comprising the ground rcll as well as the period
increases with distance {row the shot point., As has been mentioned,
the amplitude decreases with increase of shot depth, This is salso
sccompanied by an increase in freguency. Generelly, the periods
obgserved will be greatest in reglons of thick low velocity layers.
Large charges seen to be more cgpable of producing the lower ground

roll frequencies in such areas.

The Ground Holl Problem,

Since 1t was established quite early that the ground roll was a
type of surface wave, it was logicel first to seek an explanation of

it in terms of either of the two well known surface waves of pure
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Seismology; namely, Rayleigh waves or Love waves. But Gutenberg

pointed out certain objections to the application of simple Love wave
or Rayleigh wave theory for an explsnation of the observed waves, and
he swmsarized his objections as follows: "Their (i.e. the ground roll)
periods are of the order of .1 sec.; tielr wave lengths {(usually
between 10 and 50 meters) are too large for vibralions of a thin layer
with small wvelocity of longitudinal waves. Their velocliy scems to

¢

depend 1ibtle on the elastic constanis of the matorisl and is too small
for Rayleigh waves or shear waves in a thicker lgyer. Their amplitudes
decrease very fest with distance, They may correspond vo the surface
yaves observed by people in the epicentral region of zn earthqueke,

.

and ney be o gravivationel type of surface wave in a viscouns nmedium,®

It is desirable to examine the objections of Gui:enberg9 so as to
better understend which facts he regarded ss well establiched, ond which
statenents sre to be regarded zs plevsible qualitative estlmates of the
conditions governing the phenowenon, That the periods of the ground

roll are of the order of 0.1 sec. and thelr wave lengths are usuvally

true in

'.,

t
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»
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between 10 and 50 ﬁeters, nay be congidered a& de
most coses. Hig belief thet wave lengths of this nsgrnitude would be
too large for vibrationsg of a thin superficial low veloeity layer is
based on the fact that mogt of the energy of o surface weve is confined
to & region near the surfaces, The cnergy below a depth of zbhout one
wave length is negligible. Hence for a ground roll weve length which
is large compsred with the thickness of the superficial low velocity

layer,* the vertical depth of penetration of most of the energy would

* The expression Pwezthered layer?® irn not considercd accurate in this
investigetion, as the extent of true weathering is almost always
uncertein, The expression Ylow velecity lsyer® will he employed. See
also the next footnote.



extend well into the medium below the thin lzyer. One would therefore
expect the velocity tc be determined chiefly by the lower material,
The velocity would then be too large. There is no doubt as to the
validity of this reasoning. However, it must be remembered that no
quantitative analysis of this objection was attempted.

The statement that the veloeity seems to depend little on the
elastic constants of the material is based on the fact that whereas
the ground roll velocity is most frequently observed to be fairly
near the value of about 300 m./sec., the elastic constants of the
surface material vary to a considerable extent from region to region.
The evidence for this large varistion of elastic constants is based
chiefly on the observation of a large varistion of velocity of the
compressional waves in the low velocity layer., However, it must be
renenbered that although very low or very high ground roll velocities
were not cobserved as frequently as velocities near the value of
300 m./sec., still, later work, such as that done at Yosemite, has
fairly well established that the ground roll msy have a velocity of
considerable varistion. The range of velocity from 130 m./sec. to
550 m./sec. corresponds to a change in ground roll velocity by a
factor of 4. The range of velocities in the low velocity layer does
not correspond to a factor much in excess of this, It must be
remembered, too, that the velocities referred to sbove usually are
assoclated with the lower part of the low velocity layer. The upper
parﬁ* almost slways has a much lower velocity. The velocity of

compressional waves in this very low velocity lgyer seldom has been

* This upper part of the low velocity layer will be designated "very
low velocity layer" to avoid confusion.



determined accurately, because in seismic prospecting a knowledge of
he average veloclty for the whole low velocity layer suffices for
weathering corrections. On the other hand, there are some cases in
which a higher ground roll velocity was obtained on a low velocity
surfece materizl than on a high velocity surface material, in support
of Guternberg'!s observation.
The statement that the velocity is too small for the ground roll

to be Rayleigh?2aves or shear (Lovefowaves in a thicker layer is a
logical rough estimate of the importance of the effect of an over-
lying low velocity stratum on the velocity of a surface wave., In
Love!s analysis of the propagation of shear (Love) waves in & low
velocity stratum which was superposed cn a high velocity substratum,
he found that dispersion would occur; i.e. that the velocity of the
waves would be a function of the wave length. IHe showed that for very
small wave lengths the waves would travel with the velocity of shear
waves in an infinite medium composed of the material of the low
velocity stratum. As the wave length increased, the velocity in-
creased until for very large wave lengths, the waves would have the
velocity of shear waves in an infinite medium composed of the material
of the high velocity substratum. Love also considered the effect of
the low velocity stratum on the propagation of Rayleigh waves, and
deduced entirely analogous results, although he did not caleulate

the specific dispersion law. He concluded that for very smsll wave
lengths the Rayleigh waves would have the veloecity of Rayleigh waves
in a half space composed of the materizl of the low velocity stratum;

as the wave length increased, the velocity increased until for very



large wave lengths, the Rayleigh waves weuld have ths velocity of
Rayleigh waves in a half space composed of the materisl of the high
velocity substratum. In conmection with the ground roll, Gutenberg9
felt that the wave length was sufficiently large for velocity to be
esgenbially the velccity of Love waves or Reyleigh waves in high

velocity materizl., It is imaaterial whether one considers Love wave

velocity or Rayleigh wave velecity since VR = 0,919 VQ (Poisson's

i

ratio = 0,25), where VR velocity of Rayleigh waves and VQ = velocity
of shear waves., Either velocity would be larger than the observed
ground roll velocity on the basgis of the zbove deduction,

Thus it appeared several years ago that both of the accepted
theories of propagation of surfuce waves on a plans elastic nediun
failed to agree with what seemed to be pleusible qualitative data,

In addition there was the statement that the amplitude decreszsed
rapidly with distance from the source, which had to be answered. In
seeking an explanation Gutenberggsuggested that the ground rcll may
be a gravitational type of surfece wave in = viscous medium, which in
view cof the cbjections teo explanations on the basls of clastic waves,
seemed to be guite a reasonsble hypothesis.

In addition to these problems, the oscillatory nature of the
groud roll required adequate explenstion. It is not immedisziely
apparent how a disturbance of so short & duration as that of a

gynamite explosion should give rise te = propagated surface wave

vhich would contirme its oscillations for so long a tinme.



Purpose of Investigation.

The purpose of this investigation is to examine the plausibility
of various proposed explanations of the ground roll. The following
hypotheses will be examined:

1. Gravitation wave in & viscous medium

R. Effect of atmosphere on Rayleigh waves
3. Surface waves on a visco-elastic medium
4e Surface waves on an elastic medium

In connection with the last hypothesis an examination will be
made of the evidence furnished by seismic field records of the ground
roll. Finally, a description will be given of experiments performed
for the purpose of seeking a relation between the ground roll produced

by explosion and the surface waves produced by a ground shaker.
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VARIOUS GROUND RCLL HYPOTHESES

Gravitational Wave in a Viscous Hedium.

For the deeper high velocity layers, it is well known that the
lews of propagation of waves in an elastic mediun are followed to a
good approximation, Although these lsyers possess a viscosity, their
rigidity is so high that 1t is perhasps preferable to regard them as
elagbic solids of high viscosity rather than as viscous fluids.
The extent of elasticity in the low velocity lsyer, however,
is not well established, Iida;z has performed experiments on specimens
taken from the low velocity layer near Tokyo, and has found the fol-
lowing values of the various constants (c.g.s. units):
M = rigigity = 107
E = Young's modulus < 109
= viscosity v 109 - 106

/0

o = Poisson's ratio ~ 0,31 - 0,33

[

density ~ 1l.91

The low value of the rigidity as well as the high value of Poissonts

ratio are indicative of the fluid~like nature of the low velocity layer.
Since the low velocity layer conceivably has the properties of a

vigcous fluid, whereas the high velocity layers beneath are more

definitely elastic, the hypothesis that the ground roll is a gravitational

wave in a viscous medium must be applied only toc the case of a finite

depth of the viscous fluid., An infinite dopth of the viscous fluid

would clearly depart from physical reality. In fact, it even may be



chjectionable to have the depth of the fluld extead as far ss the ba
o As baRE A . £ PRS- L DT .3 - - K} §
of the low veloclty layer. If the hypothesis is valid at all, it may

be that it iz apolicable only to the situation of the dep

viscous fluld being squel te the thickness of the very lo

Thea the wetioa of a viscouz incompressivle fluid i
dimenslong, and the squares and products of the velocitie

neglected, the followling equations are ssiisfied:

(1)

component of velocity of the fluid in the x dir

i

where o
w = component of velocity of the finid in the z dir

p = the pressure at the point (x,z) at the time t

i

acceleration of gravity

€Q

/
v = the kinematic viscogity = viscositgﬂ—%- dens

and the coordinetes are teken as shown in Fig. 2.
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Fig. 2. Viscous Layer of Depth H on Rieid Supp
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It is desired to find a solution of this differentisl equation
WX +RE
of the form gQ%ﬂ e ™ which satisfies the boundary
conditions

constant at gz = H

i

(a) »p
and (b) u=0,w=0at z=0,
vhere m = 2#/L, L is the wave length of the propagated wave, and
k is to be determined.
Clearly, wave motion will not be possible unless k is a complex
quantity whose real part is negative., For this is the only form of k
which represents a train of waves whose amplitudes diminish with tine,

The equation for the determination of k is readily found to be

() ak-+avwﬁ)c»dh@wt0 +—%%§‘u;k6wﬁx Cm?«iﬂ,m&L@H\

— L Koo ) g b KM T 2wt sk )= o
where o® = u® + By o
Although ﬁien,AO Basset,5 Arakawa3 and Lamblq have discussed this
equation for the case of small viscosity, it has not been censidered
for values of the viscosity to be expected in the seismic low velocity .
layer. Such values of viscosity can neither be regarded as "very small®
nor as "very large." Approximations should therefore be made only for
a2 detalled analysis.,

Dividing (2) by sinh (aH)* sinh(mH) it becomes

vp )" cthiou B _ A4l oty =0
(3) (et ) s g



=LY

(5) mMi =w = ?Jg%i s (3) becones
(6) ¢ T 4pceth pw T aw =0
P 2P P—&f; | Smbad i |

It is apparent that whether gravity is negligible or not depends

on how the quantity <§fﬁM&°’ compares with unity. In Table I,

2T W3

values of Eéjffilf are computed for various velues of L, H,
and vV . Thevvalues of the wave lenéth L are tsbulated in the first
column, The next three columns give the values oé\H/L, w , and
tanh o corresponding to these velues of L, for the case of H = 1 m,
The fourth column gives the corresponding values of the gravitational
tern for ¥ = lO5 Cegs 8. units, vhile the f£ifth column gives the
values for ) = 106 c.geSs units, The remsinder of the teble gives
similar results for the case of H = 10 n.

An examination of Table I shows that for H as great as 10 m,,
the factor tanh « is practically unity throughout the range of
wave lengths considered. ¥or H = 1 m., however, it varies from
1.00 at L = 1 m, to 0,125 at L = 50 m. Gravity 1s negligible over
a much larger range of wave lengths for V= lO6 than for ~ = 105
C.g.5, units, Since Table I includes a large portion of the plausible
conditions which might occur in the field, it is conceivable that the
field conditions might be divided into two classes:
(A) Where the effect of gravity is negligible; even for 2’ as low
as lO5 C.geSes units thig will be the case for the shorter wave lengths.
(B) Where the effect of gravity is not negligible; even for 2’ as high

6
as 10 c.g.S8. units, this will be the case for the larger wave lengths,
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(A) Gravity Term Negligible: If _%isjhdkun is small compared
v

with unity, equation (6) becomes

o @ (r+p)*

It is interesting and of value to note that this equation is identical

in form with that obtained by Lam'bl7

for the symmetrical vibrations
of an elastic plate. He com@uted the velocity of waves in such a
plate for various values of w . The velocity of such waves is given
by V= (l—pz) /%/%J , where /ﬁb = rigidity, ( = density. In
Lamb's analysis, however,it sufficed to comsider only the purely real or P“*etﬁ
imaginary values of p. In the case under consideration, such values
will not produce periodic motion. For by eguation (4), k cannct be
complex if p is purely real or purely hnmgyuwa,and as has been remarked
earlier, unless k has an imaginary part, no periodic motion is possible.
The velocity of the viscous waves should be determined by the imeginary
part of k, and the damping of the waves should be determined by the real
part of k. Hence in order to fiund the vélocity and the damping of the
viscous waves, it is necessary to consider the complex roots of
equation (7).

For the two limiting cases of wW = <o and «w = 0, the
roots of (7) may be found quite easily. For w = oo

tanh(p w )/tenh w = 1; hence (7).becomes
(8) ph+ 202 - 4p+ 1 = 0

Examination of egquation (7) shows that p = 1 is slways a root,

regardless of the value of w , But by virtue of equation (4) it



is seen that » = 1 corresponds tc k = 0, or no motion. This root is
thus of no importance. It is also evident that since it is p? that
determines the value of k, it is imuaterisl whether +p or -p is
considered. From equation (7) one sees that if+p is a root, -p is
also a root, Since p = 1 is always a root, the'quartic equation (&)
may be reduced to a cublic by dividing through by (p-1)., The cubiec
obteined in this wey is

(9) P +prt -1 = 0

and ite roots are 0.2956, (~0.647 X 1.715 i). .

If w =0, the left mewber of (7) is equal to p so that (7)

becomes
(10} @4 + 292 -3 = 0

The roots of this equation arve clearly * 1, £v3 i.

These two cases are in themselves of no practical interest as
they invelve infinite snd zero wave lengths for a finite layer
thickness. However, inasmuch as the case of W =0 is spproximated
by the physicelly conceivable case of wave lenglh large compared to
layer thickness, the consideration of the equation for w =0 will
indicate the type of wave propagation to be expected for lars values
of I/H, Similarly w-=00 approximates the case of small L/H,

For W =0, one finds from (4) that corresponding to the roct
/3 i = 2w & the dmesd + shos v agated
3 i, k=4 Vn", The absence of the imaginsry peart shows that no propeg
pveriodic motion will be possible. A digturbance on the surface of the

fluid will not be propagated slong, but will simply diminish with tine
AT
with the damping factoer e . . For large vzlues of L/H



1.

it appears that no propagated metion is posgsible., However it must
be remewbered that if L is lsrge enough, the gravity term is no
longer negligible. If H is as great as 1 m., large values of L/H
will be possible only when L is sufficiently large for gravity not
to be negligible. It must be concluded that the case of small value
of W must be considered only when the grevity term is not
negligzible, Thiz case will therefore be treated later.
For w = oo , one finds that corresponding to the roots

295, (~0.647 £ 1.715 1), k = -0.913 » w?, (-3.52 £ 2,22 i) v ",

Here again the real root does not correspond to propagated waves, but

t & stetionary disturberce which diminishes with time with a demping

s (i“fg’)t

@

factor of e The two complex roois, however, do
correspond to propagated waves, travelling in the positive snd the

negative directions of x, respectively. The veloecity of such waves

*

s V=22 (ﬁﬂ)ﬁ:> and the demping factor s D= e
Thus propagated waves are possible for small velues of L/, even thou

-

gravity is negligible,

(B) Gravity Term not Negligible: It wes found in the course of the

9

gh

preceding discussion that small values of W were to be considered only

Py

vhen the gravity term was nob negiigible, If W is verv snszll and

sravity is not negligible, equaticn (6) becomes
i 3 & 2

(1) b+ 2p + L%‘}W - 31 = 0
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The roots of this biquadratic equation are

(12) P = -1t 54/@1/721112 - b

Thus in corder to have propagated waves for w very swmell it is

necessary that the mecl)uq'i+t§
(13) gH AW = leT>7?/| >

be satisfied. For in this case the value of k will be complex. The
waves will be propagated with = velocity V = gll - An~v and with a

~2vntt _ gt
damping factor D= € = € Lx .

For large values of w , if the gravity term is not negligible,

equation (6) becones

4 2 '
(14) p +2 =-4p+ (GH1) = 0, where G = g/7/2m3.
The disceriminant of this quartic is

(15) A = Egé §3C}3-11G2+ 54c}~33§.

Hence A ) 0 whenever the cubie
(16) , 367 ~ 11G% + 54G - 33

is positive, It is found that for G <0.66, this is the case.

Since the coefficient of p2 is 2 which is greater then 0, there
will be no real roots of the quartic for G >0.66. But for G 0,66
the discriminant will be negative and there will be fwo real roots and
two complex roots just as in the case of negligible gravity.

For the case of G <°'6€7a solution of the quartic was obtained

for ¢ = 0.1. The roots were found t¢ be 1.132, 0.246, (~0.639 tirs i),



~19~

Thus for a small gravity term, the complex rccts are not altered
appreciably from what they are for negligible gravity.

For the case of G )06 a solution of the gquartic was obtained
for G = 10, The roots were found to be -1,137 £ 1,783 i and
(1,137 £ 1,129 1), Thus for ¢ >oetic different waves are possible.
For the first wave the velocity is 4.06 2 m, znd the damping factor

_3.¢0 (‘ﬂfl‘t/)f
L_?,

is e For the second wave the velocity is

~]-02 /(47717/. )t
w/ , The first wave

2.07 7 m, and the damping factor is €
thus has a velocity and a damping factor which is larger than thst
obtained for negligible gravity, while the second wave has a velocity
and a damping which is smaller than that obtained for negligible

gravity,

Discussion of the Results: Table II summarizes the values of the

velocities and damping factors discussed sbove,

For w =0, it is clezr thalt no velocity of the waves can be
greater than /EH. For if 4m27/2 is greater than gH, the velocity
would not be real, if 4m® 5® is less than gH, the velocity will be
less than./gﬂ. But even for H = 10 m., this would give a velccity
of only 10 m./sec.

For w =oo | the velocities are all of the crder of the
value of (1I§gi> « Values of this quantity for various L end
are given in the first three columns of Table III. Since the velocity
for small {G=0.,1) gravity effect or negligible (G=0) gravity effect
is 2.22 (wg\ , it is ovident that with e viscosity between 10° and

6

10 c.g.s. units, velocities of the order of the ground roll velccities



Verious Conditiong

w=o W = oo
(n)
o Velocity B . T& B3 3{%)
GlNegllglble —— lo ¥ave Hotion = o AKSqu;Z)t
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3 20,9 29, 43.8 438,

6 10.5 105, 10,9 109,
10 6,28 62.3 3.94 39.4

20 3.14 314 .99 9.86

30 2.09 RG+9 44 4.38

50 1,26 126 .158 1,58




are possible for small (1 to 6 m.) wave lengths., For the usual ground
rcll wave lengths, however, the velocity would be toco small.

The damping cocfficients are devermined by the velue of 41y
Lj-

Values of this quantity are given in the last two columns of Table III,

-

t is clecr that for wave lengths which give velocities of the order

w

of the ground roll velocity, the damping ic too large, For example,
6 i X - . ;
suppese L = & and ¥ = 10 c.g.8. units. By Table II, the damping

e 3.52 (4l;g’>Jc

factor will be Hence, the wave which travels with

a veloeity of 2 x 105 = 210 m./sec., will be danped down to 1/e of its

l =

2 60 o -

initisl value

For the case of G = 10, by Table II the welocities will be
406 my and 2,07 m? ., Bub since G = g/mBW 2= 10, the velocities

are V1 = 4.06JgL720x and V2 = 2.07JgL720#. For L as large as

100 m., the velocity of V; will be only 16.2 m./sec., and the value
of V2 will be even smaller. Clearly, for a large value of the gravita-
tional term, the values of the velocity will be woo smell to be of any
interest in the present problen,

It mgy be concluded that there is no possibility of any of the

shove waves giving a veiocity and wave length as lsrge as that of the

ground roll,

Effect of Atmogphere on Rayleigh Waves.

The velocity of the ground roll renges from 130-550 m./sec.

Host fremwently it is about 300 m,/sec. or fairly ncer the velocity

Pl

of sound in sir (344 m./sec. at 20° C.). The early seismic prospectors
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observed that they felt a roliing metion underfoot more or less
simnltaneously with the sudible noise of the dynamite blast. As a
result; it became conceivable that there was some relation between
the ground roll and the sound wave in air.

Angenheisterl appears to have been the first to distinguish
between the ground roll and the sound wave. He found that the periocd
of the sound wave was gbout 0.01 sec. while the period of the ground
roll was about 0.1 sec., and he plotted the two different travel
time curves. Later Gutenberg'o brought out the point that the ground
roll was freguently observed even when the charge had been buried to
such a depth that no sound was audible. Hence there was good evidence
that the sound wave and the ground roll were unreleted,

On the other hand, the fact that the ground roll had approximately
the veloeity of scund in sir remeined umexplalned. In aitempting to
esbablish some thecoretical comneccion hetwsen the geound roll and the
alr wave, Batemané discussed the influence of the atmosphere on the

3.

propagation of Rgyleigh waves on a flab homogeneous Lsotropic earth.
His investigation brought to light the existence of a Msecondary
Rayleigh wave," the velucity of wﬁich was found to be less than or
greater than the ordinary Rayleigh wave velocity, depending on the
atmospheric conditions. His thecry thus offered a possible explanation

of the obsgerved range of velocity of the ground roll. Unforiunately,

however, the amount of emergy carried by this "secondory Rayleigh wave™

@}
%]

culd not be deternined except by an analysis of the partition of

e

wave energy at the source of the waves, a problem of considersble



cemplexity, This enalysis has never been made. Hence, the importancs
of this "secondery Reylelgh wave" for the problem trsated here was

never definitely established although its importance in other problems
is not questioned, Furthermore, the severe conditions which were
imposed on the aitmosphere in Batemsn's theory rather limited the

plavsibility of explaining the ground roll by means of this Psecondary

Rayleigh wave."

suriace %aves on a Visco-Elastic Hedium,

Arakawa® has studied the propagation of periodic surface waves
on a visco-elastic medium. His theory includes both Rayleigh and
Love wave types of periodic disturbance. Sezawa’ e has mede a similar
study for the diffusion of tremors. However, since cerbain termg
have been omitted in Sezswals discussion, it 1s preferable to consider
Araks wa' treatiment.

Since the Rayleligh wave theory for a visco-elastic medium has
been considered only for an homogeneous isotropic medium, it fails to
correspond to the physical situstion, not only because of the change
of elastic constantc with depth, but also because of the change of
viscosity with depth. ‘Ihis makes it undesirable to attempt to apply
the Reyleigh wave theory to the seismic results.

The Love weve theory for & visce-elastic medium, however, is
based on sssumptions more applicable to the surface of the earth.

The veriztion of elastic constants and viscosity with depth 1s tzken

into account by the consideration cf a sbratum of constants /71, )\l’



/t[ A, /% overly a suvsbratua st
1? 3 verlying a suostrabtum of constants /2, /\2, //2,
Y 29 /Jiz where

/s
‘)»,”Z = Lame's constants

H

density

7 /

)y /N = rotational and irrotetional viscosity coefficients,
and the subscripts 1, 2 correspond to the stratum and the substratum
rospecLively.

In considering the propagabion of periodic vaves of the Love
. b B B vt b
vave type on such o medium, Arskawa defined & certein critical wave
length Ly TFor wave lengiths lsss then LL’ 1o wave propagation was
poselble, He alsc deduced expressicns for the velocity and the damping
of the waves thalt were possible. No attempt wes made to evalucis the
velocity or the dazmpling, in terms of physicel constants. Eince

12
Tida has found the order of megnitude of these comstants for the low
velocity leyer, it is of inberest to the ground roll problem te apply
then to Arskawals theory.

The eritical wave length Ly is given by the relstion

(1r1) Ly = At

where & is to be determined from the eguation

N

(18) ' Tow SH :/% ?%z("‘%‘—}) - Ej;i

© thilckness,

0
=

vhere f = 21/T ond v Q/Cé, VZ = \Ay H = lay
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If (13) is writtea in the form
(19) [H = 5H3 L AT sH +,vf:,,§7“
A Ry AR
it is clear that as sH increases from 0 to #/2, fH increases from
0t &,

Friting (17) in the form

(20) CAUE S YA VYR &
L /y"z

w

it becomes evident that s<HR is negligible compared with A1/ He
7/ -
)

Por exzmple, suppcse

fr = 2

My o= 107

/I/L,/ = li)é CagZeS. units
H o= 1 me

in asccovdance with the vesults of Iida. The value found lor

2y 1. 5 e B . % 5 £~ 1‘-2:_‘ ,.2__‘,\, 5 i »
will be 800. The maximua value of (sH)® is {(#/2)% = 2.47, vwhich is
negligible compared with 800, For Larger values of /( o o smaller

B

/ )
values of /ttl’ (sH)® will be sbill more unimpcritent. Hence

[_0\ \

For the values of the nhycical quartiti

il
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I
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it appears that 2ll waves in the seismic renge of wave length are
nessible,

The velocity is given by the formula

(22) Vo= VA L Rt
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In order to compute the velocity under a typical condition, it was

assumed that

1= Ly /%:1/10 H=10m L=30m

It was then possible to solve the transcendental equation (18) by
graphiéal means, and hence plot f as a function of s, Hence for any
given value of fH, the value of s/f could be found. Substituting this
velue and the assumed value of £ = 2&r/L into (R2), the velocity could
be found. For the case being considered, V was practically equal to
the ordinary Love wave velocity without viscosity, Vo' For L = 1 m.,
the velocify was V = 0,74 V.

Thus it seems that the presence of viscosity will reduce the
veloclty of ordinary Love waves in the low velocity lsyer, but not
appreciably at the usual ground roll wave lengths.

The velue of the damping coefficilent is given by

(23) - D = ¢ 26
§ o ~6,4%
In the two examples just considered, the values of D are e

~10000% for L = 1 m. Thus the shorter waves

for L =10 m. and e
will be damped out more rapidly. This could offer a possible
explanation of the preponderance of low frequency in the ground roll.
For a viscosity cof 105 C.geSe units, the value of D for L = 10 m.
0.64%

in the above case would be e » & value which is of the order

of the ground roll damping.



Flastic Surface Waves,

In the introduction, certain objections to the explanation of
the ground roll by means of simple elastic theory were given., For
this reason, the following part of the ground roll investigation was
carried out with the intention of more thoroughly examining the pos-
sibility of rigorously applying the results of theoretical investiga-
tions tc the data. Before attempiting to analyse the data, however,

& digcussion will be given of the theoretical results which might be
of particular interest in comnection with the ground roll.

28
Theoretical Background: The results of the theory of Rayleigh

waves on the surface of a plene homogeneous isotropic elastic half-
space are well known., On such & medium, the motion of a particle will
be confined to a vertical plane passing through the source of the
disturbance. The narticle will describe an ellipse in a rebrograde
sense. The ratio of the length of the major axis to the length of
the minor axis of the ellipse will be 1.46 for Polgsonis ratio

o = 0,25, The major axis is verticel. Thus the amplitude of the
vertical comgonent of motion is 1.46 times as erealt as that of the
horizontal component of motion, For the same value of 7 , the
velocity of the Raleigh waves is 0.92 Vg, where Vg 1s the velocity
of shear waves in the medium.

In the introduction, a discussion was gilven of the general nature

of the dispersion which results when surface waves are propagated on a
leyered elastic medium. Although for Love waves, the specific dispersion

2.0 ’Wl
relation was found in the early work of Love, it was Sezawa” who first



computed the dispersion curve for the more complicated case of Rayleigh

waves, His computations were based on the assumptions that the

density- of the stratum " was equal to the density of the sub-

stratum P s and that Poisson's ratic was equél to 0.25 in both

nedia. He found the diépersion curve for various values of the ratio
/“/77M s where M ;/a' are the rigidities of the stratum and

substratun respectively. The curves which he cbtained are shown in

Fig. 3. He represented the dispersion curve by plotting Y/Vl as a

function of L/H, where Vl = {7;?7 » the velocity of shear waves

in an infinite medium composed of the stratum materisl, V is the
velocity of the waves, L is the wave length, and H is the thickness

of the stratum,

Dispersion of Elastic Waves over Stratified Surface. *
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Thic method of representing the dispersion curve is desirable
because it takes into account the posgible variation of H or Vl'
In attempiing tb interpret physical date, it mey be found that the
value of II dces not remain constant, or perhaps the value of Vl does
not remain constant. It is sesn .that for this method of plotting, a
gingle dispersion curve is possible, even with this variation,
provided that the rigidity ratio remaing constant.

If the curves of Fig. 3 be compared with Love wave curves
obtained under the same conditions, 1t is found that they are very
gimilar, in agreewment with the advance prediétions of Love.zo

£11 of thege investigations were made for the case of periodic
waves. The more extended problem of the propagation of =z pulse in
a dispersive medium has been treated by Sezawa and Nishimura.37 They
show how a pulse in a dispersive mediwm will split up into two oscil-
lations travelling outward. This is indicated for various /“/7/% 5
in Fig. 4. The nuwber of complete oscillations to be found at any
given distance is found 1o increase with distance, The leading and
trailing perts of the disturbed porbtion teke their positions at
digtances V2t and Vlt from the origin, where VZ’ Vl are the velocities
of the Rayleigh waves on half spaces coumposed of the materizl of the
lower and upper media respectively, and 1 is the travel time of the
pulse. The leading part cf the cscillation will be composed of the
longer wave lengths., This is to be expected from dispersion theory
in which grester veloclities are prediclted for larger wave lengths,

The most dominant length of the waves in the oscillatory part seems to be

£

controlled by the dispersion relation, and net by the type of the



-30-

‘ f}“wﬁ
-t .
‘:w’\'/\/*:é‘iasjlvzz AT
-4
720 \/\/’\[\ 60 4o 72‘07""2'#" Va2 "/\/\/'\'/’/j/;/‘
NAAME b= A x
Y R v e W Y

[e/pe = 1/2.]

2
ot

AR
it \\f\ W7 7w W07
N AANA ['.Eﬂ AAAA N X
2R A 2 A WYY m
i0l]
N AAAAN N [’w”] N AR By, 2
EAY vy & & 4 D w0 w8 T m H
[#/pr = 1/3.]
pog ]
~s50%]
—td%vwfw E i WA F
BN PN g @ W w T WA
B v \ "
NI 0 & W MY ONT e

(/e =1/5]

Fig‘ 4

Propagation of a Pulse in g Dispersive Hedium.
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original motion. The most common feature o be remarked in
connection with the dispersed waves is that, the longzer the range of
the disturbed portion, the lsss will be the general megnitude of
amplitude of the vibrating motion. Finally, the greater the wvalue of
/z//t’ ., the greater will be the range of the disturbed portion,
and the fregusney of the ozcillation. 'fhe importance to the grouad
roll problem of this investigation is that it offers a vossible
explanation of oscillatory motion resulting from a single pulse;
i.e. the explosion.

‘In his origincl anslysis of the dispersion of Reyleigh waves,
Sezawa?I found a single dispersion curve corresponding to a given value
of the rigidity ratio. Furthermore, his calculations of the velocity
as a function of L/ called foz a contingous, smooth curve (see
Fig. Z) for every voluc of the ratio /gZﬁt . which he employed.
However, in subseguent sdalyses, in attempting to extend the range
of values of the ratio /f?z@ to lower values, he discovered o
discontimity in the dispersion curve at z value of L/H equal to 4.622.
Farther work34 indieated that thore were actually two disversion curves,
os shown in Pig.5{a), for the ease of /{;27; = 1/20, For gue-
sessively smaller veluss of the Tatio 4 /{ , he found that the points
0 and O' of similar dispersion curves, approached each other
and the discontiruitiec beesme more pronounced. In the practicslly

idecl case of /ﬂ;ﬂ‘: 1/00 , he found that the points 0 and OV

ecincided as shown in Fig. 5 (b)e
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Discontinuities in Rayleigh Wave Dispersion Curves

In 2 previcug analysis of the relation between the thickness of
g gurface lsysr and the amplitudgs of dispersive Raylelgh waves, Sezawa
and Kanaigelhad_found that the amplitude of Ruyleigh weves transmitted
through a stretified layer was a maximum for a certain value of L/H.
It was further ascertained that there were two pesks in the resonance

curve of the waves., One of these pesks vevresents the prevalent



cgeillaticon of Raylelgh waves, while the othier concerns a mere resonsnce-—

1like condltion of bodily waves transmitied slong the surface lsyer.

Now it developed that the dispersion curve ACB of Figs. 5(a), (b)

corresponded to the forwer, while the dispersion curve CO'D cor-
regponded to the latter, Compuiing the rvelative auplitudes on the
gurface of the horizontal and vertical components u, w, respectively,

for both dispersion curves, Sezaw&33 obtained the resonance peaks shown

in Fig. 6, where the dotied and full curves correspond with those of
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Fig. 6

Resonance of Reyleigh and Boedy Waves

3 ey

In other words, & Reylelgh wave resonance wes found at L/H o 2

Figs 5s
2 bodily wave resonsnce L/H -~ 7. The important significance cof



the point O now becomes clear. It occurs at precisely the same value
of L/H, namely 4.622, that the discontinuities of u, v occur.

It must be admitted that the entire analysis has been based on
the value of /‘// M= 1/ , However, if one recalls the original
dispersion curves of Sezawa (Fig. 3) it will be remembered that for
velues of L/H somewhat smaller than 4.622, the curves are not only

.

similor in shape, but alsc not extrenely different in vslue, over a
wide range of values of /'1( // M. PBearing in minc that the cace cor-
esponding to A "/ Ho= 1/ sScems quite plsusibly the linmlting
case of dispersion at finite values of /ﬂ;’//lb ; it seems reasovnsble

to expect a somewhat similer Rayleigh resonance for the case
“p

wWave resonance, oo,

1t

1/20, say, and quite probably o somewhatl similar body

r-t

Sezawa and z{anujg considered the relatlon between the thickness
of a surfece lgyer end the amplitudes of Love waves, and they found

a resonsnce near the same velue of L/H for which the Rayleigh wave
resonance was found.

. 2. - = L] g a2 e 13
hese resulbts are In agreement with the findings of Jeffreys,
who predlcted a maximum of amplitude of surfaee value of I/H cor-

responding Yo the minimam of the group velocity, provided the dispersion

relation was of the Wype already discussed. The group velociuy C is

defined by the relation
(24) C = V- L2V
2L

where V is the phase velocity corresponding to L. It can sasily be

shown that the minimum group velecity will occur at the value of L/H
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sorrasponding o the inflscticon peint of the disversiocon curve. Thae

theoretical result, thab this value of I/H gis

. a

ig in agreemens with the resuld obtaloed withoult consideration of

An examination of Fig. & nsices 1t clear that +
amplitudes of the vertical and horizontal componends is not a constant
enecuz wedivm, but is a fupction of I/H. Im

g5 in the case of a hom

iven the ratio of horizontal o vertlcal amplitude ab the

i
";}

Fige 7 i

Fig. 7

Ratio of Horizontsl snd Verticel Amplitudes at the Surfzce



surface as a function of L/H. As before, full lines correspond to
Rayleigh waves; dotted lineé to bodily waves. It appears that for small
values of L/H, w/w = 1/1.46 as for the case of a homogeneous medium.
For values of L/H less than 4.622 the ratio has approximately this
value., But for greater values of L/H this is not the case at all.

The horizontal component becomes much larger. Furthermore, the

motion is no longer retrograde since u/w is negative. Although this
discussion has been based on the iﬂggl ¢ase of /”?9# =1fs

Leez&,21

hag found corresponding restilts for constants which are
physically possible.

Quite a different aspect of elastic surface wave propagation has
been coansidered by Me:l.s;sner.zg> He has considered the passive vibrations
of & layer resting on an elastic half space. His analysis is similar
to that for elementary Rayleigh waves and Love waves, except that the
condition of zero stress on the surface is nét congidered to hold,
Instead the stress is supposed equal to the inmertial force per unit
area of the vibrating layer. In the consideration of Rayleigh waves,
Meissnerzs’found that two different waves existed, The dispersion
curves Ry RQ are shown in Fig. 8, together with Love wave dispersion
curve Q. I,/2«4H has been plotted as a function of K, where K is
v vl for the Reyleigh waves, and VQ/Vl for the Love waves. V, is
the velocity of shear waves in the lower medium, and VR’ VQ are the
velocities of the passive vibrations for Rayleigh waves and Love waves

respectively. L is the wave length of the waves and H is the thickness

of the uppsr lsyer.
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It is seen thatAL/ZxH greater than 0,67 the second Rayleigh

wave R, is not possible. As I/24H becomes Very large, the first
layleigh wave snd the Love wave approach thelr respective velocities

for the case of no layer.
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Pig, 8

Theoretical Dispersion Curve for Rayleigh and Love Waves

for the Passive Vibrations of a Layer

Meissner®® also found that for o = 0.25 the ratio of vertical
to horizontal smplitudes of the Rayleigh wave varied from 1 to 1.48 as

L varied from Q0 to oo ,



There is another theoreticel point, apart from these considerations,
whick is of interest inasmuch as it gives some idea of the nature of
the physical process of the formation of Rayleigh waves, and is of
practical interest in the interpretation of the data. As has been

mentioned, Lamb19

found that in order to satisfy the boundary conditions
on the surface of an isotropic, homogeneous, elastic half-space which
is gtruck a sharp blow on its surface, it 1s necessary to add to the
integral sclution of the problem, another integral which amounts to
the superposition of a Rayleigh wave on the_other exigting waves
which are present,

If a disturbance occurs below the surface of such a medium at
a depth which is large compared with the wave length of the longitudinal
wave approsching the surface, the wave fropt striking the surface is
essentially plane and the boundary conditions on the surface can be
easily satisfieda. ¥hen, however, the depth of the shot is comparable
to the wave length, no combination of the original and reflected waves
will give zero stresses over the boundary, because of the curvature

4 v and Sakai,go have

of the wave front. Hakano,27 Banerji,” Coulomb,
hendled the prcblem analytically, extending end clarifying the work of
Lamb,

The results of Banerji4 are typlcel and of interest. Considering
the center of the disturbance te be of g dilatational nature lying at
an internal point of the boedy, he found that near the epicentre, there
eppears only an irrotational wave and its amplitude is inversely pro-

pertionsl to the distance R from the hypocentre. At a large epicentral



distance, Rayleigh waves and equivoluminal waves appear besides the
irrotational wave. The amplitude of the Rayleigh waves is inversely
provortional to r {r = epicentrsl distance). That of the equivoluminal
wave 1g inversely proportional to R when the depth d of the hypocentre
is large compared with the wave length (but small compared to r), but

it is inversely proportional 1o r2

when d is very small. Within the
intervening region, the matter is generally complicated. It can be
sald aporoximately that Rayleigh waves do not appear withir the epi-

central distance defined by

(25) o= _}&_d_;____

\,’(f\l—";
and that the equivoluminal waves do not appeer within the epicentral

distance defined by

= tad
(26) L E T

where vi, vb, and vg are the velocities of propagation of the irrotational,
equivolumihal and Rayleigh waves respectively.

Finally, it must be remarked that no attempt was made in the
preceding discussion to give a complete survey of the litverature of
possible importance to the ground roll problem. Only those results
have been given which appesr to be mest pertinent fo the present
analysis,.

The extent of the literabure on elastic surface waves is
enormous., For the convenience of future investigators, a bibliography
is given on page 100. It is a collection of papers of general interest
to the ground roll problem. These references are not discussed in this

paper, but form a general background for the whole study.
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Exaninstion of Th

Seigmic Data: The results will now be given of an

exgminaticn of variouns selspic date, Some of these data were asvazilable

i

i

[
F

he Californis Institvte of Technology, and the renainder were ob-
teined from the files of the Stanolind Geophysical Laboratory. The
orimery aim of the study is to examine the ground roll dispersion
indicated by seismic records, and to see to whalt extent it sugpests
the sreviously considered thecretical nroperties. The basis of the
entire anslysis rests on the hypothesis that the ground roll which

is observed with a vertical seismometer is the vertical coumponent

of = type of Reyleigh wave, Later, in order to test the validity of
this assumption, some results will slso be given of an investigstion

with a three-component seismometer,

Date from Yesemite, Califorunia

It has been mentioned in the introduction that ground roll data
was obtained by & seismological expedition from California Insititute of
Tectology to Yosemite. The purpose of this expefition was primerily
10 ascertain the thickness of the alluvial fill in the Yosemite gorge.
Conaequently; the apparatus used was designed for selsuic reflecition
work, and was not particularly suited for the observation ¢f the ground
roll, However, because the shot depths were so small, epprecishble
ground roll was observed in meny of the reccrds.

4 rough examination of the Yosemite ground roll data seemed to
indicate sone dependence of the velocity on the wave length., In a
wore careful anslysis, it is desireble to take into account the pos-—

sible varlation of thickness of %he low velocily lsyer as well as
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posaible variction of compressional wave velocity of the low velocity

The Yocemite data, however, unfortusetely do  mot coataia very
accurate information on the thickness and velocity of the low velocity
loyer. In order to use the data for interpretstion on the dasis of
dispersion, it is unocsscary to assuse & value of the compressional wave
volov¢qy v in the low veloclily layor. From the travel time curve of a
refraction profile, it wae found that it took 2 time o for a compres—
sicnal wave ¢ travel veriically downwards from the exvlosion to the
base of the low velocity layer aend then upwards to the surface. Hence
from the essumed velue of vy and the known value of § , the thickness
H ¢f the low veleceity layer could be cslculated. The velocity of the
high velocity materisl below the low velocity layer wes known to have
reughly the same value of 1600 m./see. throughout the entire area
considered.

The assumption of a value of the velocity Vi is gemnerally
undesirasble for two reasons. First, aw incorrect velocity may be
assuned; second, the value of vi nay vary over the region considered,
The first objection was overcome to some extent by selecting three
possible values of vy, and carrying through the complete analysis
for each velue., The values assumed for v, were 200, 400, =nd 600
m./sec. This range of velocity quite likely included the correct
value of e The second objection remains, slthough for the area

included by the data, the nature of the upper part of the low velocity

layer seered te be the sanme,
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The walucs of the wave length L were computed from the well known
relation L = VT, where in this case V is the observed ground rell
veloeity and T is the obsarved ground roll neriod. The value of T/M
wags then computed for sach L, where ¥ is the thickmess of the low
velecity layer, compulted asg doscribeﬁ previously. The ground roll
veloeity was tlotted as s funcbion of L/H for sach of the three
gagumad values of vl. The results are shown in Fig. 9.

It ie to be noticed that the assumption of vy = 200 and
600 m./sec. gives a considerable scattering of points. No very
definite curves are indicated, bub the pcssibility of dispersion
exists, For v, = 400 m,/secs there is some suggestion of two dis-
pergion curves.

Por small vslues of L/H, the velocities appear to approach the
values 250, 200 and 150 m./sec: for the values of vl = 200, 400, and
600 m,/sec. respectively: Evidently the assumption of v, = 400 m./sec,
is the only one which gives the approximate Rayleigh weve velocity to
be expected at small values of L/H,

Regardless of the value of vy which has been assumed, it is to
be noted that there is a marked preponderance of points in the region
of L/H between 0.5 and 4. Theoretical];yB3 it has been seen that a
Rayleigh wave resonance should cccur in this region of L/H. The
large number of points obtained for L/H between 1 and 3 for
vy = 400 m./sec. might be indicative of a possible Rayleigh wave

resonance et L/H approximately equal to 2. This statement is based

on the fact that the Rayleigh waves which exhibit such resonance will
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mamber 0 points would indicale that the smnlitudes were generslly
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aplitude for the values of L/H less than 4.622. Hones the unper

corve elther would have to be considerad =8 gnothéf Reyleigh wavs
gisnersion curve corresponding %o e slightly different rigidity
ratio, or else the interpretation of the data in terms of twe distinet
dispersion curves would have to be abandoned.

The data sre not accurate enough in cerbain respects to permit
the drawing of very definite conclusions, but on the basis of the
assumption of vy = 400 m./sec., the observations are not necesserily

inconsistent with the theory of dispersion in a layered nedium., On

the other hand, there may be other causes of the cbserved diepersion.

Date from Fresno, Califoruia
Perhaps more lupressive than the Yosemilte analysis 1s the use
of dispersion theory to explain certain anomalous variation of the
grcund roll velocity near Tresno, California. The data for this
reglon are presented in the first three columns of Table IV, The
second column givés the obeerved phase velocity V of the ground roll,

3 m

and the third column gives the corresnonding observed peariod T.
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TADLE IV

Ground Roll Dabe irom TFresac, Califuvrnis
Spread v T L L/H V/Vi(obs.) V/Vl(calc.)
i (£%,/5ee.) | (ses.) | (£t.)
2‘7{3*’320 ’ 7&1&0 0135 10 3 oL/ loI 10 28
10061120 1520 A2 18z 545 Re? 2.08

h r P ’ - 41 Ty YT - e S % i 2 5
From g shert ile the compressionzl weve veloclty

v, in the low velocity layer was found to be 1200 £t,/sec. The thickness
H of this layer wes 33 £t, In the material below t}rxié layer, the
coupreasionsl wave velcelty v, was found to be 5730 ft./see. With
this inforuaition it is possible to make a rough comparison of the
observations with what should be expected from dispersion on the basis
of certain essumptions,

If it be assumed that Polsson's ratio is 0,25 in both upper and
lower layers, snd that the densities are the same, the ratio of the

rigidities of the two medis will be

4 8 b 00 - |
ary ! = e = S R
{‘I) _74/7’; —&lj— - 3”130) 23-1

where /Li 12 /42 are the rigidities of the upper snd lower media
respectively. With these assumptions the case under consideration does
e UG o 4 4 5 1 2 Ay Q 3~4-
not differ a great deal from the thecretical case worked out by Sezawa.
. e s . 5 o g " o
He considered the dispersion of Rayleigh waves for the case of /{' /t?j 20.
Tin order to compere the obgervetions with his theory, 1Lt was
convenient o first eslculste the velues of L/H with the corresponding

values of V/Vl, where V, = VA, 5 i.e. the velocity of shear waves
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in the upper material. In the fourth cclumn of Tsble IV the value

of the wave length L is computed from the relaticn VT = L. The fifth
column gives the value of L/H,

Sincé the compressional wave velociivy in the upper lgyer is

1200 ft./sec., the shear wave velocity v, is 1200//3 = 694 £t./sec.
for Poisson's ratio = 0,25 in the upper layer. The computed values
of V/Vy are given in the sixth column. The last column indicates

he theoretical values of V/Vl for the corresponding values of L/U
given in the fourth column. These values of V/Vl correspond to the
case of /%?ﬁz = 1/20, which is approximately the value of the
ratio computed in (27). There is approximate agreement of the
theoretical with the observed velues of V/V..

Cn the other hand the value of L/H for the long spread is 5.5.

This exceeds the value 4.622 which was found to be the value of L/H
for which the amplitudes of the waves changed discontinuously to
different values. By reference to Fig. 6, it is clear that for L/H
greater than 4.622, the value of the amplitude of the vertical
component is quite small, If the observations were extremely accurate
this observation would be a strong srgument against the Rayleigh wave
hypothesis., But if allowance is made for a possible error of 16 per
cent in the value of L/H, the value of L/H may actually have a value
glightly less than 4.622. By reference to Fig. 6, it is seen that
there is apprecisble amplitude corresponding to any value of L/H >os,
so long as it is less than 4.622. There is, however, an equal chance
that the observed value of L/H is too small by 16 ocer cent, which would

definitely result in an inconsistency in the proposed hypothesis.
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Datsz from Arvir s=d Xern, Californis
In studying the nature of dispersicn, it would be desiredle to
coinin velocities corrsspending to 2 wide range of values of L/H. The
Yosenltec data seemed to indicate the possibility of lerge values of

"

L/H, though not as prominently os the velues less bhan shout 4. Date

ol l

e S s S8 ey eetig ey W e % s o PPN T, R N 3 5 gia
cxen in reglons near Arvin snd Kern, Caeliformis were sslected becsuse

@

of the large range of values of H which were iuvolved., IV was thought
that perhaps this would result in a large range of values of L/H.
This, however, was not found tc be the case,
The data are collected in Table V. H is the thickness of the
TABLE V

Ground Roll Dets from Arvin and Xern, Californis

Record H vy Vg Vg v ¢
2
£4. | ft./sec.| £t./sec. /%/4% ft./sec. | £4./5ec, | sec.

1 40 1800 5900 10.8 1030 31160 075

n

40 1800 5900 10.8 788‘ 838 075
100 2000 6300 3.9 836 970 .10
180 <0GC 6300 9.9 830 970 G5
100 2000 6300 %.9 172G 2480 095
<2000 6300 949 170 2340 «085
70 2000 6300 9.9 1040 1190 085

70 2000 6300 9.9 784 &70 .085

© B o 0w W
3
&

40 1800 5900 10.8 1680 1930 +065
10 116 2300 6100 7.8 U7 1120 06
k¢ 116 2300 6100 7.8 813 959 .06

12 40 1900 5500 Bed 2170 2600 .06




low velocity layer of compresgicnsl wave velocity Vi The compres—
-

sional wave veloclty of the widerliving msterisl iz In the fifth

e

2.
eolumn velues of the »igidity ratio /ﬂba/ //Qﬁ:have been computed from

4

the vaelues of v, and Vo in the sswe wey as was done for the Fresno

kS
« Y - . T - .
dabas il.es by mezns of the relation Mo _ % . The sixth columm
Vad 6T
glves the velocity of the ground roll zs determined by dividing the

distance from shot hole to ceismometer, by the tine inberval hebween
timebreak and first arrival of the grcund rell., Such z csloulation
will not give the correct wvelocity. TFor, as has becn mentioned in the
theoretical introduction, surface waves do not begin until after the
coumpressicnal wave hag reached the surface. It is necessary to take
inte account the time which elapses before the surface wave is formed.,
Therefore the uphcle time was subtracted from the ground roll arrival
time in celeulating the true velocity of the surfaoce wave. The seventh
column gives the corrected ground roll velocity V.

In Fig. 10, V/Vl has been plotited as o function of L/H where
vy :.vl/l.73 = the velocity of shear waves in the low velocity layer,
and the wave length L has been found from the relstion L = VI. No
curve has been drawn through the points plotted, but the thecrstical
dispersicn curve bas been glven. IV hag been computed for //?%///g 1 = 10
on the assumption of Poisson's ratio = 0,25 in both upper and lower media,
gnd that the denmsitice of both media are the same.

It is seen that all of the veloeities correspond to values of
L/4 less than 4. The larger of these values of L/H gives velocities

which are greater than the theoretical Rayleigh wove velocity. The
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smaller values of L/% correspond to velocities less than the theoretical
Rayleigh wave velocity, ilost of the poinve ceem o belong to the latter

group. The cluster of the points about the value of L/H = 2 is sug-

gestive of Rayleigh wave rescnance.
For the larger velues of L/H, the high velocities perheps ney be
associated with coupressional waves in the low veloclity layer, I
thils be assumed, there is libttle evidence of dispersion preserted by
the other points, The velocities for smell L/Y are generslly soue-
vhat saeller than the theoretical Reyleigh wave weloeity, and the
fluctuation of the value of the velocity could easily be due to
slight variations of Poisson's ratio.
On the other hand, if the high velocities do correspond to

Rayleigh waves, there is some indication of a different type of dis-

persion law than the one which is presented.

Three Componcnts of Mebtion of Ground Roll
In the records of the ground roll previcusly considered, it was
found that the ground roll veloeily was sometiues approximately equal
v the velocity of Rayleigh waves. Thie i1s of course spproximately
the veloeily of Love waves too. Certain siunilarities have also been
pointed ocut in the nabure of dispersion in leyered media of the two
tyrpes of waves,

- b i Ao

n Fig., 11 is presented = seismograw in which all three components

-

of motion of the ground roll have besn recordct. The {irsi trace
gives the veritical couponent; the second trace gives the horlzontal
Longitudinal component iv the divecticn radlally out frow the shot

point, and the third trace gives the horizontal transverse component.,
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Fig, 11
Ground Roll in Three Components

p A

It will be observed that each component occurs in apprecieble

magnitude. This is nct always the case.

component is observed to be very smzll., However,
a transverse component at once suggests the possibility of the
presence of Love waves in the ground roll,
has been based on the hypothesis that the verticel component of

motion of the ground roll was the vertical component of Rayleigh
waves.
of motion of the ground roll would have to be the longitudinal
component of the Rayleigh waves. But as has been seen in the

theorstical introduction,

the amplitudes of the two components.

Sometines the transverse

he existence of

The previous discussion

If such an assumption is valid, the longitudinal component

here exists a cerbtain relation between

Proof that the theoretical

LYWL
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relation exists would be an argument in favor of the proposed hypothesis.
In addition, it would be an argument in favor of the hypothesis that
the observed transverse component is the Love wave and not a transverse
component of some other wave type, e.g. that of Uller.38

In order to examine the relation between the longitudiﬁal and
vertical components of motion, a diagram was constructed of the motion of
a particle on the surface of the ground. A typical diagram of this kind
is presented in Fig. 12. The figure was obtained by plo@ting the rela-
tive values of the horizontal displacement as a function of the vertical
displacement at successive intervals of time. These relative displace-
ments were obtained directly from measurements on the seismogram. The
plotting was started at a time somewhat before the arrival time of the
ground roll and was continued for several oscillations. Care was
taken to insure that the measured displacements were plotted in the
correct relation to the ground displacements. It is uncertain; however,
to what extént Fig. 12 represents the true ground motion,

The numbers in Fig. 12 indicate the time. The arrows indicate
the direction of particle motion. It will be noticed that the motion
is not immediately retrograde, but instead is irregular at first,
then goes into a forward cycle, and then becomes retrograde.

The ground roll velocity for this seismagrem is 835 ft./sec.
ana it has a period of 0.07 sec. The thickness of the low velocity
layer was 35 ft. Hence the value of L/H = 1.7. From theoretical
considerations the motion should be retrograde for this value of
I/H. Instead the first cycle is forward which would indicate a

value of L/H larger than 4.622. The later cycles are retrograde,
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Particle Uotion Due to CGround Roll

but the ratio of major to minor axes

£ the eliipse is roughly 2.2 for
this particulsr selsmogram.

The exsminstion of the particle motion

of other seismograms indicates that as a genersl rule the ratio is
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gbout 1,5 in zgreement with Rayleigh wave theory., However, the
encmelous initial forward cycle which is also usually observable,
ig nol explansble on the basls of Rayleigh wave digpersion in a
layered elastic medium, since the value of L/H is small enough to

give a rotrograde cycle.

Sumnary

Since the preceding series of investigations are of a some~
what different character than the one to follow, it is desirable at
this point to summarize the results so far obtained:

1, Gravitational waves in a viscous incompressible medium are far
too slow to account for the velocity of first arrival of the ground
roll,

2+ The importance of Bateman's secondary Rayleigh wave cannot be
known without the solution of the complex problem of the partition

of energy at the source of the Rgyleigh waves,

3. The theory of the propagation of Love waves on the surface of

z layered visco-elastic medium indicates the possibility of velocities
less than the shear wave velocity obtained without viscosity, The
rapid damping of very short waves is also indicated. The possibility
of obteining a damping of the order of the ground roll damping has
been demonstrated,

L+« An exezmingtion of seismic date on the velocity of the ground roll
has indicated that the observaiions are not necessarily inconsistent
with the theory of dispersion of Rayleigh waves in a layered slastic

medium, but that there may be other causes of the observed dispersion.



Certain anomalous ground roll velocity variabion neer Fresno,
Celifornie is nossibly explensble on the hypothesis of dispersion
in & layered elsstic medium. For smell velues of I/H, the velocity
of the ground roll agrees roughly with the velocity of Rayleigh
waves, bul these same velocities are associated with an initial
anomalous forward cycle of the particle motion., Theoretically there
is an inherent disadvantege in obtaining dispersion data on the
ground roll by seismic means, because of the factor of possible
resonance making the interpretation of the results difficult. The
three component ground roll data suggest the possible co-existence

of Love waves and Rayleigh waves.



RELATIOR OF GROUND ROLL PRCDUCED BY EXPLOSION AND

SURFACE WAVE PRCDUCED BY GRCUND SHAKER®

The purpose of this part of the investigation is to abttempt to
find the relation between the ground roll which is produced by an
explosion, and the surface waves which are sent oubt when the earth
receives a sinusoidal force from a ground shaker. In comparing the
two phenomena, it is essential not only that the experiments be
performed in the same region, but also that the underground structure
of the region be well known. Accordingly, the work is divided into
three parts:

1. Determipation of the underground structure of
the region,
2. The ground roll experiments,

3. The ground shaker experiments.

Determination of Structure of Region of Experiments,

The area selected for the experiments was one kvown tc exhibit
the ground roll, It was a relatively flat area sbout 10 miles east
of Tulss, Oklahoma, A rough ides of the sgbructure of the uppermost
74 fest was obteined from the drilling log oi the shot hole. The

log was as follows:

* Also called geo-ogcillator, earth vibrator, earth vibration
machine, '



From (ft.) To (ft.) Formations
0 2 Top Soil
2 7 Yellow Clay
7 18 Blue Shale
13 20 Slate Bresks Labette
Shale
20 57 Blue Shale
(Penn.)
57 73 Limestone Breaks in
Blue chale Ft. Scott
73 /A Limestone L5. (Penn.)

In order to know the velocity of these uppermost formations, the
usual procedure of running & shallow refraction profile was followed,
Ten electrodynamic seismometers were used. The spreads employed, the
corrcsnonding cherges of dynamite, and the shot depths may be sum-

marized as follows:

Charge|Depth

Seismometer |1 [ 2 |3 |4 | 5 |6 (1b.) [{ft.)

~2
[v23
)

10

eSS |10 | 20| 30| 40| 50| 60| 70|80 | 90100} 1/8 | 3

Di?ginfe 80 |100 |120 |140 | 160 |180 | 200 |220 |240 [ 260 | 1/8 | ©
Di??inge 140 |180 | 220 | 260 | 300 |340 | 380 316 | 6
D:izs;iusaze 30 | 35| 40| 45| 50| 55| €0 1/8 6

In order Lo secure the fullest possible sccuracy, several records
were teken with each spreed, and in judging arrivel times on the sels-

nograms a cylindrical hand lens was employed. All bresks were graded




"Good,® "Fair," or "Poor" and averaged accordingly. Sample records
are shown in Figs. 13 and 14. All travel times were rsferred to a

3-foot shot depth., The finsl travel time curve is shown in Fig., 15.

Refraction Shot - 3' Depth
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From the travel time curve shown in Fig. 15 it appears that
three different medies are involved in the refraction profile. The

thickness of the first stratum is given by the well known formula

(28) D U ~ 'U'. + (&\"f \ﬂ
2 'Z.rl 4+ 75 Z
where Dl = the gbscissa of the first break in the travel

time curve = 12,0 ft.

d = +the depth of burial of seismometer = 0,5 ft.

h = the depth of burial of shot = 3,0 ft.

vy = +the compressionszl wave velocity in the first
medium = 1200 ft./sec,

vy, T the compres ssional wave velocity in ‘the second

medium = 6000 ft./sec,

The computed value of Hl was 6,5 ft. In the sbove computstion, ) and

v, were obtained by measurement of the slopes of the first two segments

of the travel time curves. The thickness T of the second layer is given

by the well known formula

(29) T= B "-1)
2
where t" = the intercept on the time axis of the third
seguent of the travel time curve
t! = the intercept on the time axis of the second

segment of the travel time curve.
The computed value of T was 1.8 ft. Hence in the region of the experiments,

the underground structure was ss follows:



Depth (£t.) Velocity (£t./sec.)
0 - b.5 1200
6.5 - 18.3 6000
Below 18.3 8500

Chservation of the Ground Rell Initisted by Explosion.

Although sone reccrds of the ground roll were available for
various areas in the generzl vicinity, it was thought advantageous to
secure records of the ground roll in a pervicular locality whose
structure was very well knowa. Hence ground roll records were obtained
in exactly the same area zs that in which the refraction profile was
run,

In the experiments which were @o be performed it wac desirable
to use an emplifier which was flat down to frequencies in the vieinity
of ground roll freauency, which wes lkaomn roughly to be between 10 snd
20 cyeles per sec. (GeDeBa)e Five chemnels of such an amplifier were
available. The response of these amplifiers was very flat. Their
gain was 42 db.* from 5 to several thousand c.p.t.

The seismometers used were repiicas in constructicn of those
used in the refraction work except that they possessed springs designed
to give the seismomeber a naburel frequency of shout 20 c.p.s. Eight

such seismomocters were consbruciued and the output and response of each

an

& decibel {ebbreviated db.) is the comson unit of messurement of gain

ef amplifier. If Pl = input power, P? = output powerjgain (éb.) =

10 1oglO(P2/Pl).
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was determined by means of & shaking table., Low pass filters were used
when it was desired to cut out high frequencies,

The type of seismometer used has response to rotational as well
as vertical translational motion of the ground, since the hinge line
of the spring and the center of gravity of the sprung mass do not
coincide. In order to eliminate the rotational response, two
seiswometers are connected in series and oriented so that their
masges rotate in opposite directions when the ground is subjected to
a given rotation, In other words the selsmometers are placed "back
to back," and buried in this orientation in a single trench,

Preliminary experiments were performed to see how well the four
sebts of seismometers matched., These seismometers had been paired
together on the basis of equality of output as derived from shaking
table measurements, and since three sets matched very well from this
data, it was expected that when tested in the field, at least three
sets would be found to match there to. This was found to be the
casey furthermore, the fourth set matched the other three to a suf-
ficient extent to be usable for the experiments,

The process of matching or bridling seismometers is performed
as follows: the inpubs of gll amplifier channels are connected to a
single seismometer and a record taken. If all the traces match, one
is assured that there is no distortion difference between the dif-
ferent amplifier chamnels. Then all the selsmometers are buried in
a single trench and connected to their respective amplifiers and
another record taken. This record shows to what extent there is

bridling emong the seisuometers,
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THRLE VI

Time Delays referred to Selsmometer 1

(From Record F) Time from Time-break (sec,)
Seismometer No. +52 W48 o43 +38 +33
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 - 010 -.009 -.006 -.010 -.007
5 -.001 0 0 0 0

It is to be noted that in general there is bul negligible phase
delsy, but when it does occur it is quite pronounced., From Fig, 16 it
appears that there is a coansistency of values of observed frequency atb
a particular location.

The seismometers next were placed in pairs at distances of 20,
40, 60, 30 feet from the shot point, and several records were taken.

4 sample record is shown in Fipg., 17. This profile was repeated using
different coubinatiocns of four seismometers. Only four seismometlers
could be used at cne time, because only four low-pass filters were
available.

By reference to Fig. 17 it will be noted that the first four
traces are not equally spaced. In order tc more conveniently carry
out the analysis of velocity of the different phases, the second trace

was graphically shifted upward until the four traces were equally spaced.
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Points directly below the various maxims were marked on the
time axes (equalized as shove described) and a straight line was
dravn through the four points corresponding to each particular phase
of the ground roll. The slope of these lines, AA', BB!, ssey then
gave the velocity of the various phases, A, B, +... Since only
four points were available, a knowledge of the phase delays expectable
from a particular seismometer, as previously determined from the
bridling experiments, was of great help in deciding how the straight
line should be drawn.

The periods of the phase were obtained by measuring the time
interval between the two minima enclosing the particular phase under
considerstion. The results of these measurements for a typical
case are shown in Table VII, and the correéponding record is shown

in Fig. 17. The second column gives the time interval between the

TABLE VII
Velocities and Periods of Phases in Fig. 17
Phase tso - tzo(sec.) V (ft./sec.) Tl T2 TB T4 Tav. (sec.)
A 051 1180 045 | 045 | 048 | J050].047
B 42 1430 $045 | «O44 | +047 | 050].047
¢ .038 1580 J051 | 049 | ,049 | .050].049
D .033 1820 049 | 053 | ,050 | .050].050
E 031 3150 0651 ,052 ] .057 | 4053].052
F .025 3150 037 | «047 | 047 | 4045|044

arrival of a particular phase at the seismometer at 80 ft. and the arrivel

of this phase at the seismometer st 20 ft. In the third column the phase
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velocity has been computed from the relaticn

(30) v ) (Jsioo’ 171 o)

In the last coluun of Teble VII an average value cf the period for a
particular phase is teken., The letters in the table correspond to the
letters denoting the varicus phases of the seismogram in Fig. 17.
These daba could be repeated at will with good accuracy.

The relationship between velocity end period is not clearly
indicated by these deta. In a general way the increase of velocity
as one approaches earlier arriving phases, is indicated. Likewise
an increase of period in this direction is suggested — until one
arrives at the extremely early phases that are indistinguishsble from
the compressional waves,

At first sight, the seismogram of Fig. 17 appears to be similar to
a pulse propagated in a lasyered elastic medium. In the theoretical
discussion of the oscillations pictured in Fig. 4, it was noticed that
the number of oscillations increase with the distance from the source.
This appears also tc be the case for the seismogram shown in Fig. 17.
The general decrease in amplitude of the slower phases is also indicated,

On the other hand, an exeminabion of the date indicates that the
dispersive law which Sezawa and Nishimur§7assumed, is not valid in this
case., The wave length L of the various phases may be found from the
formula L = VI, Taking the thickness H of the low velocity layer to
be 6.5 ft. as determined from the refraction profile, the values of
L/ may be computed. Since the experimentally found velue of the

compressional wave velocity in the low velocity lsyer was 1200 £t./sec,,
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the shear wave veleeity V; will be 1200/1.73 = 694 ft./sec. for

Poisson's ratio egual to 0.25. In Fig, 18, V/Vl hias been plotited
as a function of L/H, for the sake of comparison with the theoretical

34
curve of Sezawa., His curve is given for approximately the correct

value of the rigidity ratio in the case being considered., Clearly
there is no indlcation of the type of dispersion curve prediclted for

a layered elastic medium, Instead the points all (with the exception
of T which may correspond to a compressional wave) lie on a straight
line.

The exi *’mnce of the linear relation between values of L/H = 8
and L/H = 26 does not necessarily mean that the same relation will
hold for 211 LM, In particular for very smell velues of L/4 it may

be questioneble that bthe linear relabion holds. For 1f it did, the

group velocity would be exceedingly small. By equation {24),

(31) ¢ = Vm /L/H%U/\
where C = group velocity
V = phase velocity.
Consequently, the group veleocity is egual to the phase velocity at

L/H
L/"

should give the group velecity, The value of V/V; at L/H=20in

0., Thus if the wvelocity relation was linear all the way o

i

0, the intercept of the straight line on the velocity axis

Fig. 18 is 0.22, Hence the group velocity would be only 150 ft./sec.
If the line 22! be drawn through the principal mexima in Fig. 17,

the slope of the line 22' should give the group velocity. © = 400 ft./sec.

o

2 3

is the value of the group velocity obtained in this way. Thie ic alumes
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three times the value obtained by essuming that a linear velocity
relation holds all the way down to L/H = O,
The explenation of this discrepancy will be given after the

steady state txperiments are deseribed.

Qbservations of Surface Waves Initiated by Ground Shaker.

The sinusoidal vibration of the ground by ueans of a ground shaker
offers a good way of investigating the dispersion of surface waves in
the uppermost lasyers of the earth. The chief merit of this method of
experimentation is that the frequency of vibration of the train of
waves may be held constant,

For reasons already given, the experiments were performed in the
game locality as thoge previously described. The frequency of the
waves in the ground was known immediately from the frequency of
vibration of the ground shaker., At o short distance from the ground
shaker, the response of a seismometer to the periocdic ground motion
was observed, Then one covld note the phase difference between a
maximum on the repeating wave form and a pericdic time-bresk produced
'by a commutator arrangement on the ground sheker. This phase dif-
ference was observed at successively increasing distances, and by
plotting phase difference as a function of distance, a travel time
curve was obtained, This travel tiume curve, being a straight line,
allowed immediate computation of the velocity at the particular
frequency of vibration of the ground shaker. Thus, for each frequency
of the ground shaker, the coerSpoﬁding velocity could be found and the

dispersion curve plotted.
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The ghakers used in this work were of two types. The first shaker

(hereafter called Shaker A) to be used was-already available at the
IS

Stanolind Laboratory. It was of the Kelley pendular variety, and i

e

1,

shown in Fig. 19« The electric motor A was 110 A.C. single phase




B

1725 R,P.M. induction motor. The belts =nd pilleye B made possible
shaft C. The latter was counled to & shaft F on the pvendulum by means
of & rubber hogse D. The shaft I rotated en sccentric mass T which
supplied the necessary force. Mosgt of the other deteils of the

apparatus are apparent from the photograph., The force was zpulied

=

ct
)

1,

5]

to the ground through a flat dise 1 ft. in dlameter. With this

T

apparatus satisfactory sinusoidal motion could be cbtained.

Thie type of shaker worked very satisfactorily for frequencies
of 60, 80, 100 c.p.8. Tor lower frequencies, however, the inherent
vibration of the electric motor at 30 c.p.s. masked the vibrations of
the pendular nass. Wasn various atilempts to eliminate this back-

ound vibration of the motor falled, it was concluded that the only
satisfactory course of procedure lay in the dosign of a shaker capable
of providing larger forces at lower frequencies. Accordingly a new

y

sheker, employing the same general principle as that of the U. S.
Const & Geodetic Sa;wvmsig was designed and coustructed,

This sccond shaker (hereafter called Shaker B) is shown im
Fige 20, Une of the chafts, A is driven by coupliing through a
flexible shaft to a portsble motor and pulley system capable of
delivering frequencies of 12, 22, 39, 70 c.p.8. The rotation of this
shaft causges the rotabicn in the cpposite direction of the shaft C
by means of the gearg B, Eocesvric masses Dy, Ez, DB’ DA’ are fixed
to shafts so thet their relative position adjusted to make vertical

components of furce Lo add and horizontal components of force to subtract.



Fig. 20

Shaker B - U.S8. Coast & Geodetic Surveys Type

Details of the dynamics of this shaker are best understood by
reference to Fig, 21, in which the ghaker is schematically represented,
In (a), the position of the weights is such that components of force Fy
on the two shafts will add., (c¢) and (d) show the next two 90 degree

positions of the weights. It is evident that one should obtein a
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Fig, 21

Schematic Diagram of Manner of Horizontal Force Cancellation

sinusoidel vertical force and a zero horizontal force with such a
shaker.

It was necessary to have the shaker weighted down to the extent
of having the force of gravity exceed the force supplied by the sheker;
ctherwise, the application of the upward force of the shaker would
cause the base plate to completely lose its contact with the ground,
thus badly distorting the wave form. Such distortion seemed to be

most serious at low frequencies, Hence for use with the low frequency
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sheker (Shaker B) a large disc mounting (21" in diemeter) was used

and loaded down with six 100-pound bags of sand., Since the maximum
forece deﬁelOped was only 396 pounds, fully sufficient welghting was
supplied,

Both of these shakers produce forces which are proportional
to the square of the frequency of vibration, In order to avoid
excessive forces ab high frequencies in the use of Shaker B, part
of the rotating mass may be removed from each of the four weights.
This will cut down the force by a factor of 9., Hence the force at
30 c.psse with the masses removed islthe same as the force at
10 ¢epess without the masses removed. The Shaker B was designed to
produce a force of 96 pounds at 10 c.p.s. Shaker A produced the
same force ab 60 c.p.S.

Hounted on the drill rod of the shaker was a low sensitivity
seismometer with a natursl freguency of 18 c.p.s., and which possessed
a pegk at thig freguency but otherwise exhibited a frequency response
which was flat to several hundred cycles per second, as can be seen

from its response characterigtic shown in Fig, 22. This seismometer

Flg. 22



as well as the others to be described were connected by leads to the
switches in the recording truck.

The seismometers used to detect the wave motion at various
distances from the shaker were of two types: They were identical in
general construction to the seismometers used in the previously
described work. However, the springs and the masses used were such
that one seismometer had a natural frequeney of 20 c.p.s. and the
other a natural frequency of 60 c«p«8e¢ The former seismometer was
the seme type as that used in the ground roll experiments with
explosions: The latter had the gsme frequency response as the

seismometer used in the refraction profile. The seismometer with a

natural frequency of 20 c.p.s. was used exclusively with Shsker B.
The seismometer with a natural frequency of 60 ¢.p.S. was used
exclusively with Shaker A.

In the truck means were provided for gwitching the output from
any scismometer intc esn amplifier which in turn was connected with
the vertical plates of an ogecilloscope. This arrangement was very
satisfactory for the higher frequencies where there was no difficulty
in synchronizing bthe wave form on the fluorescent screen of the
ogscilloscope. The procedure is well known of adjusting the sweep
circuit of an oscilloscope to synchronize a periodic voltage. When
the synchronization is obtained, the repeating wave form appears
stationary on the screen of the oscilloscope. At the lower frequencies
a different technique, to be described later, was employed.

The use of & commutator cirecuit for producing the periodie

time-breaks has been mentioned earlier. Clearly the phase of these
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time~breaks is immeterial in compubing the phase differences. It wes
decided arbitrarily te have the time~bresks anpear at the instant of
application of mgximum force to the ground, For this purpose a com—
matator ring and brush was arranged in comnection with the eccentric
gshaft sc that in the posiﬁion of meximum applied force, contact was
nade between commutator ring end brush. The cirenit closed by this
action consisted of a batiery induction coil and variable resistence
arranged as shown in Fig. 23. By varying the resistance R, the size.
of the pulse, which appeared superposed on the wave, could be altered

as desired.

AMPLIFIER OUTPUT -

|

Osc.

Fig. 23

Reference Time-bresk Circuit

With the oscilloscope sweep circuit in operation the output of the
low sensitivity seismometer which was attached to the shaker was observed.

This was mainly for the purpose of belng assured that the vertical motion
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into the ground was of a satisfactory sinusoidsl nature. When i%t was
not, it was found that more firﬁly packing the ground supporting the
shaker, or perhaps oiling various perts of the mechanism was all that
wag required to make the motion sinusoidal.,

The profile line was usually selected to be a radisl line out
from the sheker, in a direction chosen at will., To test for
azimuthal effect, several profiles in vsrious directions had to be
run.

At a given position of the field seismometer on the profile line,
the following procedure was employed: the output of the seismometer was
observed on the oscilloscope in the same manner as for the shaker
seiemometer. However, at first, the motor was run with the belt
connectbing to the pendulum shaft (¢ removed, The observed pattern
vas then = result of extraneous forces produced in the apparatus
(inherent noise) plus the actual beckground disturbance existing in the
field (field noise). In order to get the response to more or less
purely vertical motion, the auplitude of the observed noise was first
dininished until the cseilloscope exhibited only the horigomtal line,
Thig could be done either by means of the amplifier control or by the
oseilloscope control. In general the amplifier control was kept suf-
ficiently low in setting to avoid over~driving.

Next the bellt wes replaced, and Uhe oscillogram was again
cbserved, Generally seversl osciilations were visible on the screen,
and by means of the varicus frequency controls of the oscillograph, the
number of ogcillabions was reduced to two or three., The amplitude was

alsc adjusted until a conveniently sized oseillogram was obtsined.



The timing mechanism produced ¢ small vertical line which was

superimposed on the oscillogrsm. By meang of the verisble resistence

2

the size of the line was adjusted so as to give the cleasrest time

-

mark with the least distortion of the oscilloscope wave form. When
this was accomplished, the entire oscillogream was traced onto onion

skin paper., A sauple tracing is shown in Fig. 24+ The vertical line

OF—""2o0

-

Sagple Uscillograuw Tracing

abt b is the marker which appears simultanecusly with applicaticn of
meximun force downward by the shaker. The phase difference betwee
the arrival time i, of the wave crest a, and the instant tb of

application of maximum force downward by the shaker is given by
(32) @ = arf (4, -t)

where £ = frequency. Hence by plotting Q?QTT% as s funcbion of the

seismometor distoance D, o trovel tinme curve is obtained. Actually, it
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was more convenient to plot /ééTr instead of }éénﬁ + For
since @/ = AB/AC, it was only necessary to place transparent
coordinate paper over the oscillogram and measure AB and AC in
arbitrary units. As far as the travel time curve is concerned, it is
immaterial what portion of the sinuscid ac 1is used as a phase
reference point, since it is found that the travel time curve is a
straight line, and only the slope of this straight line is needed to
obtain the velocity. However, it is obviously necessary to consistently
choose the same reference point at each distance. Likewise care must
be exercised in the measurements of ab es it increases through the
velue ac., For when sb has incressed to the value ac, gAw is
equal to unity, but its value might erronecusly be teken as zero. For
example, 1f ab had already increased to a value greater than ac and
Fig. 24 was obtained, unity would have to be added to the value of AB/AC.
In general each time the distance D is increased by a wave length, the
integer to be added to AB/AC must be increased by unity.

From the glope of the straight line obtained, the velocity of the

wave may be computed according to the formala v « Then if

=D . &
Har

velocity is plotted as a function of frequencgy, the digpersion curve

is obtained.

The type of tracings obtained in rumning a typical profile are
ghown in Fig, 25, The time-break is represented by the vertical line
LAY, and in order to show the change of relative position of time-break
and crest, the crests are successively numbered. TFor convenlence all

traces have been reduced to a common scale. The progression of the

waves 1s clearly indicated,
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In Table VIII are given data taken from such tracings,

The

distance of the seismometer from the shaker is given in the first
column. In the three double columns the data are reccrded for the
TABLE WIII
Travel Tiue Curve Daba
: -
D(£t.) || (u+ 4B/40) = ¢/ ||+ AB/AC): = g/a||(0 + AB/AG) : = §/ou
f;;éuenqy
60 CupeS, 80 Cup.S, 109 c.p.s.

2.3 || -0.7/19  |-0,0368 || &/18 Ou4dd, || O 0

4e5 || 0.5/18.5 | 0,0270 || 11/18 0.612 " 5.5/21.5 | 0,256

6.6 || 8/20,5 0.371 1+1/19.5 |1.051 16/17.5- 0.916

8.7 || 14/25 0.561 1#5/13.5 [L1.371 || 1+6.7/19.5 | 1.343
10.8 || 18.5/20 | 0.929 1+13/20 [ 1.650 || 1+14/18 1.799
12.8 || 1+45/18.5| 1.243 2 2,000 | 2+4/18 2,222
14.8 || 1+8/20 1,400 244.5/18 | 2.250 || 2¢7/18.5 | 2.378
17.2 || 1+12,5/20| 1.625 2410/15 | 2.667 || 3 3,000
20 1+22/25 | 1,880 3#1,5/19 |3.026 || 3+7/22 3.318
24 248/21.5 | 2,371 3+13/18.5 | 3,703 || 3+12.5/18.5 3.676
8 2616.5/21| 2.726 1+8/20 4LeddD || 5+16/21 5,764
32 3+3.5/70 | 3.166 ALT/19 | 44897 || 6¥14.5/22 | 6,660
36 314/20 | 3.666 5413/20 | 5.650 || i/ 7,048
40 AL.5/20 | 4,072 || 6+2.5/19.5 6,128 || T19/21 | 7.906




frequencies 60, 80, 109 c.p.s. respectively. The first part of each
double column indicates the value of the phase difference as obtained
from superposition of the oscillograph tracing on coordinate paper.
The fractions which give the ratio AB/AC are preceded by the proper
additive integer n. In the second part of the double column, the
phase difference is expressed in decimals.

The travel time curves for these data are given in Fig., 26. The
decrease of velocity with frequency is to be noted. At such high
frequencies, however, this decresse of velocity is not very large.

At low frequencies the oscilloscope was unsatisfactory, since
it would not give a sufficiently low sweep frequency. For this reason,
it was necessary to use a somewhat different method of measurement of
phase at low frequencies.

One procedure employed was to feed the seismometer output of the
field seismometer into the vertical plates of the oscilloscope in the
same manner as before, but instead of employing the sweep circuit, a
reference seismometer was used and its output fed into the horizontal
plates of the oseilloscope., From measurements made on the ellipse which
generally resulted, it was possible to computezA the phase difference
between the two seismometbers. However, because of the difficulties
encountered on securing an undistorted wave form at the lower frequencies,
it was almost impossible to obtain an ellipse regulér enough in shape to
 permit phase measurements. Accordingly, it was decided to take records
of the vibrations in the ususl seismic manner, i.e. as described previously

in comnection with ground roll observations.
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There are several advantages to teking seismic recerdings
instead of traeing cscillogrems, In the first place, greater accuracy
ie possible, since the personal error involved in tracing the oseil-
logram is removed, ESecondly; the wave form may be carefully analyzed,
and the cszuse of various undesirsble small vibratione can be found
more expediently, Thirdly, the timing lines provide a means of
accurabely knowing the frequency of the vibration ag well as enabling
the direct measurement of travel time instead of phase,

It was not found possible to secure amplitudes sufficiently
large compared with the background noise to satisfactorily record
the 10 cep.8. vibration, The lower frequencies employed were,
therefore, resiricted to 20 and 40 cup.s.

The procedure employed in running the profile with the
Satisfadtory low frequencies possible with Sheker B, was exactly the
same as that emplcyed with Sheker A at higher frequencies, with the
exception that oseillograph recording was employed in the former,

It was possible to obtain a rough synchroniz&tion of the 20 c.p.S.

wave on the oscilloséOpe, and the placement of the selsnmometer on the
ground was altered to give whalt appeared to be the best wave shape,
before the seismometer output was switched over to the camera recording
system, A typical seismogram is ghown in Fig. 27. The time marker is
on the first trace and the seismometer outpub is on the second trace.

Velocities of 1000 and 700 ft./sec. were obteined for frequencies

of 20 and 40 c.p.S., respectively.



Seismogram of Surface Waves (20 c.p.s.)

Plotting veloc:i.ty_ 28 & function of the frequency, the dispersion

curve shown in Fig, 28 was obtained. In Fig, 29 the same curve has
been plotted with the velocity z& a function of L/H, and the previous
ground voll_data obtained from the explosion experiments has beoen
"added. As was mentioned in the discussion of the ground roll racord,
the value of V which 1s obtained from extrepclsiion of the strsight
line tc I/H = 0 results in = value of the grovp velocity C vhich is
too low by 2 factor of szlmost 3, 1% :75.11 be seen prosently that the

ground shaker results offer a possible explanabion of this

o}

dicerenancy.
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It is observed that values of L/E obtained with the ground shaker
are generally less than sbout 8. Simnariy, the values of L/H obtained
£from the explosion experiments are generally greater than 8. But
at the value of L/H equal to 7.2 the two diepersion curves seem to
come together. This would mean that the ground roll and the waves
from the ground shaker would have a velecity of 1100 ft./sec. To be
able to know definitely how the two curves come together would reguire
points for L/H larger thsn 7.2 in the ground shaker dispersion curve.
The junction point of the two curves corresponds to a frequency of
about 20 C.P.S. of the shaker. Corresponding values of L/H would
require even lower freguencies in the ground shaker. Unfortunately
the force at these low fregquencies was insufficient to enable satisfactory
profiles to be run.

It is to be observed that regardless of whether the ground shaker
points are interpreted in the way suggested in Fig.29, or whether
they are interpreted as a straight line, or a smooth curve tangent to
the ground roll curve, an important fact is that the value of the
velocity will be about 400 ft./sec. at 'L/d= 0. In other words the
interpret-tion of the ground shaker data as being continuous with the
explogion data enables one to remove the previously found discrepancy
in the wvalue of the group velocity.

The fact that the ground roll data are made consistent by the
assumption that the surface waves from the ground roll are of the same
type with different L/H , and the fact that the curves seem to join

together to form a single curve at 2 certain L/H is indicative of the

cloge relation between the two phenomenas
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Summary

1. Neither the ground roll dats nor the ground shaker data shows
indication of obeying Sezawa's theoretical dispersion curve on the
above gssumptions, and using the data obtained from sz refraction

pI‘Of ile.

2 The general group velocity relution has been found to connect

the two different types of observations,

3 The renge of L/H obtained with the shaker was small compared
with that obtained by explosion; the nature of the curves shows that
the same velocity would be obtained for each method if the value of

L/H were the same.

Lo For the large values of L/H obtained with explosion, it is

found that a linear relation between velocity and IL/H obtains.

54 Only by sssuming that the dispersion curve for small L/H obtained
with the shsker is part of the same curve obtained with explosion,

can the observed group velocity of the ground roll be explained.
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