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Relationship between the Velocity Parameters
and Dominating Periods for the Stiffly
Frozen Coarse Ground Layer

A. F. DRENNOV, V., I. DZHURIK
(Institute o f the Earth’s Crust SB RAS, Irkutsk 664033, Russia)

Abstract; Consideration is being given to the correlation between theoretical concepts of the proba-
bility of occurrence of resonance phenomena and experimental data by the example of stiffly frozen
coarse ground layer lying on the half-space that is also composed of frozen rocky grounds. An as-
sessment of resonance frequencies is made in reference to relative frequency characteristics of the
layer obtained for longitudinal and transverse waves from 14 earthquakes recorded in three sites,
The velocities of the longitudinal and transverse waves vary in the frozen coarse grounds of
Pribaikalye and Trans-Baikal area with regard to humidity and temperature. The generalized val-
ues of these velocities in combination with an equality of relationships between the resonance fre-
quencies and velocities of longitudinal and transverse waves are used in the assessment of the
probability values of velocities of lingitudinal and transverse waves alone in the investigated layer.
It shows a possibility to determine the probability values of velocities of the wave propagation in a
loose ground layer from the earthquake records with the availability of generalized data on the val-
ues of velocities alone obtained on the laboratory scale and through full-scale measurements.
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0 Introduction nance in the layer during earthquakest!? is invoked

The phenomenon of wave or constructive reso- almost without exception to interpret the fact that
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the oscillation amplitudes recorded in the loose
ground layer are more than twice as large as those
recoreded in rocky ground. For example, seismic
microzoning of the areas in the acoustic stiffness
method involves the correction 2. 5 units as a maxi-
mum for resonance phenomena in the layer to the
value of seismic intensity increment Al determined
directly from acoustic stiffness. Al tales the val-
ues from 0. 1 to 1. 3 units for rather moderate rela-
tionships between acoustic stiffness of the investi-
gated layer and half-space Vi « p/Vs + ps=0. 3~
Taken

alone, the error is calculated assuming a plane-par-

0. 6 depending on the dominating period'?.

allel bedding of the loose ground layer on the half-
space. Introducing the correction, as well as the
correction alone, needs thorough experimental
substantiation when it is considered that the plane-
parallelism condition is not usually met by the n-
ative layer-half-space interface.

Since the theoretical concepts of wave reso-
nance in the layer meet the requirements of the lin-
ear theory of elasticity, small earthquakes may
well result in elastic ground motions. A short-lived
seismic process and an ice that exerts a cementing
effect on both loose ground layer and underlying
half-space allow, as a first approximation, consid-
ering the latter as elastic bodies. So,the conditions
of experiment may be thought of as being in com-
plete agreement with theoretical concepts.

The earthquakes have been recorded in three
sites in the layer of frozen coarse deposits. The
layer of coarse deposits lying on granite basements
is no more than 150 m in thickness. The tempera-
ture of ground(T) was T= —3. 1C in the first
site, T=—2.0°C in the second site,and T= —1.
8°C in the third site. The largest distance between
the sites is 1 200 m. The standard grounds are
granites with T=—3.5°C. The velocities of longi-
tudinal waves (V) are not lower than 2. 0 km/s in
the coarse grounds and 4. 0 km/s in the granites.
The variation of velocities of wave propagation in
granites with depth did not exceed 0. 5 km/s within
the upper 150 meters. Each of the sites has been
represented by three components: NS,Z,and EW.

The seismometric channels had the magnification V
=10 000 within the table-shaped part of amplitude-
frequency characteristic on frequencies f=1~ 20
HZM,

1 Determination of resonance fre-

quencies

It is known' that the ground motions pro-
duced on the surface by seismic signal from an
earthquake in a site can be derived in the form of a
flowchart:

SL(f) = Hinsl(f) . ng(f) . H:ned(f) . SL(f)
)
where index i determines a genetic type of the wave
(P,S), S,(f) is a spectral presentation of seismic
signal recorded on the surface, Hi, (f) is a fre-
quency characteristic of the instrumentation, H,
(f) is a frequency characteristic of local ground
conditions in a site, Hi,(f) is a frequency charac-
teristic of the medium describing the interaction
between seismic waves and the medium with the
wave propagation from the radiator to the layer-
half-space interface when the medium is described
by frequency characteristic Hi, ( f),and Si (f) is
oscillation spectrum on the radiator boundary.

We write Equation(1) for one earthquake that
is recorded in two sites spaced inconsiderably as
compared to hypocentral distance. One site is
therewith located on the frozen loose ground layer,
and another one-on the rocky ground layer presen-
ted by the standard site:

She () = HEu(f) « HL(f) « Hia () + SE(H
(2a)

SP () = H (f) « "Heu(f) « SE(f) (2b)
Having divided Equation(2a) into Equation(2b),
we obtain:

She (f)/SEea () = HL (I HRa (/" HRea ()
3

The stroke at H%,(f) in the denominator is
indicative of dissimilarity of the mediums described
by values H% (f) and "H?%4(f). It is due to an
additional effect that the rocky grounds of the up-
per section, equal in thickness to the investigated

loose deposits, exert on dynamic characteristics of
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seismic signal. Because of this, S}, (f) is not a
spectrum of incident signal in relation to S% . (f) as
is required by physical definition of frequency char-
acteristic of the system (in this case, the layer of
frozen coarse deposits). By virtue of H%, (f) is
not equal to * H%4 (f), the ratio of Hby (f) to”
H%u (f) will not be equal to 1 and, consequently,
the ratio of spectra of motions recorded on the
rocky and loose ground surface will not determine
well the frequency characteristic of the layer. S,
(f) characterizing the radiator according to the
type of wave-S or P- is taken as the same for both
of the sites. Setting HS, ( f) = "HE (f) for the
earthquake recorded at both sites, Equation(3) re-
arranges to the equation determining a relative fre-
quency characteristic of the loose ground layer:

H (f) = S ()/Shioa () (€Y

Similar to Equations (2a, b) derived for P-
wave,one can derive an equation for S-wave for the
same sites. In the course of analogous operations
we obtain:

S (/S () = Hy () « Hya(f)/Hoea ()
(5)
where the indexing of Expression(3) is hold. Ob-
viously all limits set on P-wave are also true for S-
wave, and on assumption of the equality H3. ()
= H:.,(f) we obtain:
H; (f) = S (f)/Shoa( ). (6)

The effect of the uppermost section of rocky
grounds on dynamic characteristics of seismic sig-
nal is not considered in solving practical problems
rather often. For example, it is precisely this ap-
proach that the direct method of seismic zoning
principally implies. That is why a frequency char-
acteristic of a loose sedimentary layer is of a rela-
tive character.

The multiple reflection of waves will affect the
gradient mediums, among which is the upper sec-
tion of rocky grounds, to only a small extent as
they do not have pronounced reflecting interface.
Therefore, the components determined by reso-
nance phenomena are essentially not expected in
the spectrum of seismic signal recorded on rocky

ground surface. For an extended discussion of in-

fluence of the deep-seated stratigraphic and irregu-
lar inhomogeneities on dynamic characteristics of
seismic signal see[3,5,6].

The factor that motivates inequality of fre-
quency characteristics in different sites is the scat-
tering of seismic signal by inhomogeneities!’**! for
the scattered wave field imposed on the recorded
seismic signal.

On small radiuses of correlation of the scat-
tered wave field comparable with the distance be-
tween the sites the fluctuating wave field may
reach 40% in the S-waves with regard to a wave-
length. In such a situation, the frequency charac-
teristic of loose ground can be essentially deter-
mined with 100% uncertainty and will not contain
any useful information. Assuming a " resonant”
scattering of the field on the marked inhomogenei-
tyt®, the recorded seismic signal can be partially
modulated even within the rocky ground. Then
frequency characteristic of the loose ground layer
as such may not reflect resonance phenomena in
the latter. Finally,the form and level of frequency
characteristic of a loose ground layer may depend
on the character and "force" of the interaction be-
tween waves of different types(P and S) and regu-
lar and irregular inhomogeneities of the medium in
which they propagate.

Elementary resonance condition in a loose
ground layer with normal wave incidence on the
layer-half-space interface is determined by relation-
ship between wave length A and layer thickness h

h=(Cn—DA;/4, n=1,2,3,+ P
with regard to the multiples; indexes 7 and j deter-
mine P- or S- waves. On incidence of the P- and S~
waves at an angle to the bottom this relationship is
somewhat complicated, but the physical essence
would remain as before, like that of normal wave
incidence on the layer-half-space interface.

The wavelength can be expressed as corre-
sponding velocities of P and S seismic wave propa-
gation V; and frequency f;;. Substituting this ex-
pression in Eq. (7) shows that

fP/fszvp/Vs )

Thus, the ratio of velocities of longitudinal and
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transverse wave propagation can be determined in a
loose ground layer on condition that the ratio of
frequencies corresponding to resonance for P- and
S-waves is known., Clearly f,/fs can be deter-
mined in the simplest way from the ratio of relative
frequency characteristics of the investigated layer

obtained from earthquake records.
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Fig.1 A ratio of frequency characteristics H,(f)/H,(f)
for the frozen coarse debris in different sites( T — [ )
from P- and S-waves of simultancously recorded
earthquakes of different energy lasses 7<CK<{10
and epicentral distances 7<CA<C480 km(a—k);
1— from S-wave records(NS-component) to P-

waves(recorded by Z-component) ;2—same as 1,

from S-waves recorded by EW-component.

In practice, it is a curve with the average level
close to 1 on alternating the maximums and mini-
mums,as Vp is always more than V5 and hence fp
will be always more than f;. Consequently, the
ratio of the maximum frequency of this curve loca-
ted at high frequencies to frequency of the mini-
mum located at low frequencies will determine the
Ve/Vs ratio. The V;/V5s ratio has been determined
from seismic signals ranging from 1. 0 to 9.0 Hz in
a broad frequency band, in which the amplitude
spectrum is significant,i. e. when the signal/noise

ratio is more than 2. The resolving power of the

spectra on frequency is for the most part no less
than 0. 75 Hz. The resolving power of the curve of
the ratio of frequency characteristics reached re-
spectively 3. 0 Hz, which results clearly in smoot-
hing of the curve obtained from a single earth-
quake., The averaging of these curves from many
earthquakes will yield curves all the more
smoothed. Therefore the analysis is . made of the
ensemble of ratios of frequency characteristics ob-
tained from each of the earthquake with different K
and A. The basic criterion was the stability of re-
currence of the first minimums and maximumst!®-*1
at certain frequencies. Fig. 1 shows that the most
stable recurrence is typical of the first mimimums
and maximums on the curves of ratios of frequency
characteristics obtained from different earth-
quakes, Their values for each of the sites are accu-
mulated in Table 1.

Table 1 Frequencies of the mimimums and maximums and

their ratio

2
Q

Site 1 Site 2 Site 3

Srin froax Sroax/ frin froin  fmax froax/ frmin frin  froax Fmax/ frain

1 4.2 6.1 1.45 4.3 58 1.35 43 7.7 1.79
2 4.3 6.3 147 4.2 6.4 152 4.0 8.0 2.00
3 4.3 80 1.8 4.8 7.8 162 - - -

4 4.8 82 171 45 7.4 1.65 - - -

5 - - - - - - 3.2 6.4 2.00
6 - - 5.8 89 1.53 2.0 5.3 2.66
7 6.3 9.1 172 53 9.4 178 2.4 3.9 1.63
8 6.4 9.2 1l.44 - - - 2.2 4.0 182
9 3.1 52 168 3.5 52 149 2.8 53 1.89
10 2.7 4.3 1.59 4.2 6.0 1.43 2.8 4.8 1.72
11 3.2 5.3 1.66 3.9 57 146 19 3.6 1.9
12 - - - 4.2 6.1 145 2.1 3.7 1,76
13 3.6 5.5 153 3.7 6.0 1.62 - - -

4 - - - 3.0 5.3 177 - - -

From the figure and table it appears that first
minimums are characteristic of frequencies 2. 7~5.
3 Hz and the maximums-of frequencies 4. 3~9, 1
Hz for the first site with regard to resolving power
of the curve of ratio of frequency characteristics.
The ratio of frequencies is 1. 6. The respective val-
ues for the second site correspond to frequencies 3.
0~5.3 Hz;5.2~8.9 Hz; 1. 6,and those for the
third site-to 1, 9~4.0 Hz;3.6~7.7 Hz;1.9. The
ratio of frequencies of the maximums to the mini-

mums averages 1. 70 for the whole layer, The level
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of minimum values of the curve of ratio of frequen-
cy characteristics range from 0. 3 to 1. 1, whereas
its maximum values vary from 4. 0 to 9. 0 for dif-
ferent sites. Fig. 1 shows rather good recurrence of
the form of ratio of frequency characteristics ob-
tained from different components.

The seismic signal was tested for noise compo-
nent through obtaining the curve of ratio of fre-
quency characteristics determined from P- and S-
waves that were recorded in different sties located
on the perennially frozen rocky ground surface
(Fig. 2). In doing so it emerges that the curve ob-
tained in surch a way can be both smooth and sub-
stantially need in the frequency range from 1 to 10
Hz(Fig. 2). As it takes place,the curves of ratio of
frequency characteristics of P- and S-waves do not
coincide in details for the same earthquakes recor-
ded in different sites located on the perennially fro-
zen rocky grounds. Thus, the curve can be rather
smooth for one site and have pronounced maxi-
mums and minimums for another. In the last case
the levels of the first minimums are comparable

with those for the curves obtained for loose

grounds,
10 I 4 I
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Fig.2 A ratio of frequency Zél?n-zacteristics H.(H/H.(fH)
for two sites located on the frozen rocky grounds
distant from the standard {rozen rocky ground for
simultaneously recorded earthquakes(a and b
corresponding to curves ¢ and d in Fig. 1). The

notations correspond to Fig. 1.

Note that the curves obtained from ratio of
frequency characteristics of P- and S-waves for
loose grounds become more smoothed at more than
100 km from the epicenter, especially on frequen-
cies higher than 5, 0 Hz. But similar curves ob-

tained for rocky grounds vary at random both from

one earthquake to another and from one site to an-

other without regard to the epicentral distance.

2 A possibility to determine Vp and

Vs from dynamic characteristics

The velocities Vp/Vs obtained relative to fre-
quency characteristics H, ( f)/H, ( f) are well
within the limits of distributions permissible in
[12] for the investigated grounds. The V/Vy val-
ue equal to 1. 92 for site 3 is assigned to the ex-
treme right values of the generalized distribution.
Representing the grounds with T=—1. 8 C, this
site is in essence within the alluvial plain (stream)
of the Sulban River(r==50 m), flooded by meltwa-
ter almost every summer due to an intensive snow
melting that motivates a high degree of water satu-
ration of its grounds. Numerous frost mounds de-
grading around this site testify to this fact. Conse-
quently, high value Vp/Vs can be assigned to high
water saturation (ice content) of the grounds.

This conclusion is in a rather good agreement
with that made by V. 1. Dzhurik!* in result of nu-
merous investigations of coarse grounds of various
T® and W pursued from the laboratory and full-
scale measurements., These data are presented in
Fig. 3.

A
5 10 30 100
W/%
Fig.3 A generalized curve of the variation of velocities

of longitudinal (Vp) and transverse (Vs) waves
and their ratio with regard to temperature(T C)
and humidity (icy content) (W.%) for the
frozen rudaceous grounds of Pribaikalye and

Trans-Baikal area.

On measurements of velocities of seismic

waves made on the laboratory scale the tempera-
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ture of grounds varied from 0 to —10 C, and hu-
midity-from 0~10 to 100%.

The full-scale measurements of velocities of P-
and S-wave propagation were made with the use of
30- and 48-channel stations by the standard proce-

(4] The texture and condition of grounds

dure
were determined from the data on engineering-geo-
logical examination and borehole surveying.

The curves of the measured relationships Vp=
f(T,W);Vs=f(T,W) and V;;/Vs= f(T,W) can
be arbitrarily divided into three segments (Fig, 3).
Prior to ground cementing (frozen grounds) with
humidity ranging from 0 to 5% ,the first segments
shows that velocities V; and Vs depend almost not
at all on temperature and their ratios equal to 2. 3
~2. 4 are the highest as compared with the other
parts of the curves.

The second segment covers humidity ranging
from the beginning of cementation to full satura-
tion of ground by ice. The velocities of longitudinal
waves increase 7~8 times and those of transverse
waves increase 10 times for this segment. The ve-
locities” change of this type leads to decrease of
their ratio of to consider the extreme values to 1. 6
~1.7/1.9. On decrease of the temperature on this
segment the maximum velocities are noted with full
water and ice saturation of ground and the ratio of
velocities is minimum.

Increase of Vy and Vg values and decrease of
their ratio characterize the third segment of the
curve with humidity increasing to 100%. The ve-
locities of transverse and longitudinal wave propa-
gation do not increase in the same way with the de-
crease of temperature resulting in the decrease of

their ratio with the increase of humidity. As it

takes place, the V;/Vy increases with the decrease
of temperature reaching 2. 1 ~ 2. 3 at humidity
100%.

On the basis of V;/Vj ratios obtained from the
ratios of frequency characteristics it may be in-
ferred that the ground investigated in sites 1 and 2
is entirely or almost entirely saturated with water
and ice. The differepce in Vp/Vs values for these
sites can be assigned to the errors of V;p/Vg deter-
minations (see Table 1). If so,Vp and Vg can also
be determined from Fig. 3. As a result of it we ob-
tain that the velocities of transverse wave propaga-
tion in the grounds presented by sites 1 and 2
should not exceed 2. 5~ 2. 6 km/s, and those of
longitudinal wave propagation are to be no higher
than 4. 1~4. 4 km/s. The respective velocities in
site 3 are to be Vs=1,8~1.9 km/s and V;<3. 5
km/s assuming high humidity of the grounds. Ac-
tual velocities V; and Vs can differ from the above-
determined velocities due to granulomentric com-
position, filling material, saturation with saline so-
lutions of ice etc.

From the foregoing it is seen that the ratio of
relative frequency characteristics of grounds ob-
tained from seismic signals of earthquakes allows
determining not only resonance (leading) frequen-
cies of the (frozen) loose ground layer but also the
ratio of velocities of P- and S-wave propagation. In
combination with the data of direct measurements
of velocities Vp and Vg, the velocities alone can be
determined around this ratio and known humidity
(ice content) for this ground over a temperature
range stretching from 0 to -10 C. In this article it

is done by the example of frozen coarse grounds.
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