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ABSTRACT

The seismic measurement device was the following :
- a movable apparatus in the shot area,
- at larger distances, two stations at permanent places.

The radial compression wave is examined from the beginning of the
pseudo-elastical behaviour of the medium to a distance of fifty
kilometers.

The amplitude laws evolution is conformed to the theory predictions.

The shots energy and the observation distance influence on the
amplitude spectra of the compression waves,is studied.

INTRODUCTION

The seismic effects of the contained nuclear explosions in HOGGAR
(Sahara) have been measured at various distances from the shot
points and each type of wave has been separately studied.

The purpose of this paper is to present the results relative to the
radial compressional waves, which were examined in a more careful
manner. As a matter of fact, they are the most easily connected to
the original phenomenon, since their existence does not need medium
heterogeneity.

The measure devices have allowed us to follow the evolution of
these waves, from the beginning of the pseudo-elastical behaviour
of the rock,up to about 50 kilometers.
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The study essentially concerns measurements carried out at distances
larger than 10 kilometers, with classical devices of seismic measu-
rements ; these results are compared with those obtained in the
close-in zone, to examine if the evolution of the seismic signal, when
the distance increases, could be predicted. We shall not insist on
the results of the close-in zone, which have been published
elsewhere (l) (2).

1. DEVICES OF MEASUREMENTS
1.1. Close-in device (l)

Strong motions measurements were carried out in the moun-
tain, in a zone extending from the end of the fractured zone
up to a few thousands meters.

The following parameters were recorded :
- absolute displacement
- acceleration
- relative displacement
- displacement velocity of the "normal point" (point of the

surface of the mountain which is the nearest to the shot-
room). From the absolute displacement, the particle
velocity was obtained by derivation.

Instruments were radially disposed with regard to the shot
points at scaled distances :

1 /3
0.O6 < d/W ' < 1 (d : km, W : kt)

At the same distances, seismographs -were disposed to listen
the micronoises of the mountain mass, after the nuclear
explosions (3). Spectral studies of the direct seismic effect
of the explosions have been made, by using the records of
these seismographs.

1. 2. Remote device
Two permanent stations, at mean distances respectively 15
kilometers (station 1) and 50 kilometers (station 2), far from
the shot points, were used. Each of them has six locations
aligned with the shot points in a N-S direction, the length of
the device was a few kilometers,

All six locations of the station were equipped with vertical,
longitudinal and transversal seismographs, with different
resonance frequencies : 2 Hz, 4, 5 Hz and 7, 5 Hz.

Position and orientation of both stations were chosen after a
geological and seismical study of the site.

Nuclear explosions were fired in a granite mountain relatively
young (intrusive granite). This mountain is located in the
midst of highly metamorphised rocks which have a general
structural North-South orientation (fig. 1).
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The metamorphism is very intense and it is possible to
consider that the physical characteristics of this metamor-
phised rocks really differ from those of the granite only by
the anisotropy with a preferential direction.

Measures of the seismic waves propagation velocity were
made. Inside the mountain, the P waves have a very constant
velocity (about 5 850 m/s). This confirms the petrographical
homogeneity of the test site. Outside, the velocities of the P
•waves are lower in the E-W direction (5 700 m/s) and greater
in the N-S direction (5 900 to 6 000 m/s). An estimate of the
energy transmitted by the seismic waves has been made from
the measured amplitudes. The "isoenergy" map shows a min
imum of attenuation in the N-S direction. It is the direction
of the geological structures.

The stations are set up in permanent locations in the compact
outcroping rock. The coupling between the apparatus and the
seismic body waves do not change very much from one ex-
plosion to another. In these conditions, the effect of some
source parameters (particularly : energy of the explosion)
upon the amplitudes, could be studied.

2. RESULTS
In the remote zone, seismic records have been calibrated (in velo-
city impulsion) and deconvolved.

The first half-cycle of the P waves was particularly studied,
because it was, in the site conditions, free from all interferences
coming from multiple reflections or from resonances in the ground
layers of each station. This first half cycle, directly results from
the transformation of the close-in zone signal.

2.1. Results in the close-in zone
More than 100 measurements of displacement, acceleration
and particle velocity were made. Similitude relations for each
of these parameters could be verified.

With regard to the radial particle velocities, the following
relation is obtained :

(1) V(cm/s) = 10W(kt)°°58 d(km) ' 1 ' 7 3

or V(cm/e) = ^ 1 7 3

l/3
0. 06 < d/W ' < 1

The error corresponding to the standard deviation is from
+ 50 % to - 30%.
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2.2. Results in the remote zone
We see, for each shot, differences of amplitudes which can
reach 50% between two seismographs recording the same
component, in the same station. This variation remains
constant for the different shots : therefore, the coupling bet-
ween ground and gauges does not vary. An average of the am-
plitudes, always established with the same gauges, tends to
eliminate the effects of a local resonance, and is representa-
tive of a shot.

The mean law of the radial velocities for the first half-cycle
is :

(2) V(cm/s) = (4.26 +- 1. 06)W + ° ' 8 5 d(km) ' 1 ' 3 " °,1

(ktj

for the contained explosions in HOGGAR, with an energy in-
ferior to a few tens of kilotons.

It is valid for distances between 15 and 50 kilometers (and for
the passing-band of the apparatus 2 to 64 Hz).

For the superior energies, the relation becomes :

(3) V(cm/s)=11.8 W(kt)0*51 d(km)"1 '3

15 < d < 52 km

Figure (2) represents these relations, at station 2.

2.3. Remark about the dispersion of the law of the particle
velocities in the remote zone
This dispersion is not a random one. We have determined in
the shot mountain, three zones at which correspond different
seismic efficiencies. According to whether the explosion takes
place in one of these three zones, the representative point
which corresponds to it is located on figure (2) on the left,
on the right or near the middle straight line given by the above
equations (2) and (3). A careful study of the possible causes of
this dispersion, connected to the geographical situation in the
mountain, has been carried out.

Two types of causes can be supposed :

- the medium conditions near the shot points can be dif-
ferent from onezone to the other (medium nature, state
of stresses).

The study of the lithostatic pressure near the shot points,
taking into account the form of the mountain (dihedron effect),
shows that this lithosteitic pressure allows us to define scaled
overburden thickness, varying from zone to zone.
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For great scaled overburden thickness, the seismic ampli-
tudes measured at the remote zone, are relatively small and
conversely, this is conformed to the theory and to the expe-
rience.

The differences between the scaled lithostatic pressures are
small. Other hypothesis have been foreseen, which gives an

account of source anomalies (4), and which could be applied
to the measures in the remote zone.

Nevertheless, the close-in measures do not show this geogra-
phical dispersion.

We can think that these characteristics come from the wave
propagation and more particularly from the energy dispersion,
different according to the shot zone, * owing to the mountain
geology. Large faults cut up the mountain and their orienta-
tion -with regard to the seismic rays, allows us to explain the
stated phenomenon.

2.4 . Comparison bet-ween the laws of the close-in zone and the
remote zone
We have represented on figure (3) the laws corresponding to
the equations (l) (2) (3), for three explosions, the yields of
which are respectively : 1,10 and 100 kt. It can be observed
that if -we extrapolate the close-in zone laws to distances of
a few tens of kilometers, the amplitude of the first half-cycle,
and all the more the -waves which follow it, should be underes-
timated. This fact shows the importance of the propagation
about the characterist ics of the seismic waves.

Attenuation
It is much -weaker in the remote zone

(d~ 1 , 7 3 and d" 1* 3)
close-in remote

zone zone

The expression d represents the product of the geometrical
attenuation of the amplitudes d~ , and of the unelastical
absorption e " aC*

-n - ad -1
d — e d

The absorption coefficient a i s consequently greater in the
close-in zone.

The end of the unreversible zone>for radial s t resses of about
500 bars,begins at a distance of about 0.15 W(kt) km.

The close-in measurements are thus executed in a zone where
the rock behaviour is still quite unelastic -which produces the
stated strong absorption.
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In the remote zone, the rock behaviour, even imperfectly elas-
tic, corresponds to an absorption coefficient much weaker. We
are in the so called "acoustic zone", where the deformations
are infinitesimal.

Addendum
The close-in zone and the remote zone laws, relative to the
radial compression wave, are given in the following table.

The results about the vertical components (undeconvolved
traces) (8), are also reported in this table.

We notice that the absorption is more important than for the
radial motion (convolved traces) for the following reasons :

1. the radial wave has a vertical component relatively
weaker at the farthest station.

2. the deconvolution restitutes the low frequencies which
are less absorbed by the ground.

The similitude relationships application on these laws, shows
a great dispersion of the results, that is to say that the si-
militude relationships are note verified (it is the same for
the radial motion).

Yield influence of the explosions
,—,—, 1 -. r o

It can be stated that the relation with W • for the close-in
region, which is valid for the whole yield range, is not far
from that of the remote zone, which is valid for high yield.
This fact was theoretically forecast if the ground has essen-
tially a low-pass filter action.

As a matter of fact, the amplitude spectrum of a large yield
explosion, is essentially a low frequence one and is conse-
quently little deformed during the propagation.

For the explosion of smaller yields, the action of the ground
low-pass filter was theoretically studied (5) (6).

It can be shown that the exponent n of W is higher in the case
of a shot of small yield. Indeed we stated this fact experi-
mentally.

2.5. Study of the amplitude peaks of the body waves
The systematic analysis of the maximal amplitudes Aĵ r of the
bodywaves has been carried out for many records of the far
stations.

The ratio -* of these values with the amplitudes of the

first half-cycles, has been calculated for each trace. This
ratio does not apparently depend on the explosion yield.
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Radial particle velocity

(V:cm/s ,d.km ;W:kt)

Close-in zone

<0.06<d/W*<0

V= 1O W ° 5 8 d"173

Standard deviation

+ oO°/o -3O°/O

For any yield

Remote zone
(15 <d <50)

1) Undecon vol ved P wave
(vertical component)

V= (9,0 ± io)WO78tO1od'175 l°'15

V = (9±4)(RW-*)~2P6

For any yield

2)Deconvolved radial Pwave

V = (4,26± 1,06)W085 d-1 3 i 0 1

(W< 20kt)

V =11,8W051d-1'3

(W> 2Okl)
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For station 1 l< A M < 4

For station 2 l< < 5 (a single value reaches 7)
Al

These numbers are to be compared to the numerous results
relative to the contained explosions of any nature, with diffe-
rent conditions and media.

With some chemical explosions in France, in a sedimentary
layered region, the ratio V" reached the value of 30.

This ratio essentially characterizes the nature of the under-
ground in the vicinity of the station. The relative weakness of
the numbers for the HOGGAR nuclear test site, shows a good
enough homogeneity of the underground.

2.6. Spectral studies in the remote zone (7)
The Fourier analysis of the deconvolved seismic signals, has
been made for the P waves. The apparatus has been calibrated
in velocity impulsion.

The length of the analysed trace was chosen so that the signal
is representative of the source phenomenon, and that the para-
site effects corresponding to the various resonances or re-
flections, do not take too much importance.

The analysis was made with a spacing of 2 Hz ; we got mate-
rial velocity spectra from 1 to 60 Hz (in the best cases).

In the test mountain : 18 spectral studies
In the remote zone : 108 spectral studies.

Methods of study
To compare two spectra, one can divide frequency by fre-
quency the amplitudes of a spectrum with those of another.

This method gives bad results in the parts of the spectra
poor in energy.

The spectra have been smoothed by a "summation method",
taking into account the spectral area variation.

The ordina£e of the "summation" for the frequency fn, is the
sum Cn = / y1 Ai (£j_) of all the spectral amplitudes between

fo and fn (fig. 4).

This curve has the following characteristics :
- it is constantly increasing
- it is concave upwards, when the spectrum increases

and convex in the opposite case
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- it is a straight line when the spectral amplitude is
constant.

Therefore, the slope of this curve characterizes the evolution
of the spectrum.

If this curve is smoothed, only the essential variations are
kept, eliminating local variations.

By fixing for Cn the maximal value 100 (corresponding to the
greatest frequency studied), we shall have the evolution of the
spectrum area, in percentage of its total area.

Influence of the explosion yield over the spectra
Figure 4 shows the "summation" curves for three explosions
of decreasing yield ; 1, Z, 3 recorded at 15 km.

One can state the stronger the explosion, the richer the spec-
trum in low frequencies.

The spectra extend from 2 to 60 Hz ; for this example, the
inferior limit of 2 Hz corresponds :

_ to the increasing part of the spectrum in the case of
the weak explosion (summation concave upwards).

- to the constant part of the spectrum (maximum) in the
cas of the intermediate explosion (summation curve
rectilinear).

- to the decreasing part of the spectrum for the strong
explosion.

The stronger the explosion yield, the lower the characteristic
frequency of the spectral maximum.

Influence of the observation distance
In the test site mountain, the pass-band of the apparatus ex-
tended from 6 to 100 Hz.

For these frequencies, at short distance from the zero point,
the "summation" curve is almost linear (white spectrum). It
appears that, in this frequency band, near the zone where the
rock behaviour begins, the motion is nearly a velocity impul-
sion.

For each shot, with the help of the records at different dis-
tances, we could determine a ground-filter. Its aspect is
constant enough (fig. 5). It cuts outright the high frequencies
(25 dB/octave). It cuts moderately the low frequencies (5 dB/
octave) below 10 Hz. Unfortunately the limit of 2 Hz does not
allow us to see whether the very low frequencies are filte-
red.

Therefore, the ground-filter is apparently a pass-band (low
frequencies) between 2 Hz and 60 Hz.
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In the conditions of the experiments, that low-frequencies
cutting action does not modify the previous conclusions which
were supposing a purely low-pass filter.

Figure (5) only represents the selective effect of the ground
for different frequencies expressed in percentage. It does not
take into account geometrical attenuation, identical for all
frequencies.

2.7. Calibration of the ground with chemical explosions
Contained nuclear explosions of the HOGGAR test site,were
preceded by a series of three high-explosive shots of 50,
200 and 2000 kg of TNT.

The seismic effects of these shots were recorded with seis-
mographs of 2 Hz, at distances from 3.4 to 9.4 km.

The studies of the first half-cycle amplitudes versus the
yield W of the explosions, and versus the observation dis-
tance d, lead to the relationship

A = A . W 0 - 9 d " 1 - 3

This relation is almost the same as for the nuclear explosion
(W < 20 kilotons) apart the coefficient

Ao = 1. 7 A-j (A-, : coefficient of the nuclear explosion
relation).

This confirms the following known fact : the seismic efficiency
of a chemical shot, is superior to that of a nuclear shot. It is
therefore possible, save for a little factor, to calibrate a
ground, for seismic measurements of later nuclear shots, with
the help of a small number of chemical shots, of different
yields.

CONCLUSION
The results show that a good choice of the seismical devices, based
on geological and geotechnical studies, has given homogeneous results
and precise quantitative laws. One can follow the evolution of the ra-
dial compressional wave (in particle velocity) versus the explosion
yield and the observation distance. The spectral study has shown
that, in the band-pass of the apparatus, the signal is near an impul-
sion, close by the shot point. With these methods, it is possible to
obtain the signal at the origin, and to compare it with the results of
the calculations starting from the shot point.
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