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Abstract

Site investigations for civil engineering and other purposes in Japan
often include measurement of P and S wave velocities taken in a single bore-
hole. This type of measurement 1is called PS logging in Japan.

In this paper, we describe two methods of PS logging that have been in
general use, and one new method recently developed. 1In the traditional
methods, the receiver is fixed within the boehole or set on the surface of the
ground. In the new method, the receiver is not fixed, but is freely suspended
in the borehole mud. From this characteristic, the new method is called
"Suspension PS logging".

Next, we present some typical examples of messurement results obtained by
three methods in soil, soft rock and hard rock formations. The records are
good examples of elastic waveforms to depths of hundreds of meters.

Examples of applications of elastic wave velocity, with special reference
to S wave velocity for engineering purposes are given. The first application
of S wave velocity is calculation of ground motion that would result from an
earthquake, information that is required in aseismic design. In recent years,
we have been engaged in calculation of probable ground motion during
earthquakes throughout certain prefectufes for use by prefectural governments
in planning disaster prevention programs. Surveys of this type are known as
"microzonation surveys'.

. Another application of elastic wave velocity is to evaluate the dynamic

properties of formatioms.



We have also been investigating the relationship between elastic wave
velocity and other elastic coefficients obtained from other in situ or labora-
tory tests. We have found that elastic wave velocity, especially S wave
velocity, has good correlations with these coefficients. From these correla-
tions, certain key values of formations can be postulated.

By using waveform records obtained with PS logging, we are also trying to
calculate Q-value (quality factor), which shows attenuation of elastic waves
propagated through a formation. This value is very important for calculating
ground motion. An example of calculation of Q values is presented along with

a comparison of Q values obtained by PS logging and by other methods.



Preface

There are three methods for the investigation of the elastic wave velo-
city structure of formationms. These are: (1) the refraction, (2) reflection
and (3) logging methods.

In the refraction method, it is necessary to use a measuring line of a
length at least 3 to 5 times that of the measuring depth. For this method to
work, each layer must have progressively higher velocity values. The reflec-
tion method cannot be used by itself to determine elastic wave velocities of
formations. In addition to the above difficulties with these two methods, it
is very difficult to measure S wave velocity values of formations by either of
these two methods. However, the logging methods can be easily used to direct
measurement of real velocity values.

Measurement of velocity of P waves, which is one kind of elastic wave,
has long been carried out in borehole investigations in Japan at dam sites,
etc. These measurement results are used to assess rock characteristics.
However, such important data as shear modulus, Young's modulus, bulk modulus,
and Poisson's ratio cannot be obtained from P wave velocity alome.

Attemﬁts to measure S wave velocity began in the early 1960's in Japan.
One result of this work is the Borehole Pick, which is an instrument that can
be fixed to the borehole wall at desired depths. By the last half of the
1960's this instrument was being put to practical use measuring P and S wave
velocities in boreholes. In Japan, the technique for measuring P and S wave
velocities of formations is called "PS logging".

At present, PS logging is widely used for in situ investigations. The
results thus obtained are used to calculate probable ground motion during

earthquakes and to assess formation characteristics.



In recent years, a joint project between Mr. Kimio Ogura, of 0YO
Corporation, and Dr. Kitsuneéaki has resulted in the development of a new type
of instrument for PS logging, based on a new principle. This technique is
called "suspension PS logging". This technique measures the velocity of
elastic waves progated along the borehole wall. It uses a probe containing
both seismic source and seismic receivers, a point in common with acoustic
logging. However, the principles of wave generation and reception differ
greatly between suspension PS logging and acoustic logging. We are presently
engaged in compiling measurement data using this method.

We have also conducted investigations on the relationship between elastic
wave velocity and several characteristics that express characteristic of
formations or samples. These investigations make use of a large amount of
data obtained from PS logging and other types of both in situ and laboratory
tests. It was found that elastic wave velocity, in particular S wave velo-
city, shows good correlations with several coefficients. This implies that
these coefficients can be used to infer a great deal of information about the
ground that is essential in eivil engineering and other fields.

We are also engaged in trying to calculate quality factor (Q value),
which expresses the attenuation characteristics of formations, from PS logging
waveform records. One interesting result of this research we have found is
that Q values for soft layers are not necessarily smaller than for hard
layers.

In the following sections, the above research is explained in detail.

Method of Measurement

In this section, we describe three kinds of PS logging methods. The

first two methods have been in general use for a long time. The other is a



new method, developed in recent years.

Figure 1 is a schematic diagram of the PS logging method. The Borehole
Pick consists of three geophones (one for measurement of vertical and two for
measurement of horiiontal vibrations), a hydrophone and an azimuth detector.
The Borehole Pick is encased in an inflatable rubber tube. By inflating this
tube, the instrument is fixed against the borehole wall at the desired depth.
Either gas or water is used to inflate the tube. A curved steel plate fitted
over the rubber tube insures a firm fit against the borehole wall. As shown
in Figure 1, P and S waves are generated on the surface of the ground. These
are propagated through the formation and are detected as electrical signals by
the Borehole Pick. These signals are amplified and recorded.

Vertical striking of the ground, either by ground hammering or weight
dropping, is usually used to generate P waves. For measurement at greater
depths, blasting is used instead of these methods to produce P waves of
sufficient amplitude to reach the desired depth.

The wooden plank hammering method is used to produce S waves. First, the
surface of the ground is leveled. A wooden plank is 1laid on the ground and a
heavy weight is placed on one end. The edges of the plank are then struck
with a sledgehammer to produce SH waves.

In actual measurement, measuring intervals are usually 2 meters. Measure-
ment is carried out at each interval from the bottom to the top of the bore-
hole. Figure 2 shows an example of waveform records obtained by PS logging.
In the record, it can be seen that the S waveform records are the reverse of
one another when the plank is struck from opposite sides. This character-
istic of phase reversal is the key to identify S waves.

Figure 3 is a schematic diagram of another method of PS logging. In this

method, blasting is conducted in the borehole and the resulting elastic waves



are received at several points on the surface. This method is used when
logging is conducted in sea or river bottoms, making surface wave generation
methods impossible, or when borehole conditions are such that it is impossible
to raise or lower a probe. When a blast is set off in a borehole, P and SV
waves are generated. In this case, SV waves are most strongly pronounced
diagonally in relation to the borehole axis; SV waves are not generated along
the borehole axis and at right angles to it. Maximum amplitude of the waves
differs with blasting depth and location of observation points on the surface.
It is thérefore necessary to establish several observation points located
sufficiently far from the borehole at appropriate places on the surface. In
Figure 3, there are 3 observation points. Three geophones, one for measure-
ment of vertical vibrations and two for measurement of horiiontal vibrations,
were set at each of these points. Figure 4 shows an example of waveform
records obtained by this method. Both P and S waves can be easily identified
in these records. Figure 5 is a schematic diagram of the new suspension PS
logging method. In this method, P waves and S waves are produced by sudden
changes in pressure of the borehole mud. These pressure changes are effected
by the horizontal motion of a rigid body in the borehole mud as it is struck
by an electromagnetic hammer. The sudden pressure change causes displacement
of the borehole wall. This displacement is then transmitted along the entire
length of the borehole. The resulting movement of the borehole mud corres-
ponds to borehole wall displacement, so detection of borehole mud movement is
the same as detection of borehole wall displacement. The receiver used in this
system has a specific gravity nearly equal to 1.0 in borehole mud. Because the
seismic waves produced by this system are sufficiently longer than the
diameter of the borehole, they may be considered to originate from a single

point source in an infinite medium. Therefore, predominant S5 waves are



produced in addition to P waves. Acoustic logging cannot detect S waves in
formations having velocities lower than that of borehole mud. This is because
in such low velocity layers, there is no critical angle of wave refraction.
However, suspension PS logging can detect S waves in any formation regardless
of velocity value, because S waves are directly produced by an electromagnetic
hammer.

Figure 6 shows an example of waveform records obtained by this method.
Spacing between the receivers is usually one meter. Both P and S waves can be

easily identified in these records.

Some Examples of Measurement Results

Since the latter 1960s, we have conducted many site investigations using
PS logging, which has yielded a large volume of measurement results.

Some examples of measurement results are shown in Figures 7 through 10.
Each elastic modulus in these figures was calculated using P and S wave
velocities and formation density values. The latter were obtained either by
density logging or sample testing. In these figures, the S waveformn records
were obtained by hammering the plank on one side only to avoid complication of
waveforms.

Figure 7 shows information received in a layer consisting mainly of sand
and silt. P wave velocity shows a remarkably abrupt change in P wave velocity
at around 10 m. From this depth, the ground is saturated, while above 10 m,
lower P wave velocities are obtained because the formation is unsaturated. 1In
the saturated part of the formation, P wave velocity is about 1.6 km/s, which
is close to that of P wave velocity in water.

Figure 8 shows measurement results from a soft rock formation mainly
composed of sandstone, tuff and tuff breccia. Both P and S wave velocity

value



distribution shows the formation to be divided into 5 or 6 layers. P wave
velocity values range from 1.59 km/s to 2.38 km/s. For S wave velocities, the
range is from 0.48 km/sec to 1.0 km/s. Both P and S wave velocities increase
gradually with depth. It may be assumed that in soft rock formations of
sediment, etc., increasing overburden pressure results in increases in elastic
wave velocities.

Figure 9 shows an example of measurement results from a hard rock forma-
tion. This formation consists mainly of diorite and diabase. Both P and S
wave velocity distribution show a 3 layer structure of the ground. In the
first layer, P wave velocity was 4.50 km/s and S wave velocity was 2.34 km/s.
In the second layer, P wave velocity was 5.25 km/s and S wave velocity was
2.70 km/s. In the third layer, P waves were 6.20 km/s and S waves were 3.10
km/sec. The latter are very high values. This is the sole PS logging measure-
ment result giving 6 km/s P waves and 3 km/s S waves.

Figure 10 shows results obtained by suspension PS logging. These results
were obtained from the same site as shown in Figure 8. Comparing the two
figures, we see that, whereas PS logging shows only a few velocity layers,
suspension PS logging provides more detail on different velocities present in
the formation. In this way, suspension PS logging is a useful method when it
is necessary to obtained detailed velocity data in formations, such as when

evaluating the characteristics of a formation composed of many thin layers.

Applications of S Wave Velocity

In Japan, S wave velocity values are applied to problems in earthquake
engineering, architecture and civil engineering. The most important and
direct application is for calculation of ground motion that would occur during

an earthquake. This 1s done by analyzing seismic waves incident to the base



layer and their transfer characteristics in the formation above the base
layer. Ground motion 0(w) at the surface in a frequency domain can be ex-
pressed with the following equation:

0(w) = S(w) - B(w) (1)
where, S(w) is Fourier spectrum of the incident seilsmic wave at the base layer
and B(w) is the Fourier spectrum of the transfer char#cteristics of the
formation above the basic layer. The following equation expresses B(w) when
the S wave is vertically incident to the base layer.

2i - Pn ¢+ V8n - W. . (2)
B,, + 1i'B 1-Qn-Vsn w

B(w) =
21 i

where
* Pa s density at base layer and Vsn 1is S wave velocity, with no

account tgken of attenuation. Using Q value, the relationship between Vsn*

and measured S wave velocity Vsn is expressed as follows:

* i
Vsn = Vsn (1 + 56)‘ A (3)

Also, and B11 can be expressed with the product of the matrices of

| |
each layer above the basic layer:
.

= a a

By1 B1o
By1 By

where, matrix ai of each layer can be expressed as follows:

%, 2,

mld l U.l‘di
ai = |cos g7 pi-vsi % 310Vt
di di 52
we W
- Pi Vsi-.sin Nl cos Vsi

Where, suffix 1 indicates the layer number from the surface layer toward the

basic layer, di is the thickness of the layer and Py Vsi* ges the ssme quan
" -

tity at each of the layers as described above.

Incident seismic waves S(w) occurring at the base layer are represented
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by seismic waveforms selected from existing records taken during actual
earthquakes. Selection is made on the basis of similarity of ground charac-
teristics, frequency of earthquake occurrence and distance from earthquake
prone locations. An example of calculation results is shown in Figure 1ll.
This example is calculated for several points under different geological
conditions with the same incident seismic wave. Variations in ground motion
at the surface is largeiy due to geological conditions.

Subsurface ground motion can be calculated by the same method. Figure 12
gives an example of this type of calculation. In this figure, acceleration
and shear stress in the ground are calculated. When probable shear stress
produced in tﬁe ground by an earthquake is calculated, this can be used to
estimate the probability of liquefaction. In recent years, some prefectures
in Japan have sponsored surveys using such calculations to estimate probable
ground motion during a major earthquake throughout the prefectures. These
results are then used in planning earthquake countermeasure programs. Figure
13 shows an example of the kind of calculation involved in these surveys. The
prefecture was divided into a grid, each mesh of which measured approximately
1.1 Km x 0.9 Km. Using an empirically derived equation, peak acceleration at
the base rock for each mesh was computed. Using this data and amplification
of overburden layer, surface acceleration during an earthquake was then
estimated for each mesh. Finally, we expressed these results in the form of
seismic intensity maps. Because it is not practicable to conduct PS logging
over the vast area of an entire prefecture, S wave velocity values are com-
monly estimated, using the relationship between S wave velocity and N value,
obtained by the standard penetration test. This relationship is described
below.

In structural design, it is necessary to know such characteristics of the
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ground as deformation and strength values. The general procedure for
obtaining these values has been borehole deformation testing. However, the
design of major structures calls for measurement depths of hundreds of meters.
At such depths, it is economically unfeasible to carry out deformation testing
continuously from the bottom to the top of the borehole. Instead, borehole
measurements of elastic wave velocity (S wave velocity in particular) have
been used to indirectly estimate the strength and deformation characteristics
of the ground. Figure 14 shows an example of estimation of formation character-
istics according to this method. In addition to elastic wave velocity, the
figure shows deformation coefficient (elastic modulus) and yield strength
obtained by deformation testing. It is clear from this figure that elastic
wave velocity, deformation coefficient and yield strength show good mutual
correlations. However, deformation coefficients have a tendency to vary
slightly within the same velocity layer. This implies that deformation
coefficients are apt to reflect varying conditions at different depths.
Therefore, we think it is better to use elastic wave velocity in estimating
overall characteristics of a formation instead of using deformation coef-
ficient only.

Next, let us go on to the relationships between elastic wave velocity
(especially S wave velocity) and other coefficients obtained from several
kinds of tests. The relationship between S wave velocity and N value obtained
by the standard penetration test (SPT) is shown in Figure 15. 1In this figure,
N values obtained from testing in which the penetration cone was struck more
than 50 times was extrapolated to N values for penetration of 30 cm. From
Figure 15, it is clear that there is a good correlation between S wave
velocity values and N values. Empirical equations expressing this

relationship are given in the figure. Figure 16 shows the relationships
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between S wave velocity and the other elastic coefficients. Specific coef-
ficient of soil reaction Ko and yield strength of formation Py were obtained
from deformation testing using the pressure meter in a borehole. Unconfined
compression strength was obtained by laboratory testing. Also, it is clear
from these figures that S wave velocity has good correlations with each
elastic coefficient. Empirical equations expression these relationships are
given in Figure 16. Figure 17 shows a comparison of static and dynamic shear
modulus. Static shear modulus was calculated from the results of borehole
deformation testing. Dynamic shear modulus was calculated from elastic wave
velocity and formation density. Dynamic shear modulus is larger than static
shear modulus. We think that the difference between static and dynamic shear
modulus may depend on differences in strain level. 1If the relation between
stress and strain is nonlinear, the relation between static and dynamic shear
modulus can be expressed as follows:

P= Go-e" (6)
where P is stress, € is strain, Go 1s strain modulus of the apparatus at a
given strain level and n is an index expression non-linearity of the for-
mation.
Therefore, shear modulus at a given strain level is as follows:
o] a%= n-Go-en-l : (7)
Because the value of.n ié sﬁaller than 1, n-1 has negative values, and shear
modulus G decreases according to increases in strain €. It may be said in
this connection that the strain level in PS logging is on the order of less
.than about 10'6, while strain level in deformation testing ranges from 10_1 to
103, We have at last reached the point where we can introduce our new

application of PS logging; the calculation of Q value using waveform records

obtained by PS logging. Q-value, which expresses the attenuation of
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formations, is a very important factor in calculating ground motion during
earthquakes. In recent years, a variety of research on the determination of Q
value has been conducted. For several years, the authors have been
calculating Q value from PsS logging waveforms.

The following is a familiar equation expressing the case of a wave
arising from a certain point: i

A @,8) = Ao (u,e) - ™8 TV T g=juler/ ke (8)
where A(w,t) is Spectrum at the point of reception of the wave, Ao(w,t) is
Spectrum at the source, w ig angular frequency, r is distance between source
and receiving point, v is p and S wave velocities, Q is Q-value and a is index
of geometric expansion of the wave. 1In equation (8), the term e—jw,(t—r/v)
can be neglected because it expresses only phase shift. Also, index a ig
equal to 1, because, in P§ logging, the source can be treated as a point
Source at ground surface, The P and S waves generated at the source are
Propagated spherically through the medium. Except for the Spectrum at the
Source, the other quantities in Equation (8) can be obtained from the results
of PS logging. Spectrum at the source Ao(w) can be cancelled out by taking
the spectral ratio between two receiving points.

However, there is one additional problem involved in the calculation of Q
value, i.e., the fact that source spectra are different each time a measure-
ment is taken. Correction for this variation is made by drilling a separate,
shallow borehole adjacent to the measuring borehole. Waveform records are
taken from both boreholes. Then the ratio between the two spectra obtained
are calculated. If the corrected spectra at the two receiving points are

designated Al(m) and Az(w), Q value can be calculated from Equation (9):

. wr i
E 2v {1::-4—“‘2 8) lnr} (9)

Al (w)
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An example of results of Q-value calculations is shown in Figure 18. 1In
this figure, the vertical axis is distance between monitoring and receiving
point and the horiéontal axis is spectral ratio. Q values were calculated
from many data within each velocity layer using the least Square method, In
this case, Q values obtained by this method corresponded closely to those
obtained from in situ dynamic deformation testing, etc. Figure 19 compares Q
values obtained from PS logging with those obtained from other methods,
Although the data represented in the figure is insufficient, it does contain
some interesting suggestions. The dynamic deformation test data was obtained
in diorite, Acoustic wave data was obtained in basalt. The other data was
obtained from sandstone and mudstone. The data shows that Q values are not
necessarily in hard rock than in soft rock. In addition, frequency of acou-
stic waves was about 100 KHé, while wave frequencies in Ps logging were only
about 20-300 Hz. However, Q values obtained from these two methods were
nearly equivalent. This Suggests that Q value does not depend on frequency.

A lot of problems concerning Q value remain t; be stgdied, e.g., whether
Q value depends‘on strain amplitude or not. It is the authors intention to

continue research on in situ Q values in different kinds of formations.

Afterword

In this paper, we have covered the measurement of elastic wave velocity
and applications of this data. 1In particular, we have focused on S wave
velocity for use in civil engineering in Japan. We conclude that S wave
velocity will see more use in the future as the single most important charac-
teristics of formations. Furthermore, S wave velocity will in the future be
used to determine several characteristics of formations, such as Q value,

porosity, perﬁeability and other values.
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Schematic diagram of ps logging (downhole method)

Example of waveform records obtained by the downhole method
Schematic diagram of p§ logging (uphole method)

Example of waveforn records obtained by the uphole method
Schematic diagram of PS logging (suspension PS logging)
Example of waveform records obtained by suspension PS logging

Example of measurement results from a soil formation. Type and
location of source were changed at 40 m for both P and S waves

Example of measurement results for a soft rock formation,
Blasting was used to generate P waves.

Example of measurement results for a hard rock formation. Type
and location of source were changed at 46 m for P waves and 70 m
for S waves, in accordance with site conditions.

Example of measurement result obtained by suspension PS§S logging

Example of application of § wave velocity in response analysis,
This example shows results calculated for ground surface,

Example of application of S wave velocity in response analysis,
This example shows results calculated for various depths,

Example of application of § wave velocity in seismic microzonation
Example of application of elastic wave velocity for estimation

of rock characteristics. The line in the "yield strength" and
"deformation coefficient" columns has no physical meaning. It is
drawn to show the prominent distribution tendencies of yield
strength and deformation coefficient.

Relationship between N value and S wave velocity

Relationship between several coefficients and S wave velocity

Relationship between static shear modulus and dynamic shear
modulus

Example of calculation of Q value using P and § waveform records

Comparison of Q values obtained from PS logging and other tests
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