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Multi-wave high resolution imaging methods have been devel opped in medical imaging. The feasibility of similar
methods for geophysical applications has been studied. An interesting configuration is the subsurface imaging in akm
scale where a compressional wavefield can be measured between 2 boreholes. A perturbation of this wavefield by shear
waves created from the surface could creates a non-linear interaction. In this context, preliminary laboratory scale experi-
ments have been performed in rocks (berea sandstones). The interaction between shear waves and compressional waves
has been studied. The shear wave is generated by a shear transducer in the tens of kHz and used as a "localized pump”.
The localization of this pump is essential for a possible imaging application. The probe is a compressiona pulse in the
hundreds of kHz range. In this configuration, the delay of the ultrasounds pulse arrival, the time of flight modulation by
nonlinear interaction is studied. Fast and slow nonlinear dynamics can be observed in this configuration. This experimen-
tal work isin progress.
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Introduction

The basic idea behind multi-wave imaging is to use the
mixing of different waves to create new imaging
modalities. In medical imaging this concept has been
developed to create enhanced contrast and
resolution imaging systems. This work aims to apply
these ideas to subsurface earth imaging. This study
is focused on the characterization of the non linear
wave mixing in rocks at laboratory scale.

Field experiment

Borehole ‘ Surface perturbation ‘ ‘ Borehole

Ground
Source ‘ receiver

-t
~1km
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In a borehole configuration, the P-wave speed is
measured between a source and receiver embedded
into the medium by the boreholes. Then, shear
waves are emitted from the surface to perturb the
medium, changing the P-wave speed. This
perturbation arises from a non-linear wave mixing
and can be used to characterize nonlinear
parameters of the subsurface.

Laboratory Experiment

Pump
50 kHz
S-Wave

Source probe
500 kHz
P-Wave

| Receiver probe
500 kHz
P-Wave

ok
¥
~15cm

Vp=2050m.s71 — A=4mm

Berea sandstone : .
V.=1070m.s = — A=20mm 2

In the laboratory experiment a shear wave transducer
is placed on the top of the sample. The s-wave pump
will propagate along the z-axis and the p-wave probe
along the x-axis. The frequencies are chosen to have
a better signal to noise ratio for the probe. The pump
frequency is ten times smaller than the probe
frequency..
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Dynamic Acousto-Elastic Imaging

Difference with usual DAE :

- Localization of the perturbation (pump)

- Probe source and receiver far from the perturbation
- No resonant frequency (semi-infinite medium)

- Polarization of the perturbation

“Pump”

ecejver

Probe
P-Wave

[ETEETTs

Le-m
THIE

Modified from Renaud et al.

In this standing wave configuration, the experiment is
close to the so-called Dynamic AcoustoElastic
Testing [1]. A ratio of 10 between probe and pump
frequencies ensure a quasi-static strain during the
probes' propagation time within the perturbed zone.

The main difference between this method and the
DAET method come from the fact that this study is
oriented for imaging the medium, not for a global
characterization. Consequently the perturbation is
localized in order to probe different parts of the
medium. Furthermore, the probe and receiver are far
from the perturbation, which means that most of
propagation path is not perturbed. Finally, S-wave
were used for the perturbation.
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Experimental set-up

Generator

| — NUTUTOR
i !

Receiver
- probe

In practice, a generator creates the probe signal, the
pump signal and the trigger used to synchronize the
scope acquisition. The electronics are fully controlled
via Matlab. A power amplifier is needed to reach a
sufficiently strong strain in the sample. Then a high-
pass frequency filter is used to minimize the
amplitude of the pump signal measured at the
receiver. The attenuation of the filtering is
compensated by a pre-amplifier and finally a low-
pass filter eliminates some high-frequency noise.
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Pulse acquisition

Average between 32 to 256 acquisitions

( PRF ~ 100 Hz )
“Probe” ‘
.—F'robe inpul . j}F X
401 ' PR ingu:“' y @ ‘> _’@15 v
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s |
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-40! - . : - | L
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Time (us) 7
[ ——Proberesponse [ 7 _ |
0.01 " —— Pump response
5 0O High pass filter :
© | -56 dB at 50kHz
-0.01 | : On the same receiver
-0.02! L . . . ;
0 20 40 60 80 100

Time (us)

Each measurement is an average of 32 to 256
acquisitions performed by the scope to increase the
signal to noise ratio. The Pulse Repetition Frequency
(PRF) is chosen to avoid superposition
consecutive signals due to reverberation. Examples
of input signals for both probe and pump, and their
responses on the same receiver are shown.
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4
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An additional S-wave transducer can be used to
measure the x-component of the wavefield at the
surface of the sample, around the region of mixing.
This measurement shows that the probe amplitude is
three orders of magnitude smaller than the pump.
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Three successive acquisitions
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The experimental signals are collected successively:
first the probe response is recorded at the probe
receiver, then the pump at the same transducer. The
phase shift between the two signals can be changed
to probe different states of strain within the region of
interest.
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Three successive acquisitions
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In order to study the effect of the perturbation of the
probe by the pump, the signal of the pump alone is
subtracted from the wave mixing signal. This step
can be considered as an analog filtering of the
signal. A perfect synchronization of consecutive
acquisitions is needed to ensure a good
reconstruction of the perturbed probe. The small
variations in both signal emission and triggering are
compensated for by repetition and averaging of the
measurements.
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Phase shift between pump and probe
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The phase shift between the two signals can be
changed to probe different states of strain within the
region of interest.
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Phase shift between pump and probe
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Delay : Time of Flight variation
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The time perturbation of the probe is studied in the
window of the direct wave arrival. To detect small
changes in time induced by the interaction of the
probe and the pump, the correlation between the
original probe and the perturbed probe is computed.
To detect sub-sample delays a second order
interpolation is performed. The  correlation
coefficients are very high (~0.99) meaning that the
waveform is unchanged. This high coefficient also
ensures that the subtraction of the two signal gives a
good reconstruction of the perturbed probe.
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Pulsed configuration results

- average : 30 acquisitions
- Probe = Gaussian pulse at 500 kHz

- Pump = two cydles of sinusoid at 50kHz
- Polarization : »direction

= Pump
| |—53V
— 48V
— 43V
—38V
] 33V
—28V
—23V
4 [—18V
—13V
—8V

delay (ns)

0 20 40 60 80 100 120
Phase shift (us)

The delays measured between the original and the
perturbed probe are represented as a function of the
phase shift between probe and pump. The
acquisition has been performed for several
amplitudes of the pump.
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Low pass filtering < 200 kHz

- average : 30 acquisitions

- Probe = Gaussian pulse at 500 kHz
- Pump = two cycdles of sinus at 50kHz
- Polarization : »direction

—Pump
4 [—53Vv
—48V
— 43V
—38V
] 33V
—28V
— 23V
4 [—18V
—13V
—8V

delay (ns)

1 1 1
0 20 40 60 80 100 120
Phase shift (us)

The high frequency signal above 200 kHz is not
random noise because it persists when averaging 30
acquisitions. Nevertheless a frequency filtering
allows us to focus on the interesting part of the
signal. As in the standing-wave case, these results
show both fast and slow dynamics.
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Frequency content

f <30 kHz

Pump : 50 kHz 510
Probe: 500 kHz > 9
o 0
o i
0 50 100
Original signal 30 < f< 100 kHz
210 Ew
% 5 % 5
o 0 o O
© , . o - .
0 50 100 0 50 100
Phase shift (us)
f> 100 kHz
210 1
B S |
o OWWWW
0 50 100

Another frequency filtering is used to study fast and
slow dynamics separately. The fast effect directly
follows the pump signal. Note that the sign of the
pump has been changed since a compression
induces a shorter time of flight or a negative delay.
On the other hand, the slow effect is delayed by a
few cycles of the pump envelope.
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delay (ns)
owo

0 50 100
Original signal 30 < f < 100 kHz
g 10 1 g 10
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© ; , © " :
0 50 100 0 50 100
Phase shift (.s)
f>100 kHz
E 10
> 5
3 O A e L N
o i
0 50 100

The circle diagram refers to the orientation of the S-
wave pump. The red dots shows the direction of the
transverse displacement created by the S-wave
propagation along the z-axis. In this case, the
transverse displacements are along the x-axis.
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-
In aluminum
f<110 kHz
- 1
Pump : 100 kHz £ ‘ ‘
Probe: 1 MHz >0
g, |
o -1 i
0 50 100
Original signal 110 < f < 330 kHz
o 1 o 1
£ £
3 OWW 3 OMM
@ (1]
o _1 i o _1 i
0 50 100 0 50 100

Phase shift (1s)
f> 330 kHz

delay (ns)
Y (=] -

"o 50 100

The same experiment has been performed in
aluminum. In this case there is no slow dynamic, and
a very small fast dynamic effect. Note that the scale
of the delays is ten times smaller than before.
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in plexiglas

f<110 kHz
- 1
Pump : 100 kHz § ‘
Probe: 1 MHz = 0
g,
T 4 ; )
0 20 40 60
Original signal 110 < f < 330 kHz
&> 1 = 1
*= £
5 O‘N\M\W"NWMH 50
1] 1]
© -1 . . o 1 i "
0 20 40 60 0 20 40 60
Phase shift (us)

f > 330 kHz

delay (ns)
Lh D —

In plexiglass there is no effect that emerges clearly
from the noise. These two examples with materials
that are known to have small nonlinear behavior
illustrate that the method is potentially useful for
imaging the nonlinear parameters.
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Sign of the pump

f <30 kHz

-
(=)

Pump : 50 kHz :_3, 5
Probe: 500 kHz =
o 0 1
el i
0 50 100
Original signal 30 <f< 100 kHz
— —~ 10
w 10 1 @0
= E ]
- 5 = D
© 5, :OCQQOOC:
g0 , A - _ :
0 50 100 0 50 100

Phase shift (us)
f>100 kHz

delay (ns)
o O 8

0 50 100

Back to berea, an interesting feature of the two
nonlinear effects can be highlighted by changing the
sign of the pump. Note that in this plot, the green line
does not refer to the pump signal anymore but to the
delays measured with a negative pump. The slow
nonlinear effect is clearly independent of the sign of
the pump, while the fast effect is perfectly the
opposite with a negative pump.
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“Slow dynamic” ~ 30-40 ps

Probe delay, f< 30 kHz
T T

1 L 1 1 L
20 40 60 80 100 120

1 L 1 1 L
20 40 60 80 100 120
Phase shift (us)

20

At low frequency, the beginning of the envelopes are
identical, this corresponds to the direct arrival of the
pump. In this case, the result have to be interpreted
carefully because the perturbation are different.

It is Interesting to note than the time between the
beginning of the perturbation and the nonlinear effect
is around 20 microseconds. This is completely
different from the time scale of the memory
(increasing or decreasing the amplitude) that seen

during the first experiment.
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“Fast dynamics”~ immediate

| Positive pump

delay (ns)
-lll'- I{J [ B S B Y

<
a.u

I Negative pump

delay (ns)
N S B S e
L]
a.u

0 20 40 60 80 100 120
Phase shift (us)

At higher frequency, it is noticeable that only the first
two cycles of the delay perfectly follow the negative
of the pump signal. These two cycles correspond to
the direct arrival of the pump. In this window, there is
a small shift of 3 ys between delays and pump
because the path of the measured pump and the
perturbation are not the same.
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Polarization : Coupling control

22

A last series of experiment has been performed to
study the polarization of the pump, relative to the
probe wave direction. In this study it is extremely
important to control the coupling between the S-wave
transducer and the sample. In this set-up, the
coupling is only controlled using a cylindrical weight
above the transducer; this enables a rotation of the
transducer. A large quantity of S-wave coupling resin
was also needed.
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x-component of the displacement

Amplitude (a.u.)

0 20 40 GDTime (fg) 100 120 140
The x-component of the displacement has been
measured for different orientations of the transducer.
This measurement demonstrates that the coupling is
similar for each angle, for example 0° and 180°. At

90° the x-component is very small, as it is supposed
to be for a perpendicular component of the S-wave.
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Study of the Polarization

f<60 kHz
4
v
£ 2
=)
o
QD
2o
1 1 L 1 1 1 L
0 20 40 60 80 100 120 140
2
w
L
E 0
L]
o
2 L 1 L 1 1 1 L
0 20 40 60 80 100 120 140
Phase shift (us)
Both fast and slow non-linearities are smaller at 90° 2

Both fast and slow non-linearities are smaller with a strain oriented
along the z axis (perpendicular to the probe wave), but the
mechanisms are not the same.On the other hand, the slow effect
is smaller because the P-wave is more sensitive to the cracks
perpendicular to its path (at least for a compression cf. Ref [2]). An
orientation at 90° will more easily open cracks that are parallel to

the path.
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Study of the Polarization

0.15
0.1
0.05¢
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-0.05
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delay (ns)
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Phase shift (us)

In one hand, the fast dynamic is directly related to the measured
strain in the x-axis as shown in the top figure. This effect is clearly
related to the quadratic and cubic non-linear parameters.
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Study of the Polarization

f< 30 kHz

4k
w
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Strong interaction crack-wave Small perturbation

Y. Guéguen, A. Schubnel / Tectonophysics 370 (2003) 163-176.

26

On the other hand, the slow effect is smaller because the P-wave is
more sensitive to the cracks perpendicular to its path (at least for a
compression cf. Ref [2]). An orientation at 90° will more easily

open cracks that are parallel to the path.
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Summary

Potential imaging of nonlinear parameter
Two nonlinear effects:

- immediate : Fast dynamic
-> classical quadratic nonlinearity
- ~ 20/30 micro sec : Weakening in a LF cycle
-> nonclassical nonlinearity, (cracks, slow dynamics)

Further experiments :
- Study of the “memory” (~ minute delay between 2 pumps)

- Quantitative strain

- Amplitude : nonlinear attenuation
- Oriented crack

- Other materials

27

As a summary, we have shown the feasibility of a localized
DAET, this opens up the possibility of imaging nonlinear
parameters. From a more fundamental point of view, three
nonlinear effects have been observed. These three effects
can be interpreted as classical, nonclassical nonlinearities
and slow dynamics. The link between the two last effect is
a subject of current interest. This work remains a
preliminary study and many experiments and analysis
need to be done in the future.
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