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Abstract

The new full wave Acoustic Borehole Imager tool (ABI) is a multi-echo (amplitude and traveltime) system that gives
optimum performance under a wide range of borehole conditions and is an improvement over existing single echo acoustic
televiewer tools. The principle of the multi-echo system is the digital recording of each reflected acoustic wave train. Then, real-
time processing of the acoustic data is made by a downhole Digital Signal Processor (DSP) to extract all valuable information,
which is further compressed before transmission to the surface such that no special requirements are imposed on data
transmission rates or on logging speed. Also, recording of the full acoustic waveform enables major improvements to the
dynamic range of the system. Information about echoes from the tool’s acoustic window provides the possibility to predict tool
generated coherent noise and allows detection of echoes from the borehole wall, which are much smaller than coherent noise
signals. When used in a PVC cased borehole, the system can be automatically adapted to record both the reflection at the casing
and at the borehole wall. When used inside steel casing, the tool can detect echoes from the inner wall and the outer wall of the
steel casing and the resulting data can used to calculate amount inner corrosion, outer corrosion, and remaining casing
thickness. If the borehole casing was grouted with cement, information can be gathered about the presence and absence of
cement and the quality of cement bonding.
© 2003 Published by Elsevier B.V.
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1. Introduction

AcousticTeleviewer logging has been successfully
applied to geotechnical investigations and mineral
exploration (Schepers et al., 2001) due to advances
in beam focusing, increased dynamic range, digital
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recording techniques, and digital data processing
(Schepers, 1991). Acoustic Televiewer tools scan the
borehole wall with a rotating acoustic beam. In the
FAC40 and the new ABI40 Televiewer (Fig. 1)
manufactured by Advanced Logic Technology
(ALT), the acoustic beam is created by a rotating
mirror. The mirror is used to focus the beam such that
maximum resolution is achieved at the borehole wall.
The non-moving acoustic transducer first sends out a
burst of acoustic energy and later records reflected
signals. An acoustic image of the surrounding forma-
tion is produced by recording echoes of the acoustic
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Fig. 1. Principle of Televiewer measurements. (a) Outline of the
mechanics of the tool. The conical part of the tool housing
represents the acoustic window, which is made of a special synthetic
material for optimum transmission of the acoustic energy through
the acoustic window. (b) Acoustic waveform received by the
acoustic transducer. From left to right, the first signal (1) is the
reflection from the acoustic window and the second signal (2) is the
reflection from the borehole wall.

signal generated at the interface between borehole
fluid and rock. At each scan point, the maximum
amplitude and the corresponding traveltime of the
reflected signal are measured.

In principle, in an open hole environment, two
major reflections are observed (Fig. la): The first
reflection is from the tool’s acoustic window, where
the acoustic energy penetrates from the inside of the
tool into the borehole fluid. For a specific tool and a
specific beam direction, this reflection occurs approx-
imately at the same time. The second reflection is

from the borehole wall and can occur at any time
beyond the first reflection time. Recording of ampli-
tude and traveltime of the reflection from the bore-
hole wall is be made by appropriate tool electronics.
This simple case is depicted in Fig. 1b.

In the case of low impedance rock, irregularities in
the borehole wall, certain mud conditions, and decen-
tralization of the tool, reflected signal amplitudes from
the borehole wall can become very small. Under such
conditions, electronic noise, acoustic noise, and co-
herent acoustic noise (multiple reflected and scattered
signals inside the transducer and the tool body) may
make it difficult to identify reflections from the
borehole wall.

In Fig. 2, a full acoustic wave train is displayed, as
it is received by the acoustic transducer while mea-
suring in an open borehole. The first echo (1) is the
reflection from the acoustic window. The second echo
(2) is the multiple reflection of the acoustic window.
The third echo (3) is the desired reflection from the
borehole. As the arrival time of the multiple reflection
from the acoustic window is known approximately,
the detection of the echo from the borehole wall is no
problem in the case of Fig. 2.

However, the real measure of Televiewer perfor-
mance under a wide range of borehole conditions is the
identification of the correct echo within the received
acoustic wave train.

In the early days of Televiewer logging, successful
measurements were made transmitting the analog
acoustic signal to a surface unit, recording the signal
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Fig. 2. Acoustic data recorded by ABI40 tool in an open hole.
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on analog video tape and using this huge amount of
data to look at reflected features at and beyond the
borehole wall (Broding, 1981). The disadvantage of
such an approach is that the dynamic range of the
analog signal is low due to the limited analog trans-
mission capabilities of logging cables.

2. Tool architecture

Different tool hardware architectures will be dis-
cussed as they evolved over the last three decades. To
explain and to illustrate the performance of different
detection approaches, synthetic seismograms
(reflected acoustic wave trains) were calculated for a
generic Televiewer tool applied under different hole
conditions; i.e., the synthetic seismogram displayed in
Fig. 3a is calculated for a tool in an open hole. The
apparent reflection coefficient at the borehole wall is
assumed to be 0.1. Besides the impedance contrast,
the apparent reflection coefficient includes mud atten-
uation and tilt of the borehole wall relative to the

incident beam, because to the recording system, it is
of no importance which factor has influenced the
amplitude of the received echo. The apparent reflec-
tion coefficient is a relative measure. The value of 1 is
attained for a non-fractured granite rock in a water-
filled 6-in. diameter borehole. The synthetic seismo-
gram of Fig. 3b can be considered to be a noise-free
version of the acoustic trace in Fig. 2. The first three
echoes are the same as in Fig. 2. Due to the assump-
tion of a small borehole diameter, a fourth echo (4)
occurs which is the multiple generated by the borehole
wall reflection between acoustic window and acoustic
transducer. The first two events are at approximately
fixed position depending on specific tool construc-
tions. The two other events will vary depending on the
distance between the tool and borehole wall.

2.1. Analog detection
The frequency range of the transmitted acoustic

signal of Televiewer tools typically is between 0.4 and
1.4 MHz. In the early tools, fast analog electronics
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Fig. 3. Hardware and measurement principle of analog tools. (a) Basic components of an analog recording system. (b) Acoustic waveform
received by the acoustic transducer and display of time gate and threshold that are used to detect amplitude and traveltime of the reflection from
the borehole wall (3). Signal (1) is the window reflection and signals (2) and (4) are multiples.
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(but no fast A/D-converters) were available. The tool
electronics was designed to detect the first echo with a
signal level higher than a threshold value.

To record the amplitude and traveltime of the
borehole wall reflection, a measurement time gate
opens the signal input at a time when the amplitudes
of the acoustic window reflection have died off.
Normally, the start time of this measurement time
gate is fixed. The output signal is produced in such a
way that energy recording is enabled as soon as the
signal energy is above the threshold level, and is
disabled as soon as the energy drops below the
threshold level. The amplitude of the output pulse is
equivalent to the maximum energy within the gate.
The threshold level has to be set higher than the
amplitude of the first multiple echoes. Because the
amplitude of this multiple event depends on borehole
conditions (pressure, temperature) and on amplifier
gain, an optimum setting of the threshold level is
difficult. The amplifier gain is changed manually by
the logging operator.

Each time amplifier gain settings are changed, the
threshold level has to be adjusted. In practice, the
required setting of a threshold severely limits the
dynamic range of the system.

2.2. Digital detection

Higher dynamic range can be achieved with
digital tool electronics. Due to the limited data
transmission rate on standard logging cables, it was
not possible to send the full digital waveform to the
surface unit. Fast 8-bit A/D-converter and fast con-
ventional logic devices were on the market, but
microprocessors were still slow. Therefore, the aim
of the early digital Televiewer systems was to detect
the highest value (peak) of the reflected signal in an
operator defined time gate and the traveltime of that
peak value.

The schematic layout of the digital electronic is
given in the upper part of Fig. 4. To increase the
dynamic range of the 8-bit A/D-conversion, an auto-
matic gain process is implemented.

The amplifier gain settings are dynamically changed
via commands from the microprocessor. A special
algorithm is used to calculate on the basis of previ-
ous values of the optimum gain setting of the next
measurement.

The digitized signal is fed into a numerical hardware
coded maximum detector device. No critical threshold
settings are required to get the maximum amplitude and

maximum micro -
> =

ain
£ |

detector

L time gate

processor

(a)
A
|:| amplifier
acoustic transducer

(b)
i off
time gate
input - S AR e — -
output 1 2

on off

Fig. 4. Hardware and principle of measurement of digital tools. (a) Basic components of a digital recording system. (b) Acoustic waveform
received by the acoustic transducer and display of time gate that is used to detect amplitude and traveltime of the reflection from the borehole
wall (3). Signal (1) is the window reflection and signals (2) and (4) are multiples.
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the corresponding traveltime within the defined mea-
surement time gate. The system allows the operator to
select the start time and the end time of the measure-
ment time gate. This offers the advantage to further
increase the dynamic range. However, careful consid-
eration is required when setting the measurement time
gate, taking into account the borehole diameter,
expected variation of borehole diameter, expected
decentralization, and expected variation of acoustic
velocity in oil (inside tool) and in borehole fluid.

For the calculation of the synthetic seismogram
(Fig. 4b), an apparent reflection coefficient of 0.01
was assumed. The amplitude of the borehole wall
reflection is nearly equal to the first acoustic window
multiple. With the actual measurement time gate
setting, the borehole wall echo will be properly
detected even if it becomes much smaller than the
coherent noise event outside the measurement time
gate. This is an ideal case, which may often not occur
in the field.

2.3. Intelligent software-driven detection

Until recently, Televiewer tools recorded only one
amplitude and one traveltime of the complete reflected
signal. Real-time analysis of the full waveform allows
extraction of more reliable information from the
reflected acoustic signal. This will open new applica-
tions for the Televiewer tool.

The principle is to digitally record the complete
full waveform and to rely on intelligent and sophis-
ticated software to detect and to identify useful
echoes. This is possible now, because fast 14-bit A/
D-converters and ultra-fast Digital Signal Processors
(DSP) are available.

The hardware in the new Televiewer system
(Acoustic Borehole Imager, ABI) is simple (Fig.
5a). No amplifier is necessary because the fast 14-
bit A/D-converter easily covers the dynamic range of
available acoustic transducers. The full digital acous-
tic wave train is directly transferred to a fast DSP. The
microprocessor in the previous Televiewer had a
command execution cycle of 2 us, whereas the com-
parable value of the new DSP is 15 ns. In addition, the
DSP has a number of standard signal processing
routines implemented as functions. Therefore, the
DSP is a powerful tool to apply real-time digital
filtering and processing and to implement complex
signal-detection algorithms.

The synthetic seismogram of Fig. 5b is calculated
under the condition of plastic casing inside the bore-
hole. Thickness of the casing is 6 mm and the distance
between casing and borehole wall is 5 mm. The
apparent reflection coefficient of the borehole wall is
assumed to be 0.1. Four major events with more or
less the same amplitude are visible. The first event
(from left) is the acoustic window reflection (1),
second is the reflection from the inner casing surface
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Fig. 5. Hardware principle of ABI40 and typical acoustic trace as handled by the system.
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(2), third is the reflection from the outer casing surface
(3), and fourth is the borehole wall reflection (4). The
system will not only detect these four events but also 7
minor events (5 to 11), which are multiple reflections.

None of the previous Televiewer tools can handle
an environment as shown in Fig. 5b. The new system
will be able to identify the borehole wall reflection
independent of decentralization of the tool inside the
casing or of the casing inside the borehole.

To properly process an acoustic signal as shown in
Fig. 5b, the operator has to supply only borehole
environmental information to the tool. Three different
environmental conditions can be chosen:

1. Open hole, classic environment
2. Cased hole, logging behind casing
3. Casing thickness, casing inspection

An acoustic wave train measured with the ABI40
tool in a borehole containing PVC-casing is shown
Fig. 6. After each rotation of the acoustic head, the
tool sends one full acoustic wave train to the surface
unit. The ALTLogger software of the surface unit

continuously displays this acoustic trace on screen.
On the acoustic trace shown Fig. 6, the acoustic
window can be seen at 76.3 us. At 103.4 ps, two
reflections from the inner and outer wall of the casing
are shown, and at 142.1 ps, the reflection from the
borehole wall is shown. The last event on the right is a
multiple echo between casing and borehole wall. If
the cased hole environment setting is selected, the
system will be able to correctly identify the casing
reflections and the borehole wall reflection in the
acoustic trace of Fig. 6 and it will send only this
information to the surface.

The ALTLogger allows the operator to activate two
traveltime/amplitude image browsers, which are dis-
played in Fig. 6 above the acoustic trace. The two
image tracks of the left browser represent traveltime to
(narrow track) and reflection amplitude of the bore-
hole wall. The browser on the right side gives the
corresponding images of the casing. A fourth browser,
which displays the traveltimes of one complete revo-
lution of the acoustic head, is visible in front of the
other browsers. In this borehole cross-section presen-
tation, two traveltimes are shown. The hatched area in
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Fig. 6. Screen display of the ALTLogger surface unit during logging operation.
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the center represents the tool. The red curve gives the
distances between tool and casing, whereas the blue
curve indicates the distances between tool and bore-
hole wall respective between casing and borehole wall.

With all these data display browsers, the operator
has excellent on-line control of tool performance.
According to the tool philosophy as explained above,
no further operator input is necessary to gain optimum
results under varying borehole conditions.

3. Signal processing

Below, some of the signal processing algorithm
will be described that could be implemented by a
DSP-based tool.

3.1. Despiking and envelope

Pre-processing of the data prior to any signal
detection process is most important for low amplitude
reflected signals from the borehole wall. One problem
is electronic noise, because practical field logging can
impose some requirement on borehole tools, which
make low noise performance difficult to obtain.

The trace in Fig. 7a was measured with the new
ABI tool. In the right part of the trace, there is a weak,
but still clearly visible borehole wall reflection. Due to
digital devices as main sources of electronic noise, a
despiking filter is appropriate to suppress this type of

noise. The trace in Fig. 7b was produced applying first
a simple and fast despiking filter, and subsequently a
low pass filter.

The detection of reflection events can be simplified
if the instantaneous amplitude or envelop of the trace
is derived. The envelop is calculated from the Hilbert
transform of the trace (Taner et al., 1979). The trace in
Fig. 7c is the envelop of the trace in Fig. 7b. It is
obvious that signal detection can be made more easily
on this envelop trace.

3.2. Acoustic window reflection processing

Detection of the window reflections is no problem,
because the approximate traveltime and amplitude are
known and the window reflection is always the major
echo from inside the tool. The identification of the
acoustic window reflection is important within the
concept of the new tool, because amplitude and trav-
eltime of the acoustic window reflection are essential
for tool diagnostic, calibration and prediction of coher-
ent noise.

For diagnostics, one complete acoustic trace per
revolution of the acoustic head is sent to the surface
(Fig. 6). For example, the acoustic tool works prop-
erly as long as the acoustic window reflection stays
the same under similar environmental condition.
Small changes can occur in the borehole due to
temperature and pressure changes, and due to mud
conditions. If logs measured with different tools have
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Fig. 7. Random noise filtering and envelope calculation. (a) Noisy trace, (b) trace 1 after filtering, (c) envelope of trace 2.
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to be compared, the amplitude of the acoustic window
reflection can be used for calibration.

The caliper measurement is no longer influenced
by the traveltime of the acoustic signal inside the
tool. The traveltime of the new tool is always
related to the outside of the acoustic window.

Knowledge about the acoustic window reflection is
most critical to remove coherent noise from the
recorded acoustic trace such that echo from the bore-
hole wall smaller than coherent noise signals can be
detected.

3.3. Echo detection and identification

Predictive decomposition of the trace can be made
based on amplitude and traveltime of the acoustic
window reflection (Robinson, 1967; Peacock and
Treitel, 1969; Hubral et al., 1980). This approach
allows the new tool automated detection under a wide
range of borehole condition. No settings have to be
changed by the operator.

The way useful information is extracted from the
acoustic trace will be explained with regard to the
synthetic seismogram of Fig. 5. This trace is once
again displayed in Fig. 8a. First, the trace is filtered
and the envelop trace is calculated. In the second step,
an echo detection process is applied. The result of this
process is the trace, which is labelled “detected echo”
(Fig. 8b). In a third step, the window reflection is
identified and a predictive filter is constructed to
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calculate coherent noise echo (Fig. 8c). This trace
together with a neural network approach (Murat and
Rudman, 1992) is used to identify, in a fourth step,
coherent noise signals (predicted echo) and useful
echo. Output of this final step is a trace labelled
“useful echo”, which contains just the three reflec-
tions from the casing and the borehole wall. Only
traveltimes and amplitudes of the three useful echoes
are transmitted to the surface.

The detected and the predicted coherent noise
signals must not correlate exactly as in this synthetic
example. The neural network approach allows for
some differences in amplitude and traveltime between
detected and predicted events.

3.4. Detection of weak signals

Previous acoustic Televiewer tools had the problem
that the dynamic range was limited by unavoidable
electronic and acoustic noise. This is no longer the case
with the real-time signal processing capabilities of the
new ABI tool. To demonstrate this, first a synthetic
seismogram without a borehole wall reflector was
calculated. A short time interval around the acoustic
window multiple reflection time is shown Fig. 9a.

The corresponding envelop trace is displayed in
Fig. 9d. The main coherent noise echo is a multiple of
the acoustic window (left arrow in Fig. 9d). Due to
interfering reverberation inside the acoustic window,
three additional events are detected and indicated by

ﬂfl }h“‘ﬂﬁf‘ﬁ"ﬂh‘mﬂﬂ%mmw&ﬁwﬂm

(a) acoustic trace - “Wh'l v
(b) detected echo | |
) predicted echo | |
(d) useful echo

Fig. 8. Processing steps of echo detection (a, b) and identification (c, d).
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Fig. 9. Detection of very weak echo. (a, b, and ¢) Synthetic seismograms. (d, e, and f) Corresponding envelop traces. (d) Trace without borehole
wall echo. The four arrows mark coherent noise echo. (e and f) The two traces show borehole wall echoes indicated by the two arrows on top.

arrows in Fig. 9d. The envelop in Fig. 9f was gained
with a reflector close to the arrival time of the acoustic
window multiple and an apparent reflection coefficient
0f 0.002. The reflection is recognized to be very weak,
if the reflection energy is smaller than any neighbour-
ing coherent noise energy. At another time along the
acoustic trace, a very weak echo could be stronger or
weaker. The very weak echo from the borehole wall is
marked by the right arrow on top. The envelop in Fig.
9e was produced by moving the same reflector 2 ms
closer to the main coherent noise event. This shifted
reflection is marked by the left arrow on top. Appli-
cation of the processing steps described above results
in both cases in a unique identification of the weak
borehole wall reflections. Theoretically, it would be

possible to detect a very weak echo even if it interferes
completely with the main coherent noise event. How-
ever, this would require too much processing effort.

4. Field examples

How PVC-casing becomes transparent to reveal
most details of an open hole image, will be demon-
strated by the results of test measurement with the
new ABI40 tool. First, a measurement was made in an
open borehole. Before the second log run in the same
hole, a PVC-casing was inserted. To centralize the
casing in the hole, fixed stand-offs were attached to
the outside of the casing. As these stand-offs were not
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Fig. 10. Acoustic trace recorded in a cased hole.
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elastic, centralization was poor in those intervals
where the borehole diameter was enlarged. The sec-
ond logging of the hole was made through casing. An
acoustic trace recorded in the cased hole is shown in
Fig. 10.

Shown in Fig. 10 from left to right is (1) first the
echo from the acoustic window, (2) then a prominent
double reflection from the inner and outer wall of the
casing, and (3) finally a relatively weak echo from the
borehole wall. The distance (time difference) between
casing and borehole wall was about 30 mm. There-
fore, the echo from casing and borehole wall are well
separated. However, as explained above, detection of
the borehole wall echo is possible even if the distance
is much smaller. For weak reflections, the limit is
around 5 mm.

An identical interval of 3 m for two log runs in
the same hole is presented in Fig. 11. Fig. 11a shows

1 2 3 4

o WeEIlCAD - [report]
_rﬂEiB Edit View Pocess Took Window Help

traveltime (narrow track) and amplitude image of the
log run in the open hole. The resulting measurement
through casing (Fig. 11b) reproduces very well, in
most areas, the image of the open hole log. The main
differences are in the interval below 29.8 m, where
vertical “stripping” due to decentralization is more
severe in the cased hole log. Other differences are
unavoidable effects of the pipe installation. The dark
horizontal bar in the cased hole log at about 29 m
(center) represents a joint between two PVC pipes.
The three dark vertical bars at 27.8 m (top) and 29.6 m
indicate the position of the attached stand-offs.

With respect to bedding planes, thin fractures and
changes of acoustic impedances, nearly no information
is missing in the cased hole log as compared to the
open hole log.

A second field example demonstrates the capabil-
ity of the ABI40 tool to measure casing thickness. In
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Fig. 12. Casing thickness determination. (1) Inner casing wall caliper, (2) inner casing wall traveltime image, (3) inner casing wall reflection
amplitude, (4) casing thickness, (5) quality of casing thickness determination, (6) minimum casing thickness (red) and average casing thickness
(black), (7) 3D-display of casing thickness, (8) optical image of inner casing wall.
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this case, signals have to be detected which are
separated only by a few microseconds. Fig. 12 shows
the results of a casing thickness measurement in a
short borehole interval where two casing pipes are
screwed together. The inner caliper of the casing is 7
in. and nominal casing thickness is 6.7 mm. Track (1)
displays the average caliper of the inner casing wall.
Track (2) gives the traveltime of the inner casing wall
and track (3) the amplitude image of the reflection
from the inner casing wall. The increased caliper and
traveltime, and the low amplitude in the central part of
Fig. 12 indicate that the two pipes are not fully
screwed together. It is clearly visible in the caliper
track (1) and in the amplitude image (3) that wall of
the upper pipe is rougher than the wall of the lower
pipe. This is also visible in the optical image (8) of the
inner casing wall.

The casing thickness image (4) shows mainly two
grey levels, which correspond to thickness of 6.5 and
6.7 mm. The same information is shown as 3D-display
(7). The blue patches in the casing thickness image are
areas where the system has detected a multiple signal
instead of the first reflection from the outer casing
wall. The casing thickness determination process cal-
culates also a quality score (5) of the reliability of the
casing thickness value. This quality score image
reveals very clearly the interval where the two pipes
are screwed together. The most important information
for casing inspection is given by the red curve (6) of
minimum casing thickness which will indicate critical
casing thickness due to inner or outer corrosion. The
black curve of average casing thickness (6) is affected
by the wrong determination at the blue area.

5. Conclusions

The new intelligent, software-driven technology of
the ABI40 makes the tool easy to use, increases the
dynamic range of the system, and gives optimum
performance under a wide range of borehole conditions
without any necessary intervention of an operator.

Moreover, problems like imaging through casing
and casing thickness determination can be solved
under the new tool concept.

As the tool is essentially software driven, future
challenges and customer requirements can be met by
pure software upgrades.
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