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Abstract
Over the last five years repeated ruptures of
borehole casings connecting underground salt
caverns to the surface have occurred. The rup
tures pose a high risk to field operation of the
caverns used as storage facilities. Apparently,
the casing failures may result from length
ening of the borehole casing. At the moment
there is no practical method for predicting this
kind of casing lengthening and potential final
failure. Logging based distance measurements
between borehole casing shoe and well head
are not sufficiently precise and reference mea
surements were not carried out. The installati
on of permanent optical fibre sensors was not
considered a feasible option some ten years
ago. The idea in this study was to analyse ult
rasonic signals from standard cased borehole
imager logs – backscattered from the borehole
casing – for their frequency content which is
possibly influenced by longitudinal borehole
casing strain resulting from lengthening of the

borehole casing. Standard ultrasonic imagers
are usually used for the evaluation of casingID, casing wall thickness, and casing-cement
connection. The suggested effects of varying
frequencies resulting from longitudinal casing
strains were expected to be relatively small,
but the high data density of the powerful sonic
imagers allowed a statistically based attribute
analysis. In some of the S-shape boreholes a
shift of the frequency content is in fact observed
in sections of minimal radii of the cemented
casing, which would be expected by increased
longitudinal strain. First results and an out
look to further developments of this method
are presented.
Introduction
Solution mined salt caverns have been
used for large-scale storage purposes for
decades. Due to the ductile material behaviour of rock salt these caverns experience a regular shrinkage over time. The
associated movement of the rock mass
may cause additional strain on the cemented casing, which may contribute to
casing rupture as experienced with some
salt caverns in the past. Presently there is
no practicable technical method for direct or absolute measuring of this increasing longitudinal strain or the lengthe-

ning of the last cemented casing in boreholes without built-in optical fibre sensors.
In borehole logging methods, ultrasonic
imaging has become a powerful standard
procedure to determine the casing wall
thickness and to verify the quality of the
bond between casing and cement. This
procedure is often applied as part of workover activities, usually after some periods of borehole operation as a kind of
“time-lapse” borehole integrity study.
Additional to the standard geophysical
interpretation, for this study the frequency content of the full waveform of the
ultrasonic signal received was investigated. The idea behind the analysis was
that the backscattered sonic signal is influenced by the longitudinal strain of the
casing in a sense that most easily can be
explained analogous to the string of a
music instrument. The more a string of a
violin is stretched the higher is the resulting pitch. This effect, known to everybody, translated back to a borehole could
suggest that a borehole casing under specific strain conditions, caused from
lengthening, shows a modified backscattered sonic signal than it had before the
lengthening took place. The search for
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ging bell or hollow cylinder – the “casing
sound” – would change its sound frequency in a low but audible per mille variation.
This study aims at the analysis and description of the frequency content of ultrasonic waveforms, its superposition
with the casing sound and its change in
time as well as the correlation to different
borehole conditions. Spectral attributes
of the recorded signals along the casing
string are projected against the boreholedeviation. From that correlation, an attempt was made to deduce the local geo
mechanical stress field as a probable
cause of casing ruptures.
The great advantage of the Enhanced Casing Evaluation is that it makes additional use of already available ultrasonic
logging data. Being aware that the changes caused by mechanical casing strain
are extremely low, there is, however, a
chance that the high data density of modern sonic imagers can be analysed statistically. To be proven in further studies,
the investigation method could be a significant step forward to detect potential
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The aim of the second step in the Enhanced Casing Evaluation is to extract these moderate frequency
shifts by signal processing and to compare them in relation to borehole depth or to repeat measureThe
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ments
after the
FMAX1 and also frequency shifts on the edges of the spectral cone (Fig. 3).

shifts by signal processing and to compare them in relation to borehole depth or to repeat measurements years after the first logging.
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the low frequency content of the conelike frequency spectrum are recognizable
(Fig. 2, right). A typical frequency spectrum is characterized by a dominant minimum. This minimum is the main resonance frequency (FMINC). It results from
the interference of the signal and the reverberations and it is used to calculate the
wall thickness. In borehole casings with
constant properties it should be constant.
In addition it can be seen that the frequency FMAX1 of the amplitude maximum below the main resonance frequency is also constant under these conditions.
However, the frequency content on the
Fig. 2: Signal processing of cavern Sx3 for three single traces in different depths: amplitude vs. time (left) and spectral ampliedges of the cone (Fig. 2) is not constant,
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ments, logged some six years later in the
same borehole and at the same depth,
show analogous effects with fixed FMINC
and FMAX1 and also frequency shifts on
the edges of the spectral cone (Fig. 3).
The aim of the second step in the Enhanced Casing Evaluation is to extract these
moderate frequency shifts by signal processing and to compare them in relation
to borehole depth or to repeat measurements years after the first logging.
For the quantification of the moderate
frequency shift, several types of spectral
attribute analysis were developed. One
effective method is to quantify the energy
content of the lower and upper fre-quenFig. 3: Frequency spectra from cavern Sx3 logged in the same depth at different times. The frequencies for FMAX1 and
cy band divided by the FMINC and
FMINC are invariable. At lower frequencies there is a frequency shift between 2009 and 2015 towards higher frequencies
FMAX1 fixed frequencies (Fig. 4 left and
detectable
middle). Although these spectral attributes do not change their central frequency
defined by constant geometric casing
conditions, the energy content changes
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the maximum of the envelope of the
found to be qualified for further analysis changes of the borehole casing are caused spectral cone. The frequency spectrum
(119 samples/shot). Two logs are repeat by partial overlaying of both sound effect envelope curve as the essential element
measurements, both carried out in a wor- models. The signal registered by the bore- of this spectral attribute can be calculated
kover campaign six years after the first hole sonic log is superposed by high fre- by Hilbert transformation or as a polynologging. Such repeat measurements are quency reverberation and low frequency mial function (Fig. 4, right).
of particular interest, as they allow time “casing sound”. The effects of frequency In the context of spectral attribute analydependent analyses.
shifting are extremely small and demand sis the parameter Differential Frequency
The aim in the first step of Enhanced Ca- statistic spectral attribute analysis.
Ratio (DFR) is introduced. This is the
sing Evaluation was to find an applicable FEM simulation should be considered to quotient of the energies containing upper
physical model that can describe the rela- get more clarity on the vibration pheno- and lower frequency bands of any of the
tionship between tension and frequency mena.
spectral attributes. The bandwidth is limichange known from strings or hollow cyted by ∆E1=∆E2 and the energy content
linders. An answer had to be given to the Signal Processing
is calculated by integration within these
question if such a model could be applied The idea behind the signal processing is to limits. The advantage of this procedure is
to a cemented casing with respect to ener- extract and process the observed shifting that also the shape of the envelope curve
gy and frequency content of the available of the frequency content of the registered is taken into account and is useful for
ultrasonic data. Two primitive sound ob- waveforms, used for an interpretation of comparison of different depths within
jects, which are able to generate a “casing changes in the longitudinal casing strain. one borehole log or for repeat logs in
sound” influenced from longitudinal ca- In the time domain this frequency shift time-lapse analysis.
sing strain are considered in Table 1.
can be identified as phase shifts in the tail
With respect to the investigation target, parts of the registered signals (Fig. 2, left). Results
possible frequency shifts in the reverbera- In the frequency domain – calculated by The spectral attribute FMAXF of borehole
tion signals due to mechanical tension Fast Fourier Transform [5] – changes in Sx3, logged at different times in the years
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duced. This is the quotient of the energies containing upper and lower frequency bands of any of the
spectral attributes. The bandwidth is limited by E1=E2 and the energy content is calculated by integration within these limits. The advantage of this procedure is that also the shape of the envelope
LOGGING
curve is taken into account useful for comparison of different depths within one borehole log or for
repeat logs in time-lapse analysis.

Fig. 4: Definition of criteria for spectral attribute characterization based on fixed frequencies: FMINC, main resonance fre-

Fig. 4	Definition of criteria for spectral attribute characterization based on fixed frequencies: FMINC, main
quency (left); FMAX1, first local peak below the main resonance frequency (middle); FMAXF, frequency of the peak envelope
resonance frequency (left); FMAX1, first local peak below the main resonance frequency (middle);
(right). The quotient of the energy containing the lower and upper frequency bands is called Differential Frequency Ratio
FMAXF, frequency of the peak envelope (right). The quotient of the energy containing the lower and
(DFR).
upper frequency bands is called Differential Frequency Ratio (DFR)

drilled in N-direction, nearly perpendicular to the local stress, resulting in a nearly
constant DFR without lengthening effects. In the cavern field some caverns
show deformed neck contours potentially
resulting from these rock movements. A
simple principle sketch explaining the
lengthening of the borehole casing, especially the deformation of the neck of the
cavern (originally a vertical borehole section of diameter 19”) caused by the local
stress systems [7] is shown in Figure 8.
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field [6] and the casing weight seems to be overlaid by parallel local stress which is causing a lengthening. Cavern Sx1 was drilled in N-direction, nearly perpendicular to the local stress resulting in a nearly
constant DFR without lengthening effects. In the cavern field some caverns show deformed neck contours potentially resulting from these rock movements. A simple principle sketch explaining the
lengthening of the borehole casing especially the deformation of caverns neck (originally a vertical
borehole section of caliber 19”) caused by the local stress systems [7] is shown in Fig. 8.
Tab. 2	Development of spectral attribute DFR(FMAXF) as a function of azimuth of deviation for four b oreholes
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Fig. 8: Geological situaton: local stress field from NW to SE causes lenghtening of SE-deviated borehole casings (Sx2, Sx3).
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