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COMPUTER METHOD TO DETECT AND CORRECT
CYCLE SKIPPING ON SONIC LOOS
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ABSTRACT

A simole but effective computer method has been developed to detect cycle
skipping on sonic logs and to replace cycle skips with estimates of
correct traveltimes. The method can be used to correct observed
traveltime pairs from the transmitter to both receivers. The basis of
the method is the linearity of a plot of theoretical traveltime from the
transmitter to the first receiver versus theoretical traveltime from the
transmitter to the second receiver. Theoretical traveltime pairs are
calculated assuming that the sonic logging 'tool is centered in the
borehole, that the borehole diameter is constant, that the borehole fluid
velocity is constant, and that the formation is homogeneous. The plot is
linear for the full range of possible formation-rock velocity. Plots of
observed traveltime pairs from a sonic logging tool are also linear but
have a large degree of scatter due to borehole rugosity, sharp boundaries
exhibiting large velocity contrasts, and system measurement
uncertainties. However, this scatter can be reduced to a level that is
less than scatter due to cycle skipping, so that cycle skips may be
detected and discarded or replaced with estimated values of traveltime.
Advantages of the method are that it can be applied in real time, that it
can be used with data collected by existing tools, that it only affects
data that exhibit cycle skipping and leaves other data unchanged, and
that a correction trace can be generated which shows where cycle skipping
occurs and the amount of correction applied. The method has been
successfully tested on sonic log data taken in two holes drilled at the
Nevada Test Site, Nye County, Nevada.

INTRODUCTION

The sonic log is widely used by geophysicists, hydrologists, and
geologists who are involved in characterizing Yucca Mountain on the
Nevada Test Site (NTS) for a potential high-level nuclear waste
repository. Work is performed in cooperation with the U.S. Department of
Energy, Nevada Nuclear Waste Storfge Investigations (Interagency
Agreement DE-AI08-78ET44802). Because of the potential problems
associated with long-term storage and retrievability of radioactive
Waste, the site must be evaluated using highly accurate and reliable
advanced Etate-of-the-art methods. Cycle skipping is the
"isidentification of a later cycle in the full sonic wave train for the
onset of the first cycle of sonic energy at the receiver (Schlumberger,
1972). Severe cycle-skipping problems on sonic logs from holes drilled
in the rhyolitic tuffs at NTS led in the mid 1%0's to the abandonment of
conventional ' sonic logs in favor of variable density logs (VDL) of the
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full sonic wave train. The first arrival and pseudo-Rayleigh wave (p.
and S-wave) traveltimea to a near and a far receiver were then hand
digitized from VDLs and used to calculate P- and S-wave sonic velocity
logs. The psuedo-Rayleigh wave is a borehole-formation wave that has
essentially the same velocity as the shear-wave (Strick, 1959). In 1981,
early in the Yucca Mountain drilling exploration program, borehole
compensated acoustic logs were tested and found to diminish the effect of
some of the cycle skipping. By applying knowledge learned while working
with hand digitized VDL data to borehole compensated acoustic log data, a
new method (herein referred to as the USGS method) to detect and comet
for cycle skipping has been developed which is a substantial improvement
over the accepted methods now being used, and has the potential to
eliminate the effect of all but extreme cases of cycle skipping.

THEORY

Figure 1 is a cross plot of theoretical scnic log first arrivals that
were calculated using Snell's law (Dobrin, 1960) to determine the least
total traveltlme through mud and formation to each receiver. The
assumptions are tnat the tool is centered in a smooth borehole of
constant diameter, that the borehole fluid velocity is constant, and that
the formation is homogeneous. The plotted data were calculated for
formation velocities ranging from the mud velocity to infinite and for
hole diameters 3, 6, 9, and 12 inches larger than the tool diameter. The
plots terminate for infinite formation velocity at the points where the
near and far receiver first arrival traveltiraes are equal to each other
and are both equal to the shortest mud time possible when transmission
through the formation is instantanaous. The. plots terminate for
velocities less than or equal to mud velocity at the points where the
first arrival traveltimt . are for the direct arrival through the mud with
no refraction through the formation. The significance of the plot is
that it shows perfect linearity between near and far receiver traveltimes
for all formation velocities.

Figure 2 is a plot of P-wave data hand digitized from a VDL. The
straight line which passes through the data is the theoretical line for a
drill hole with a diameter of 3.875 inches filled with mud that has a
velocity of 5000 feet/s and is logged with a 2.25-inch diameter sonic
tool. The calculated theoretical line falls 7 microseconds below the
mean of the data, which is very good agreement and less than the standard
error of estimate (+8 microseconds). The lack of better agreement can be
attributed primarily" to the fact that, as in all drill holes, the actual
diameter is variable and always larger than bit diameter (3.875 in), with
several intervals much larger than bit diameter in caved and washed out
zones. There are no groupings of outliers which indicate intervals where
a later cycle than the first arrival had been digitized, so the data are
considered consistant and acceptable for calculating P-wave velocity.

Figure 3 is the same plot as Figure 2 with the S-wave data added. Again
there are no grouped outliers, so the data are considered internally
consistant, but the data set lies above and parallel to the theoretical
line. Figure A is a plot of the same data set after the S-wave
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traveltimes to both receivers were reduced by 85 microseconds which Is
the nominal period for one cycle of the S-wave determined from the VDL.
The mean of the entire data set now falls 11 microseconds above the
theoretical line and tne standard error of estimate is +11
microseconds. When plotted on the same scale as and overlaid on the VDL,
the shifted S-wave traveltimes coincide with what appears to be a weak
onset of the S-wave over most of the log shown on Figure 5. This arrival
16 not discernable in some intervals and is much weaker than the second
cycle which was digitized. The calculated velocities are unchanged by a
shift of one period in traveltime to both receivers, but instances where
the traveltime to only one receiver requires shifting will result in a
significant change in calculated velocity. The S-wave is not generated
at the transmitter and refracted through the mud and the formation, but
starts out as a P-wave and is converted to an S-wave when it enters the
formation, and then is reconverted to a P-wave that travels through the
mud to the receiver. As a result, S-wave traveltimes do not always agree
vith the theoretical line as well as the P-wave traveltimes agree, but
experience has shown that the difference is always much less than a
period. Therefore, mistakes in digitizing as small as 1/2 cycle due to
inconsistent polarity between receivers can be resolved.

As a result of being able to resolve polarity and cycle misidentification
with hand digitized data, the method was tested to determine whether it
could resolve mistakes in automatically picking the first arrival with
sonic log tools in the field.

APPLICATION

The method of correcting for cycle skipping presented in this discussion
requires the first arrival traveltimes for each receiver. Figure 6A and
6B are plots of automatically selected first arrival sonic log data for
both transmitters of Dresser Atlas' standard borehole compensated sonic
tool . The outliers which are assumed to be the result of cycle-skipping
are apparent, but the entire data set lies above and not quite parallel
to the theoretical line. A theoretical line which is calculated assuming
a 100-microsecond instrument delay time to each receiver fits the data
better, but not well enough to be ut.°d as a standard for automatic
computer correcting of the data. A reg-ession line fitted to the data
worked very well as a standard to identify and correct for errors In the
first arrival traveltimes, but the regression equation Is dependent on
the data set and cannot be applied In real time. Based on the assumption
that the first arrival Is delayed by the same amount through the mud to
each receiver, the difference between far and near receiver traveltimes
is, for practical purposes, the mud-free traveltime for the formation
between the receivers. Figure 7A and 7B are plots of mud-free formation
traveltimes that were created by summing previous differences between the
iar and the near receiver traveltimes to create corresponding mud-free
formation traveltimes from the transmitter to each receiver. A
theoretical line which passes through the origin with a slope of the

n

™y use of trade names is for descriptive purposes only and does not
imply endorsement by the U.S. Geological Survey.
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ratio of near/far receiver spacing fits the data and passes through the

mean with a standard error of estimate of less than +16 microseconds,
which can be used as a standard to correct the data. This theoretical
line is called the spacing ratio line.

In order to correct the data, you have to determine which receiver
traveltime is in error and what kind of a correction is needed. Trial
and error determined for this data set (Figs. 6 and 7 ) , which wa8
automatically picked every 1/2 foot, that approximately 99 percent of the
traveltimes which differ from the previous traveltime by more than 35
microseconds require correction. As a result, nearly 1 percent of the
data is overcorrected or corrected unnecessarily when a criterion of 35
microseconds is used for correcting this data. A larger correction
criterion which eliminates the overcorrection and unnecessary correction
could not be used because considerable data was left undercorrected and
erroneously uncorrected. By collecting data every 1/4 foot, the
correction criterion could possibly be reduced to 18 microseconds and
certainly could be reduced to less than 25 microseconds which is one half
the period of the P-wave. Reducing the usable correction criterion to
less than 1/2 the period will nearly eliminate errors when correcting for
2 or 3 cycle skips, and will reduce the uncertainty to less than 6
microseconds/foot for corrections to all the erroneous data. Even closer
spaced data could practically eliminate uncertainty in all corrections.

The procedure used to correct the data is:

1. Determine the period of the P-wave arrivals by direct
observation of the VDL, or if a VDL is not available, assume that It
is equal to the transmitter period. For this data set, the P-wave
period observed on the VDL is 50 microseconds, which is also the
period of the 20,000 Hz transmitter.

2. Correct the near receiver traveltime first because it is a
stronger signal and requires less correcton than the far receiver
traveltime. Also, the near receiver traveltime then becomes the
reference value used to determine the validity of the far receiver
traveltime, and to correct it to the spacing ratio line if it Is
invalid.

3. As corrections are applied going down the log, each necr and far
receiver traveltime is compared with the previous one which has been
determined to be valid, or if invalid has been corrected. If a near
receiver traveltime exceeds the previous one by less than two
periods, it is decreased by a multiple of the period to reduce the
difference to 35 microseconds or less. Likewise, If a far receiver
traveltime exceeds the previous one by less than three periods, it
is decreased in a similar fashion. Two and three periods were
chosen as the likely maximum number of skips allowable while still
picking a cycle of the P-wave. The measured traveltimes are then
readjusted by one period If needed to bring the mud-free traveltimes
to within 35 microseconds of the spacing ratio line (Figure 8A and
8B).
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U. All remaining measured traveltimes that differ by an amount
greater than 35 microseconds from the adjacent already corrected
traveltime are adjusted so that the mud-free traveltimes plot
exactly on the spacing ratio line. Incorrect near receiver
traveltimes are replaced with traveltimes created by adding the
difference between the previous and present mud-free formation
traveltime to the corresponding adjacent already correct measured
traveltime. When the far receiver traveltime is incorrect, the far
receiver mud-free traveltime is calculated from the spacing ratio,
and the corrected measured far receiver traveltime is then the
corrected near receiver traveltime plus the difference between the
far and near receiver mud-free traveltimes, which is the estimated
formation traveltime between the receivers. figures 9A and 9B are
plots of the corrected measured traveltimes showing that nearly all
of the outliers have been removed by adjusting all of the data to
within 35 microseconds of the spacing ratio line (Figures 8A and
8B).

Figures 10-13 are the traveltimes from each transmitter to each receiver
plotted versus depth in the drill hole. Each figure compares uncorrected
nearved traveltime, corrected measured traveltime, uncorrected mud-free
traveltime, and corrected mud-free traveltime for each
transmitter/receiver combination. Noise due to cycle skipping and
spurious early first arrivals on the uncorrected plots obviously is
either missing or greatly reduced in magnitude on the corrected plots.
Also note that the corrected plots on all four figures are all similar in
character. The corrected traveltimes for the upper transmitter are
completely independent of the corrected traveltimes for the lower
transmitter, thus, their similarity in character is evidence that the
corrections are valid.

RESULTS

Figure 14 shows corrected and uncorrected delta-t logs calculated by
dividing the difference between the far and near receiver spacing into
the difference between the far and near receiver traveltimes for each of
the transmitters. The two corrected logs are similar in character and
ouch less noisy than the uncorrected logs. The final corrected borehole
compensated log is computed by averaging the two corrected logs of figure
14, and the correction curve will be the difference between the borehole
compensated log and the average of the two uncorrected logs of figure 14.

fIgure 15 shows plots of the delta-t correction, compensated delta-t,
compensated density, and density correction. The scale has been reversed
ori the compensated delta-t to permit easier vir-ual correlation with the
compensated density. These two physical properties have a high degree of
correlation when measured accurately for the rhyolitic tuffs at NTS.
^nsidering the amount of correction applied to both measurements the
correlation is remarkable and much better than the correlation obtained

h compensated delta-t corrected for cycle skipping using presently
accepted methods. Also shown on the delta-t correction log is a
requency plot of number of fractures per 10-foot interval interpreted
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from a sonic televiewer log, and a water proHucin^ znne determined from
tracejector pumping tests and temperature logs (Richard K. Waddei, IISGS,
oral commun., 1985). There is a general correlation between the
fracturing and the correction curve, and the water producing zone occurs
in a fractured zone that correlates with the correction curve. The
volcanic tuffs of Yucca Mountain are normally impermeable to water flow,
so water production is from zones where the fractures are unsealed and
interconnected.

Figure 16 shows similar data plots from a hole drilled 100 feet away from
the first drill hole. Again the correlation with the density log is
remarkable. There is a general correlation between fracturing and delta-
t correction, and a one-to-cne correlation between water producing zones,
fracturing, and delta-t correction. The 55 percent production plotted at
2440 feet is from two zones determined 'with the temperature log to center
at depths of 2432 and 2446 feet.

Figure 17 is a comparison of the compensated delta-t logs from both drill
holes, which also compares the new USGS method of correcting for cycle
skipping with the presently accepted method used by the logging
company. The two USGS logs agree extremely well with each other
throughout the logged interval. In some intervals one log is noisier
than the other, but the noise due to correction is small (less than 10
nicroseconds/foot in nearly all cases) and can be reduced substantially
r even nearly eliminated by collecting data at an interval closer than
he 1/2-foot interval of these data. Standard filtering that is
routinely applied by logging companies could no doubt also reduce the
noise level for these data without having to decrease the data collection
nterval. Major differences between the USGS and logging company delta-t
ccur at 1400, 1650, and 2210 feet in the first drill hole, and at 1650

and 2820 in the second drill hole. The differences occur where large
corrections to USGS compensated delta-t are shown on figures 19 and 20,
which resulted in high correlation with the density log. Further
confirmation that the corrections are valid is that logging company data
do not agree with each other in the above intervals, but except for 1650
feet, one of the logging company logs agrees with both of the USGS logs
wherever the other logging company log differs.

CONCLUSIONS

Conclusions that can be drawn from this study are:

1. Where cycle skipping is severe, the new USGS method of
correction gives more accurate results than presently accepted
methods .

2. First arrival misidentification errors can nearly be eliminated
using the new method with closely spaced data points.

3. The correction trace for corrected compensated delta-t promises
to help identify fracture zones that are permeable and have
potential for fluid production.
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4. The uethod Is simple and straightforward and lends itself to
easy adaptation to real time application. Not counting time to read
the data from a 9-track digital tape, the calculation time to
process 1600 feet of data taken at l/2-foot intervals using a
desktop RP-9845 computer is r tween 25 and 30 seconds.

5. Based on previous experience with hand digitized S-wave data,
this method has the potential to correct in real time for the
misidentified onset of the S-wave, which has been automatically
picked from full wave-train sonic data by methods such as proposed
by Dennis and Wang (1984).
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FAR RECEIVER TRA VELTIME IN MICROSECONDS
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Figure 1 ... Theoretical calculated traveltime. Figure 2 ... P- wave traveltime.
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Figure 3 ... P- and S- wave traveltime as
hand digitized.

Figure 4 ... P- and S- wave traveltime with one
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Figure 5 ... Variable density display of full-wave-train sonic log data showing P- and S- wa"
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FAR RECEIVER TRAVELTIME IN MICROSECONDS

TOP TRANSMITTER BOTTOM TRANSMITTER

400 aoo taoo o too QOO

400

DEL*

/

VED
\

LINE >

y* ^THEORET C A L L N f

Figure 6 (A) ... Uncorrecled traveltime. Figure 6 (B; ... Uncorrected traveltime.
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Figure 7 (A) ... Mud-lree uncorrected
traveltime.

Figure 8 (A) ... Mud-free corrected
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Figure 7 (B) ... Mud-lree uncorrected
t raveltime.

Figure 8 (B) ... Mud-free corrected
traveltime.

DELATED LINE

'THEORETICAL LINE
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Figure 9 (B) ... Corrected traveltime.
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TRAVELTIME, liM MICROSECONDS
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- 10 -



SPWLA TWENTY-SIXTH ANNUAL LOGGING SYMPOSIUM, JUNE 17-20, 1985

TRAVELTIME, IN MICROSECONDS
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Figure 1 i ... Traveltime to the far receiver from the top transmitter.
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TRAVELTIME, IN MICROSECONDS
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Figu e 12 ... Traveltime to the far receiver from the bottom transmitter.
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TRAVELTIME, IN MICROSECONDS
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Figure 13 ... Traveltime to the near receiver from the tottom transmitter.
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DELTA-T, IN MICROSECONDS/FOOT
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Figure 14 ... Uncompensated delta-t's from each transmitter corrected and uncorrecfsd'
cycle-skipping.
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DELTA-T,
IN MICROSECONDS/FOOT
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Figure 15 ... Comparison of compensated delta-t corrected for cycle-skipping with compensated
density and showing correlation with fracture frequency from a sonic televiewer log and
percent water production from pumping tests in drill hole UE-25C #2.
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Figure 16 ... Comparison of compensated delta-t corrected for cycle-skipping with compensate;

density and showing correlation with fracture frequency from a sonic televiewer log a«
percent water production from pumping tests irr drill hole UE-25C * 3 .
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COMPENSATED DELTA-T, IN MICROSECONDS/FOOT
DRILL HOLE UE-25C #2 DRILL HOLE UE-2I5C #3

USGS LOGGING COMPANY USGS LOGGING COMPANY
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Figure 17 ... Comparison of compensated delta-t logs from two holes drilled 100 feet apart and
1 comparing the new USG3 method tor correcting for cycle-skipping witti the presenl

accepted method used by the logging company.
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