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PREDICTION OF GEOLOGIC AND HYDROLOGIC CONDITIONS
AHEAD OF RAPID ENCAVATION OPERATIONS
BY INHOLE GEOPHYSICAL TECHNIQULES

TLCHNICAL REPORT SUMMARY

The objestive of this rescareh project was to develop inhole geophysical measure-
ment techniques for assessing geologic and hydrologie conditions ahead of
tunnels constructed by rapid excavation methods.

The re: rreh plan was to (1) perform preliminary research, (2) design and
devel p ecilications for instrumentation, (3) contract with custom equipment
manufactt cers for its labrication, and (4) test, evaluwite and deseribe in reports
its field applicability. Measurement techniques dey eloped and tesled include:
magnetie susceptibility, eleetrical resistivity, acoustic waveform, bulk density,
oriented 3-point caliper, 3-point resislunce, and temperature.

The inliole geophysical measurement system was developaed and performance
tests were comploted. Computer technigi s weve developed for analyzing and
plotting all logrny data. Calibration models were designed, construeted and
laboratory lesls were completed 1o determine the piysical eharacteristics of
the models with accuracy,

Accomplishmenls ol special significance include tne foliowing: (1) the suc-
cessiul temperature stebilization of the magnetic stusceptibility borelwole
measucement equipment, (2) implementation of o truck -mounted high-speed
digital tape recording system capable of real-time fiold recording ol acoustie
wavelorms digitized ot infervals as small as 0.5 micreseeonds, (3) development
of » unique computer method for delecting the avrivals of - and S-waves by
eross-correlation of acoustic wavetorms, and 1) the development of computer
technigues tor synthesizing and plotting logs of Poisson’s ratio, elastie moduli
(Youngs. shear and bulk), localion and orientation of fractures, and RQD .,




PREDICTION OF GEOLOGIC AND HYDROLOGIC CONDITIONS
AIILAD OF RAPID EXCAVATION OPERATIONS
BY INTIOLI GEROPHYSICAL TECHNIQUES

by

James I, Scott and Joe Scua

INTRODUCTION

It is generally recognized thut effective planning for deep tunneling by rapid
excavation techniques requires detailed and accurate knowledge of the specific
physical characteristics of reci, at tunncl depth prior to constructica. This
rescarch project was directed toward (1) developing new and improved techni-
ques of aequiring this information by inhole geophysical measurements, and
(2) developing new computer -aided interpretation techniques for analyzing and

displaying the measurement data.
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DISCUSSION OF THE PROBLEM

Unknown or poorly defined geolozic and hydrologic conditions, probably more
than any other factors, determine the degree of difficulty and the total cost of
excavating and supporting underground openings crcated by rapid excavation
methods. The development of new or improved geological and geophysical

methods for accur. tely characterizing the rock and hydrologic conditions

ahead of rapid c<cavation operatious are needed to develop efficient rapid

excaviation tunneling and mining systems.

ARPA program goals of uchicving advance rates ot 200 feet/day at depthis of
scveral thousand feet in hard roclh reauire that detailed voek properties be
obtained by accurate and reliable in-situ measnrements made in advance of
tunnel construction. Results are nceded for opiinmizing construction by aati-
cipating geologic-hydrologic conditions, especially in problem zones, and

adjusting tunneling techniques accordingly.

Geophysical well logging can provide the most accurate and detailed informa-
tion possible prior to actual tunneling. ‘These measurenients can [ill the gap
between reconnaissance surface geophysical surveys which can be expected to
delineate gross geological features, and detailed underground measurements that
are being developed to map and define rock propertics foot-by-foot. They can

provide a {inal "'20k" at underground conditious before a commitment is made

to follow a certain tunnel route. Inhole measurcments offer a means of greatiy
increasing the smount of information that can be extracted from drill toles which

are an expensive investment when depths of several thousand feet are involved.
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RESEARCI PLAN

During the first phase of the project, supported by FY 1971 ARPA funding, a
mobile geophysical well logging unit was desigued and partly developed and
calibrated by modifying existing Bureau of Mines goophysical logging equip-
ment. The equipment was modified to operate in small-diamcter borehoies
drilled in hard-rock envirouments to depths of 3000 feet. Calibration models
were designed and partially constructed, and preliminavy coinputer techuiques

were developed for analyzing measurcment data obtained during Phase I.

The research plan for Phase II, supported by ¥'Y 1972 ARPA funding, was to
complete the development, testing and ealibrution of the measurement system,
to complete the construction and testing of the calibration modets, and to
develop computer-aided interpretation techniques for analyzing and displaying
measurement data. The com.p!ction of Phase U was delayed someswhat by Iate
delivery of electronic subsystems, but otherwise the original plan was followed

successfully and without significant change.
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GEOPHYSICAL LOGGING MEASURLMENT SYSTEM

The geophysical logging measurement system is housed in a custom-designed
van mounted on a 2-ton truck (Figure 1). The van is divided into two compart-
ments. The rear compartment contains the wineh, cable draw-works system
and boom elevator mechuanism, all accessible through the rear doors of the
truck (Figure 2). Prior to transit the boom is rotated fm-\\;urd 50 that tl e pulley
wheel is over the cab, and then it is lowered and fastened down against the top
of the van. [In operation, the boom is elevated and rotated so that the logging
cable passes down through the pulley directly sver the iole to be lorered as
shown in Figure 3. The boom was designed to make it possible for ¢ man to
handiwe probes up to 29 feet long safely and conveniently. [n Figure 3, the
logging truck cperator is shown preparing to change probes prior to the next
logging run. When uot in use, probes arve stored in h(u'i;:.'-)lltui tubes just
beneath the back doors of the truek where they can be loeked in place during

transit.

The cable draw-works system in the rear compavtment of the oruck is shown
in 'igure 4, The winch is powered by a variable speed 100 vde 1.5 1P,
reversible motor with a Morse SCR motor control unit. ‘I'ie motor is coupled
to the winch through a Lima transmission with 4 incchanically selectable drive
speeds and an clectric 2-speed clutch. Controls and meters for the wineh are
located in the forward compartment beneath the long horizontal window in the
partition separating the twc compartments (Figure 5). The meter on the left
is used to monitor load weight on the cable, and is equipped with adjustable

uvaderioad-overload indicators and switches that turn the winch power off when




FIGURE 1. - Geophysical Logging Truck, Side View,
Showing Boom and Pulley System for
Handling Long Probes.

FIGURE 2. - Geophysical Logging Truck, Rear View,
Showing Access to Winch Through Open
Doors.
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preset limits are exeeeded. This arrangement prevents eable backlash vihen the
probe is being lowered and is unexpectedly stopped by an obstruction in the
hole, and it also prevents over-stressing the logging eable and boom support

if the probe hangs up as it is raised up the hole.

In Figure 5 the meter on the right beneath the window is used to monitor ecable
speed. Push-button switches beneath the meters are used ‘to select low or high
speed ranges, to select up or down directions, to stop the winch, and to engage
or disengage the elutch. The variable speed control knob is loeated to the
right of the push-button switches. A meehanical footage indicator for backup
of the eleetronic footage cdunter is located between the two meters above the

push-bution switches.

To the right of the long horizontal window shown in Figure 5 are mcters and
switches for monitoring and controlling the 110 vac gasoline-powered motor
generator that is installed in a separate compartment located at the lower left-
rear of the van. The gasoline motor is vented to the outside through an
exhaust pipe that extends above the top of the van to prevent exhaust fumes

from accumulating in the van.

The instrumentation modules are located in the forward compartment of the van
shown in Figure 6. All of the control modules are *NIAM compatible so that they
can be unplugged {from the NIM bin power supplies in the mobile logging van
and plugged into "porta-bins" for use with a portable draw-works and recordeyr
system in remote arcas where acecess by truck is impossible or impractieal, or

underground in tunnels.,

* Nuclear Instrument Module, AEC Spec. TID-20893.




FIGURE 5. - Meters and Controls for Cable Draw-Works
System Located Beneath the Window Behind
the Operator in the Forward Compartment.

FIGURE 6. - Measurement Control Modules Located in

Front of Operator in the Forward Compart-
ment.



.

5
Referring to Figure 6, and to the instrument rack near the windows, th~ modules
in the upper left bin are the nuelear pulse detection and ealibration modules

including the ratemeter, puise g .erator, timer-scaler, and output printer.

In Figure 6 the operator is plugging a connceting cable into the cable pateh panel
just below the nuelear modules. This panel also contains meters for monitoring
voltage and frequeney of ac power. Below the patch panel is the downhole de
power supply which provides adjustable regulated Je¢ power to the probes.
Beneath the downhole power supply is the 3-pen chart recorder for making paper
records of logging measurements. Directly beneath the ehart recorder and also

to the right of the recorder are the eleetrie logring pancls and medules,

Referring to the middte raek in Figure 6, above the eleetric logging module is
an X-Y reecorder mounted on the pull-out shelt (out of view') is the high-speed
digitizer for sampling and bu'ffering acoustie wavcform data. Above the
digitizer is an oseilloscope for testing and debugging the equipment and for
displaying acoustic waveforms. Above the scope and at the top of the middle
rack are modules for control and operation of the ealiper probe, 3-point

resistance probe, and magnetie suseeptibility probe.

Referring to the raek on the right in Figure 6, the large reetangular cabinet
with glass door contains the digital magnetic tape recorder, and just below it
is the digital tape buffer unit. Above the tape recorder and nearly out of view
is the digital interface unit and the eleetronie depth eounter, the output of
which is reeorded on tape along with a seleetable number of channels of

geophysical measurement data for whieh control, sequencing and buffering

functions are accomplished by the interface unit.
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A unique high-speed data acquisition and buffering system makes it possible to
digitize incoming acoustic waveforin signals from the three receivers of the
acoustic probe and to record them serially, in repeating sequence, on computer-
compatible 9-track digital magnetic tapec at a density of 800 characters/inch.

i A digitizing interval of either 2 or § microseconds has been found to be ade-
cuate for sampling most acoustic waveforms, although an interval as small as
0.5 microsecont can be selected if very fine resolution is needed. Word length
is 8 bits, and buffering in the digitizer provides for storing 1024 words per
record. In operation, after the 1024 words are formed and stored in the digi-
tizer buffer, they ave transferred to the tape buffer where they are held until
they can be transferred to the magnetic tape at tape recording speed. After

s this is accomplished, another 1024 words are formed representing the waveform
: picked up from the next receiver in s:quenee, and the proeess is repeated. In

tiris manner, 1024-word records in se's of three, one for each reeeiver on the

probe, are obtained at one-foot intervals in the borehole at logging speeds of

30-40 feet/minute, or at half-foot intervals at speeds of 15-20 feet/minute.

The functional relationships of various modules and system components are
shown in the block diagram of Figure 7. The {low of information starts with

the borechole probes at tlie lower left-hand corner of the illustration, and
proceeds to the right along lines indicated by arrows. In field opcrations,
measurement information is finally stored on digital magnetic tape (lower
right-hand corner of Figure 7). Recorded field data ure later analyzed by
computer after the tape is brought back or sent buck to the laboratory. Graphic
recorders in the truck are used to monitor the operation of the data acquisition
system, and to provide back-up for the digital magnetic tape recording system.

If the magnetic tape recorcer in the logging van malfunetions, the graphic

records can be digitized by use of a laboratory digitizer-tape recorder system,
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and the tape thus prepared can be used to provide optional input to the computer
programs described later in the report.

Logying measurement probes developed or adapted for determining rock character
ahead of tunneling are shown in Figure 8. At the top of the illustration is the

magnetic susceptibility probe which is seasitive to the volumetric concentration

of magnetic minerals in rock. The susceptibility log can be made in boreholes
filled with cither fluid or air. Because magnetic minerals such as ma rnetite

and ilmenite, which are normally present in low coneentration in igneous
rocks, ure oxidized to non-magnetic minerals in alteration zones, anomalously
low levels of magnetic susceptibility in a rock mass are a direct indication of
chiemical alteration and an indirect irdication of vones of faulting and potential
water inflow that are commonly associated v ith mineral alteration. The magnetie
susceptibility probe shown in Figure 8 was specially designed to minimize pro-
blems of temperature instability which have limited the accuracy of inhole mag-
netic susceptibility measurements made in the past with equipment described
by Broding and others (2). Temperaturc is stavilized inside the probe by a
thermostatically controlled heater element, and sensor coinponents are designed

for temperature compensation to minimize the effect of small residual temperature

fluctuations.,

The next probe down from the top of Figuré 8 is the eleetrical resistivity prohe
cquipped with "normal” electrode spacings of 16 and 64 inches. Resistivity
logs can be made ouly if holes are filled with condueting fluid (water or drilling
mud). In the "normal" clectrode configu sition, one side of the current circuit

is connected to an electrode located at the bottom of the logging probe, and the
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other side is connected to the armor of the logging cable. A regulated square-
wave curreint source is introducced between tiiese two points., Two simultancous
meaosurements of ¢lectrical resistivity are made at two different sized sample
volumes by the use of potential electrodes located at spacings of 16 inches and 64
inches from the current electrode on the probe. Seporate measurements fre
made of the poteatial between each of the two potential electrodes oa the probe
and a common surface ground potential clectrode. With the square-wave current
regulated at a constant value, apparent resistivity is proportional to measured
potential, and therefore an analog voltage representing apparent resistivity can
be obtained by appropriate electro: ic sciiing of the two potential incasurcement
signals. Resistivity measurements a-e made at two different electrode spacings
to make it possible to take into account the effects of fluid in the btorehole, inva-
sion of borehole fluid into porous formations, and to provide different levels

of thin bed resolution and sample volume averaging as discussed by Keller

and Frischknecht (7). Resistivity logs are usclul for distinguishing dif’erent
rock types because of the sensitivity of the measurement to the volumetric water
content of rock and its salinity. In particular, water-saturated clay alteration
minerals that occur in fractures have a very low resistivity, commonly in the
range of 1-10 ohm-meters, which contrasts merkedly with unfractured hard

rock which typically  as resistivities in the range ot 100-1000 ohm-meters.

Just below the clectrical resistivity probe in Figure 8 is *the acoustic waveform
probe. Operation of this probe requires that the borehole be filled with fluid
to transmit the acoustic pulse from the probe to wall rock and back. The lower
transducer section contains the magnetostrictive pressure pulse transmitter on
the left and three pressure-sensitive piezoelectric ceramic receivers on the

right. The spacing from the transmitter to the first receiver is 4 feet, and the
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three rcecivers are 1} fect apart. In operation, the spring sections (above the
transducer section in Figure 8) are connected to each end of the transducer
scction, so that the probe is centralized m the hole. Centralization is needed to
Keep acoustic waves in phase at the receivers. The center frejquency of the
acoustic pulse emitted from the transmitter is rather high--approximately

40 kllz--so it is important that acoustic arrivals be kept in phase to prevent
the signal from being degiraded at the receivers. Acousti¢ log measurements
are useful for determining rock type, degree of fracturing, and for computing
Poisson's ratio, and dvnamic elastic moduli as discussed by Geyer and Myung
(6) and Morris and others (9). These parameters define the clastic pro-
perties of rock and are useful for predicting rock mass behavior in response

to varying stress conditicns caused by tunnel construction,

Below the acoustic probe in Figure 8 is the bulk density p‘robe. The bow spring
attached to the probe is uscc—l to press the collimated gamma-ray source and
dctector against the borehole wall to minimize variations caused by changes in
hole diameter, borehole rugosity, and variations in the density of the borehole-
filling medium (air, water or drilling mud). The gamma-ray source used in the
probe is 125 mCi of Cesium-137 in a sealed capsule casily removed from the
probe when it is not in use. The gamma-ray detcctor is a Nal-T1 scintillation
crystal (4 inch diameter by 2 inches long) optically coupled to a photomulti-
plier tube. Spacing between source and detector is adjustable from 9 to 16
inches. Principles of density logging by the gamma-gamma method are des-
cribed by Tittman and Wahl (11). Density logs may be made in holes filled

with cither tluid or ai1. The density measurement is used to distinguish rock
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types from one another and to proide numerical values of density needod for

computation of eclastie mnoduli.

Below the density probe in Figure 8 is a 3-point caliper probe. The caliper

probe ean be used in either dry or fluid-filled loles. The arms of the caliper

move independently and provide thrce separate measurements of hole radius at
; azimuths 120 degrees apart. !a operation the probe is connceted to a gyros-
copically oriented diveetional probe, and the hybrid unit is centralized in the

hole with springs similar tc those used with the acoustie probe. Indentations

i in the hole wall eaused by fractures eutting across the hole a'rc detected by the
arms of the probes, and the strike and dip of the fractures thus deteet.d can be
determined. This is accomplished by measuring the inelination of the hole and
the azimuthal orientation of the probe arins at all points along the hole axis with
the gyro directional probe. Measuremeiits made with the 3-point caliper probe
are obviously useful for deteeting fracturcs and determining their strike and
dip, but they m.'e also useful in determining hole diameter which is needed for
computing and apply .1g eorrections to other logs including eleetrical resistivity,
density and magnetie susceptibility. In addition, hele diameter is useful for
distinguishing variations in roek hardness because of the tendeney for soft

rock to drill out to a larger diameter than hard rock.

Below the 3-point ealiper probe in Figure 8 is the 3-point resistanee pr-be.

Eleetrical resistance is measured between the tip of one of the arms of the probe

l and the other two arm tips conneeted in common. This resistance measurement

' is very sensitive to thin fractures perpendieular to the borehole axis, and to

o

thin layers of elay, either in fractures or in bedded rock. The iog can also be |
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used to pick depths to bed or formacion eontacts with very high preeision and

resolution. The 3-poiut resistance probe ean be used in either dry or fluid-

filled holes.

The probe at the bottom of Figure 8 is a temperature probe which uses a
thermistor as a sensing element. This probe is uscful for detecting zones
of potential water inflow in fluid-filled holes as discussed l;y Keys and

Mae Cary (8) and for estimating environmental temperatures to bhe encoun-
tered during tunnel construction. The probe is usnally used in fluid-filled

holez, but can be operated in air-filled holes although the measurements are

affected adversely by conveetion of air in the hole.
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CALIBRATION MODELS

It is important to provide a means of calibrating geophysical logging equipment

if results of computer-aided interpretations are to be meaningful and reliable,

Of the various measurement techniques developed in this study, density logging
is considerred to be the one most prone to error resutting from calibration prcblems.
Therefore, conerete models were carefully desipned and constructed with special
emphasis on their usefulness for calibrating density probes. The calibration
models illustrated iit Figure 9 were made with ditferent mixes of concrete so that
they would cover the rauge of density that is normally encountered in borehole
logging of various rock types. The low density mcdel was made with light-
weight (expanded shale) aggregate and 5 percent air entrainment. The medium
density model was made with standard (sand-gravel) aggregate, and the high
density model was made with hematite-gravel aggr- jate. In order to facilitate
the determination of empirical hole diameter correcticns as part of the calibration
procedure, four holes of different diameters (2, 3, 5, and 8 inches) were drilled
in the medium-density model. The high and low density models contain only one
hole cach, 3-inches in diameter, which is typical of the size of exploration holes

drilled ahead of tunneling.

Mapgnetic susceptibility is another borehole measurement requiring careful cali-
bration of equipment because of its sensitivity to temperature drift. Thercfore,
different amounts of granular magnetite werce added to the conerete mixes used

in the coustruction ot the three calibration models deseribed above. tHigh-

susceptibilities were emphasized in designing the models in order to detect

-
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MACNETIC SUSCEPTIBILITY GOS wegs 1685 wegs 9090 ucgs
VELOCITY 12,600 f1/sec 13,500 t/sec 12,000 tt/sec
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Representing P-Wave and § Wave
*[ Arrivals.
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and ¢ rrect measurcment nonlinearities that may occur in the upper part of

the susceptibility range.

As a byproduct of the design of the calibration models, variations in the acoustic
velocity of the various conerete mixes turned out to be useful for testing and

evaluating computer-implemented digital techniques for analyzing acoustic

waveform logs.

The models were constructed with an 8-foot calibration zonc above a 4.5-foot
underrun zone as shown in Figure 9. The underrun zone was provided to

accommodate long probes with sensors several foot above the bottom.

The holes in the models are normally filled with water (witk anti-freeze added

to prevent freezing in wintertime) so that the simulated formations remain water-
saturated and density and velocity remain constant. However, the holes may be
pumped out temporarily in order to calibrate probes for logging dry holes, or
they can be filled with simulated drilling muds of different compositions and

different densities to determine empiriecal corrections for various types of hole

fluid.,

The logging calibration models are located on government property at the Denver
Federal Center where they are available for use by other government agencies

and commercial logging companies on a self-serve basis, Information regarding

their use can be obtained by contacting the authors of this report.,
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As an adjunet to the ealibration models, a laboratory test tank was designed and
eonstructed to test probes for temperature stability. The tank is equipped with

a flow-through hot-eold water system that allows temperature to be variedlfrom

0to 75 degrees C. The tank is also useful for ealibrating the temperature

logging probe.

By use of the temperature test tank and the ealibration models, it is possible to
assure that the density, magnetic suseeptibility, aecoustic velocity, and tempera-
ture logging systems are reliable, stable, and quantitatively accurate before

they are takeg to remote field sites where such facilities are not available.
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COMPUTLER-AIDED INTERPRETATION TECIHINIQUES

Computers have been used for analysis of geophysical logs by the petroleum

industry with methods sueh as those described by Broding and Poole (1) and

the uranium mining industry by use of techniques developed by Seott (10)
sinee the early 1960's. The recent availability of graphic terminals has made
it praetieal to use man-machine interaetive teehniques for un_alyzing and
interpreting geophysieal logs by methods discussed by Gans (5). Computer
techniques have also bcen' used to faeilitate the derivation and display of

synthetic logs, partieularly for logs of elastie moduli as presented by Evans

and Cotterell (4) and by Geyer and Myung (6).

In the eourse of implementing eomputer programs for analyzing logs for predicting
geologic and hydrologic eonditions ahead of rapid excavation tunneling, many
previously developed techniques and ideas were drawn on, and a few new ones
were udded. The programs were designed for batch computer proeessing, but
with provisions for adapting them to interaetive graphic terminal operation in

the future as terminals beeome more readily available.

Perhaps the most significant new computer technique that was develop.d in this
study was a numerical method for determining P- and S-wave velocities from
digitized acoustic waveforms obtained with 2-receiver aeoustic logging prebes

l (with the transmitter and receivers spaeed longitudinally along the probe). The
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technique is based on a unique property of the cross-correlation function; its
ability to detect and measure the degree of similarity between two waveforms
that are compared at a scrics of progressive time lags. The cross-correlation
function is eharacterized by positive peaks at lag times where alinement of
similarities in the waveforms is best, and negative peaks where alignment of
similarities is poorest. Therefore, when P-wave or S-wave arrivals detected
by the two reeeivers have similar wave shages, their alinement is represented
by a positive peak on the cross-ecorrclation function at a lag time that corres-

ponds to a specific velocity .

The sensitivity of the eross-correlation technique in this applieation is improved
by limiting computation of the eross-eorrelation function to segments of waveforms
within time windows that exelude irrelevant acoustie encergy arriving long before
and long after the particular event of interest. The time windows used in

this technique are positioned as a function of lag time (which in turn is a

funetion of roek velocity), transmitter-receiver spacings, hole diumeter, trans-
ducer diameter, borebhole fluid veloeity, and angle of incidence of ray critically
refracted along roek adjacent to the hole. The time windows can be visualized

as sliding down the two waveforms as the evoss-correlation function is

computed at increasing lag times.

P —————




The cross correlation function is defined below: : |
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‘ jzA
Ji
Where C(t) = Cross correlation
t = Lag integer interval (lag time/at)
A. = Amplitude at point j of the digitized wave form obtained by
J the receiver closest to the transmitter
B.+T = Amplitude at the point j+t of the digitized waveform obtained by
J the receiver farthest from the transmitter
TR
iy, =mit Delay Interval
J2 =3, + Window Interval
Window Interval =100 jsec/at (Selected by interpreter)
At = Digitizing time interval (=5 ysec)
TR = Spacing between transmitter and closest receiver
AR = Spacing between the two receivers
Delay Interval = Dh - Dt
} Vf cosa At
Dh - & Diameter of borehole
Dt = Diameter of transducers on probe
Vf = Velocity of fluid in borehole
a = Angle of incidence of critically refracted acoustic ray
. AR AR
Computational range of T: < T <y
VmaxAt VminAt
| Vmax and Vmin = maximum and minimum velocities of interest

(e.g. 30,000 and 4000 ft/sec)
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Figure 10 shows typical resu:ts of using the cross-correlation technique to

determine P-wave and S-wave velocities. The high amplitude peaks to the right

of the S-wave peaks represent direct arrivals of acoustic energy through water

surrounding the probe.

Another new technique developed for the computer analysis of geophysical logs

in this study is the synthetic construction of an RQD log from analyses of

geophysical logs sensitive to fracturing, particularly the 3-point caliper and

3-point resistance logs. RQD is a measure of rock quality defined by Deere and

others (3) as the ratio (converted to percent) of the cumulative length if pieces

of core with individual lengths greater than some reference length (commonly

taken as 4 inches) to the total length of core in a core run.

Some of the display techniques developed for use in this study are also new.

To avoid the long turn-around times and relatively high costs associated with

pen-and-paper X-Y plotting in batch processing, line printer plotting sub-

routines were programmed that paralleled the X-Y Calcomp plotting subroutines,

and were made available to the user by control card option. Preliminary

printer plots of computer-analyzed logs are thus made available to the

interpreter so that he can preview the results and make any necessary corrections

or revisions before final analysis of log data and subsequent Calcomp plotting

is accomplished. Furthermore, the computational and plotting subroutines are

organized in such a way as to make them readily aduptable to graphic interactive

terminal operation which is even faster and less costly than batch processing

and printer plotting.
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Three Fortran IV computer programs were developed in this study. The first
program, ACOU, is used to compute and display (by printer plot or Calcomp
plot) the cross-correlation function used to aid the interpreter in picking .

P- and S-wave velocities. A flow chart of program ACOU is given in Figure 11.

Velocities determined by use of program ACOU are then submitted by card or
tape as input data to the sccond program, GLIP (Geophysical Log Interpreta-
tion Program), along with all other gcophysical log data from the same borehole
stored on magnetic tape. Program GLIP is used to convert all measurement
values (counts/second, millivolts, etc.) to physical property parameters
(apparent density in g/cc., electrical resistivity in ohm-meters, ete.) by use

of calibration and correction formulas. The program also computes all syn-
thetic logs including elastic moduli, Poisson’s ratio, RQD, tchpcrature gradient,
borehole inclination and fracture orientation. Progvam options make it possibla
to obtain printer plots of all computed logs, and/or to store all program output
results on magnetic tape or disk for Calcomp X-Y plotting by the third program,

LPLOT, at a later time. A flow chart of program GLIP is given in Figure 12.

The third program, LPLOT, reads the GLIP output data stored on magnetic tape
or disk, and plots it on a 30-inch Calcomp X-Y plotter. Depth scales and depth
intervals for plotting are selected by the user and submitted to the program on

control cards. A flow chart of program LPLOT is given in Figure 13,

Representative final results obtained by use of the three computer programs are

shown on the Calcomp plots of Figure 14 and Figure 15. Log parameter curves




26

@ PROGRAM ACGU

READ COuTROL CANS e

FOR fCXT PROSLEM
_l’_( JO3 COMPLETZ? Yo exir

= RZIAD INPUT TAPE
YAVEFOR!N DATA FOR

2 CR 3 RECEIVERS

)

REMOVE DC CCHPOIENT
AlD WILD VALUES

CONPUTE CRASS-
CORRELATION €.

!}

RESOLVE POSITIVE

PEAKS
- Ai[ s P iniE DETAILED PRIITER
il0 < DETAILED PLOT Y- 1 PLOT OF CROSS-CORREL.
OPTIQN SELECTED? F1. AT SELECTED DEPTIl

COMP7ESS CROSS-CORREL.

) 4

FUWICTION FOR LATER €
PLOTTIYIG AT ALL DEPTHS
SELECT OUTPUT MODE
{A%Y OR ALL)

PRAUTER PLOT

> DISH STORMAGE

—— 7222 STORAGE

CALCOMP PLOT

e

\

. rg
’L\Iwzcstrt COMPLETE? 1'-—

FIGURE 11. - Flow Chart of Computer Program ACOU
for Analyzing Acoustic Logs.




READ CLNTRAL CANS

27

PROGRAM GLIP

FOR NEXT PROSLEM

¥

—‘-( 973 COMPLETE?

RZAD [NPUT 2474 2N

3-FIINT CALIPER

—> GYR) DIRECTIODNAL

SELECT OuiPUT NMODE

(MY OR ALL)

~2 R

PRINTEP PLOT

_— DENSITY

DISK STORAGE

MAGNITIC SUSCEPTISILITY

(oL

SLECTRICAL EISISTIVIGY

TAPE STORAGE

3-702NT RESISTACE

>] ACIUSTIC WAVEFQ=M

JECACTTY, SLNSTIC s,

AYD TOISSauS RATID

> TEMPERATURE

>

19

FIGURE 12. -

PROBLE! COMPLETE?

YES

-
o 4

Flow Chart of Computer Program GLIP
for Analyzing Geophysical Logs.




28
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FIGURE 13. - Flow Chart of Computer Program LI'LOT
for Making Calcomp Plots.
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FIGURE 15. - Calcomp Plot 2 Showing Computed Logs for
Interpreting Rock Type and Alteration.
Left to Right: Acoustic Waveform Cross-
Correlation, P- and S-Wave Velocily, Bulk
Density, Hole Diameter, Llectrical Resistivity,
and Magnetic Susceptibility.
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in these illustrations have been over-drafted for clarity and emphasis in the
photo-reduced illustration. Note that the fracture zone near the bottom of the
hole is indicated by anomalous values on all of the logs in Plot 1 of Figure 14.
Differences in rock type arc clearly shown by the cleetrical resistivity log and
the magnetic susceptibility log, and also, though less distinetly, by the

density and veloeity logs in Plot 2 of Figure 15.

As new geophysieal logging techniques are developed by the Bureau of Mines
in future research programs, new methods of data interpretation and display
will also be developed and made available to the public through future

reports. Anyone intercstc;i in receiving up to date information on our progress

may contact the authors at the address given on page 1 of this report.
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