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UNDERGROUND VIBRATIONS FROM SURFACE 
BLASTING AT JENNY MINE, KENTUCKY 

1.0 INTRODUCTION 

1.1 Background 

It is a common practice in mining and civil construction 
to conduct blasting operations in close proximity to 
underground openings. Underground powerhouses are 
composed of a number of openings in close proximi ty to 
one another which require blasting for excavation. Many 
mines are developed in a similar manner.· Such. blasting 
operations develop a useful background of experience for 
assessing blasting effects on underground openings. 
Individuals and organizations may develop considerable 
experience and skill in predicting blasting effects, but 
this experience is not passed on to the profession in 
general unless there is documentation of the physical 
conditions present at the time of blasting, and the 
character and intensi ty of the vibrations are reported. 

The U.S. Bureau of Mines, Denver Mining Research Center, 
is engaged in a research program to document information 
of this type and in particular to determine suitable 
criteria for proximity of surface blasting to underground 
mines. This research has important implications for coal 
production and operations safety in areas where strip 
mining is being conducted above or adjacent to existing 
underground mines. The results of this research may also 
be applicable to urban blasting projects in the vicinity! 
of subways, drainage channels, and util i ty tunnels, and 
construction demolition blasting in the vicinity of dams 
or tunnels. 

The specific objects of the Bureau of Mines research 
program are: 

To establish reliable damage criteria by quantifying 
the re'lationship between the level of underground 
v ibra tions and damage produced in a mine or under­
ground structure. 

To establish the propagation relations for under­
ground vibrations originating from surface blasting 
so that it is possible to estimate the character­
istics of underground vibrations which will occur 
from a specified blast. 
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In the fall of 1977 a strip mining operation was con­
ducted above the Jenny mine near Inez, Kentucky. The 
Jenny mine was under consideration as a demonstration 
facility for the Bureau of Mines and the blasting for the 
surface mining operation provided a unique opportunity to 
collect data relevant to the research program. 

I 

This report presents the resul ts of the vibration mon­
itoring and physical observations conducted at the ~enny 
mine during the surface blasting operC3;tions. The data 
collection, analysis, and subsequent report represent a 
coperative effort between Woodward-Clyde Consultants and 
the U.S. Bureau of Mines, Denver Mining Research Center. 

1.2 Scope of Work 

The purpose of the Jenny mine study was to collect data 
which would be relevant to the research program for 
establishing safe operating distances between surface 
blasting and underground mines. , The specific work tasks 
included: 

Recording blast-induced vibrations at three lo­
cations in the underground mine. Roof and floor 
vibrations at all three locations were recorded from 
20 of the 31 blasts which occurred. ,Partial records 
were collected from 8 additional blasts. 

Recording surface vibrations from the blasts in 
order to investigate the relationship between 
surface and underground vibrations. Surface vib­
ration measurements wer,e made at one or more loc­
ations for 26 blasts. 

Direc t observa tion of the mine to iden t i fy any 
immediate damage resul ting from the surface 'blast­
ing. 

Making additional measurements and observations 
which might prove useful to the investigation. 
These studies included background vibration monitor­
ing, installation of vibration sensors in deep 
boreholes, measurement of deflections between the 
roof and floor, and borescope observationslof roof 
strata. 

Analysis of the vibration data to identify the 
empirical relationships between measured vibrations 
and blast parameters. 
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Developing recommendations for f~~ure studies aimed 
at establishing blasting proximity criteria. 

1.3 Limitations of this Study 

Although the underground mine was being considered by the 
Bureau of Mines as a" demonstration facility th~ scope of 
the investigation was partially restricted due to oper­
ating limitations. 

Blasting parameters were determined by the, surface mine 
operator. Therefore, the blasts were designed and 
sched uled to be cons isten t wi th ef f ic ien t s tr ip mining 
prbcedures and ~ere not part of the research program 
design. No visible damage which could be directly 
attributed to the levels o~ blasting employed in the 
strip mining operation was observed. Therefore,rcorrel­
ations between vibration characteiistics and damage could 
not be made. 

'Access to the site was not available prior to the start 
of surface mining so that pre-blast monitoring of "rou­
tine" failures in the mine could riot be accomplished. 
Without baseline data, potential long range effects of 
the surface blasting are difficult to identify. 

Regression lines that relate vibration levels to dis­
tance and charge weights are derived in this repQrt. 
These data were collected under somewhat uncontrolled 
field conditions at only one mine. However, the data 
fall very well within the bounds of previous experience. 
The data were obtained from a relatively limited range of 
scaled distances, a factor which often resul ts in dis­
torting regression lines when compared to lines which 
would be obtained from a larger data bank. Although 
these data appear to show significant relationships at 
the Jenny mine, caution should be used in attempting to 
apply these results elsewhere. 

Recommendations are made regarding addi tional investi­
gations which may eventually lead to the use of the 
present fiQdings under more general circumstances. 

1.4 Related Studies 

A large number of studies have been conducted on the 
effects of vibrations generated from blasting. The 

r 

12 



studied blasts range from laboratory experiments to full 
scale nuclear explosions. The topics have incl.uded 
efficiency of explosive products, blasting techniques, 
behavior of earth and structural materials, energy 
propagation and damage from vibrations. 

Previous studies have shown that theoretical consider­
ationsalone are not sufficient for the development of 
an accurate model for prediction of vibration levels and 
associated damage. - Therefore, the subject of damage 
potential has been approached primarily from an empirical 
viewpoint. 

I 

None of the published studies referenced in this report 
have taken place under cond i tions of geology and 'blast­
ing geometry which were similar to those found at Jenny 
Mine. The previous studies do, however, provide the 
perspective and scientific approach used in this study. 

Procedures and instrumentation used in thi~ study for 
moni toring and analyzing' blast. v ibrations are based on 
studies (conducted 'by the Btireau of Mines and others over 
the past 20 years. A comprehensive analysis and review 
of these ~tudies i~ presented by Nicholls (12)1 in a 
report dealing with ,.potential damage to surface struc­
tures from' near-surface blasting. His data included 
quarry blasting measurements by Dev ine (6) and others 
gathered over a period' of several years. - He also pre­
sented charge weight and distance criteria for blasting 
in the vicinity of surface structures in order to avoid 
damage. 

The form of the propagation equa~ion used by .Nicholls and 
previous workers is used in this report for expressing 
the relationship among peak particle velocity (V), 
maximum delay charge weight (W), and distance (D). 
This equation is: 

Nicholls. determined that a value of 1/2 for the scaling 
exponent, a' was sufficient for grouping the data for his 

(1) Underlined numbers in parentheses refer to entries 
in the reference section at the end of the report. 
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appl ica t ion. ' Several reseo. :::-chers have noted that the 
constants K and e vary wid,;;:1y among different sites. 
Oriard (18) has fu~ther noteo that there is an additional 
influence from other factors including spatial distri­
bution and confinement of the charge, explosive type, 
sequence of initiation, and geologic conditions. 

Since publication of Nicholl's report, several other 
authors, including Olson (14,15,16) and Siskind (21) have 
investigated the appl ication of these' princ iples in other 
situatioris. They have found not only ~hat K and Bchange 
for each application, but that for some studies of 
underground explos ions a val ue ,of 1/3 for, the scal ing 
exponent results in a better grouping of the data. 

Reference tb these and other reports are made as part 
of discussioris in later portions of the text. 

r 
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2.0 DESCRIPTION OF THE TEST SITE AND MINING OPERATIONS 
I 

2.1 Physiography and Geology 

The Jenny mine is located in the Appalachian Mountains of 
eastern Kentucky, approximately 15 miles southwest of the 
town of Inez. The terrain is hilly with. moderate to 
steep slopes as illustrated on Figure 1. The strip mine 
site encompassed a north trending ridge which had maximum 
na tural slopes on the order of 1: 1. The or ig inal ridge 
top was at an elevation of 1290 ft. Stream valleys both 
northwest and southeast of the site are at an elevation 
of 750 ft. 

Figure 2 is a sketch plan of the site showing the re­
lationship of the underground mine to the uppermost coal 
seam which was removed by strip mining. The photograph 
in Figure 3 illustrates the vertical separation between 
the underground mine and the surface mining operations. 

At Jenny mine the Appalachian coal measures are of 
Pennsylvanian age and consist of interbedded sandstones, 
shales and bituminous coal beds. Figure 4 is a cross 
section showing the generalized stratigraphy at the 
projec~ site. The strata are nearly flat lying and can 
be traced from one hill to the next with only small 
changes in elevation and thickness~ The Jenny mine 
follows the lowest coal seam exposed in the area which is 
the nominally 5 ft thick Stockton seam at an elevation of 
about 1000 ft. Above the Stockton is 140 to 150 ft of 
thinly bedded sandstones and shales with minor coal 
streaks. 

The other two coal seams exposed at the site, the Clarion 
at about elevation 1150 and the 5-block at an elevation 
1180, were removed during stripping operations described 
in Section 2.2. The lower seam averaged about 4 ft 
thick; the upper seam, about 8 ft. The seams were" 
separated by strata described .as fire clay and sandy 
shale. The overburden above the 5-block seam was pre­
dominantly massive sandstone. 

2.2 Mining Operations 

The underground mine was driven into the Stockton seam 
from the south end of the ridge during 1974 and 1975. 
Room and pillar workings extend about 1800 ft into the 
hill. During the period of this study, the Jenny mine 
was under lease to the Bureau of Mines and was maintained 
by a smail staff of miners. 
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FIGURE 1.-Topographic map showing location and physiographic settin~ of Jenny mine site. 

Dark outline is approximate limit of 5-block coal seam at the site. Adits to the underground 
mine are also shown. From U.S.G.S. Inez 7% minute quadrangle, 1954, revised 1978. 
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Surface mining operations consisted of blasting and 
removal of the overburden, excavation of the 5-block 
seam, blasting and removal of the shale "binder", and 
excavation of the Clarion seam. Blasting was not re­
quired to loosen the coal which was removed by front 
loader. 

The relative locations of 6 of the blasts at the south 
end of the site are shown on Figure 4. The uppermost 
portion of the overburden was weathered sufficiently to 
be removed without blasting. 

Figure 5 shows the approximate locations of blasts in -the 
overburClen. Holes for these shots ranged from 20 to 40 
ft deep and were loaded with 100 to 400 Ibs of expiosives 
in each hole. Blasts in the shale "binder" between the 
coal seams are outl ined on Figure 6. These blasts were 
shallower, from 10 to 15 ft deep, and were loaded with 8 
to 25 Ibs per hole. Details of the charge weights, 
location and layouts of the 31 blasts which took place 
during the monitoring period are included in Appendix 
A. 

Total charge weights for the individual blasts ranged 
from 1,250 to 51,400 pounds of prilled ammonium nitrate 
and fuel 0 il. Each hol-e was pr imed wi th a s tick of 60 % 
dynamite and initiated with primacord. Primacord delays 
of 9, 17, and 25 milliseconds were used to divide most of 
the blasts into smaller parts. As many as 19 delays but 
more commonly from 3 to 10 delays were incorporated into 
most of the blasts. Some shots were des igned wi thout 
delays. The, maximum charge weights designed to detonate 
within a delay period ranged from 276 to 12,400 pounds. 

Shot holes were drilled by using 6 in. drills. The holes 
were 10, to 40 ft deep. Holes approaching a coal seam 
were generally stopped about 2 ft above it. The arrange­
ment of holes was dictated by existing topography resul­
ting at times in irregular and expansive arrays. Where 
possible, holes were drilled on 10 to 12 ft centers. 

The design and timing of the blasting was solely under 
the control of the mining company and proceeded in 
accordance with efficient surface mining operations. The 
frequency of the blasts was accelerated from the planned 
one or two per week to as many as two per day. The 
blasting period, which was to have extended over four to 
six months, was terminated after less than two months. 
The monitoring team did not direct or otherwise influence 
the operations. 
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3.0 INSTRUMENTATION AND MONITORING PROCEDURES 
( 

The study at. Jenny mine is one of the first unclassified 
programs to specifically monitor theef fects of surface 
blasting on an underground opening. As originally 
designed, the moni tor ing program would provide data on 
both the short term and long term effects of the surface 
blasting program. Because of the lack of control over 
the specific geometry of blast location in relation to 
the structure, it was also an objective of this study to 
document as many variables as - possible in relation to 
blast design, sensor location, local geology and instru­
mentation. This data wi~l be useful for identifying 
anomalous values or situations to future workers who may 
utilize or expand upon the data b~se provided by the 
Jenny mine study. 

This section describes instrument~tion and field methods 
used to obta in and document v ibra tion, damage and bl ast 
des ign data. Section 3.1 descr ibes instrumentation and 
Section 3.2 discusses documentation procedures including 
measurement of blast parameters and mine inspection 
reports. 

3.1 Instrumental Recording Program 

The instrumental recording program was designed to 
provide data on the underground and surface vibrations 
resul ting from the blasting, background vibrations from 
other sources and changes in the mine roof height. The 
location of the sensors is shown on Figure 7. The 
underground monitoring program was designed by the DMRC. 
The instrumentation for measuring and· recording under­
ground vibrations was furnished and installed by the 
Bureau of Mines. 

Vertical vibration sensors were installed on the roof and 
floor of the mine at three locations: entry 5, crosscut 
6 j entry 5, crosscut 11; and entry 3, crosscut 18. A 
comparison of Figures 5 and 6 with Figure 7 shows the 
location of each blast with respect to the sensors. From 
the standpoint of potential damage to the mine, roof 
vibration levels· w.ere the critical parameter to be 
moni tored. Floor vibrations were moni tored to identify 
their sc·al ing law and to investigate the use of floor 
measurements to estimate roof vibration levels and 
potential damage. 

Surfa~e ~ibrations were monitored using three three-axis 
engineering seismometers. Sites Sl; S4 and S5 (Figure 7) 
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were used for the majority of the blasts. Surface 
vibrations were measured for comparison with the existing 
data base and scaling laws in order to identify any 
anomalous local site conditions. Also, since surface 

-vibrations may be easier to measure, their use as predic­
tors.for roof vibrations was investigated as part of this 
study. 

A continuously recording seismograph was maintained to 
measure background vibrations resulting from major 
rockfall s, earthquakes, or nearby blast ing. The sensor 
was placed near the instrument trailer west of the mine 
adits, Figures 7 and 4. Continuously recording drum type 
extensometers were installed at the three underground 
instrument locations. The extensometers were provided to 
monitor short term changes in roof-floor height resulting 
from blasting or removal of overburden. . 

3. 1. 1 Recording Vibrations in the Underground Mine 

Vertical vibration sensors were attached to both the roof 
and the floor at the three locations in the underground 
mine shown on Figure 7. Holes were drilled in the roof 
and floor and 1/4 inch expansion bolts were used to 
secure, the sensor base plates. Irregular spaces between 
base plate and rock were filled with dental plaster. 
Figure 8 is a photograph of one of the installations. 

'The seismometers used in the underground monitoring were 
MB Electronics type 125 transducers furnished by the 
Bureau of Mines. Before installation, each se ismometer 
was adjusted for optimum response to particle motion in 
the vertical direction. The seismometers have a nominal 
basic sensitivity of 93.2 millivolts/inch/second (mv/­
in/sec). In order to reduce the sensitivity to the 
level s an tic ipa ted for th is proj ect, a shunt res istance 
was introduced into the system as part of an impedence 
matching preamplifier paired with each sensor. This 
resulted in output values ranging between 18.25 and 19.50 
mv/in/sec for a '100 Hz Lnput. General Radio model 
1560-P4 jpreamplifers were used with a one-to-one gain. 
The' precise outputs of sensor-preamp pairs used in the 
mine were determin,edand are tabulated i,n Appendix B, 
Table Bl. 

The signals were transmitted by a four-conductor shielded 
cable to a Bureau of Mines, recording van located near the 
mine entrance. At that point, signals from the six 
seismometers were split and fed into 12 Ithaco model 454 
amplifiers and then into a Sangamo 14-channel tape 
recorder. The output of each sensor was thus recorded at 
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two gain levels. Amplification from -10 to 90 dB in 1 
dB increments was available. Record qual i ty was checked 
in the field by playing the tape back immediately after. 
each blast onto a Honeywell Visacorder galvonometric 
oscillograph. Final hard copies for analysis were made 
on a Bureau of Mines fiberoptic device in Denver. An 
illustration of a fiber-optic record is included on 
Figure 9. 

A time-break contactor was buried with the detonator in a 
zero-delay shot hole for each blast. This prov ided a 
precise start time which was input' wi th a WWVB timing 
signal onto Channel 14 of the Sangamo Recorder. 

To prov ide a cal ibra tion reference, a standard 100 mV 
rms sine wave was input into each Ithaco amplifier set at 
20 db and then onto the correspond ing Sangamo channel. 
Small gain differences . in recording and playback were 
therefore be accounted for during data reduction. The 
calibration factors derived from these recordings are 
tabulated in Appendix B, Table B2. 

Information on sensor-preamp combinations, record and 
reproduce channels, gain settings and resul ting trace 
amplitudes for each record is tabulated in Appendfx B, 
Table B3. 

3.1.2 Recording Vibrations at the Surface 

Five surface vibration monitoring stations were. estab­
lished at the sites· shown on Figure 7. Stations Sl and 
S2 were used only' for the first two blasts because of 
interference with mining operations. 

Three portable Sprengnether engineering seismographs, 
model VS-llOO, were employed for vibration monitoring at 
the ground surface. They have a flat response to par­
ticle velocities (+3 db) at all gain levels for a fre-
quency range between 2.0 and 200 Hz. The .se ismographs 
util i ze three orthagonal transducers. Each transducer 
has a natural frequency of 2 Hz and an inertial mass of 
0.5 kilograms. The seismometer cube has a density of 1.6 
g~/cc for impedence coupling with average soil. 

A four-trace record is produced by the VS-llOO on direct­
wr i te 1 inagraph paper. One trace is normally reserved 
for event marking or air blast monitoring but was unused 
in this application. The transverse, radial and vertical 
components of particle velocity were recorded. The 
se ismographs were moved from storage to fixed recording 
locations where they were set up, and tested before each 

27 



f.-- 1.0 sec ----.j 

5/6 roof 

5/11 roof 

5/6 floor 

5/11 floor 

3/18 floor 

Underground sensors - gains vary 

.... ~f---- 0.5 sec ---~~I 

Radial 

Vertical 

Transverse 

Surface location S4 - gain 0.2 in/ips 

FIGURE 9.-Tracings of underground and surface vibration 
records for blast 6. 
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blast. The radial seismometer was oriented toward the 
approximate center of the blast. Operation of the 
instruments was by remote control wi th the sensi tivi ty 
preset usually at the least sensitive scale, 0.2 in/ 
in/sec. Peak ampl i tudes were read from the records 
following each blast. An example record is shown on 
Figure 9. 

3.1.3 Other Vibration Recording 

Two other v ibra tion record ing systems were used dur ing 
the monitor ing per iod. A continuously record ing se ismo­
graph was maintained to measure background vibration 
'levels and to determine the time of occurrence of large 
rockfalls in the mine should they have occurred. The 
second system, a downhole array, was implaced only for 
the final two blasts. 

The continuously recording 
of a Spreng nether MEQ-800 
model HS-10-l seismometer. 
frequency of 1 Hz, a flat 
and is designed to detect 
seismic events. 

seismograph system consisted 
drum recorder and a Geospace 
The seismometer has a natural 

frequency response abov~ 4 Hz, 
distant or low frequency local 

The sensor was installed near the instrumentation trailer 
shown in Figure 3. During blast recording, the seis­
mometer was disconnected from the drum recorder to avoid 
pegging and its output was recorded on a channel of the 
Sangamo recorder. 

The location of the downhole array, is shown on Figure 
7. It consisted of two CEC model 4-102-A transducers and 
a Sprengnether seismograph. The transducers were at 
depths of 23 and 43 ft. The downhole array was orig­
inally intended for study of vibration attenuation versus 
dept'h. Only two blasts occurred after implacement of the' 
array, and the gain settings on the recorder were incor­
rect. The blasting program was abruptly terminated 
without advance notice, and intended adjustments and 
further recordings could not be made. 

3.1.4 Convergence Recording 

Continuously recording drum type extensometers, manu­
factured by Terrametrics, were installed at the three 
underground mine vibration sensor locations shown on 
Figure 7. The instruments were mounted on segments of a 
vertical support leg as shown on Figure 8. The upper 
portion was anchored in a hole drilled through the 
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shale at roof level into competent sandstone. The lower 
portion was attached to the floor in a similar manner. A 
standard setting provided a twofold gain for the instru-

'ments which is reflected on the sample record, Figure 
10. 

A summary log of these recordings is included in Appen­
dix c. 

3.2 Documentation 

Records were kept of all instrument settings, equipment 
changes and other i terns concerned wi th the recording of 
vibrations. In addition, information on the location and 
layout of the blasts and on conditions in the underground 
mine was gathered and logged. These last two sets of 
data are discussed below. 

3.2.1 Blast Parameters 

Details of the blasts are presented in Appendix A. 
Information regarding maximum delay charge weights and 
distances from vibration sensors are included in the 
tables in Section 4.1, Data Reduction. 

The location and areal extent of each blast was estim­
ated in the field by compass and pace survey and by 
plotting on a small scale topographic map. This infor­
mation was refined ·during later data reduction by recon';" 
structing the blasting sequence from field notes and 
blast design sketch maps. This procedure also aided in 
refining elevations estimated in the field. The sketch 
maps are included in Appendix A. 

Particular attention was given in the field to the 
placement of delays and the number of holes per delay. 
However, it,was not possible to monitor the loading of the 
holes. The charge weight per hole was based on the 
blaster's estimate. These figures were combihed to 
provide the maximum charge weights per delay used in the 
correlations discussed in Section 4. 

3.2.2 Mine Inspectiqn 

During installation of the underground sensors, the 
general conditions in the mine were recorded. Periodic 
inspections were made during the monitoring period. 
Recent roof falls noted during the inspections or re­
ported by maintenance miners were entered in a daily 
log. 
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Notes: 1. Record began 1317 hrs., 21 October, 1977. 
2. Extension (0.02 in.) coincident with shot no. 26. 
3. Recovery, no apparent reason. 
4. Total deflection 0.1 in. resulting in extension of 

about 0.03 in. 
5. Record removed 0907 hrs., 28 October 1977. 

FIGURE 1 O.-Portion of convergence meter record with field and 
editorial annotation. 
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Near the end of the monitoririg period it became apparent 
t hat po ten t i aId a mag e ass 0 cia ted wit h the 1 eve 1 s 0 f 
vibrations which had been recorded might not be readily 
apparent. A more rigorous inspection routine was in­
stituted. It consisted of detailed. logging of mine 
entries 3 and 5 on a daily basis and establishment of 23 
additional convergence measurement stations. 

The convergence stations, located mainly at crosscut 
intersections in entries 3 and ,5, were defined by roof 
bol ts and nails in the floor directly below. Readings 
using a modified Philadelphia rod were scheduled follow­
ing each blast. The abrupt termination of the. blasting, 
however, interrupted this' program. The 1 imi ted' number of 
measurements 'which were obtained are tabulated in Appen­
dix c. 
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4.0 DATA REDUCTION AND STATISTICAL ANALYSIS 

4.1 Vibration Data Reduction 

Peak particle velocities derived from blast vibration 
recordings described in the previous section are listed 
on Tables 1 and 2. Charge weight and scaled distance 
information used in statis~ical analysis is also included 
in the tables. This section,describes the procedures 
used for reducing the field records to particle ve­
locities. 

4.1.1 Reduction of Underground Data 

The peak particle velocities recorded at each of the 
underground sensors are 1 isted in Table 1. Append ix B 
contains the necessary data for determining these peak 
particle velocities from raw field data. Amplitudes 
measured from the fiber-optic records of the tape-re~ 
corded vibration sensor' outputs were reduced to peak 
particle velocity values according to the formula 

.{' 

PPV = A 
Ss x Gi x Gr x C 

where PPV = the peak particle velocity in in/sec 

A = the maximum zero-to-peak trace ampli­
tude in inches 

5s' = the sensitivity of the, sensor-pre­
amplifier system in mv/in/sec. 

Gi = the input amplifier-recorder gain. 

Gr = the reproduce system gain. 

C = the record-reproduce calibration factor 
in in/mv. 

The sensor~preamp sensitivity was d~termined by measuring 
the output of each sensor wi th a known shunt resistance 
during shaking at a known level. The sensitivity of the 
sensors wi th d ifferen t preampl if iers was calcul ated from 
the different resistances. These sensitivities are 
tabulated in Table Bl, Appendix B. 

The calibration factor was d~termined for each channel by 
playing a standard calibration signal recorded in the­
field onto a fiber-optic record at a gain setting of 
unity. This procedure accounted for the sensitivity of 

33 



TABLE 1 - Data for vibrations recorded 
unde~round 

Olarge Slant ~ak partlcle 
Shot weight' distance Scaled distances velocities, i~ 
nurrber Ib Location' ft ft71b !71 ft71bVl Roof Floor 

1. .. 1,700 (') 
2 ... 800 5/6 210 7.46 22.7 1.54 

5/11 493 17.5 53.2 0.37 
3 ... GOO 5/6 ,269 11.0 31.9 0.71 0.49 
4 ..• GOO 5/6 408 16.7 48.4 0.34 0.24 
5 ... 3,600 5/6 180 3.00 ll.7 17.5 2.67 

5/11 416 6.93 27.1 1.12 0.92 
6 ... 1,650 5/6 184 4.54 15.6 9.99 6.20 

5/11 367 9.04 31.1 O.SO 0.49 
3(18 947 23.3 80.2 0.14 0.083 

7 •.. 12,400 (, ) 
8 •.• 10,650 ( ) 
9 ... 4,600 5/6 216 3.18 13.0 6.26 5.73 

5/11 456 6.74 27.5 0.95 0.78 
3/18 i016 15.0 61.1 0.31 0.42 

( 10 .. 5,425 5/6 308 4.15 17.5 1. 64 1. 31 
5/11 457 6.20 26.0 0.83 0.79 
3/18 %6 13.1 55.0 0.32 0.33 

11 .. 8,090 \ 5/6 715 7.96 35.7 0.98 0.96 
5/11 912 10.1 45.5 0.56 0.55 
3/18 1408 15.7 70.1 0.25 

12 .. 3,095 5/6 589 10.6 40.4 0.72 0.78 
5/11 745 13.4 51.1 0.44 0.57 
3/18 1249 22.5 85.7 0.14 

13 .. 2,400 5/6 308 6.29 23.0 1. 30 1.10 
5/11 367 7.49 27.4 1.29 1.19 
3/18 859 17.5 64.2 0.34 0.47 

14 .. 2,470 5/6 308 6.21 22.8 2.41" 1.98 
5/11 618 12.4 45.8 0.59 0.81 
3/18, ll89 23.9 88.0 0.20 0.17 

15 .. 5,2SO 5/6 375 5.19 21.6 2.40 2.25 
5/11 493 6.82 28.4 1.02 0.92 
3/18 957 13.2 55.1 0.44 0.46 

16 .. 2,600 5/6 493 9.6 35.9 1.60 1. 02 
5/11 384 7.54 28.0 2.10 0.93 
3/18 693 13.6 SO.4 0.24 0.43 

17 .. 168 5/6 503 38.8 91.1 0.12 0.079 
5/11 657 SO.7 119 0.048 0.063 
3/18 1189 91.8 216 0.019 

18 .. 3,2SO 5/6 438 7.69 29.6 1.60 1.31 
5/11 228 4.00 15.4 3.24 1.72 
3/18 674 11.8 45.5 0.47 O. SO 

19 .. 5,400 5/6 725 9.87 41.3 0.42 0.35 
5/11 416 5.66 23.7 1.22 0.73 
3/18 572 7.79 .32.6 0.62 

20 .. 2,445 5/6 266 5.38 19.8 2.88 3.47 
5/11 522 10.6 ~38. 7 \ . 0.30 0.26 
3/18 1060 21.5 78.7 ' O. 083 0.10 

See footnotes at end of table 
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TABLE 1 - Data for vibrations recorded 
Uridergrouna:=contlnlled 

Olarge Slant Peak partlcle 
Shot weight I 2 distance Scaled distances ~locities, ips 
nUl1tler 1b Location ft ft/1b 1/2 ft/1b I J Roof Floor 

21. . 2,250 5/6 512 10.8 39.1 1.29 0.95 
5/11 292 6.16 22.3 1.51 1.10 
3/18 674 14.2 51. 5 1.40 1.22 

22 •• 688 5/6 150 5.7 16.9 2.51 0.93 
5/11 502 .19.2 57.0 0.18 0.12 
3/18 1080 41.2 122 

23 •• 3,000 5/6 1451 26.5 100 0.28 0.16 
5/11 1065 19.4 73.9 0.40 0.38 
3/18 550 10.0 36.2 0.92 0.90 

24 •• 2,200 5/6 684 14.6 52.6 0.62 0.40 
5/11 429 9.16 33.0 0.75 0.60 
3/16 645 13.8 49.6 0.16 0.22 

25 .. 4,600 5/6 1253 16.5 75.3 0.52 0.33 
5/11 666 12.6 52.2 0.71 0.66 
3/18 350 5.16 21.0 2.45 1. 76 

26 •• 11,300 5/6 578 5.44 25.8 1.93 1.42 
5/11 316 2.97 14.1 1.67 1.95 
3/16 576 5.44 25.8 1.63 1.21 

27". 6,600 5/6 761 9.37 40.6 1.52 1. 27 
5/11 503 6.19 26.8 1.89 1.56 
3/18 475 5.85 25.3 1.64 1.43 

27B. 9,000 5/6 1164 12.3 56.0 0.53 0.34 
5/11 751 7.93 36.1 0.74 0.73 
3/18 254 2.68 12.2 3.91 4.47 

28 .• 2,400 5/6 170 3.47 12.7 7.82 4.51 
5/11 455 9.30 34.0 1.33 0.74 
3/16 1011 20.6 75.5 0.22 0.29 

29 •. 276 5/6 283 17.0 44.5 1.44 0.54 
5/11 274 16.5 42.2 0.45 
3/18 794 47.8 122 0.061 0.066 

30 •• BOI 5/6 390 13.8 42.0 0.86 0.43 
5/11 362 12.6 39.0 0.76 0.36 
3/18 813 28.B 87.6 0.12 0.14 

I 
Weight of the largest delay charge. 

, 
Locations are designated by entry/crosscut in the W'1derground mine. 
These are illustrated in Figure 7. 

J 

No data recot"ded. 
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TABIE 2. - D!lta for the vibrations recorda:l 
00 tFie grourd surface 

omge 5li1'it pea]( partie i e 
Shot weight! distance, Scaled distances vela:: i ties, iE!! 

nU1tler ilJ Locatioo a ft 'ft,?lElll tt(lb !l§ V't! 'V'z' 'V'r 5 11\1. Vt.ot 7 

1. •. 1,700 (') 

2 ... 800 51 230 8.13 24.8 0.60 0.85 1.15 1.30 1. 55 
52 550 19.4 59.2 0.55 0.68 0.70 0.86 0.98 

3 ... 600 53 351 14.3 41.6 0.35 0.50 0.70 0.78 0.93 
54 501 20.5 59.5 0.20 0.50 0.30 0.36 0.62, 
55 801 32.7 95.0 0.58 0.36 0.72 0.92 0.99 

4 ... 600 54 672 27.4 79.7 0.20 0.35 0.22 0.30 0.46 
55 951 38.8 112 0.21 0.24 0.29 0.36 0.43 

5 ... 3,600 53 495 8.25 32.3 1.25 1.10 1.70 2.11 2.38 
6.' .. 1,650 53 420 10.3 35.6 1.65 1.10 0.95 1.90 2.01 

54 540 13.3 45.7 1.45 1.85 1.05 1.79 2.57 
7 ..• 12,400 53 480 4.31 20.7 2.45 1.70 3.40 4.19 4.52 

54 640 5.75 27.7 1.55 1.95 1.65 2.26 2.99 
55 930 8.35 40.2 1.151.301.752.09 2.46 

8 ... 10,650 53 751 7.28 34.1 0.60 1.05 0.75 0.96 1.42 
54 921 8.93 41. 9 1.30 1.00 1.35 1.87 2.12 

9 ... 4,600 (0 ) 

10 .. 5,425 53 290 3.94 16.5 1.15 2.35 3.70 3.88 4.53 
54 450 6.12 25.6 1.95 1.45 2.30 3.02 3.35 

11 .. 8,090 53 1100 12.2 54.8 1.05 1.00 1.50 1.83 2.09 
12 .. 3,095 (') 
13 .. 2,400 53 380 7.76 28.4 1.15 2.00 2.95 3.17 3.74 
14 .. 2,470 53 670 13.5 49.6 2.60 2.25 1.85 3.19 3.90 
15 .. 5,250 53 220 3.04 12.7 2.05 4.60 4.20 4.67 6.56 

54 400 5.53 23.0 2.20 2.00 2.00 2.97 3.58 
16 .. 2,600 53 400 7.85 29.1 1.15 1.45 1.15 1.62 2.17 

54 570 11.2 41.5 0.55 0.85 0.85 1.01 1.32 
17 .. 168 53 950 73.3 172 0.15 0.05 0.10 0.18 0.19 

54 1030 79.5 186 0.10 0.05 0.15 0.18 0.19 
55 1330 103 241 0.08 0.05 0.08 0.12 0.13 

18 .. 3,250 53 580 10.2 39.2 1.70 3.05 4.00 4.34 5.31 
19 .. 5,400 54 831 11.3 47.3 0.40 0.60 0.40 0.57 0.82 
20 .. 2,445 (. ) --
21. . 2,250 53 550 11.6 42.0 0.55 0.85 1.85 1.93 2.11 

54~ 730 15.4 55.7 0.350.85 0.65 0.74 1.13 
22 .. 688 53 450 17.2 51.0 1.15 0.95 0,50 1.25 1.57 

54 540 20.6 61.2 1.00 1.00 0.45 1.10 1.48 
23 .. 3,000 53 1700 31.0 118 0.50 0.35 0.85 0.99 1.05 

54' 1870 34.1 130 0.55 0.25 0.15 0.57 0.62 
55 2130 39.9 147 0.61 0.29 0.32 0.69 0.75 

24 .. 2,200 53 580 12.4 44.6 0.25 0.45 0.75 0.79 0.91 
54 750 16.0 57.7 0.15 0,55 0.45 0.47 0.73 
55 1000 21.3 76.9 0,45 0.35 0.60 0.75 0.93 

25 .. 4,600 53 1520 22.4 , 91. 3 G.50 0,45 0,50 0.71 0.84 
54 1690 24.9 i01 Q,25 0.4: 0,35 0.43 0.62 
'55 1960 28.9 116 0,52 0.39 0.55 0.76 0.85 

26 .. 11,300 (O ) 

See footnotes at end of table. 
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TABLE 2. - Data· for the vibrations recorded 
on me 2:CiffiiC! surrace--contlllueCI 

sIant 
; 500t 

Charge l 
loIeight, distarce, Scaled distances 

nunber lb Location z ft f t7IE 1/2 

27A. 6,600 53 750 9.23 
54 930 11.5 

27B. 9,000 53 1380 14.5 
54 1550 16.3 

28 .. 2'400 53 400 8.16 
54 500 10.2 
55 800 16.3 

29 .. 276 53 480 28.9 
54 630 37.9 

30~. 801 53 380 13.4 
54 550 19.4 

IWeight of largest delay charge . 
. zla::aticns sho.oln on Figure 7 . 

'Transversely oriented sensor. 
'vertically oriented sensor. 
sRadially oriented sensor. 
6v ectar 5lJ[!I of reak h::Ir izoota 1 valves. 
7Vector 5lJ[!I of reak values of all three axes. 
8N:> recording. 
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40.0 
49.6 
66.3 
74.5 
29.9 
37.3 
59.8 
73.7 
96.8 
40.9 
59.2 

Feak part~cl e 
velocities, ips . 

Vt l V:z~ Vr S Vh~ Vtot 7 

1.35 2.00 3.00 3.29 3.85 
0.45 1.70 1.10 1.19 2.07 
0.70 0.50 0.70 .99 1.11 
0.30 0.45 0.25 O. 9 0.60 
1.25 1.85 1.70 2.11 2.81 
1.50 0.85 1.15 1.89 2.05 
0.35 0.40 0.54 0.64 0.77 
1.85 1.15 1.80 2.5B 2.B3 
0.65 0.50 0.B5 1.07 1.1B 
0.80 1.05 1.10 1.36 1.71 
0.30 0.30 0.35 0.46 0.55 



the fiber-optic unit and also allowed for any small 
differen.ces between preamplifiers or tape recorder 
channels~ Calibration factors for each channel are 
listed in Table B2, Appendix B. 

The gains included in the formula were logged from 
instrument settings during recording and playback. Gain 
settings, sensor-preamp combinations and zero-peak record 
amplitudes are included on Table B-3 in Appendix B. 

4.1.2 Reduction of Surface Data 

The Sprengnether seismographs used to measure surface 
v ibra tions were factory cal ibra ted. The manufacturer's 
specifi6ations indicate the peak-to-zero calibration 
pulse amplitudes are within +5%. A calibration-pulse is 
automatically recorded with each set of vibration data to 
insure that the instrument remains within tolerances. 

Reduction of the field records consists of measuring the 
maximum amplitude of each vibration trace and dividing by 
the selected sensitivity, usually 0.2 in/sec. Peak 
particle velocities for each of the three orthagonal 
directions; rad ial, vertical, and transverse, are shown 
in Table 2. Vector sums of the peak horizontal values 
(Vt + Vr ) and of the peak values for all three direc­
tions (Vt+Vz+Vr) have been calculated. The measured 
surface vibrations result from the additive effects of 
several different types of waves i compressional, shear, 
and surface waves. These waves do not travel at the same 
velocity and the maximum amplitudes recorded in the three 
orthogonal directions do not occur simultaneously. 
Therefore, the calculated vector sums may not represent 
instantaneous values of particle velocity. The vector 
sum values, however, are commonly used in field applica­
tions to represent a conservative upper bound on particle 
velocity. They are presented here to facilitate compari­
son of data from the Jenny mine study wi th prev iously 
reported data. 

4.2 Selection of Appropriate Scaling Factors 

4.2.1 Background 

It has become generally accepted in the literature that 
the relationsh ip between vibration levels, _ d istarce and 
charge weight follows the form of the equation: 

38 



v = K (D/W Ci
) S 

where V = the peak particle velocity, in/sec. 

D = the distance from the source, ft. 

W = the weight of the explosive charge, 
lbs. 

Ci = the scaling exponent on W. 

K = the intercept of the regression line at 
D/W = 1 

S = the slope of the regression line. 

This equation plots as a straight line on a logarithmic 
graph and provides a convenient method of estimating 
vibration levels from distance and charge weight para­
meters once the values of a, K and B have been deter­
mined. 

Once the value of Ci has been selected, the values K and S 
applicable to a particular site are calculated by simple 
least squares regression of V versus D/W Ci

• In previous 
studies, simple fractions such as 1/2 or 1/3 have been 
found to be suitable values for the scaling exponent. 
However, it has not been establ ished in the 1 i terature 
which value is more appropriate for the specific geometry 
of the Jenny mine study. 

Nicholls (12) noted that for the case of quarry blasting 
and vibration measurements made at the ground surface, 
square root scaling provided the best grouping of the 
data. Other authors have suggested different scal ing 
factors for similar condi tions. Ambraseys and Hendron 
(1) preferred cube root scal ing. Lang fors and: Kihlstrom 
(6) recommended scal ing to the 2/3 power. Or iard (19) 
used cube root scaling for blast waves in water, and 
sometimes for seismic body waves in rock, but recommended 
square root scaling for surface ground motion. 

Numerous authors have selected either cube root or square 
root scal ing to best group the data in particular s i t­
uations. Nicholls (11) found that cube root scaling best 
grouped the data from blasts in an underground evaporite 
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mine for vibration measurements made on the mine roof. 
The curve he developed allowed prediction of vibration 
levels from a nuclear blast at a distance of 8.6 miles. 
On the other hand, Olson (14), found that square root 
scaling was more appropriate~or similar measurements in 
an underground copper mine in sedimentary rocks. In 
another study, Olson (16), sought to apply square root 
scaling developed for-quarry blasting to vibrations 
measured in one opening of a large underground complex in 
grani te! from blasting in other openings. He reported 
that cube root scaling was more appropriate. 

Snodgrass and Siskind (~) compared the resul ts. of mine 
roof vibrations from underground blasting at four sites 
and found that while cube root scaling provided the best 
grouping in some cases, only small errors resulted in the 
use of square root scaling instead. 

4~2.2 Direct Statistical Analysis 

The available background 1 i teratures does not provide a 
definite value of the scaling factor for use in the 
analysis of underground vibrations originating from 
surface blasting. Therefore, multiple least squares 
linear regression analysis was used to directly invest­
igate the relationships between charge weight, dis­
tance and peak particle velocity for the various sets of 
data collected at the Jenny mine. The method used was 
developed for implementation on a computer by Danie~ and 
Wood (~). 

The propagation equation defined in Section 4.2.1 is of 
the form 

This equation may be expressed as 

ln V = a + b'ln D + c'ln W 

Z = a + bx + cy, where 

a = ln K z = ln V 

b = B 

c = -ct • B 
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Th is is the 1 inear equation used for the mul tiple re­
gress ion analys is. K is the intercept of the regress ion 
line, 6 the slope, and a the scaling exponept. 

Table 3 gives the results of multiple regression analysis 
for the· various data sets. It is apparent that the 
scaling exponents for all of the surface data fall close 
to 1/2 which is consistent with findings of previous 
studies. The underground roof data, do not appear to 
follow the same scal ing. The val ue of a for the roof 
data is close to 1/3 while the value of a for the floor 
data, is close to 1/2. 

4.2.3 Range of Regression Coefficients 

The results of the multiple regression calculations were 
used to perform a non-linear regression analysis (Daniel 
& Wood(4)) on selected sets of data to' determine the 
range of the coefficients K, a and 6, at the 95% confi­
dence level. The data set which includes the maximum 
peak particle velocity recorded on any 6f the thr~e 
components at the s~rface was chosen to represent all of 
the surface data. As shown on Table 3, this "maximum" 
set has a relatively hi'gh correlation coefficient. 
Furthermore, the maximum value in any direction is 
commonl y u sed for con troll in'g v i bra t ions at sur face 
structures and takes into account the possibility of 
misalignment of the sensor and significant elevation 
changes between the blast and the sensor. 

Limits' of the coefficients at the 95% confidence level 
are shown in Table 4. The standard error of the estimate 
for each of the three resulting equations is also given 
on the table for comparison with the same values included 
'on Table 3. These values show that the standard error 
results of the multiple linear and non-linear cal­
culations were the same. 

The range of a for the three sets is of particular 
interest. As shown in Table 4, the 95% confidence 
limits on a for the roof data includes 1/3 but does not 
incl ude 1/2. For the floor data, the 1 imi ts incl ude 1/2 
but not 1/3. For the surface maximum data, the 1 imi ts 
are relatively wide, due to the scatter of the data, 
and include both 1/3 and 1/2. 

From a strictly statistical viewpoint, therefore, for 
the data collected at tbe Jenny mine, it would be approp­
riate to scale the roof data by the cube root of the 
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TABLE 3 - Multi121e linear ~ression results 

cerived 
Direct coefficients Values 

Data Set InK 1 - as' s' K' a! SE • C.C. 7 

UndeE9roun:l 

Ja>f 5.683 .665 -1. 79 294 .37 .490 .819 

FlOOI" 3.438 .705 -1.51 31.1 .46 .428 .853 

Surface 

Padial 3.484 .486 -1.14 32.6 .42 .531 .690 

~rtical 3.273 - .547 -1.19 /26.4 .48 .467 .772 

Transverse 1.872 .403 - .83 6.5 .49 .616 .499 

Ibriz. Sun 3.466 .448 - .99 32.0 .45 .516 .654 

'lbtal Sun 4.015 4.75 -1.05 55.4 .45 .464 .723 

Max i.mI.Jn 8 3.096 4.68 -1.03 22.1 .46 .468 .713 

1 Intercept at - as = S = 0 

, Regression coefficient for charge weight (W) 

, Regression coefficient for distance (D) Iotlich is equivalent to the slope of 
the trend line for exponential form of the equation 

, Intercept at D/Wa = 1 

5 Scaling exponent on W for the exp:>nential form of the equation 

• Standard error of the estimate for the equation (residual r=t mean square) 

7 Multiple correlation coefficient (r ') 

8 The set of data which includes for peak particle velocity, the highest value 
of the three o:JtpOnents measured for each site rrcnitored for each siJ:lt. 
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TABLE 4 - LimitS of regression coefficients at the 95% 
oomia:ence level ~calculatea: EY non-1mear 
regress10n 

Kl ()2 S' 
Ceta Set Io.o.oer upper lo.-er upper ~r upper SE' 

Urrlergroorrl 

Roof 64.7 1466 .29 .44 -2.20 -1.57 .494 

Floor 8.33 134 .38 .55 -1. 71 -1. 33 .431 

Surface 

MaxiJtrnl of 
3 canp:ments 4.00. 121 .31 .60 -1.27 -0.78 .468 

1 Intercept at l),...r' = 1 

2 Seal in:! exp:>nen t on W 

'Slope of the regression line 

'Staroaro error of the estimate for the non-linear equation 

i 
) 
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maximum delay charge weight and the floor data by 
the square root. At the 95% conf idence level, either 
scaling factor for the surface data would be satis­
factory. However, since the calculated value of a is 
closer to 1/2, statistical errors resulting from the use 
of square root scaling would be less than from cube root 
scaling. 

It should be noted that the statistical analysis was 
performed on a relatively small amount of data gathered 
under less than ideal test conditions. The results, 
therefore, could change considerably if more data points 
were to become available. One anomaly in particul-ar is 
apparent from the non-linear regression on the surface 
max imum val ue data se t. From record ing many thousands 
of data points, Oriard (20) has noted that the slope,S, 
of the regression line for surface data plotted against 
square root s~aled distance for a particular site is 
generally close to -1.6. As shown on Table 4, the 95% 
confidence limits for the present surface data do not 
include that number. This apparent anomaly is discussed 
further in Section 5.3. . 

4.3 Conventional Presentation of the Data 

A trend line was calculated for each data set by simple 
linear least squares regression using both square 
root and cube root scaled distance. These analyses were 
done to provide an additional check on the relative 
effect of the scaling factor for each data set and to 
provide a basis for comparison with other data scaled by 
ei ther of these factors. The resul ts of these analyses 
are shown on Table 5. 

In the simple linear regression analysis the standard 
propagation equation 

V = K (D/W ct) S is written in the form 

y = a+bx where 

y = the logarithm of the peak particle vel-
ocity 

a = the intercept of y at x = 0 

b = the slope of the regression line on a 
linear graph 

x = the logarithm of the scaled distance D/Wct 
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'l1\BLE 5 - Sinple linear regressioo results 

Versus-O(W 1/' 
Data Set K 1 5' S.E. 

, 
C.C. • 

UOOergrouro 

Reof 30.1 -1.58 .520 .793 

Floor 18.7 -1.47 .427 .852 

Surface 

Radial 13.5 -1.04 .531 .684 

Yertical 15.4 -1.14 .465 .770 

Transverse 5.85 -{).82 .610 .499 

Ibriz. Sun 19.0 -0.94 .512 .652 

Total SImI 32.8 -{).99 .461 .721 

l1a.xinun 13.6 -{).98 .465 .711 

I Intercept at D(Wa = 1 

, Slope of regressioo line 

, Stan:laro error of the estimate for the ~tioo 

• Correlatioo a:efficient (r'l 
I 
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Versus O(W 1/3 

K I 6' S.E. 3 C.C. 

592 -1.84 .491 .816 

255 -1.66 .461 .828 

112 -1. 24 .537 .676 

146 -1. 34 .487 .747 

28.3 -{).95 .624 .476 

122 -1.11 .524 .636 

235 -1.17 .477 .702 

93.7 -1.15 .481 .691 

(residuat roc>f rrean square) 

! , 

, 

\ 



A compa rison 
produces the 
selecting the 
better groups 
appears best 
data. 

of correlation coefficients in Table 5 
same·co~clusions as derived earlier in 
best scal ing fac tors. A val ue 1/3 for C( 

the data from the underground roof and 1/2 
for underground floor and the surface 

A further comparison of correlation coefficients is shown 
in Table 6 which summarizes the resul ts of all of the 
statistical analyses. It is apparent that a considerable 
reduction in scatter is obtained by using either the 
square root or cube root of the charge weight for scaling 
rather than simply plotting peak particle velocity versus 
distance from the blast. However, the differences among 
the resul ts of using either of the scal ing factors or 
that determined directly from the data by multiple 
regression are relatively small. 

, 

The peak particle velocity data recorded at the Jenny 
mine are presented graphically on Figures 11, 12, and 13 
as functions of the conventional scaled distance which 
best groups the particular data set. From a statistical 
standpoint, the regression lines shown on the graphs 
would ~herefore be appropriate for estimating vibration 

o levels at the various monitoring stations for additional 
blasting at the surface at the Jenny mine site. 

It is apparent from the graphs that the least scatter was 
encountered from measurements on the mine roof. The 95% 
conf idence 1 imi ts, which def ine the range of expected 
future data points, are cons iderably narrower than for 
the floor or surface data. 

The ma~imum peak particle velocity oi the thr~e com­
ponents measured at the surface was chosen to represent 
the surface data on Figure 13. The component which 
recorded the highest value for each station and shot are 
shown by different symbols. Of the 53 data points, 31 
are represented by peak values on the radial component, 
14 on the vertical, and 8 on the transverse component. 
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Table 6 - wrison of oorrelation CXlefficients 
Wl respect to scahng factors 

Correlation CXlefficients (r') 
Data Set V vs D V vs D,M 1/' V vs D/W 1/3 V vs D,Ma a l 

Urde!:Sround 

Ib:>f .508 .793 .816 .819 .37 

Floor .465 .852 .828 .853 .46 

Surface 

Radial .322 .684 .676 .690 .42 

Vertical .268 .770 .747 .772 .48 

Transverse .195 .499 .476 .499 .49 

Horiz. SllTI .286 .652 .636 .654 .45 

'Ibtal SUn .314 .721 .702 .723 .45 

HaXinu.In .208 ~711 .691 .713 .46 

'scaling exp:ment resulting fran nultiple linear regression analysis 
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5.0 DISCUSSION OF VIBRATION ANALYSIS 

5.1 Propagation Equation for Underground Roof Vibrations 
The resul ts of the statistical analysis of underground 
roof data provide a clear picture of the relationships 
among particle velocity, distance, and maximum delay 
charge we igh t at the Jenny mine si te. Scal ing by the 
cube root of the charge weight produces a relatively well 
grouped data set with relatively narrow 95% confidence 
limits over the range of data recorded. 

Studies of underground vibrations from surface blasts 
have been made by investigators from the University of 
Missouri at Rolla (25) but the data had not been pub­
lished at the time this report was prepared. No data 
sets for similar blast-recorder geometry were found in 
the literature. Therefore, it is not possible to compare 
the Jenny mine data to other data sets collected under 
ident ical cond i tions. However, the present data may be 
compared wi th sets of data from under'ground production 
blasts recorded underground as presented in four separate 
Bureau of Mines reports reviewed by Snodgrass and Siskind 
(22) • The regression 1 ine from the Jenny mine roof data 
falls slightly above those derived from the four under­
ground blasting sites. The slopes of all five trend 
lines are similar. The Jenny mine data shows somewhat 
less scatter than for the underground blasting sites. 

One si te in particular appears to have some geometric 
similarity to the Jenny Mine site. Olson (16) reported 
the results of blasting in one chamber and recording in 
an adjacent chamber during development of the underground 
NORAD complex in Colorado. ,While the NORAD blasting was 
in granite, the site was similar to the present site in 
that solid rock separated the blasts from the monitoring 
points. 

Olson's data are plotted on Figure 14 with the data 
po in ts and 95 % conf idence 1 imi ts from the present roof 
recordings. The blasts at the ,NORAD site were consider­
ably smaller and closer to the monitoring points than in 
the present case and resul ted in somewhat larger scaled 
distances. Olson also found that scaling by the cube 
root of the charge weight produced the best grouping of 
the data. 

5.2 Relationship Between Floor and Roof Vibrations 

In future work, especially under production conditions, 
it would be easier to measure underground vibration 
levels at the floor of the mine than hav ing to attach 
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sensors to the roof. At the Jenny mine, measurements 
were made at bo~h the floor and roof to investigate 
possible differenc~s. 

Data from both sets are plotted together as functions of 
square ~root scaled distance on Figure 15. The 95% 
confidence limits overlap almost entirely within the 
range'of' the data indicating that the two sets are not 
s ta ti stically d iss imilar. A careful examination of the 
fig ure ,shows that the floor data groups somewha t below 
the roof data. A comparison of the peak particle vel­
ocity values for each monitoring point and blast on Table 
1 shows that considerable differences exist. The floor 
velocity exceeded the roof velocity in approximately 20% 
of the measurements. No discernable pattern was found to 
explain these occurrences and the present data base 
appears to be insufficient to explain the observed 
relationship. Further analysis and additional studies as 
re.commended in Section 8.0 may be helpful in understan­
ding the complex relationship between roof and floor 
particle velocities in an underground opening. 

The regression lines 'derived from the two data sets tend 
to diverge at higher peak particle velocity values. 
Thus, at the Jenny mine si.te, a prediction curve de­
veloped from vibration recordings on the mine floor 
would not yield conservative .results. This is' shown on 
Figure 16 which is a plot of expected particle velocities 
for the roof and floor given the distanceand.charge 
weight. Additional data and study are required to 
develop a numerical relationship between roof and floor 
velocities in an underground o~ening. 

5.3 Relationship Between Surfaceiand Roof Vibrations 

Roof and surface data are. plotted together on Figure 17 
as functions of square root scaled distance. Also shown 
on the figure are relations developed by Oriard (18) and 
Nicholls (12) from large numbers of surface vibration 
recordings from surface blasting ... 

The Oriard (18) curves define a band of typical vibration 
dla ta obse rved on over a hundred proj ec ts. They we re 
originally developed from sur'face blasts in; volcanic 
rocks. but have been found to be applicable in a wide 
range of conditions (Oriard, ~). 

Nicholls (12) compiled data from several years of quarry 
blast monitoring and found that no peak particle velocity 
values measured fell above the line shown on Figure 18. 
Nicholls' data falls within the limits defined by Oriard. 
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The present surface data falls very well within the 
typical limits established by Oriard. Also, none of 
the data exceeds the limits observed by Nicholls. It 
appears, therefore, that, the surface data gathered at 
at the Je~ny mine is not significantly different than 
that recorded from many other projects. 

Figure 17 shows that Oriard's upper bound for surface 
data also appears to be a limiting value for roof data. 
This relationship may be unique for the Jenny mine site 
but if it could be shown to hold for other sites as well, 
it may lead to a simple, conservative me thod of pred ic­
ting mine roof vibrations. 

'. 
For the Jenny mine data, however, predictions of particle 
velocities in the underground mine based on the trend 
line from surface recordings appear, to be less conser­
va ti ve at higher veloc i ty val ues where damage might be 
expected. Figure 18 is a graph of charge weight and 
distance relations, for selected velocity values, based 
on trend lines for both the roof and surface data. This 
is similar to Figure 16 for the roof and floor data. 
Figure 18 shows that the conservatism of predictions 
based on surface data at low velocity values dec~eases as 
particle velocities increase. 

As previously mentioned, the slope of the regression line 
derived from the Jenny mine surface data is flatter 
than that pred icted by Or iard (-1 vs -1. 6) • If, however, 
the surface data had produced a steeper regression line 
the conservatism of predictions based on the surface data 
would extend to higher velocity values. Based on Oriard's 
studies (18), a regression line slope of -1. 6 might be 
expected from a large number of samples over a large 
scaled distance rang~. However, there is no physical 
bas is for th is val ue. The observed particle veloc i ties 
represent the vector sum of motions from several wave 
types (compressional, shear, surface) and are further 
complicated by reflected and refracted arrivals resulting 
from local geolog ic cond i t ions and the mine s truc ture. 
Blasting patte.rns and possible mine resonance may also 
influence the observed motions. Figures 17 and 18 show 
that the Jenny mine surface data occurs wi thin a rela­
tively narrow range of scaled distances. It would be 
desireable to extend this range to determine the effect 
on the slope of the regression line. 
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6.0 INDICATIONS OF PHYS ICAL CHANGES IN THE UNDERGROUND 
MINE 

Formal procedures for monitoring physical changes in the 
Jenny mine are discussed in Section 3.0. These obser­
vations included extensometer recordings at vibration 
sensor locations, convergence measurements elsewhere in 
the mine, background vibration recording, visual in­
spections, and observations of the roof strata wi th a 
boiescope. In addition, miners and other persons assoc­
iated wi th the mine were interviewed for information or 
opinions as to the f~equency of roof failGres before and 
during the surface blasting. No evidence of damage whi6h 
could be directly attributed to blasting was found from 
any of these stud ies. These subj ects are discussed in 
the following paragraphs. Reports o,f major damage from 
other investigations are summarized in Section 6.5 

6.1 Roof Falls 
It was the opinion of those familar wi th the mine that 
loose rock, which fell from the mine roof during the 
moni toring period would have fallen regardless of the 
blasting. Evidence of several past large roof failures, 
some almost fill ing the opening, were observed in the 
mine. No failures of that magnitude were observed during 
the blasting. 

Efforts to quantify roof fall frequency and magni tude 
were intensified during the final stages of the project. 
Rigorous logging of entries 3 and 5, as described in 
Section 3.2.2, however, proved inconclusive due to 
unexpected termination of the blasting. 

Few references are made in the literature to vibration 
levels associated with roof failures. Langefors and 
Kihstrom (10) cite approximately 12 in/sec, as being 
associated with the "fall of stones in gallaries and 
tunnels" but offer no additi9nal details. 

One substantial case history is presently available. 
Blasting above an underground crushing chamber at Dwar­
shak Dam in Idaho was described by Faris (7) and expanded~ 
upon by Or iard (20) who acted as consul tan t to the 
project. The project involved approximately 6 years of 
blasting in granite above the underground chamber, 
gradually approaching it until only a 30 ft shell 
remained over the chamber. When particle velocities 
reached 5 in/sec, 1 or 2 loose stones fell from an 
unsupported, unreinforced section of access tunnel. 
That was the only known rockfall during the 6 years 
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with particle velocities reaching about 10' in/sec. 
The chamber arch was bolted. The arch rose about 5/8 in. 
relative to the froor as a result of elastic rebound from 
excavation of the mountain above the chamber. 

6.2 Convergence Measurements 

Convergence measurements have been effective in monitor­
ing roof and pillar fail ures in prev ious stud ies (23, 
24) • At the Jenny mine, two methods of measur ing con­
vergence were used. These were 1) installation of 
continuously recording drum extensometers at vibration 
sensor locations, and 2) physical measurements at fixed 
stations in other areas. 

The d rum recorders prov ided 1 it tIe information for th is 
particular project. Two of the recorders (at locations 
5/11 and 3/18) showed no deflections. The third recorder 
operated for about 70% of the monitoring period and 
showed several deflections of from .01 to .03 in. Most 
of these changes indicated d i vergence of the roof from 
the floor rather than convergence. The cummulative total 
for the meter was a divergence of less than 0.1 in. A 
graphic log of these records is included in Appendix 
C. 

Convergence measurements made at 23 other .points in the 
mine were also not conclusive. The measurements were 
made with a modified Philadelphia surveyor's rod between 
fixed points on the floor and roof at each station. 
During the eight days prior to the termination of blast­
ing, readings at most stations registered positive or 
negative changes of 0.001 to 0.002 ft. Apparent cummu­
lative changes over that period ranged from zero to a 
maximum convergence of 0.002 ft~ A log of these readings 
is also included in Appendix C. 

6.3 Borescope Suvey 

After the termination of blasting, holes were drilled 10 
ft into the roof at entry/crosscut locations 5/11, 5/14, 
and 3/18 for inspection of the strata with a borescope. 
In each of these holes, the strata was found to be intact 
wi th only minor partings at bedding surfaces. Nothing 
which could be considered a crack or bed separation was 
noted. It would have been preferable to have drilled 
the holes prior to blasting to determine as precisely as 
possible the condition of the strata at the beginning of 
the program as well as the end. 
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6.4 Background Vibration Recording 

The seismograph used to monitor background vibrations 
dur ing the proj ect recorded a large number of events. 
Some of the events were attributed to blasting in nearby 
mines and traffic noise at the site. If rockfalls or 
seismic events in or near the mine occurred they could 
not be distinguished on the seismic record. Since only 
one seismometer was used, the location of the events 
could not be determined. 

One of the prime purposes of the seismograph was to 
determine the time of occurrance of any large roof 
failures which might have happened during the project. 
The idea was to investigate the time relationship between 
blasting and such a failure. However, no large failure· 
occurred during the monitoring period. 

6.5 Likelihood of Major Dama~e 

Several modes of damage in mines and tunnels· due to blast 
vibrations and other phenomena have been noted in liter­
ature. The following paragraphs discuss these modes and 
the ir like}ihood of occurrence under cond i tions at the 
test site or in similar circumstances. 

The following may be considered types of major damage 
which result from blasting. These are not mutually 
exclusive categories but are.presented as such for ease 
of discussion. 

Crushing 

Fracturing of confined rock 

Fracturing at free surfaces 

Failure due to addi tion of dynamic stresses to 
existing static stresses 

The first three modes are discussed together because 
they can be considered to occur in originally intact 
rock affected predominantly by stresses of the blast. 
Addition of dynamic stresses is discussed in Section 
6.5.2. 
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6.~.1 Crushing, Confined Fracturing and Free Surface 
Fracturing 

Crushing and fracturing in confined rock and fracturing at 
free surfaces have been studied by' several authors and 
the mechanisms for these modes of damage are fairly well 
understood. 

Crush ing and fractur ing occur in zones near an· explos ion 
where stresses from the. shock wave and expanding gases' far 
exceed the shear strength of the rock. Oriard (19) listed 

. 5 mechanisms for failure. These included (1-)- tensile 
parallel slabbing at a free surface, (2)' conical failure 
under quasi-static compressive loading, (3) radial crack­
ing under the action of tangential stresses, (4) per­
ipheral cracking at the discontinuous shock front, and (5) 
mass shifting due to the venting of the explosive gases. 

The confined fracturing zone is roughly equivalent to the 
transition zone between propogation of energy by shock and 
propagation as elastic waves. In this zone, compressive 
forces are greater than the strength of the rock, es­
pecially along existing planes of weakness. Beyond these 
zones, true elastic propagation is approximated wi th no 
damage occurring in confined rock. At a free surface, 
however, a compressional pulse is reflected as a tensional 
pulse which constructively interferes wi th the oncoming 
portion of the incident wave. The summed tensile stress 
may exceed the strength of the rock and produce spalling. 

The extent of these zones has been examined in relation 
to tunnel damage which might resul t from nuclear blasts 
(3, 8). Exper iments have ranged from model tests ,in a 
weak-grout with 2 Ibs of explosives to field tests using 
from 750 Ibs of chemical explosives to the nuclear 
equivalent of 5.1 kilotons. Field tests were made in 
several rock types includ ing sandstone, granite, basal t 
and tuff. The results of these tests are relatively 
consistant even though there were large scale differences 
in. the experiments. 

The following formula has been used by Clark (3) and 
other investigators to estimate the radii of the zones of 
damage: 

where: 

radius of zone of damage 
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w = yield of explosive source expressed as 
pounds of chemical exposure 

Average 
others 

an empirically determined constant which is 
a function of rock type and other variables 

values of Ki have been reported by Hendron and 
(~) . K" 1 is expressed in ft/lb l / 3 • 

ZONE ( i ) GRANITE SANDSTONE 

Zone of Crushing 1.3 1.3 

Zone of Compressive Failure 2.5 3.3 

Zone of Spalling 4.4 5.1 

The resul ts of other exper iments are comparable to the 
tunnel closure tests. Olson and others (17) found large 
drops in sonic pulse velocities, indicatfi19 rock fabric 
damage, 'wi th in scaled distances of 0.9 to 1. 7 f t/lbl / 3 
from small charges in granite. Obert and Duval (13) 
found severe cracking of metamorphic rock at a scaled 
distance of 1.3 ft/lb l / 3 • D'Andrea (5) used 3.1 ftl 
lb l / 3 to correlate the resul ts of crushed zone measure­
ments for small charges in laboratory studies in granite. 

In the tunnel closure studies, charges were concentrated 
and assumed to be spherical. This is different than the 
design of blasts in the present case where charges were 
d i sper sed bo th in time and space-. For compar ison, 
however, the effects predicted for an instantaneous 
concentrated charge might be considered as an upper bound 
as to what might have occurred at the Jenny mine. 
Assuming a 12,000 Ib charge, the largest delay charge in 
the Jenny mine blast Program, and 'K values derived from 
sandstones the following damage radii would be calculated: 

Zone of crushing 30 ft 

Zone of compres$ive failure . 75 ft 

Zone of spalling 117 ft. 
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These distances are ~~ ess than the minimum distances at 
Jenny mine and the mo~es of failure would not be expected 
to have occurred during this bla~ting program •. 

6.5.2 Addition of Dynamic Stresses 

The design of an underground mine is generally based on 
a consideratio~ of static l6~ds many times greater than 
any expected dynamic stresses. However, if cond i tions 
are such that static stresses are near the strength of 
supporting rock, added dynamic stresses from blast 
vibrations could cause failure. 

Tincelin and Sinou (~4) monitored deterioration of mine 
roofs near production blasts. They observed that strains 
larger than those which could be attributed to increasing 
static stresses occurred "as blast vibrations passed gage 
locations. They compared total strains wi th those in 
openings, driven by continuous mining methods and found 
the values associated wi th blasting to be significantly 
1 arger. They were able to correlate damage i'nduced by 

,blasting with peak partical velocity and duration of 
shakirig. 

Isaacson (~) reported failures in mine openings due to 
rock bursts initiated on planes of weakness away from the 
openings were caused by the addition of dynamic,stresses 
from vibrations to existing high static stresses. 
Campbell and Dodd (2), used added dynamic stresses from 
predicted possible earthquake shaking in design consider­
ation for an underground power plant. 

Al though techniques have been developed for estimating 
both static and dynamic stresses there is not sufficient 
information about the conditions at Jenny mine .to make an 
accurate estimate of these stresses during the blasting 
program. The previous work described above indicates 
that dynamic stresses may be a critical consideration in 
estimating potential damage from blasting near under­
ground openings. 
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7.0 SUMMARY: OBSERVATIONS AND CONCLUSIONS 

The major observations and conclusions which can be 
inferred from the Jenny mine study a~e summarized below~ 

Surface and underground vibration levels observed at 
Jenny mine can be related to blast distance and 
charge weight using previously developed propagation 
formulas. 

A significant reduction in data scatter is obtained 
by I scaling rather than simply plotting velocity 
versus distance. However, orily minor differences in 
parameters result from th~ use of square root 
seal ing, cube root seal ing or seal ing by the frac­
tional root determined '"directly from the data by 
multiple regression analysis. 

Peak particle velocities measured at the mine roof 
are best grouped by us ing cube root seal ing. Vel­
ocities measured on the mine floor and at the ground 
surface are best grouped by square root scaling. The 
reason for th~ difference in scaling factors is not 
defined by these observations. 

The results, of analysis of the data measured at the 
mine a roof are similar to those of previous studies 
where vibrations from underground blasts were meas­
ured on the roof of the underground mine or tunnel. 
Particular similarity was noted with a case where 
v ibrations were moni tored in an underground opening 
separate from the opening where blasting took place. 

\ 

Vibration levels measured on the mine floor were 
generally lower than those measured at the roof. 

The slope of the regression line derived from surface 
data versus square root scaled distance is flatter 
than expected from previous studies. This may be a 
resul't of the widely spread blast patterns used at 
the site. However, the data lie within the bounds,. 
based on a slope of -1. 6, developed by Or iard (18) 
from numerous previous projects. --
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Roof vibration levels are consist~ntly less than 
those measU1:(-:d at the surface at equal scaled dis­
tances. Al though the regress ion 1 ine from the roof 
data crosses the· regression line of the present 
surface data, it closely parallels the value of -1.6 
developed from prev ious sur face v ibra t ion stud ies. 

Based on Jenny mine data alone, predictions of 
roof vibration levels from measurements on the mine 
floor would be slightly low at low particle velocity 
values and would become even less conservative at 
higher levels. Predictions of roof vibra'tion levels 
from surface measurements would ,be conservative 
at low levels but less conservative at higher levels. 

Only limited conclusions can be drawn regarding the 
relationship between damage and vibrat{on levels as there 
were no observed underground failures attributable to trye 
surface blasting. However, it is significant that no 
apparent damage occurred even at the peak measured par­
ticle velocity of ~7.5 in/sec •• The following poin'ts 
can be related to the levels of blast induced vibrations 
recorded. 

Neither the frequency nor magnbtude of roof falls 
noticeably increased during the project. ~ 

No s igni f ican t convergence of the roof to the floor 
was noted. 

Borescope observation showed roof strata at th.e 
three points investigated to be intact af~er the 
qlasting. 

Analysis of the resul ts of the Jenny mine project has 
ind ica ted several areas in wh,ich improvemen ts could 
be matle in the investigative approach. Recommendations 
are made in Section 8. a for improving the 'amount and 
quality of data obtained in future studies. 
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8.0 RECOMMENDATIONS 

The relationships developed from the Jenny mine obser­
vations represent a significant first step in defining 
the impact of surface blasting over underground work­
ings. However, these relationships are presently not 
sufficently well defined to use in general production 
situations without a high degree of conservatism. 
Furthermore, it is not presently clear wha t v ibra t ion 
levels might be associated with undesirable physical 
effects in the underground mine on a long-term basis. 

Our recommendations are directed tow~rd procedures to 
obtain data supplemental to that presented in this 
report. These recommendations fall into two categories: 
additional tests at the Jenny mine and monitoring blasts 
over underground openings at other sites. 

8.1 Additional Tests at Jenny Mine 

In order to better understand the resul ts of the Jenny 
mine monitoring program, tests should be performed to 
provide additional definition of site conditions and the 
behavior of elastic waves in the local strata. These 
tests would also be useful for comparing the Jenny mine 
site data with other sites where additional data might be 
gathered or where application of the relationships 
developed in th is report might be contemplated. Also, 
it would be desireable to conduct tests to relate ob­
servable damage to vibration and strain levels. 

Procedures to better define the Jenny mine site would 
require material property tests of the rock. We rec­
ommend one or more core borings at the site from which 
a complete log of the s tra ta could be made. Th is log 
would include a petrographic description and information 
on discontinuities such as joints and bed separations. 
Downhole photographs would be useful to investigate 
discontinuities. Field te~ts could be conducted to study 
anisotropy and seismic velocities. Laboratory tests of 
compress i ve, tens ile and shear strength, and of dens i ty 
of representative strata could be performed on core 
samples. 

Although it would not be feasible to continue blasting on 
a large scale above the mine, there would be a feas­
ibility of conducting definitive research at carefully 
~hosen locations within the mine. Several locations 
could be chosen to represent different conditions of 
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stability. These loce tions could be selected in areas 
where a roof failure would not be disastrous. These roof 
sections could then be subjected to vibrations while the 
rock was carefully monitored ',to observe its behavior. 

" 

One suggested approach would be to detonate a series of 
blasts a short distance above the moni tored roof sec­
tions. These could be small blasts, at a short distance, 
and would necessarily be very I imi ted in number. How­
ever, this I imi tat ion would be offset by the detailed 
study of the rock that could be made before, during and 
after - the blasting. Because of the limited number of 
blasts that would be possible, it would be desirable to 
increase the charges rapidly until immediate damage 
occurred. 

A different approach could be made to the question of the 
long-term effects of low-level vibrations. In this 
instance, a m~chanical vibrator could be installed a 
short distance above a roof section of interest. The 
vibrator could be operated electrically and allowed to 
run continuously or intermittently, ~t the option 6f the 
observers. The method of installing the vibrator would 
depend on its physical sizie and location. It could be 
brought in through a small raise and adit, or lowered 
into a large-diameter hole from above. 

Although additional case histories of open-pit mining 
above underground openings are desirable, there are 
certain advantages to the small-scale research efforts 
that could be conducted at the Jenny mine. This research 
could be conducted without the time pressures that would 
be present if the researchers were merely monitoring 
actual mining operations at some other location. At the 
Jenny mine, there would be ample opportunity to make as 
elaborate and detailed a study as would suit the purposes 
of the research, and there would not appear to be any 
time limits to hinder the work. 

Additional information may be obtained from the existing 
vibration records from the Jenny mine. The records 
contain complete wave traces. ~hey can be digitized and a 
computer could be used to analyze the observed frequen­
cies. The frequency content of the incident shock wave 
and the subsequent response of the rock may\be important 
parameters in assessing potential damage. 
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8.2 Tests at Additional Sites 

Monitoring blasts from surface operations over under­
ground mines at other si tes is essential to developing 
general guidel ines. At these si tes, the procedures, for 
defining site properties discussed in the previous 
section should be implemented. Core holes used for 
logg ing and testing could also be used for installation 
of downhole v i bra t ion se nsors to obta in free f ie'ld 
vibration data during the blasting. 

If sufficient lead time or retords are available, it 
would be desirable to conduct a pre-blast study or review 
of the rock behavior in the mine in order to evaluate the 
influence of seasonal changes. A cursory investigation 
would be of relatively little value, and available 
man-power should be concentrated to obtain a detailed 
survey of a limited zone., 

An evaluation of, long-term effects should include mon­
itoring of acoustic emmission in and around the mine. A 
sufficiently large array of sensors should' be used to 
determine the location of the microse isms. Moni tor ing 
should begin far enough in advance of blasting to provide 
adequate base level data. 

In the event that lead time was insufficient to provide 
a base for evaluating any changes in rock behavior at 
low levels of vibration, the next best information would 
be a correlation of increasing levels of vibration with 
effects that could be observed immediately. Th is would 
require some control over blasting operations so that 
charge sizes could be increased to the point of producing 
immediate effects. In order to detect the first signs of 
loosening or deterioration of roof and/or pillar rock, 
instrumentation and tests in addition tO,the convergence 
moni tors and borescope observations used at the Jenny 
mine would be useful. Mul tiple point borehole extenso­
meters would better defi~e the mode of a failure. 
Repeated sonic veloc i ty tests could detect cracking and 
deter iorat ion be fore it became v is ible. If convergence 
meters are used, steps should be taken to insure their 
proper function. Borescope observations should be made 
before and periodically during the blasting period. 

Documentation of operations should be more complete than 
at the Jenny mine. The location, layout and loading of 
bla~ts should be a primary concern in additional studies. 
This would include the use of surveying equipment to 
determine locations and careful observations of explos­
ives loading. Accurate determination of charge weight is 
essential. 
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As in the present study, we recommend that vibrations at 
the ground surface and on the mine floor be measured as 
well as on the roof. Hopefully, this will lead to a 
simplified method of evaluating roof vibrations in 
general operations. Also, surface measurements provide a 
means of comparing data with the large available surface 
vibration data base~ 

Strain as well as particle veloci ty should be measured 
underground. Where displacement or frequency values would 
be expected to exceed the measuring capabilities of 
presently available velocity gauges, accelerometers should 
be used, and data derived therefrom converted to velocity 
values. 

8.3 Development of a Model 

It would be desirable to begin as soon as possible to 
develop a model for damage produced by blasting over an 
underground mine. Data from the present study and 
information from the literature could be used as a 
starting point. The model could then be altered as 
additional data became available until such time as 
researchers were satisfied that it indeed reflected 
actual physical conditions. 

At that point, the model could be made available for 
general use by the industry and its consultants, much as 
the model developed by Nicholls (12) is used where 
potential damage to surface structures from surface 
blasting is a concern. 
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APPEHDIX A 
Blast Documentation 

Basic information about the surface blast program during 
the vibration monitoring period is presented in this 
Appendix. Table Al is a summary of blast data. Layouts 
for each shot are shown on Figures Al through A12. An 
explanation of the symbols used in the drawings is 
included on Figure Al. 

Blast operations were conducted by the Rebel Mining 
Company from 13 September 1977 to 4 November 1977. Blast 
holes were drilled with 6 in augers to depths of 10 to 40 
ft in the irregular terrain. Prilled ammonium nitrate 
and fuel oil was the principal blasting agent. Primers 
were 1 in. 60% dynamite sticks initiated by primacord. 
Holes were generally spaced on 10 to 12 ft centers but 
the spacing varied considerably for some shots. 

Shots 11, 12, 13, 17, 20, 22, 28, 29 and 30 were rela­
tively small, shallow bla~ts in the shale binder between 
the two coal seams. The remainder of the blasts were 
located in the overburden above the upper coal seam. 

The spacing and location of the shot holes were estimated 
by compass and pace survey. Charge sizes were' estimated 
by the blaster based on the number of boxes of pr ills 
used in each hole. 
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TABlE Al. - Blast data Sumary 

Total: cFm'ge NU!iibei Blast Ture /oax.unum del:a:t ' 
nunl:er Date (est) No.FiOles We~g!1t,lE of delays No.holes' We~g!1t,lb 

1. .. 9-13-77 1300 55 5,500 5 17 1,700 
2 ... 9-15-77 1227 42 4,200 5 8 800 
3 ... 9-17-77 1137 47 4,700 8 6 600 
4 ... 9-17-77 1452 52 5,200 9 6 600 
5 ... 9-20-77 1450 51 6,450 2 18 3,600 
6 ... 9-23-77 1403 62 9,300 5 11 1,650 
7 ... 9-26-77 1505 62 12,400 0 62 12,400 
8 ... 9-28-77 1455 129 19,350 3 71 10,650 
9 ... 10-01-77 1256 71 11,900 5 23 4,600 
10 .. 10-03-77 1340 94 18,800 5 27 5,400 
11 .. 10-03-77 1807 311 8,086 0 311 8,086 
12 .. 10-04-77 1130 119 2,975 0 119 2,975 
13 .. 10-05-77 1646 68 8,800 5 17 2,400 
14 .. 10-06-77 1149 180 4,680 1 95 2,470 
15 .. 10-07-77 1513 148 51,400 13 15 5,250 
16 .. 1(}:.11-77 1450 176 35,200 19 13 2,600 
17 .. 10-i2-77 1710 259 2,072 14 21 168 
18 .. 10-13-77 1516 67 18,500 6 13 3,250 
19 .. 10-14-77 1630 45 9,900 1 27 5,400 
20 .. 10-15-77 1618 343 8,918 3 94 2,445 
21 .. 10-17-77 1544 106 14,660 9 15 2,250 
22 .. 10-18-77 1330 187 2,992 4 43 688 
23 .. 10-18-77 1643 60 6,000 1 30 3,000 
24 .. 10-19-77 1530 67 6,700 4 22 2,200 
25 .. 10-20-77 1507 184 18,659 8 46 4,600 
26 .. 10-21-77 1510 169 16,900 3 113 11,300 
27A. 10-25-77 1543 143 14,443 3 66 6,600 
2713. 10-25-77 1544 90 9,000 0 90 9,000 
28 .. 10-27-77 1501 203 3,248 2 150 2,400 
29 .. 11-02-77 1505 418 1,254 5 92 276 
30 .. 11-04-77 1801 644 5,796 9 89 801 
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I Blast 1 
100 Ib/hole 

-fr-

/Delay j 

1!TlTpl 
6~~¢¢4 77 

3 3 2 2 
~ 1 234 5 

(.itiation 

Primacord 
on surface 

Number of 
holes in row 

Approximate scale: 1 in.=50 ft. 

Blast 2 
100 Ib/hole 

8 

7 

6 

7 

n 
5 5 5 

8 4 2 

5 5 6 

7 5 

5 5 6 

6 

Blast 3 

100 Ib/hole 

n 
5 6 6 

8 

5 6 6 

7 

6 6 6 

6 

Blast 4 

100 Ib/hole 

FIGURE A-1.- Layout of blasts 1, 2, 3, and 4. 
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Blast 5 

A 1.00 Ib/hole 

B 200 Ib/hole 

C 50lb/hole 

~11 
"'~2" __ Approx. ~5 
~ '@ I 

4 ~3,~,/ - ....... '" '- ~50 ft. ~"'-~ 6 

Blast 6 

150lb/hole 

/C ;- - -r- 7 5 

t 
-N-

.~ 

Blast 7 

No delays 
200 Ib/hole 

6 

See Fig. A-1 for explanation 

E A 2 Layout of blasts 5,6, and 7. FIGUR -.- . 
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Blast 8 
150lblhole 

Blast 9 
:-oelays 0,1 100 Ib/hole 
Delays 2·5 200 Ib/hole 

7 8 9 23 

See Fig. A·1 for explanation 

5 

FIGURE A·3.-Layout of blasts 8 and 9 .. 
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Blast 12 No delays 25lb/hole · Blast 10 

200 Ib/hole [l [ 1 I [ lUI 
10 15 15 12 11 10 11 10 

-N-

, ~ 
-N-

I 
Blast 11 

( 

11 8 7 
23 21 21 21 2118 18 19 17 10 1515 14 13 10 10 

See Fig. A-1 for explanation 

No delays 
261b/hole 

5 
7 

FIGURE A-4.- Layout of blasts 10,11, and 12. 
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Blast 13 

,/ 
/'" 

200 Ib/hole : 100 Ib/hole 

7 7 1'0 '13 13 12 12 

Blast 15 
3501b/hole 

See Fig. A-1 for explanation 

Blast 14 

14 
20 18 18 20 19 19 13 

26lb/hole 

5 

FIGURE A·5.- Layout of blasts 13,14, and 15. 
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Blast 16 200 Ib/hole See Fig. A·1 for explanation 

Blast 17 8lb/hole 
I 

Z ?'!:: 
I 

21 

18 

17 

17 

16 

16 

17 

17 

1~ 

16 

18 

18 -------------­

~-------~------ 18 

16 -----------~~ 

~-------------- 18 

FIGURE A-6.-Layout of blasts 16 and 17. 
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Blast 18 
Delay 0 375 Ib/hole 
Delays 1-6 250 Ib/hole 

Blast 19 

200 Ib/hole 

~ 
-H-

I 

8\1) 
* 

See Fig. A-1 for explanation 

15 

Blast 20 
26lb/hole 

20 22 

16 21 21 

3 

21 18 

22 

FIGURE A-7.-Layout of blasts 18. 19, and 20. 
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Blast 21 

200 
Ib/hole 

100 Ib/hole 

Blast 23 
101 Ib/hole 

8 8 

B 

,/ 
/~' 

1150 Ib/hole 
8 I, :n 

22 

t 
-N-

~ 

887778 8 7 

"""-1...----1....---1..4-'1'- "* 
See Fig. A-l for explanation 

Blast 22 
16 Ib/hole 

21 21 20 19 20 18 

FIGURE A-8.-Layput of blasts 21, 22, and 23. 
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Blast 24 

18 
15 

~ 
4 4 

100 Ib/hole 

3 Holes 
45 lb. total 

B 

Approx. 
500 ft. 

17 

See Fig. A-1 for explanation 

Blast 25 
100 Ib/hole 

.------- 12 -------

1-------- 12 --:----------i 

11 

1-------- 10 -------~ 

~------10 

~------10 

~------ 10 --------1 

~------ 10 ----------l 

4 

10 --------1 

8 

8 

7 

8 

9 

8 

1-------- 10 

~------10 

'------- 12 -------

FIGURE A-9.- Layout of blasts 24 and 25. 
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Blast 26 
100 Ib/hole 

Blast 27A 
l00lb/hole 

/ 
-@-..--rQ) r@ 

i 

5 8 8 9 9 12 9 7 7 10 10 10 9 10 10 10 10 8 8 

~~~~~~~~~ __ ~L-~~~~~J-~~ 

I 

Blast 27B 100 Ib/hole 

2 

8 

9 

7 

8 
-~- 9 

I 7 

8 

7 

1-------- 7 

I 
~-

I 

* 

14 
14 13 

6 ------..-.f 

8 
11 13 

10 10 
8 9 10 

See Fig. A-l for explanation 

4\ 3 

No delays 

4 

6 

6 

FIGURE ;t1,-10.- Layout of blasts 26, 27A, and 27B.' 
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Blast 28 
161blhole 

, 
-Iv-

i 

29 33 28 29 26 26 20 

See Fig. A-1 for explanation 

Blast 29 3lb/hole 

-
....... ) .. ..--.... I.-

- -I 
~ 

8 
~ 

37 30 37 37 37 37 37 37 37 37 37 18 

FIGURE A-11.-Layout of blasts 28 and 29. 
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Blast 30 
91blhole 

9 8 7 6 5 4 3 ! 2 

37 44 42 38 37 
30 27 28 29 29 29 33 33 40 47 38 

2~ 28 29 

FIGURE A-1~~,-Layout of blast 30 . 

. 87 



APPEHDIX B 
Underground Vibration Recording Data 

The three tables in this App~ndix provide the information 
nece ssary for red uc t ion o'f the recorded underg round 
vibration data. The reduction procedures are discussed 
in Sec tion 4.1 of the report. Tabl e Bl 1 ists the sen­
sitivity· of .each sensor-preamplifier combination used. 
Table B2 lists the calibration factor fo~ each channel of 
the record-reproduce system. Table B3 lists sensors and 
preamps used for each blast; gain settings, recorder 
channels, and amplitudes of the resulting records. 
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~LE B1 - Sensitivitl of under~round sensors 

Coll "'=asured 
2 

ShW'lt , Installed 
resistance • sensitivity. , resistance. sensitivity. 

Location 1 Period Sensor oh!t5 mY/in/sec Preanp oh!t5 mY/in/sec 

5/6 R 13Sep 
-29 Sep 12029 638 18.45 9 151.5 17.15 

30Sep 
-260:t 2144 638 18.34 (5) (5 ) 17.04 

27Ck:t 
-12t<:N (5 ) (5 ) (5) 1 152.2 17.10 

5/6 F 17Sep 
-l:m:Jv 12022 637 18.33 4 152.4 17.12 

5/11 R 15Sep 
-12t<:N 12026 642 18.48 8 152.4 17.25 

5/11 F 23Sep 
-29Sep 12024 637 18.47 13 162.2 18.13 

30Sep 
(5) (5) -llCCt 12033 632 18.62 18.28 

12Ck:t 
-2t<:N (5) (5) (5) 12 150.7 17.23 

3N::>v 
-l:m:Jv (5) (5) (5) 14 166.0 18.62 

3/18 R 23Sep 
-40ct 2187 694 17.09 14 166.0 17.09 

sect 
-12t<:N (5) (5) (') 3 149.9 15.72 

3/18 F 23Sep 
-29Sep 2186 641 18.33 5 169.6 18: 64 

30Sep 
( 5) ( 5) -l:m:Jv 13697 670 17.44 17.74 

1 Locations referenced by entry/crosscut; R refers to rcof sensors. F refers to 
floor sensors. 

2 "'=asured at 100 Hz; particle velocity 1.0 in/sec peak; shW'lt resistance 
166.0 oh!t5. 

, tEsignation of iJTt:edence matchilY3 preanplifier installed with sensor and which 
o:mtained the shW'lt resistance. 

, "'=asured at OC; variation at 1000 Hz was -0. 5XlO -, 

5 N::>t ch~ed. 
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~LE 82 - Record-reproduce system calibration factor 

ReEroduce amplitude; inches peak to ~ak . Calibration 
Recorder End of Start of End of factor, 2 

channel ta~ 1 ta~ 2 ~2 Average in/mY 

1 2.40 2.41 2.41 2.41 0.000852 

2 2.41 2.44 2.45 2.43 0.000859 

3 2.39 2.40 2.40 2.40 0.000849 

4 2.30 2.32 2.33 2.32 0.000820 

5 2.29 2.33 2.31 2.31 0.000816 

6 2.31 2.39 2.36 2.35 0.000831 

7 2.21 2.28 2.28 2.26 0.000799 

8 2.34 2.38 2.38 2.37 0.000838 

9 2.31 2.32 2.31 2.31 0.000816 

10 2.29 2.31 2.31 2.30 0.000813 

11 2.29 2.32 2.32 2.31 0.000816 

12 2.30 2.38 2.37 2.35 0.000831 

13 2.34 2.40 2.39 2038 0.000842 

'100 mVrms input at 1 kHz with 20db (lOx) amplification; effective 
input to recorder 2828 mY peak to peak. 

'Factor determined by dividing average reproduce amplitude by 2828 mY. 
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TABIE B3 - Underground rerordinq infonraticn 

zero-peak 
Blast ~lifier-reoorder 1 ~rcrllre arrpli ttxle 
No. Sensor Prearrp dlanne1 gain, db cha.nre1 crain, X of trace l in. 

Sensor location: entry 5, crosscut 6, roof (5/6 R) 

1 ('l 
2 12029 9 5 30 5 2 1.36 
3 3 40 3 1 1.03 
4 3 40 3 5 2.49 
5 1 20 1 0.2 .51 
6 20 0.5 .73 
7 (') 
8 (') 
9 2144 20 2 1.83 

10 8 30 2 1.49 
11 22 5 .89 
12 22 5 .65 
13 30 2 1.18 
14 32 1 1. 38 
15 20 2 .69 
16 25 2 .82 
17 36 5 .54 
18 25 2 .82 
19 33 5 1. 34 
20 1 22 2 1.06 
21 8 30 2 1.17 
22 30 1 1.14 
23 45 2 1.41 
24 32 2 .71 
25 32 2 .60 
26 1 30 1. .89 
277\ 8 36 1 1. 38 
27B 36 2 .97 
28 1 18 'I .89 
29 28 2 1.04 
30 28 2 .62 

Sensor locatirn: entry 5, 
'-

crosscut 6, floor (5/6 F) 

1 (') 
2 (') 
3 12022 4 6 40 6 2 1.40 
4 6 40 6 5 1. 74 
5 4 20 4 2 .75 
6 20 1 .87 
7 (2 ) 

8 (2 ) 

9 20 2 1.61 
10 11 30 2 1.16 
11 22 5 .84 
12 22 5 .69 
13 30 2 .97 
14 30 2 1. 75 
15 20 2 .63 
16 25 5 1.27 

See fcotnates at end of table 
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TABIE B3 - UndergrourxI reccnting information - =tinued 

Zero-peak 
Blast !\nplifier-recorcler 1 ~roduce arrplitOOe 

No. Sensor Preanp channel :lain, db channel :lain, X of trace, in. 

Sensor locaticn: entry 5, crosscut 6, floor (5/6 F) ccntinued 
17 12022 4 11 36 4 5 .35 
18 25 2 .65 
19 33 5 1.09 
20 22 2 1.22 
21 31 2 .94 
22 30 2 .82 
23 45 2 .80 
24 32 2 .45 
25 32 5 .91 
26 38 1 1.58 
27A 36 2 2.24 
27B 36 5 1.51 
28 18 2 1.00 
29 28 5 .94 
30 28 5 .75 

Sensor location: entry 5, crosscut 11, roof (5/11 R) 
1 (') 
2 12026 8 6 30 6 5 .84 
3 (') 
4 (' ) 

5 9 40 2 1 1.57 
6 40 2 1.42 
7 (' ) 
8 (' ) 
9 32 2 1.07 

10 30 2 .74 
11 28 5 .99 
12 28 5 .77 
13 30 2 1.15 
14 32 2 .66 
15 20 5 .72 
16 33 1 1.32 
17 38 5 .27 
18 33 0.5 1.02 
19 33 1 .77 
20 32 5 .85 
21 30 2 1.34 
22 34 5 .62 
23 40 2 1.13 
24 32 2 .85 
25 32 2 .80 
26 28 1 .66 
27A 28 1 .67 
27B 28 5 1.31 
28 35 1 1.05 
29 38 2 1.00 
30 ' 28 2 .54 

See footnotes at end of table 
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T1IBIE B3 - Underground recotding infOl:l'Mticn - CCI:ltinued 

AII{llifier-reccrder 1 

zero-peak 
Blast ' Repro:hJoe arrplitme 
No. Sensor PreaIip c:hanrel 9:ain, db channel 9:ain, X of trace, in. 

Sensor locaticn: entry 5, crosscut 11, floor (5/11 F) 

1 (') 
2 (') 
3 (') 
4 (')' 
5 12024 13 5 20 5 5 .68 
6 12 40 2 1.48 
7 (2 ) 

8 (') 
9 12033 32 2 .94 

10 30 2 .76 
11 28 5 1.04 
12 28 5 1.09 
13 30 2 1.14 
14 30 5 1.94 
15 20 5 .70 
16 33 1 .63 
17 12 38 5 .36 
18 33 1 1.10 
19 33 2 .93 
20 30 5 .58 
21 31 2 1.12 
22 35 5 .48 
23 40 2 1.08 
24 32 2 .68 
25 32 2 .75 
26 28 2 1.40 
27A 28 2 1.14 
27B 28 5 1.31 
28 3S 2 1.19 
29 (' ) 
30 14 28 5 .70 

Sensor lccatirn: entry 3, crosscut 18, roof (3/18 R) 

1 (') 
2 (') 
3 (') 
4 (') 
5 (') 
6 2187 14 10 40 3 5 .98 
7 (') 
8 (0) 
9 32 5 .87 

10 30 1 .14 
11 3 22 2 (4 ) 
12 3 32 1 (') 
13 3 10 30 2 .28 
14 32 5 .52 
15 20 5 .28 

See footnotes at, end of table 
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TABIE B3 - Underground recording infomoation - cxntinued 

Blast 'J\lTplifier-reoorder 1 Reproduce 
Zero-peak 
arrplidtu:Je 

No. Sensor p~ dlanne1 g~,db channel gain, X of trace, in. 

Sensor locatia1.: entry 3, crosscut 18, roof (3/18 R) continued 

,16 2197 3 3 39 3 2 58 
17 10 45 2 (') 
18 45· 2 2.12 
19 45 2 2.83 
20 35 5 .30 
21 37 2 2.54 
22 40 2 (') 
23 25 2 .42 
24 36 2 .26 
25 28 2 1.57 
26 38 1 1.65 
27A 35 \ 1 1.18 
27B 3 18 - 2 .83 
28 10 46 2 1.13 
29 46 5 .78 
30 42 5 .93 

Sensor locatia1.: entry 3, crosscut 18, floor (3/18 F) 

1-5 (') 
6 2186 5 13 40 6 2 .26 
7 (') 
8 -- (') 
9 31697 32 5 1.26 

10 30 2 .31 
11 38 2 .60 
12 38 5 .82 
13 30 5 1.11 
14 30 5 .40 
15 20 5 .34 
16 6 50 1 2.00 
17 13 45 2 .10 
18 13 45 2 2.68 
19 6 39 0.2 (' ) 

20 3 32 5 .30 
21 37 2 2.54 
22 40 2 (') 
23 25 2 .48 
24 36 2 .42 
25 28 2 1.32 
26 38 1 1.44 

( 27A 35 1 1.20 
27B 6 14 2 .66 
28 13 46 2 1. 73 
29 46' 5 1.28 
30 42 2 .51 

Footnotes: 

I Gain in db JlUlSt be oonverted for use with formula given in Section 4.1. 

2Not recorded; 'Not installed; 'Pcor record 
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APPENDIX C 
Convergence Measurements 

Convergence measurements we~re made to observe any changes 
in the roof-floor distance which may have resulted from 
the blasting or overburden removal. Two methods of 
measurement were used. The results of these measurements 
are presented in this Appendix 

A modified Philadelphia rod was used to make direct 
measurements at 23 locations. These measurements were 
made during the period 2 Nov.- 9 Nov. 77. Readings are 
listed in Table Cl. 

Drum recording extensometers were placed at the three 
underground sensor locations. Al though designed to be 
continuously recording, the records are intermittent due 
to instrumentation problems. Figures Cl,C2, and C3 shows 
the deflections recorded by the meters. 
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DATE ILOCATION: 5/6 5/11 3/18 

12 SEPT. 
DIVERG:; I =ERGENCE 

1300 BLAST 1 

1300 START I , 
13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

·25 

26 

27 

28 

29 

30 

1227 BLAST 2 

1137 BLAST 3 
1462 BLAST 4, 

1450 BLAST 5 

1403 BLAST 6 

~505 BLAST 7 

1455 BLAST 8 

PAPER TORN 

------~+---... 1230 

POOR TRACE 1 +.02 
STOPPED I 1200 

I 

: --.f t+-
I .01 IN. 

I STOPPED 0600 

I 
I 
I , 
I 
I . 
I 
I 
I 
I 
I 

, I1600- - CHANGED -- - - 1400 
STOPPED 2300 DID NOT START 

I 
I 
I 
I 
I 
I 
I 

I I 
I I 
, " 
I I 
I I 
I I 
10900 , 

o 

I 
I 
o 
I 
I , 

START I 0800 

STOPPED I 1400 
I 
I ' 

o 
I 
I 
I 

·.01 I I 

+.01 

.--....... 1200 CHANGED I 1400- - ____ I 1330 

+.02 T 
. WIGGLES 1130 

1500 PAPER TORE 1300 

FIGURE C-1.-Convergence meter deflections, 12 to 30 September, 1977. 
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DATE ILOCATION: 5/6 5/11 3/18 

1 OCT. 1256 BLAST 9 STOPPED 11300 ! STOPPE D ! 1300 

f-- I I -.01 IN. I 2 I --.J l+- I 
f-- I I -, 

I 3 1346 BLAST 10 
1807 BLAST 11 ...l. 

f..- I I -
4 1130 BLAST 12 I 

I I 
f--

RESET II'" 0900 
---.: 

5 I 
1646 BLAST 13 : r--- -

6 1149 BLAST, 14 
\ 

rI
'33O - - - CHANGED t- 1335 - - - - - t- 1340 

f..- -
7 1513 BL·AST 15 1500 

f-- , +.01 -
8 I 

I', _ 0 0 0 r---
I 

....,.-

9, 
-.01 

f-- PAPER EOGE ..... 0000 -
10 --

f-- -
11 +.005 

-<:TOPf>EDo, 14007 -1415 BLAST 16 1500 
I-- ) -
12 I 

1710 BLAST 17 I 
I-- I -
13 o~ 1255 CHANGED - I 

1516 BLAST 18 - -- ~1245- - - - -~ 1235 
1500 

I-- +.01 -
14 1630 BLAST 19 

, 

I-- -
15 1618 BLAST 20 , 

1600 STOPPED-,'- 1600 

- '.. -.005 , 
I -

16 RESET 0
'

• 1030 

- -
17 1544 BLAST 21 

- -
18 1330 BLAST 22 +.005 

1330 
1643 BLAST 23 - ~ 

19 ! 
1530 BLAST 24 

FIGURE C-2.-Convergence meter deflections, 1 to 19 October, 1977. 

98 



DATE/LOCATION: 5/6 5/11 3/18 
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o 

_ _ +.-r0_1....o...,;.1~315 - - - CHANGED --
1500 . STOPPED 
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1~ ~. ---~~~-
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1~BLAST27B----~~--------------~--~----------~-----
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FIGURE C-3.-Convergence meter deflections, 20 October to 12 November, 1977. 
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