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INVESTIGATION OF BLAST-INDUCED UNDERGROUND
_VIBRATIONS FROM SURFACE MINING

”by Michael K. Phang, Thomas A.  Simpson, and Robert C. Brown

TNTRODUCTION
‘Background

The use of explosives to fragment rock generates ground vibrations
which may have a detrimental effect .on contiguous underground coal mine
openings. Increased surface blasting by a burgeoning number of surface
coal mines and quarries has caused considerable concern among underground
mine operators. Ground. vibration effects generated from surface mine
blasting are also causing public concern.  In response to this concern, the
U.S. Bureau of Mines (Stagg and FEngler, 1980) has measured and analyzed
ground vibrations and their effects on underground and surface structures..

Some of the complaints registeréd against the mining industry are
claims of substantial material damage from vibrations generated by the
blasting; others are nuisance complaints of minor damage or annoyance. In
general, allegations of damage from surface blasting have been sufficiently
numerous to constitute a major problem for mine operators engaged in
blasting operations. They have recognized the need for more technological
data to evaluate the vibration problems associated with blasting. Both the
operators and the general public need adequate safeguards based upon
factual data to protect their specific interests. The coal mine industry
needs reliable information from which to change blasting operations to
reduce the number and severity of major damage claims and /eliminate the
growing number of nuisance complaints. The problem is of major concern not
only - to coal mine operators and nearby property owners, but also to
federal, state and local governments. At the same time, environmental
control agencies responsible for blasting and explosives use require
- 'reasonable and appropriate guidelines to protect the miners' lives.

An understanding of vibration characteristics and of how underground
‘structures respond to ground vibrations will help define limits which will
.enable operators to confine -blasting to levels which will minimize adverse
effects.. The characteristics of vibrations are strongly affected by the
degree of explosive confinement afforded by the overburden, stemming, and

geologic - conditions. The imposed load distribution and the induced
. deformation created in the underground mine by surface blasting is a major
factor affecting the stability of +the underground mine. Extensive

‘government regulation on blasting operations has created a need for uniform
instrumentation and measurement techniques, whereby more realistic and
prgctical design procedures can be employed.

In 1976, coal production in Alabama was approximately 22 million tons,
of which approximately 7 million tons were from underground mines. It is
estimated that production will increase to 25 million tons from underground
mining by 1989. Some of the increased production will come from mines
adjacent  to, or intersecting, on-going surface mining activities. This



will require the establishment of safety criteria to minimize the vibration
effects on the underground coal mine openings caused by surface blasting.
‘The - safety priteria’,will be the  allowable guidelines for acceptable
operating and surface mine‘blasting procedures.. . The guidelines will permit
“the - underground ~and surface . mining activities to be carried: on
51mu1taneously w1thout disrupting thelr operatlons. :

Obgectlves .

- The initial objective of this study is to evaluate an instrumentation
and field monitoring program designed to record and monitor surface
blasting effects on underground coal-mine openings. " The overall objective
of 'this research 1is to study. potential mine roof damage criteria  and
develop guidelines . for surface mine blasting procedures overlying
underground coal mine operations from which a safe and economical operatlng
llmlt can be establlshed.

Potentlal damage criteria and < guidelines <can be deve10ped by
quantlfylng the relationship between identifying the nature and degree of
underground vibrations and damage produced in a mine onfthe underground
structure. To predict the characteristics of underground vibrations
occurring from a surface blast. it is necessary to establish, through the
‘'use of measuring devices, the propagation relations of underground
vibrations originating from surface blasting. Hence, it is essential that
 the vibration measuring equipment currently in use be evaluated and that
specifications for new instrumentation and a monitoring program be
developed. Part of this study will provide an approach to the design of an
instrumentation and field monitoring program for use in investigating the
damage criteria of surface blasting on underground coal mine openings.

Scopekof Work 7

. Ground vibrations from surface blasting are an undesirable side
product of the use of explosives to fragment rock for mining and quarrying
excavations. The wave of vibrations from a blast propagates in all
directions. In monitoring the vibration waves, the frequency, range or
amplitude, and duration of the waves must be measured. Recording the peak
amplitudes and frequency is the generally acceptable procedure for studying
ground vibrations. Care must be taken in - selecting the proper
instrumentation . for the different vibrations encountered in mining,
construction, and quarry blasting.

7 The vibration of a particular point in the ground can be described as
a  time-varying displacement from which velocity and acceleration can be
calculated. Vibration levels measured by seismographs are expressed in
inch/inch for displacement, inch/inch/second for velocity, or inch/inch/
second squared for acceleratlon.

"In addition'to‘recording the -ground particle velocity as measured by
the seismograph, fractures in the roof‘'of the mine should be recorded by
photography  or mapping of such fractures before blastlng to observe any
changes in the nature and size of the fractures. The behavior of these
fractures, therefore, can be visually monitored before and after blasting.
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» To determine the effeot‘s/ of surface blasting on underground openings,
critical. areas of fractures must be identified to ‘choose the best
ingtrumentation site. and the most effective instruments for field

“monitoring., A preliminary survey around a mine opening, as well as a

historical and geological knowledge of the area, form the foundation for
fchoosing the s:.te. oy : .

‘In the study of any underground opening for evaluatlng blasting

effects, a few basic observatlons must ‘be made:

1o Information regardlng the regional geology of  the mlnlng area for
surface mlne design as well as for underground mlne studies.

2. - Maximum ground zpartlcle VeloCJ.ty at surface and underground
resulting from blasting in order to evaluate the seismicity of the site.

3. Imposed streSsj—;and'induced deformation resulting. from external
forces applied to the underground openings, including their direction and
magnitude in order to evaluate the rock behavior of the mine roof.

4. Physical properties (dynamic and static) of the rock and coal in
the vicinity of the underground openings by 1nvest1gating core samples from

- gselected mine locations.

5. The geometry of the openings.

These data are then used for evaluating surface biasting effects on
underground openings . and developing potential damage criteria "and
guidelines for safe and economical mine operations. /

/

Previous Work

Many investigations have been conducted, both in the United States and
other countries, on the effects of ground vibrations from- blasting on
residential and other surface structures. The blasts studied ranged from
laboratory experiments to full-scale nuclear explosions. -~The subjects have
included efficiency of explosive products, blasting techniques, behavior of
ground and structural materials, energy propagation, and damage from

Vibrations. One of the first such studies reported in the United States

was made in 1927 by Rockwell (1927). Using displacement seismographs and
falling-pin gages, he was the first to use instruments to measure ground

.vibrations. Rockwell :concluded that quarry blasting would not produce

damage to residential structures if they were more than 200 to 300 feet
away - from the quarry operation. He also stressed the need for obtaining
accurate quantitative measurements of the vibrations produced by blasting.

The - first major effort to establish potential damage oriteria for

~residential structures due to quarry blasting was made by the Bureau of

Mines during the period of 1930 to 1940 (Thoenen and Windes, 1942). As a
part of this research project, displacement seismographs and calibration
tables were designed to study the effects of ground vibration from
blasting. ' The result of this study showed that acceleration, calculated
from displacement measurements, was the criterion most closely associated



with dsmage to residential structures. In a later study, Crandall (1949),

proposed a. damage. criterion which was based on particle velocity calculated -- 3

from displacement and acceleration measurements. Langefors, Kihlstrom, and

Westerberg (1958) studied the tests of vibrations from blasting and alsoef-‘

proposed damage criterion based -on particle velocity.

The ‘Bureau’ of Mines in 1958 reopened their vibration study. The
' investigatlon was ' conducted because' of a pressing need for additional
blasting vibration information, -the ~availability - of ‘more reliable
instrumentation for  seismi¢ = measurements, and the accessibility of
applicable seismic information from other related disciplines were
available. As:'a result of this program, transducers were then developed by
the Bureau of Mines to measure acceleration, displacement, and velocity
directly. However, ' peak particle veloc1ty remained as one . of the
recommended damage criteria.

The vibrations were measured and collected by Wall (1967) at various
. locations such as ceiling panels, foundation walls, and at the surface of
the ground near the structure, using the peak particle velocity. -determined
from the vector sum of all three -ground vibration components. The Bureau
of Mines reported the results on seismograph calibration, -instrumentation
design requirements, soil coupling of gages, and damage criteria based on
velocity. - These studies were later used by industry to revise and update
design and production of velocity seismographs (Nichols et, al., 1971).
However, there were still questions regarding the effects of surface
- placement of transducers, the frequency range that should be measured,
velocity seismograph calibration, and velocity measurement procedures.

Other published studies give a summary of instrumentation and damage
criteria and list frequency and scaled-distance ranges for vibrations from
coal mining, stone quarrying and -construction activity. A study by
Siskind, Stagg, Kopp, and Dowding (in press) deals with demonstrating new
measurement analysis - techniques of  velocity exposure level and response
}spectra for surface mine blasting.

Investigations of rock behavior have been conducted by the Bureau of
Mines for many years. A variety of instruments have been designed and
developed to measure field and laboratory rock deformation and stress. In
1961, Reed and Mann built some practical tools for measuring rock
deformations. A report was published by the Bureau of Mines (Merrill et
al.,, 1961) dealing with the measurement of the deformation of a borehole in
rock subjected to a change in applied streas. A gage designed to measure
the borehole deformation was constructed and reported by Obert, Merrill,
and Morgan (1972). ' Tincelin and Sinou (1964) used similar instruments to
monitor deterioration of mine roofs near production blasts. A later study
by Waddle (1965) evaluated - the  instrumentation for rock mechanics and
proposed its application to other engineering problems. A report (Merrill,
1967) described the construction and calibration of the three- component
borehole deformation gage and strain indicator.

"An earlier publication by Campbell and Dodd (1968) gives an overview -
of design considerations for .an underground power -plant subjected to



" gtresses from earthquake shaklng.; A recent study by qayatdavoudl and Brown
(1979) "describes the instrumentation design for underground measurements
“and reported results on potential damage criteria based on peak particle
velocity and stress. This - investigation ‘indicated that the dynamic
stresses developed underground as a result of blasting operatlons were
related to the ground particle-velocity, because the' stress criterion was
based on ‘converted velocity values. Past research by Beus and Chan (1980)"
‘has shown that the in-situ ground stress is a major factor affecting shaft
stability. This research proposed that some field determination of the
‘three-dimensional in-situ stresses at shaft sites must be made to _properly

assess: the magnitude and orientatlon of the stresses. :

A comprehen51ve review by Jensen and Munson (1979) prov1des general
guidelines for this research. . This study deals with potential damage to
underground. coal mine openings from surface blasting. The report by Jensen
and Munson :included an instrumentation and field monitoring program for
measuring underground vibration from surface blasting. They maintain the
design of an underground mine is - generally based on a consideration of
gtatic loads many times greater than any expected dynamic stresses. If
conditions are such that static stresses are nearly equal to the strength
of - supporting rock, added dynamic stresses from blast vibrations could
cause collapse. Instrumentation and monitoring procedures used in this
‘study are similar to those used by Jensen and Munson.
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superintendent, were on the site to supervise and direct the drilling of
these blastholes. To them and .their company we owe a grateful note of -
thanks.

‘To Charles Ingram of Gulf O0il Chemicals Company, Explosives
Department, we ‘are grateful for the donation of over 3f1/2 tons of
explosives material to shoot for the second field phase of our project. We
also acknowledge Ray Gant, technical sales representatlve of this company,
for his 1nvaluab1e field assistance.

We wish also to acknowledge the kind generosity of Dennis Gamble,
President of Gamble Blasting Consultants, who provided technical assistance
and frequent advice during the study.



 ‘Alfhough VME, Louisville,'Kentucky was contracted to provide’digitiiedk

data and . calculate: energy spectrum for the different shots, personnel of = -

the organization, partlcularly“Bernt Larsson provided valuable constructive
‘criticism and gave unselflshly of thelr time, for- this assistance,  we are
grateful to them. ' , . ~ e

Flnally, to all of our colleagues, partlcularly Dr. Duk-Won Park,
Department of Mineral Engineering who ‘initially guided one of the graduate
student's research thesis, and friends in the mining industry with whom we
discussed -the various phases of the project, we extend our grateful thanks.
We especially would like to remark about the tremendous interest and spirit
of cooperation that prevalled while worklng with the people in the mlnlng
industry. :



DESCRIPTION OF THE TEST SITE AND MINING OPERATIONS

- General Effects of Geology

- Geologic structure and mineralogical make-up cause a -difference in . -
. wave propagation. If the rocks at the site are essentially horizontal and

stratified and consist chiefly of massive rock units with horizontal
isotropy and uniform cover, little difference in wave propagation would be

‘expected with = direction. - Conversely, ~if +there are structural

discontinuities such as jointing, folding, and faulting anisotropy or any
other type of lineation, such as a mineralogical and/or grain oriented

' fabrlc, propagatlon may dlffer with direction.

The thickness of soil and depth and degree of weathering have a direct
effect on -the amplitude and frequency of displacement recordings. = Also,
the intensity of vibration in loose soil and weathered overburden material
is greater than in hard, unweathered bedrock media. For equal explosive
charges and distances, gages installed on rock outcrops indicate lower
amplitudes and higher frequencies than gages installed on the overburden.

. Because soil and overburden rock thicknesses vary from mine to mine and
within some mines, brief, simple tests were conducted to determine whether

or not similar effects were present in the particle velocity recordings.

Phyeiography and Geology

This research was done at the. Shannon Mine of the Black Diamond Coal
Company in the Appalachian Ridge and Valley physlographic’ province in
east~central Alabama, Jefferson County. The mine is approximately four
miles northwest of Abernant, Tuscaloosa County, and the mine portal is in
the SW1/4, Section 3, T20, R6W, as shown in Figure 1. The mined area
comprises approximately 180 acres underlying parts of Sections 3 and 10 of
T20S, R6W.

The terrainm is composed of hills and vales of low to moderate relief
attaining a maximum elevation of 625 feet above mean sea level (msl) and a
minlmum relief of 480 feet above msl.

The surface drainage pattern is dendritic and consists chiefly of

_several small intermittent streams that flow in a northerly direction on

the northweatern side of the property and several small intermittent
streams which flow in a southerly direction on the southeastern side of the

" property. A series of northeasterly trending small strip mine lakes and

strip mine spoil banks border the northwestern property boundary, and an
old strip mine lake cuts across the southwestern corner of the property.

The Shannon Mine and adjacent surface and underground mines occur in
the extreme southwestern part of the Blue Creek Basin of the Warrior Coal
Field of Alabama. Figure 2 is a plan view of the 31te showing a part of
the underground mine.
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. " The basin is 'an asymmetrical syncline that has a northeasterly
_-trending axial trace and plunges to the northeast. . The Shannon Mine occurs
“at the southwestern extremity of the syncline close to the structural noint

of “termination. - 'The strata along the northwestern flank .of . the major

" structur~ has a relatively shallow. dip to the southwest, which averages

about 17°SW. Along the southeastern flank, the strata dip is much steeper,

dlpplng as much as BO’NW ' . IO B P

" The Blue Creek BaSin is underlain by an alternating sequence of shale,
sandstone, conglomerate, and - coal. seams of the Pottsville Formation of
Pennsylvanian age. - The rock units vary in grain. size, - color, and
thickness. The . lithologies "range . from mudstones and - siltstones & to
~sandstones and occasional pebble conglomerates. The thickness of different
‘rock units range from laminae to- thin-bedded to thick-bedded units that are
mere. partings of fractions of an ‘inch in thickness for shales and shaly
-~ sandstones to sandstone units that are as much as 20 feet in thickness.
~The thicker sandstone. units are well cemented and extremely tough and
'tamumm. :

The coalbeds underlying the area are those represented by the Mary Lee
group. The coalbeds presently being mined in the area from the. oldest to
youngest are the Jagger, Blue Creek, and Newcastle, with ‘the Blue Creek
being the most important. The basin is only about one mile wide at the
mining site and the depth of cover ranges from 0. at the outcrop to about
500 feet at the bottom of the Shannon slope.

Faulting is common throughout the basin and the faults cut across the
basin in oblique angles chiefly as normal faults with displacements ranging
from only a few inches to as much as 100 feet. There are probably more
faults that are not  visible  in the surface and subsurfade. Movement
parallel to and along bedding planes occurred during the folding process
and evidence of this can be readily observed on some of the exposed rock
surfaces.,

Jointing is common and the density and frequency varies according to
local structural irregularities. The coal is generally well cleated with
- butt and face cleats oriented generally in a northwesterly and  north-
easterly direction (Figure 3).

The Shannon Mine is a slope mine and the incline has an average slope
of 10 degrees opened on the Blue Creek coal seam. The distance down the
.slope . from the portal to the bottom is about 1800 feet. Figure 4 is a
slope profile (B-B') showing the generalized geologic section and Figure 5
shows a columnar section looking northwesterly.

The Blue Creek coalbed ranges from about 6 feet to 12 feet in
thickness and a typical cross-section of the coal seam is shown in Figure 6
which was measured on the rib of the south pillar at the instrumented
intersection. :



Figure 3. Plan view of instrumented intersection showing fracture and cleat orientation.
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" Electric Loggihg

i‘Elect/ri“c‘,,rlogs,wer’e'r‘un ih‘borehole DDH_ZO at the site'to substantiete
the ~ interpretation of the drilling log and provide additional subsurface
data (Figure‘7). The borehole was drilled 40. feet southeast -of the survey

" “control point and 342 feet deep penetrating a-pillar in the Blue Creek coal
‘seam-and down to the underlying Jagger coal seam (Figure 8). Core samples

" were collected and selected samples of the core were tested in-. the

-~ laboratory  for various physical strengths and properties (Figure 9). These
‘data  were  compared with the geophysical logs for verification. and
~correlation. - The laboratory test results are given in Table 1.

Four eleetflc logs were obtalned from the run, including: (1) coal

‘lithology log; (2) seam thickness log, (3) coal quallty log, and (4) multi-

channel sonic log.

; :The coal ~1lithology log consists of a pgamma ray and density log
together and these are usually sufficient for basic coal lithology
identification -~ shale, sandstone, mudstone, marine bands, and coal. - The
caliper of the hole is usually included in this log and identification can

" be somewhat difficult if the response of the caliper is poor. However, the

borehole diameter of D.D.H. 20 was 2—7/8kinches and the depth comparatively
shallow with no caving; therefore, the tool response was not affected.

The gamma ray response relates to the natural radioactivity.
Generally, the source of this activity is potassium or more specifically
the associated isotope K40. Potassium is present in most shales in the
form of a mica mineral. Hence, the measurement is usually an evaluation of
shale content. Readings less than the value of an establlshed ‘shale line
means an increasing presence of sandstone.

The tool actually measures electron density which is related to bulk
density. - In the case of rock volume, examination by.a density tool depends

_upon source-to-detector spacing. Because lithology does not require high

resolution, it. is advantageous to use the 1long~density spacing tool.
Density measurements are usually diagnostic in their own right, but usually
it is necessary to study them in conjunction with a gamma ray log.

; The seam thickness log is another type of log run using the caliper
log in conjunction with what is called a bed-resolution density log. Both
logs are run on expanded scales of about 20 to 1 for the best and most
reliable thickness determination. :

Again, due to the small hole diameter and formation competency, the
caliper log shows consistent and persistent walls with no caving. Under
these favorable conditions, the midway points at the top contacts and
bottom contacts of the beds allow the use of the midpoint as the point to
use for seam thickness measurements. An example of a seam thickness log is
shown in Figure 10.



Figure 7. View of ge‘oph.y‘sical recdrding unit during',
electric logging of D.D.H. 20.
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" Table 1. Physical Properties of Core Samples from D;D.H, 20

-~ Dynamic Test

B A Vg (ft/sec.) = Vp (ft/sec.) "1 . ultimate
Core Depth (a)  Specific  Shear Wave  Compression Wave B . . Strength . * ‘Poisson's
' Sample - (ft) ‘ Gravity Velocity = - = Velocity: ~(psi) (psi) © . PRatio

g #M.80  2.84 5264.17  10495.00 1.07x105 30,000 3"'_:';33  ,

2 78.10 2550 5447.67  9001.95 - 4;—+¥e;e o700 .ea |

5 10630 21 3935.46 d3o?1.89-:,' 2.85x106 47,500 e ‘;45  ;,‘ 
4 115%.20 . 2 .67 6713.90 L 13935.58 3320x1b6’. ' 53,000 ;_' '.35";”
s 175.50 P 4115.1oi . osBa.9R 1.78x106 36,500 e
6 12,10 2.67  6526.10 12845.85 3.002166 ‘f43,5do L  1 ';33‘f'}

7 - 218.70 : | 2.67 6554.70 12104.62 2.57x105 16,500 o 29

8 264.10 2.67 6042 .80 10710.47 - 3.20x106 34,000 27

(a) Depth from surface
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The coal7quality log is used in combination with the gamma ray log and

-long spacing density log. This combination of tools when correctly read
- and interpreted provides additional:checks on coal thickness and general -
‘coal quality as related .to ash content. Generally, there is a mineral.

relationship between the ‘ash content of a coal sample and the bulk density

of a coal sample for a given type .of coal. Provided the coal type is -
- known, the»measurement,of-density will give an evaluation oflash content,

Beeause,ceai-quality was not considered an important parameter in this

Zestudy,‘no major attempts were made to classify the coal quality. It should

be pointed out, however, that in a splurge of ‘major .coal exploration
activity needed to determine the economic feasibility of coal reserves and

‘coal quality for washing purposes, the coal quality log would be a

necessity in the overall mine design. The coal quality log from the gamma
ray log is shown in Figure 11. : ' '

A multi—channel sonic log. was also rdn‘tolaid in providing data on the

. physical character of the overburden rock types.

The caliper log can be useful when washed ‘or caved areas are

encountered during the logging operation, but the most useful tools are the

combined gamma ray and dens1ty logs. Low gamma ray logs and high density
indicate harder rock zones, :

The = function of rock} strength reflected by various moduli of
elasticity is a fnnction which combines the effect of rock density and the
effect of compressive stress. The sonic log measures a form of compressive
stress. Therefore, the combination of this measurement with an appropriate
density determination does give a useful indicator of rock strength.,

The geophysical data derived from the wireline logging teéhniques of

‘borehole D.D.H., 20 provided evidence to support other techniques used in
. this research. ‘

Site Preparation and Blasting Sequence

The surface of the test site was cleared and prepared for drilling and
blasting operations (Figure 12). Blast holes were drilled using a 5-inch
diameter drill. The holes were approximately 60 feet deep and penetrated
the first predominant sandstone layer below the weathered Zone,

Figure 13 shows a drill rig in operation and reSearch team measuring
the depth of blast holes after drilling.. The arrangement of blast holes

was in a cross pattern with respect to the control point and the holes were -

drilled on approximately 25-foot centers. Figure 14 shows the location of
blasting holes, underground instrument location, and sequence for the first
phase of shooting. ’

For the first and final phases of shooting the blast holes were loaded

with different charge weights of explosives at about the same depth from

the drill-hole collar., Prilled ammonium nitrate (ANFO) and fuel oil were
used as the explosive charge. Fach hole was loaded with ANFO and stemming
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Figure 12. Part of test site cleared in preparation
: for drilling blastholes.

Figure 13. Drilling and measuring blasthole dept
at site., : ‘
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which consisted of ) the borehole cuttings at the site (Figure 15). The
blast holes were then sequentially fired. Table 2 gives the blasthole data
for each’ shot_sequence for the first phase of blasting.

Two seismographs (model VS-1100 and model VS-1600) were placed on the
coal mine floor. =~ The VS-1600 seismograph is designed for automatic and
unattached field recording (Figure 16).

Two other seismographs (model VS-1100 and model VS-1600) were placed
on the surface to analyze the blasting vibrations by conventional
statistical analysis. Station 1 was relocated to station 2 on the final
phase blast (Figure 17). This was necessary to consider the possible
effects of faulting or other geological structural features that exist at
the site.

Additional instruments for measuring +the blast vibration were
installed ‘in a 4-inch diameter open vertical horehole. The borehole was
drilled to accomodate two borehole gages and a two-way telephone line
Figure 18). A model 1462 Bison Instrument vertical borehole sensor was
installed and a model L=10-3D-SWC Mark Engineering Borehole Seismometer was
installed (Figures 19 and 20). The Bison instrument was placed at about 50
feet below the collar of the hole and the latter at about 150 feet below
the borehole collar. These instruments were used to measure the ground
vibration in the rock units to study attenuation characteristics.

At the same time, pre- and post-blast observations were made by
spraying paint onh the roof surface of the rock prior to blasting. - This was
to observe any possible rock fractures caused by surface blasting or
further displacement of pre-existing fractures in the mine roof (Figure
21). Some scaling of the mine roof rock was observed after blasting
(Figure 22). The blast holes were loaded with different chargé weights of
explosives - at about the same depth from the collar and the holes were
sequentially fired. Figure 23 shows the typical surface effects after
blasting at one of the holes.

INSTRUMENTATION AND VIBRATION MEASUREMENT

The instrumentation and field monitoring program was designed to
consider both short-term and long-term effects of surface blasting on
underground coal mine openings, The study was designed to collect and
document blasting vibrations, assess mine roof damage, and blast design
data. In .order to collect the desired data for the program, it was
necessary to select the proper instruments to provide the required data.

Selection of Measurement System’

k A wide range of instrumentation and support services are available on
the market. Most offer many choices to the operator responsible for
choosing a type of monitoring program. In selecting the correct
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Model VS-1600, W. F. Sprengnether
Engineering Seismograph placed for
recording vibrations on the mine floox.
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Table 2.. Blast Hole Tnformation - First Phase

Charge - i

Hole Depth Weight Stemming Firing
Identity (ft.) (1bs.) - (fE) Sequence
A a8 59 22 15t Round
B 48,5 51 ~ 42.5  1st Round

e | 50 - | 101 48 3rd Round

B k 50 51 v 44 | 2nd Round

F | 52 51 46 2nd Round

G s 01 o3 3rd Round

H 62 51 52 ' 2nd Round

I 57 101 a5 3rd Round
I 15 | 51 39 7 2nd Round

K 5 101 33 3rd Round

1. Each round was fired simultaneously i.e. no delays.,
2. See Figure 14 for pattern layout..
. Hole D was used for vertical borehole seismometer installation.

Note:

W
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Figure 18. Emplacement of 4-inch diameter PVC casing
in borehole prior to installation of
vertical borehole seismometers and two-way
telephone line.




Figure 19. 1Installing a Model 1462, Bison Instrumenf;,
vertical borehole meter in the 4-inch
diameter open borehole.
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Figure 22. Post-blast photograph showing sgaling and .
' pre-existing fractures in mine roof.




Figure 23. Typical surface effects around
borehole after blasting.,

Figure 24. Seismometer (transducer) installed
on mine roof.
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instrumentation, -a decision must be made as to - the .method of data
~collection and the type of information desired from the data. Selection of =
instruments requires - careful ‘thought as  to program needs as well as
compatibility with the overall project. Considerations include: - quantity
to be measured, degree of - accuracy required, range of measurements
expected, local environment anticipated, reliability over the life of the
program, ease of access for installation and reading, and costs. Also to~
be considered in ‘choosing underground instruments are the varieties -of
environmental factors encountered such as partlculate matter, shocks, high

-~ humidity, varying temperatures, high pressure, corrosive surroundings,

- large deformations, loss of accessibility, - erratic power supplies, and
-vandalism. S ~ ' S

Vibration data can be collected by recording wave peak readings or by
capturing the entire waveform from a seismograph which can be installed in
the field.  External force created by blasting and the induced stress
created in a mine roof can be measured by a strain gage transducer yleldlng

, informatlon on the behavior of the rock.

Instrumentation Recording and Blasting Program - First Phase

~ The instrumental recording program for this part of the study was
designed to monitor underground and surface vibrations, changes in the mine
roof height, if measurable, and underground stresses and deformations
resulting from 'surface blasting. Background vibrations from other sources
were also monitored. To assess and appraise accuracy, repeatability, and
sensitivity of selected instruments, the program was divided into two
phases, first and final., - The instrumentation necessary for,the pre- and
post-blast survey of the underground mine for the first phase of the study
was installed accordlng to the plan shown in Figure 14 ‘

The sensors for recordlng underground vibrations were lnstalled on the
roof and floor of the mine opening (Figures 24 and 25). From the viewpoint
of potential damage to the underground mine, the roof vibration level was
the critical parameter monitored, Vibrations on the mine floor were

‘monitored to investigate the use of floor measurements as a. means to
correlate roof vibration levels and potential damage.

The surface monitoring program included measuring vibrations with
portable seismographs and seismometers. Surface vibrations were measured
- for comparison with the existing data base to identify any anomalous local

site conditions. Because measurements of vibrations at the surface may be
more easily obtained, their use as predictors for voof vibrations was
investigated as part of this research project. Also, a vertical vibration
.attenuation versus depth was monitored by use of a borehole seismometer
(gage). The location of the borehole seismometer is shown in Figure 14.
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The stabillty of the underground mine openlng was monitored by two
types of instruments ~- a load cell to measure the deformations or strains

(consequently stress) and a continuously recording drum-type convergence

meter to monitor short-term changes: in roof-floor height resulting from
blasting or removal of overburden. )

Recording Vibrations Underground in the Mine

Three portable Sprengnether engineering seismographs, model VS-1200,
with three-component S-1400 seismometers were attached to the roof in the
underground mine to monitor roof vibration (Figures 14, 24, and 25). The
seismometers were secured to the roof with expansion bolts supporting a
T-board base. Irregular spaces between the surface of the seismometer and
rock roof were filled with plaster of paris.

'Each‘ S5-1400 seismometer contains . three suspended coil transducer
units, which are accurately aligned along orthogonal axes in a 5x5x4-inch
cast aluminum box. The box weighs 7.5 pounds and is designed to represent
about 100 to 150 pounds per cubic foot to match “the density of  the
surrounding material and to provide a secure coupling. The seismometer has
a natural frequency of 2 Hertz and a seismic mass of 0.5 kilogram  (kg).
Leveling is accomplished by a bullseye level mounted on the bottom surface

‘of ~ the seismometer. The emplaced seismometer was connected by an

appropriate cable to the- recordlng module of the VS-1200 seismograph.

There are two switches on the control panel, a mode selector and a
gain-control switch.  The trace can be recorded directly in terms of ground
displacement, velocity, or acceleration, according to the mpde selected.
These were designed to record the velocity mode only. Only one response
mode can be used at- a time, ‘Corresponding - to the mode selection,
sensitivities for gain switch settings are given in Table 3 and examples of
the velocity sensitivity curves are shown in Figure 26.

The traces are produced by the VS-1200 with a constant-speed camera on
direct~write linograph paper. One of the traces is normally reserved for
event marking or air blast monitoring and was not used in this initial
application. The  other traces are radial, vertical, and +transverse
components of respective modes, An example- of a three-component
underground velocity response from surface blastlng is shown in Figure 27.

One portable seismic triggered seismograph, model ST-4 by Dallas
Instruments, TIne., was emplaced on the floor of the underground mine to
monitor floor vibrations (Figure 28). The ST-4 seismograph is designed for
automatic, unattached field recording of three channels of seismic data and
one channel of air-overpressure signals on a magnetic compact cassette
tape. It has a seismic frequency response of 1 to 200 Hz or more. . The
entire seismograph is housed in a 20-1/2" x 10" x 7" formica covered wooden
case and weighs about 30 pounds. The basic seismic pickup types have three
velocity sensors, one vertical and two horizontal, and these are mounted

‘orthogonally in a single box with a power interlock connector. The sensor

will operate regardless of the power switch setting.
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Table 3. Sensitivities for Gain Switch Settings

: ; - Velocity ™
Gain Setting ~ . _in/in/sec
1 1
2 5
3 20 y
4. | 100

6 2,000
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Figure 26. Velocity sensitivity curves
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Seismic triggered seismograph, '
Model ST-4, Dallas Instruments, Inc.,
installed on mine floor.
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Recording Vibrations at the Surface

One portable:Sprengnether engineering seismograph, model VS-1600, was
placed on the surface for monitoring ground surface vibrations, The entire

‘system, including the three-component seismometer and the .fourth-trace

air-wave detector, is housed in a 13" x 21" x 6-1/2" case for portability

- and  weighs . about 30 pounds, - - The seismograph has a flat response  to
~particle velocity sens1t1v1ty of 6 dec1bels and a frequency range bhetween

4.0 and 200 Hz.

The three—component selsmometer, model S—4500, utilizes orthogonal 4.5
Hz digital grade long-travel geophones allowing for an 0.3-inch peak-to-

-peak motion. TDuring operation, the sensor is removed from the case and
"placed-on the ground oriented toward the approximate center of the blast.

The seismometer was coupled with ground surface. The unit is designed to

-match a soil with an average dens1ty of about 1 .6 grams per cubic

centimeter. |

. ;The ground motion is recorded photographically with all three traces
appearing on a single strip of either standard or direct-write photographic
paper, 2.75 inches (70 mm) wide. The recording light spots are visible to

" the operator, just as they appear on the seismograph, through a  frosted

view screen. Timing lines ‘are impressed on the seismograph at intervals of

0.02 second (2 mm spacing) and printed on the upper edge of the recording

paper.. Each 0.1 second line is accented by a slightly heavier line of
double helght A . vibration response of velocity on the surface is shown in

'Flgure 29.

Other Vibration Recording Instruments’

A portable Mark engineering borehole seismometer, model L-10-3D-SWC,

was placed at a depth of 20 feet below the surface to monitor vibration

attenuation versus depth. The instrument is a sidewall clamped geophone
for installation in small circular, dry and/or fluid-filled boreholes. The

.-digital grade sub-miniature geophone provides three-direction sensitivity,

with one unit mounted vertically, and two units wounted horizontally at a

90-degree orientation. = The borehole qelsmometer, ag shown in Figure 30, is

about 2 inches in diameter (expands to 3-1/2 inches), 34 inches long, and
weighs about 10-1/2 pounds. Clamping used for coupling the seismometer on

‘the side of the horehole is accomplished by the release of a heavy-duty

spring updn contact of the unit assembly with the hole "bottom. The
standard test hole diameter is 2-3/4 to 3 inches, and an expander clamp is

“available for test holes up to 6 inches in diameter. The geophone has a

10-degree maximum vertical deviation and.a frequency of 8 Hz or greater.

The L-10-3D-SWC borehole seismometer is normally connected to a
Sprengnether engineering VS-1100 seismograph recording module, similar to

that of ‘a V5~1200 model. An illustration of sensitivity curves for the

Sprengnether VS-1100 seismograph is shown in Figure 31.
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Figure -30.

Mark Borehole Seismometer,
Model L-10-3D SWC.
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z5f¢dnvergence Recording Instruments

Two Irad Gage direct recording convergence meters, model DCM=-2, were

installed in the undergrbund“mine. ~ The Irad Gage convergence meter has
“been developed primarily as a low-cost means of continucusly recording

roof/floor converaence in mines working stratified deposits where ready
access to the measurement site is  possible. This 1nstrument' consists

. /basically of a clock-work driver, a chart paper drum, and a spring-loaded
‘seriber arm attached firmly to a 1-1/4-inch diameter inner steel tube,

which is +telescoped inside a 1-3/8-inch diameter tube. - The tubes are
connected and coupled between two pins located on expandable anchors set

“into a borehole drilled in the roof and floor. .The tube must be located

in the same vertical plane. When the roof and floor converge, the inner

- bube is’pushed downward causing the scriber arm to trace a path over the
pressure sensitive paper mounted .on the slowly rotating drum. - Therefore,
“the convergence is recorded with. time on the rotating chart which can be

set to revolve once in seven‘days."The direct plots of convergence versus
time are obtained over a range of ‘up to 5 inches (125 mm) to a resolution
of 0.025 inch (0.5 mm) from the chart. The mechanisms are totally enclosed
in a plexiglass housing to keep out dust and m01sture whlle permitting

.. inspection of the convergence trace (Flgure 32).

| Strain and Stress Recording Instruments

- 8ix Irad Gage bonded strain gage 1load cells, model H-300, were

J:aﬁtached to the roof with 1/2 inch in diameter and 2-foot long expansion
roof bolts, tightened to 200-foot pound torque on the mine roof. The H-300

load cell is designed tc measure tensile loads in rock bolts and tiebacks
ag well as compressive loads. in steel supports. The basic load cell is

~ rated to a maximum load of 300,000 pounds (136,000 kilograms) K

The readings from the load cell are transmitted,to a Vishay P-3504A
readout box. The P-350A digital strain indicator 1s designed primarily for

"use with resistance-type strain gages or strain gage devices to determine

numerically the strain (and thus stress) in a structure or the output of a
transducer. Figure 33 shows the complete system. Installation of a load
cell is shown in Figure 34, and a view of an operatlng P-35OA gtrain

- indicator ls shown in Flgure 35.

', Summary of First Phase

, The objective of this'pﬁase of the study was to assure successful
application of the instruments and to evaluate the monitoring program used
in the field for observing the surface blasting effects on the underground

~coal mine openings. Included in this program was the choosing of the

instrument installation ‘areas, the type of instruments to be used, and the .
type of information needed. -Specifically stated, the most cost-effective
and useful instrumentation that would best reflect the nature of vibrations
and underground behavior was needed.
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Figure 33. Irad gage H-300 load cell, P-350 strain
indicator and torque wrench. .

{




; Figure 34. Load cell installation on mine roof.

Figure 35. Operating the Vishay P-350A
: strain indicator. o .
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' All'of the portable velocity seismogrephs used in this study measured
all three components- of motion: vertical, radial, and transverse. Wave-

" forms: of .the recordings of all three ground vibration components generated
‘by "‘a blast- are recommended for the peak amplitude ‘measurements; - however, -

frequency may vary among the three traces. Peak or vector sum readings are
adequate - if only amplitude levels are desired, and it was found that the
highest. amplltude ‘of wvibration .occurred at the center of the’ 1ntersect10n
of the’ underground openlng. : : : ~

-The--types Of: v1bration"recdrding' instrumeﬁtS' recommended are
influenced .by the frequencies generated by the ~blasting. ~ Usually the
observed frequencies ranged from less than 2 up to 150 Hz for surface

.~ blasting. The  velocity seismographs used in  this study have a flat

response .of frequency ranges from 2 to 200 Hz and would be adequate for
most blasts monltored ' '

When researchers select a monitoring seismograph, documentation on the
linearity of the frequency band should be requested, since small vibrations
in frequency response can change output levels considerably. The vibration

_channels on the seismograph should be able to record a complete time

history from wHiQh a peak measurement can be determined.

‘Two convergence meters were used in this study to measure the roof and
floor -movement and strata  separation.  The convergence meters were
installed at the intersection of the underground mine to offer. the least
interference with underground mine -operations and to obtain the ‘expected
maximum convergence.. The drum recorders provided very little information
helpful to this study. One of the convergence meters malfunctioned and the
recording ability was destroyed by the humid condition on the mechanism

during its operation. The " other indicated +that the magnitude of

convergence measured prior to and after the blast was indignificant in the
height of the mine opening. -

Straln measurements made at three points in the mine roof from the
load cells were transmitted to a strain gage. The static stresses were
calculated from the strains multiplied by the elastic moduli of the load
cells. The . strain measurements were recorded prior to blasting, during
blasting, and after blasting. None of the load cells provided conclusive
readings during this phase of the study.

The instrumentation and monitoring technique. developed in this phase
of the study provided a means to establish more rational and effective
monitoring programs for both short- and long-term effects of surface
blasting. ' ' S
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Instrumentation Recording and Blasting Program - Final Phase

For the final phase of instrumentation and blasting the preparation of

. the site and the drilling of the blast holes was done in the same manner as

in the first phase, Seventeen 6 3/4~ inch diameter blast holes were
drilled well into the bedrock. The drill hole pattern is shown in Figure
36 and the blasting sequence and data are presénted in Table 4, Hole 4 was
destroyed when hole 6 and 1 were shot. Hole 9 was a misfire and holes 14,
10 and 17 were not used. - In contrast to the first phase .blasting rounds,

" each round for the final phase blasting sequence consmsted of one hole and
each hole was. fired individually. -

: The recording instrﬁments used for the final phase consisted of seven
portable Sprengnether seismographs (three model VS-1600's, two model
V5-1100's) and two downhole meters (Bison and Mark Products). A schematic

- diagram showing the locations of the recording instruments installed for
the final phase of the study are shown in Figure 37.

The response traces are produced by the seismograph by a light beam
reflected on the moving strip light-sensitive paper in terms of transverse,
vertical, and radial direction of measurement. Three vertically orthogonal
time-synchronized components print the particle velocity. One of the
traces is normally reserved for event marking or air blast monitoring.

- This fourth line was used to mark the arrival time of the propagation of_'

blasting wave from the surface to the underground instrument and also to

‘record the pressure in the coal pillar. A typical tracing of the recorded

arrival time is shown in Figure 38.

. Three tube-mounted strain gages, like the one shown in Figure 39, was
specially designed and fabricated for the measurement of pressures in  the
coal pillar and installed at three different horizontal depths of 2 and 4
feet within the pillar. These were coupled and connected with strain
indicators and recording module of the VS=1200 seismographs. This is shown
in Figure 40. The responses were recorded on' the event marking trace as
shown in Figure 41 as well as recording of peak particle velocity from one
of the three seismometers installed on the coal mine roof.

. Three Seismometers ~installed on the zroof to record the 4ground
vibrations were connected with three tube-mounted stress detectors that

"recorded the strain changes in terms of a dynamic stress. Figures 42 and

43 shows the installation of tube-mounted stress detector in the pillar and

.:  Figure 44 shows. the instrument set~up for this part of the monitoring
. program,
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Téblg 4. Data for Final Phase Blasting Sequence

Weight of Depth of Stemming

Shot  Hole " Explosive Blasting Hole  Depth
Number  Number ~ (1bs) N (ft) - (£t)
1 6 204 43.0 31.5
> 4 ss 45.5 22.0
3 6a | 60 9.0 11.5
4 2 : 402 , " 43,0 - 18.0
5 3 350 | 37.0 116.0
6 5 302 39.0 19.0
7D 9 203 - 52.0 33.0
8 7 305 52.0 - 18.0
9 s 431 ' 52.0 o 280
10 12 203 | _ 25.0 , : 15.0
11 1 153 | 42.0 28.0
12 13 207 6.0 22.0
13 15 121 : 48.0 ' 34.0
14 - 16 272 480 ©30..0

a This hole reloaded and shot a second time.
b Misfired shot.
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Figure 39. Tube mounted strain gage for measurement
of pressures in coal pillar.

Figure 40. Complete set of instruments for
combined recording of pressure and
peak particle velocity.
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Figure 41. Recording of strain and peak particle velocity
at station 6,. shot 5.
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Figure 42.

‘Drilling hole in pillar to install tube-mounted
stress detector. o .

" Figure

43, Iﬁserting stress detectbr,in,pillar.
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Figure 45.

Instrument array for recording stress
and vibration measurements in mine
pillar.

HP-86 computer system with two flexible
disc drives used in analyzing vibration
‘data. ’
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DATA REDUCTION AND PROCESSING -

The v1bratlon data from the field responses were processed for ,the
following purposes: S . : o

Maximum Response Spectrum Analysis

Fast Fourier Transform Analysis

Energy Spectral Density Analysis

Statistical Analysis for Scaled Distance Curve

: The majority of the work involved with reduction and proce581ng of data
'were done by a Hewlett-Packard HP-86 computer system with two flexible disc
drives, a graphics plotter, a printer, and a digitizer, (Figure 45). To
correlate the results, a UNIVAC: 1100 digital computer along with a TEKTRONIX
4050 graphic system were used for digitizing the seismograms, the drawing of the
‘response spectrum and other graphs, and calculating the Fourier transforms. All
of . the processed data are included in Appendlces I and IT in the latter parts of
-the report. These are:

APPENDIX I-A Time History for Velocity, Acceleration and Displacement
: Frequency Spectrum (Magnitude)
Frequency Spectrum (Phase)
Energy Density Spectrum

APPENDIX I-B 'Compiled Maximum Response
Compiled Blasting and Vibration Data
“ Scaled Distance Curve

- APPENDIX I-C '_Max—Max Response Spectrum , /
APPENDIX I-D Time History and Maximum Response
APPENDIX I-E Time Domain Data for Stresses in the Mine Roof

The programmed data are all presented in Appendix II for computer
applications.
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Data Presentation and Analysis

‘Maximum response spectrum is defined as the,maximum response of a system
‘for a prescribed ground vibration which is plotted against the natural frequency
or period- for various <fractions of: critical damping. It was assumed in this

© - gtudy that the subsurface rocks are elastic, homogeneous, and isotropic, and the

maximum-maximum response spectrum was used for this analysis.

Fourier transform has been used to answer many questions relating to the
nature -of the data and has been useful in exhibiting the frequency ~content of

" the functions analyzed. The Fourier transform allows a periodic function to be

Aexpressed;as an integral sum over a continuous range of frequencies. In .order
‘to reduce the time involved in computation, the Fast Fourier transform was used
to determine the Fourier. transform of blasting vibration waveforms by means of
digltal analysis techniques.

. ‘The instantaneous energy occurring in a given signal is usually taken as
the square of the signal amplitude. The Energy Spectrum or Energy-density
spectrum was provided for this analysis.

The calculation of structural response and Fourier spectrum depend upon the
-accuracy - of the ground .velocity measurement. The response spectrum curves
involve the same basic type of response calculations that enter into the
computation of a dynamic response of all types, and can thus logically form a
- -systematic basis for an evaluation of the overall "effective" accuracy of the

“input ground motion.

The digitized data obtained from the study was considered as "uncorrected"
in the sense that no corrections or adjustments were made ,during the
~digitization process. Recording and digitizing errors in the uncorrected

seismograms fall into two general groups. The first group includes the errors

‘occurring in the random variation. The second group contains flaws caused by
“instrumental operation. The corrections were made for the Justlflcatlon of
ground velocity record only w1th1n this group.

Errors involved in group one are:

a) Errors caused by the imperfections in seismometer design
b) Errors-resulting from indistinct tracing lines

¢) Random errors occurring during the digitization process

. These errors are more difficult to correct or cannot be corrected because
they require extensive computatlonal procedures not sultable for routine data
proce551ng.

Errors involved in group two are:
a) Errors due to the transverse play of the recordlng paper
in the driving mechanism

b) Systematic errors generated by imperfect mechanical
transverse mechanisms of the digitizing system

. The first error in group two is corrected by using the digitized data of
the time marks. The other errors may be corrected by using the instrument
adJustment. ‘ '
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The peak particle ve1001t1es determined from uncorrected data are reduced

accordlng to the formula

Trace'amg;itude
Gain x Factor Calibration

" Peak particle velocity = (140.0001 x Cable length)

Trace amplitude is the amplitude of particle velocity which has been digitized.
The gain switech indicates the gain factor markings on different types of
gseismographs and was set at different types of positions during the recording
and playback. Calibration factors were given by the manufacturer's
specifications. - The values of this factor for the downhole geophone (Bison) at
Station 3 was 0.28, the borehole meter (Mark Products) at Station 4 was 0.16,
the VS-1200 was 0.19, and the VS-1100 was 1.0. The signal reduced by the
.. resistance of the cable was‘ignored because it was considered too small.

_For & selsmometer, the natural frequency is low compared to the vibration
frequency to be measured. The ratio of these two frequencies approaches a large
‘number and the relative ‘displacement approaches the displacement of the motion
of the ground. Therefore, the mass designed in the seismometer remains
stationary while the -supporting mechanism. moves with the vibrating body. This
means - that the measured particle velocity is close to that of the “particle
velocity of the ground, and the responses of ground vibrations approximate the
real particle velocity. Therefore, it is not necessary to make any 1nstrumenta1
adjustment on the vibration records.

~The peak perticle velocities with some of the corrections are shown in

tables 5, 6, and 7. Some shot data are missing in. these tables because of
indistinguishable vibration responses.

Statistical Analysis

" Whenever a safety level of ground vibrations from blasting is considered it
is necessary to predict the vibration levels for a given blasting operation.
This 1involves several parameters such as the distance from shot to the
monitoring station, charge weight, and geological conditions at the site. It is
reasonable to expect, however, the vibration 1level will be raised with
increasing charge size and diminish with increasing distance from the blast. A
generally accepted form associated with these parameters are as follow:

@)



Table 5. Vibration Data - Surface

Charge Slant Scaled Peak Particle

Hole . Shot" Weight ‘Distance® - Distance Veloeity, (in/sec.)
Number - Mumber . (1b.) Station (ft.) T oft/16L/2 £e/1p173 T v L

6 1. 2040 1 801.02  56.08 136.07 080 .079  .042
o 2 16.45  10.25 2688 .99  .380 1.920
1 2 . 305.0 1 825.90  47.29 122.70 040 - .075 038
2 4 402.0 2 199.08 9.97  27.07  2.540 2.880 3.940
3 s 350.0 2 186.81° 9.99  26.51 2.080 - 3.420  3.540
s | 5 - 302.0 1 1200.86  © 69.10 178.98 .045° 135  .083
, 2 137.24 7.90  20.46  3.830 4.570 5.900
7 8 1305.0 1 1250.84 71.98  186.44 .046  .068 .038
8 9. 431.0 1 1250.87 60.25 = 165.60 073 128 106
2. . 147.00. .. 7.08 19.46  1.110 4.420° 6.970

12 10 203.0 1 1338.74° .93.96 227.79 046  .068 038
\ 2 60.91 ~  4.28° 10,36  4.520 6.410° 6.540
14 1 153.0 1 1313.70. 106.21  245.62 015,020 - .090
2 73.00 5.90  13.65 350 1,060 1.800
13 S 12 207.0 1 1231.93k 85.63 208.26 .025 .084 .65
' 2 125.00 ° 8.69  21.13 - 1.980 2.350" 5.010
15 13 12100 2 izgﬁo 11.09  24.67  1.540 2.340 3.530
16 14 272.0 1 1231.85 74.65 190,12 035 7 .077

2. 127.30 7.72 19.65 3.150 2,010 3.060

.a. Dilstance Detween the shot point and confrol station.
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Table 6. Vibration Data~ Un&erground,Mine Roof

Charge - -Slant Scaled Peak Particle

' Hole ' Sﬁot" Weight -+ Distance® Distance Velocity, (in/sec.)
‘Number =~ Number (1b.) Station {»(ft.) ft/1b172 fe/161/3 7 v L

6 1 204.0 5 1257.80 18.05  43.79 .38 1.320 .326

6 259.08  18.14  44.01 ,.550  1.880  .200

1 2 305.0 5 250,26 14.33  37.18 066 .122 .045

' 7 .251.61«. 14.45" 37.38 060 .094 .035

o 7 235.73 . 14.53  37.69 022 A3 .040

6 3. ¢ 60.0 5 235.25 30.37 - 60.09 014  .066 .026

' 6 235.42  30.39  60.13 .007  .061 005

7 236.16 30.49  60.32 .004 - .067 .006

2 4 . 402.0 5 253,32 12.68  34.32 085 44 048

6 254.22 12.68  34.35 079" 178 054

7 7 256.65 12,80 34.77 .029  .198  .053

3 5 350.0 5 251,40 1344 35.67 065  .256  .036

' 6 253.50  13.55  35.97 087 245 .024

’ 7 254.26 13.59  35.60 023 .259 ,024

-5 6  302.0 5 1238.85 13.74  35.60 062 .308 031

6 241.77 13.91  36.04 .054  .251  .054

7 23977 1380 35.74 027 - .248  ,044




. Table 6. (cdnt;}l

P ‘chérgéf :  ":"‘Slan£: T Sealed L. peak PartiéleV

Hélet‘/. Shat ~ Weight .~ ° Distance® . " - Distance . Velosity, (in/sec.)
Number = Number . (1b.)  Station  (ft.)  f/11/2  ey/wt/3 1 vy
7 s 350 5 ,'2,52°95 1448 M8 026 .70 037
- - B 7 244';997 1403 36.40 .045 76 .020

) L7 a2sT 1389 36.08 020 220 048
s - 9 431.0“ s 235.87 ‘11.3& , 31.23"; 039 430 047
12 10 2030 5 209.80 1755 42,50 075 .33 .048
6 asos 1741 a2 055 A7 .089
" 153.0 5 242.23 9.8 “45.‘297 o1 .09 023
' ' 6 200,90 - 19.48  45.04  .025 055 018
7 247.38  20.00 46.25 .01 .08 013
13 12» 2070 5 - 230.56 16.05  38.98 - .045  .233 046
’ 6 229.58  15.96  38.81 .028 .2'11" .049
. B 230.40  16.01  38.95 .05  .209 .023
15 .  13 1210 ' 5. 235.52 C2at a2 S .016 090 .010
’ - 6  233.80  21.25  47.27  .013  .089 .020
7 241.19 ' 21.93 4é 6 008 A1 019
% 4 2120 s 204.64  14.83 376 075 47 .03
' s 242.25  14.69  37.39 061 126 .062
/ 7 244.65 .83 376 .17 204 076
a, Distance‘ﬁetween'the shot poiﬁt and control stgtion. — ’
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:“.Table 7. fVibration’Daté-Undergrotnd'MinefFloor

- Charge - Slant . Scaled 7 ' _Peak Particle

Hole  1Shd£‘:‘: Weight " ... Distance® Distance Velocity, (in/sec.)
Number Number ~ (1lb.)  .Station  (ft.) ££/151/2 ££/11/3 T v L
6 1 2040 8 24137  16.0 4100 .25 .900 .200
T 2 305;9 -8 | 257.26 73 3829 .200  .300 - .300
2 4 4020 9 26025 12,98  35.26 300 .250  .300
3 5 305.0 8 27378 15.68  40.67 4100 L350 - .070
| e 260.45 13;92 36.96 300 .400  .250
5 6 302.0 8 217,01 15.04  #1.29 120 470 140
| 9 244.77 14.08  36.48 200  .350 .250
7 8 305.0 9 . '249.05 14.26  37.00 - 4150 250 .250
s 9 431.0 8 241,22  11.62  31.93 090 600  .130
| | | 9 242.2 11.67  32.07 .250 500 .200
12 10 203.0 8 253.66  17.80  43.16 5250 300 °.150
| 9 | 270.60  18.98  46.04 . .80 .270 .070
11 1 1530 9 265.96  21.50  49.73 .080 .160  .160
13 12 207.0 8 236.06  16.41  39.91 S50  .200 .100
15 13 121.0 8 241.05 21.91 . 48.74 .100  .200 .150
9 282.72  25.70  57.16 .040 .120  .060
6 14 272.0 8 249.12  15.11  38.45 150 .350 200

| o ,

296,02 17.95  45.69 070 - 350 140

a. Distance bgtweehlthe shot point and control station. A
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where V is the peak particlervel‘oci“tj‘l,. ‘W thé eharge weight, D the slant
distance, and H, o, and R are constants in terms of a given sgite’ or shooting

~-procedure. - The constants can be detfermined by linear regression-analysis,

In the linear regression‘ analysie, both square root and ‘cube root scaling'

kfactors .are used to calculate a trend line by computing the scaled distance.

One of the standard assumptions made - in ‘the analysis (Draper and Smith, 1966;
and ChatterJee and Pr:Lce, 1977)7 'is that the model which describes the data .‘is

- to be llnear. ‘

Some suitable values were found in the literature for the scaling factors

'(Nlchols, 1964 and Olson, et. al. 1970). These reports recommended that the

cube ‘root scaling provided the best grouping for an underground mine opening for
the vibration measurements and square root ‘scaling was suitable for .surface
measurements., The grouped data in terms of cube and square root are listed in
Tables 8, 9, and 10. The results from the study closely match the
recommendations from'these reported and the surface regression line has better
grouping for square root, and the underground regression line for cube root.
Figures 46, 47, and 48 show the 95-percent confidence interval data for the
surface, underground, mine roof, and mine floor, respectively. :

Borehole Meter and Other Responses

- The response from Station 3 was generally smaller than that of Station 4
It was reasonable to assume that a wave propagates as a vector-wave train. The
vertical component of a vector wave depends upon the point of the wave front's

‘spherical surface, = When the wave propagates evenly through  the media from a

detonation point, the vectors at any point on a spherical wave-front surface
have the same magnitude, with the directions perpendicular to the tangential
plane at this particular point, = If the location of a point is closer to the
surface plane, a smaller value of the vertical component can be expected. It
was assumed that the propagation media were isotropic and homogenous,

To illustrate this, a 'bwo-di‘mensionalk plane was adopted as .shown in Figure

49. The figure =shows the relative location of various points -under
-consideration where S is the blasting point, B is the borehole meter at Station

3 and C is Station 5. The line BC represents the open borehole which was
drilled down to the coal mine roof, The value of the vertical cgomponent at-
point B is directly proportional to that at point B. The relationship can be

Correction Factor =  sin (01)
: ‘ sin zez)
The corrected results for Station 3 are presented in Table 11. The -

computer programs. for correcting and plotting the response data are included in
Appendix II. The response of shot 8 at Station 3 was chosen for programming
purposes. -
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  ;k ?f;fqbie 8. Linear‘Regression’Daté for Surface

SR F.; » ~ , P B :
TN NI (Distribution ~ Percentage  (Tail of Distribution
«  H 3 Ratio) = Variation - Graph)

0000
.0000
.0000
.0000

1/2 74,19 -1.65 ©349.75 . 87.77
1/3 . 321.99 -1.64 ~ 357.01 ; 86.65
1/2a S 79.36°  -1.66 376.89 . B8.%4
1/3a - 348.59 - -1.64 = 342.22 = 87.48

W|aAaWmNn

a The data for Shot 1 and 3 are not included.

' Table 9. Linear‘Regféésicn ‘Data for Mine Roof

- F . D :
, o S ~ (Distribution Percentage  (Tail of Distribution
o " B - Ratio) " Variation " Graph)

: 3014
Ve 2721
' w0000

0000

1/2 S 0.0 - .55 1.102 : 3
/3 - 0.1 .89 1,25 - 3
1/2a . 40.98. . -2.03 37.05 - 56
1/3a ° 24194.12 -3.26 44.63 61

U Oy W
TR

a The data for Shots 1 and 3 are not included.

" Table 10. Linear Régressidn'Data for Mine Floor

- . (Distribution Percentage  (Tail of Distribution
I B B Ratio) ‘Variation Graph)

% - .0002
% - .0001
% .0000
% *.0000

1/2 111 -1.46 16,49 o 24.08
1/3 442,21 - =2.09 17.54. ' . 25.22
1/2a - 12,02 =1.50 20.01 29.04
1/3a 450.61  =2.11  20.21 ©29.20

‘a The data for Shots 1 and 3 are not included.
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: ; Ground Surface
Wﬂr AN AR /AN VAN A A -
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wave front

y .

C (Station 5)

Underground Opening : wave front

Figure 49. Two-dimensional piane view showing locations of shot
point(S), Statioa 3 (B), and Station 5 (C).
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Table 11. Vibration Data - Station 3 After Correction

Chérge l Slant - - Scaled B Peak Particle

Hoié.:‘ Shot Weight  Distance Distance  Velocity, (in/sec.)

- Number fNumber“k(lb.) s (ft.)' , ££/101/2 ft/lb1/3 : Vertical =~
1 2 | 305.0 ‘v‘ 94 .61 5.417  14.055 T 1.170
2 4 4020 97.79 4877 13.239 1.820
3 5 1350.0 73,66 3.957  10.452 3,400
5 6 302.0 45.05 2.59 6.715 2,380
7 8 305.0  79.26  4.538  11.775 5.370
8 9 431.0 . 57.50 . 2,773 7.620 7.000
12 10 203.0 89.53 k, 6.271  15.203 - 4.320
o 11 153.0 64.13 5.185  11.990 - 2.310
13 12 £ 207.0 29.53 2.052 4992 1.700
15 13 121.0 65 .71 5.974  13.285 2.360
16 ’ 14 | 272.0 81.09 4.917 12.515 4.380




s

After correctlng the dlgltlzed veloclty data, direct integral and
,dlfferentlal methods were performed: to obtain the dlsplacement velocity and

"v,accelera+1on and an. example is shown in Figure 50. The maximum values of these

"served as a boundary for this particular measured blasting vibration. The
“safety level may be determined according to the maximum quantity. This is shown
in Figure 51 as the response spectrum between the defined damage level at the
‘surface and maximum response for a given blast 'in an underground mine.

A result of Fast Fourier Transform (FFT) is shown in Figure 52. According
to the results of FFT, the maximum amplitude occurs at a constant value of
. frequency. ' The maximum amplitude decreases with increasing distance., Figures
53 and 54 show the Fourier transforms of Shot 6 at Stations 1 and 2 on the
surface respectively. Both maximum values appear at 9.8 Hz. The frequency
underground was small compared to the values obtained on the surface. These are
compared in Figures 53, 54, and 55. If this phenomena is true, the damage level
could be defined as a maximum .amplitude of the Fourier +transform and its
particular frequency domain. The ratios of the total energy between stations 3
and 5 for all shots are listed in Table 12. Theoretically, these values are
supposed to be equal to each other, however, the total energy ratios varied from
“1.75 to 4.78 1ndlcatlng the nonuniformity of the dlfferent overlying rock
,layers. ‘

' COMPUTER SIMULATION PROGRAM FOR DYNAMIC ANALYSIS

A computer program. for the study of stress and stability analysis of
underground mine openings was available for adaptation to this research at The
University of Alabama Seebeck Computer -Center. The program on file is called
DYNON (Dynamic Nonlinear Analysis) and utilizes the finite element method
(Brown and Hayatdavoudi, 1980). There are a number of reports published on the °
finite element method, detailing  the methodology and procedures (listed in
references). For the computer simulation program in this .study, the DYNON
program was used. Rectangular-shaped elements were incorporated into a finite
element mesh for this analysis and a complete scheme of this analysis is shown
in Figure 56. The mesh area was discritized into 181 elements with 210 joints.
The underground opening is shaded on the mesh and is not considered an element.

The geometry, size, and number of elements are arbitrary decision and
‘depend’ upon the user's discretion and. "feel" for the situation. In this
instance it was believed that the shock wave generated by the detonation would
attenuate rapidly as it penetrated and passed through the successive layers of
rock in the subsurface. Therefore, 600. feet was chogen as the horizontal
limiting boundary and approximately 250 feet was chosen as the limiting boundary
below the detonation point.

The purpose of the program- is to enable one to evaluate the stresses around
“the underground opening (shaded) element, particularly the contiguous elements
55, 68, and 69. To analyze the stresgses in the configuration by the finite
element method, Jjoints numbered 1 through 15 were restrained in both
directions, horizontally and vertically. In addition, the horizontal movement
of the joints numbered 16 through 196, were also restrained. These joints are
shown along the left of the finite element mesh. ' ‘
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(see F:.gure 49)

‘16"38.'5288 In/Sec/Sec

Maxinmm response spectrum for Shot 8 at Stat:ion 3
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Figure 52. ’Fast Fourier Transform for Shot 6 at



78

asu PRO.IECT BLAST INDUCED UNDERGROUND VIERATIUN

_ , , ; . HOLE'NGs #3 o
, P CHARGE VEIGHT, 382 L8 FORIER &
DATE: 5/11/83 . . EXASIPMENT NOu 8128 83-185-32FY

. _STATION NOs STA. 1

Velocity Time History

>V . .
& | | | , (
E \ N\ I
< : \iff\vf - —
2 \[ \Vid |
. J_. s .’ 2 . Jd - L N . L Ll
Haximn PPYm . 135 (n/vaa o E ‘ Tima (sna)

Tima iviervel® .382 cue

Frequency Spectrus (Magnitude)

5

Relative Asplitude
s ¥ OV 3

N
Mextmm Anplitude o 213 in/eealte Frequenay (Hz)
ok Fregueney %8 Hx Ba P
Frequency 'Sp-ctx-uu (Phaose)
3 :?“1 lh‘ ll'll - l“ll'hh"l'l l [Llj l |
WU r'mum

. ' : - -
‘ Fw(ﬂﬂ

Figure 53. Fast Fourier Transform for Shot 6
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Table 12. Energy Ratios for Stations 3 and 5 (see Figure 49) -

- Shot | Total Enery : Enefgy;
Number Station 3 Station 5 ‘Ratio
1 .04564 .01278 3.57
2 '-046.25 00016 290.0
3 .00054 00031 175
4 .02166 .00025 88.0°
5 .03783 .00048 78.0
6 .02092 .00060 - 34.6
 8 -.0693-2 ©.00014 478.0
9 13299 .00127 104.0
10 04246 .00021 199.8
11 01633 .00015 108.0
13 .00435 00006 66.3
14 04377 ©.00019 233.8
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Figure 56. Finite element mesh generated for this study.
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* - The explosive detonation.was~initiated at Element 167 and it prograssed
~throughout the entire mesh as a function of time. Because of the symmetry, only
“half of the mesh is used in the analysis. The lavers of rock and variations in-
~~their thicknesses were assumed to meet the field condltlons of the 31te and are
shown on the mesh along the. rlght margin.

The engineering properties - of ‘the different layers of rock overlying the .
. mine were determined from laboratory tests and:are listed in Table 1. This
information with the connectivity' data as shown in the finite element mesh
(Figure 56) was stored in the computer data file.

A trapezoidal load-time function with a minimum duratlon of 0,002 second as
an input was assumed for the impact loading caused from the blasting. It was
also assumed that the explosion will reach its maximum impacting force within
0.0005 second and this force will last for 0.001 second’ (Flgure 57).

Because detonation of borehole pressure in the medla is not perfectly known
and variations occur with each explosion, the result of the linear regression
analysis obtained from the field data was used as an approximation. As a
reference, a maximum loading interval of about 4 to 12 million pounds was
chosen, and this approximation is explained later in the report. The final
outcome of the computer andlysis.was based on the stress as a function of depth
from the detonation level with a varying load-time function. - The results of
~ these calculations are tabulated in Table 13 and plotted on Figure 58.

V'Vibration data ‘collected from the roof of the mine was tabglated previously
- in Table 6. A regression curve of the peak particle velocity versus the scaled
distance was ‘also shown -in Figure 47 From the figure the linear regression

equation -is given as: y

= 31470.9 -[D/w1/3]'3'26
From this equation the stress and strain of the ' surrounding rock media in
the underground opening can be evaluated. An article from a VME technical

report defines and describes the dynamic stress - fleld in rock surrounding a
blast as follows:

When an explosive charge detonates in borehole the expansion of the
high-pressure gaseous reaction products sets the borehole walls in motion
outwards, creating a dynamic stress field in the surrounding rock. The
initial effect in the nearby rock is high intensity, short duration shock
wave, which quickly decays with the distance. The continued gas expansion
leads to further motion and sets up an expanding stress field in rock mass.

- Where the free surface is close enough to the borehole the rock breaks
loose. The other directions in the motion spreads further in the form of
the well known ground vibration waves. These are a complicated combination
of elastiec waves which moves the rock in the compressive, shear, and
surface wave modes. Fach mode or wave type (P-, S-, and R-wave) has a
characteristic propagation veloeity, C, reflecting a material property of
the rock mass, The particles in the rock mass move with +the highest
velocity equal +to the peak -particle wveloeity, V, decreasing with the
distance from the charge. Damage is a result of the induced strain, € ,
which for an elastic medium can be expressed by the equation ¢ = V/C
(Larsson, 1983), : ,

= V/C




84

P (4 to 12) x10% pounds
~0.0005
0.0015

0.0 0.002 ' T 0.25
) ' - TIME (seconds)

Figufe 57. Input load~time fu_ncl‘:ion_.




Table 13, Stress Versus Depth For Different Loadings = -

Depth?

(£t)

o

Stress (Psi)

A7
85.5
156.5
174.5
196.0

244.5

P=4x10°% (1bs) P =6 x1F- (1bs) P=8 x 1 (1bs) P= 10 x 16 (1bs) P =12 x 16 (1bs)

265.0
85.8
35.8
25.2
16.3
14.2

10.6

397 .5

| 128.8

21 .3

15.9

530 .0

1716

662.5

214.6
89.4

62,9

40.8

- 35.5

26.4

75.5

48.9

L 42.6

31.7

a) Depth from the detonation level.
b) Reference loading in the blast hole.

G8
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Figure 58. Stress versus depth for different loadings.
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- From -equation (2) a stress. equation for rock layers of different
thicknesses and engineering propertles can be -developed. Using Young's modulus
'of elasticity of materials: : ~

0= exE , S o 3)
and substltutlng equatlon (3) in equatlon (2),
we get: . . l'd VE 31,470.9 E
T c[n/w%]-3 326

The term C was calculated based on the arrival time of about 9,000 ft/sec
which was in turn correlated with Vp (peak particle velocity) in Table 1.
Based on these data it was found that : o '

c

‘ 9,000 ft/sec.
and E

2,850,000 psi

. From this informatlon and u31ng ‘the previously described calculations, the
velocity, stress and strain as a  function ‘of time were calculated and the
results given ' in:-Table 14. A graph of the stress versus depth from the
detonation level for different charge weights are shown in Figure 59.

Comparison Between Field Results and Computer Simulations

~ For calculating the stress variations at different levels of rock in the
subsurface using the computer - simulation analysis, a range of load-time
functions was used in order to correlate the force. :
According to Brown and Hayatdavoudi, (1980), the maximum- induced vertical
force - from blasting was calculated based on. the detonation - pressure of the
explosive and this in turn was converted to borehole pressure, For purposes of
this study the borehole pressure was calculated as 45 percent of the detonation
pressure (Dupont, 1977). Usage today by many investigators stipulates that this
force be multiplied by the area of the borehole occupied by the explosive
train. For example, 400 pounds of explosive with a detonation velocity of
10,000 -feet per second has a detonation pressure of about 290, 814 psi. This is
based on the following empirical formula:

Pp = 216 x 10~4 x WV42 [0.45/(1+0. ?128 W)
where Pp = detonation pressure (ps

4
Vg4

charge weight density (pef)
detonation velocity (ft/sec)

Therefore, the borehole pressure is:

0.45 x 290,814 = 130,866.3 psi

Py =
The maximum vertical force generated in a 6 5-inch diameter borehole will be
approximately:
P y? F=7TD (B,) = 4,340,344 1bs.

Because borehole pressure is imperfectly understood and not an easily
measurable entity, a number of formulae have been devised to calculate the
detonation pressure and borehole pressure. These are all chiefly based on the
charge weight and the detonation velocity. A number of other investigators have
made calculations using empirical formulae and these are listed in Table 15.




Table 14, “Data for Linear Regression Equation

Shot fHdle . .- Charge ' Station 3 Data Station 5 Data

Number  Number ‘Weight (lbs) - Dy Vg " ep og DR~ -V €R op
. -~ {ft.) (in/sec.) (in/in.) (Psai) {(ft.) (in.?sec) ‘ (in./in.) _{psi)

1 6 204 36,04 75.96  7.03 x 104 2004.67 242.29 134 1.24 x 1076 3.54
2 1 305 . 94.61  4.79 - 4.43 x 105 126.35 258.31  .169 1.57 x 106 4.47
3 6(a) 60 - 51.67  5.90 5.46 x 10=5  155.75 266,10  .025 2.34 x 107 .668
4 2. 402 9779 5.83  5.39 x 1072 153.74 260.56 - .224 2.07 x 1076 5.9
5 3. 350 73.66  12.82  1.19 x 1074 338.37 249.76  .221 2.04 x 106 5.83
6 5 - 302 45.05 - 55.87 5.17 x 10=4 1474.38 245.71  .198 1.83 x 1076 = 5.23
8 7 305 79.26  8.65 7.98 x 10-5  227.66 250.16  .189 1.75 x 10~6 4,98
s 8 a3 57.50 36.81  3.41 x 104 971.39 243.20  .304 - 2.81 x 106 8.02

0 12 - 203 ©89.35 3.69 3.41 x 1073 97,32 254,78 113 1.05 x 106 2.78

L , ; , /

1 N 153 - 64.12  8.13  7.52 x 1075 214.45 247.87 .09 8.38 x 10~7.  2.39
12 13 - 207 20.53 149,77 1.38 x 10-3 3952.26 237.01 147 1.36 x 1006 3.88
13 15 121 65.71 5.7 5.35 x 10-5  152.37 262,56  .0576 5.33 x 10=7  1.52
14 16 272 81.09  7.04 6.52 x 104  185.86 257.84 .50 1.39 x 106 3.96

a. - Hole loaded afid shot twice

Dp:  Distance from Shot to Station 3

Vp: Peak Velocity at Station 3

s Strain Measured at Station 3

Up: - Stress Measured at Station 3




A
1800 -
1600
1400 _
: D \-3.326
o- 314709 & )(sa
=S
/2]
]
1000-
w=450 Ibs.
- 800 _ :
w=300 Ibs.
600 w =250 Ibs.
’ w=150 Ibs.
400
w=50 ibs. ,
200
0 T - T
0 50 - 100 150 200 250 300

DEPTH IN FEET FROM DETONATION LEVEL

Figure 59, Stresses on’ underground mine roof versus depth
for different charge weights.
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" Table 15.

Célculated Pressures/Forces by Different Workérs

“‘ wafke; (a) Py (psi) Py (psi) F (1bs)
Jones 122,440 361627 12.9 x 105
Coqk iII_‘ 694,389 205,417 7.5 x 106
Cook II 645 ,621 190,990 6.8 x 106
_ Paterson 613,202 531,400 6.5 x 106
Cook IV 592,458 134,185 6.3 x 100
Roth 453,596 134,185 4.8 x 106
Y. Kumagai 417,929 123,634 4.4 x 106
Derkdﬁf' 4.4 x 100

417,760

123,584

(a) A1l workers listed are reperted in Hino (1959)

Pp = Detonation pressure
Pp. = Borehole pressure
F = ~Force
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Proceeding'With'this'background and referring~to,Tables 12, and 15 using
Shot 2 as an example, the stress and distance to Station,} are: : :

“u3’= 126 35 p51 and Dp = 94.61 ft.

Using these two values,and‘referrlng to Figure 58, a load of about 5 million
1bs can be interpolated from the graph.  According to this loading a stress of
about 10 to 15 psi for the roof of the mine can then be picked from the graph.

- In Figure 59, a stress value of approximately 12 psi compares closely with Shot
-2 and Hole 1 loaded with a 305-1b charge weight. '

The data for this ‘comoarison is given as fqllows:

For Shot 2 - W (charge weight) = 305 1bs
'H (depth of borehole) = 45.5 ft
V4 (detonation velocity = 13,000 ft/sec
Wy (charge weight density) = 1.1 gm/cm
A (area of borehole) = 35.78 in2
g (gravity) = 980 cm/sec

Inserting these data in fhe formulae discussed previously, the calculations
fit relatively close w1th1n some of the values calculated by the investigators
listed in Table 15.

This calculation of the estimated vertical force by linear regression
method and computer simulation fall within the range calculated by Roth and Cook
IV (Table 14). This, however, cannot be generalized for all of the shot data

" because there are many varlables involved 'in  the detonation process with
-explosives.

STRESSES CALCULATED AT THE MINE ROOF

Three experimental strain gages were fabricated to measure the stress on
~the mine roof induced by the explosive detonation at the surface. The gage and

‘the emplacement of one of the gages in the coal pillar are shown in Figures 39,
42, and 43. ;

The principal component of the gages was an aluminum plate mounted within

the aluminum tube and “these - three plates were 1/4-, 1/8-, and 1/16-inch in

~thickness. Strain gages were mounted on the plates and connected to a strain

indicator and this was in turn connected with a seismograph. The instrument
installation is shown in Flgure 43, ' : :

: All of the gages were calibrated prior ‘to installation. Stress
c‘measurements from the blast were recorded by .only one of the installed gages
owing to damage during installation to the other two gages. The results of the
Measurements obtained from the installation and the procedures used to calculate
the stresses are presented in the follow1ng d1scuss1on.

The stress in the roof of the mine is equal to the ratio of Young's modulii
for aluminum and the roof rock multiplied by the stress in the aluminum i.e.;
GRoof Rock = ( Rock/ Alumlnum) X Alumlnum

where Alumlnum =5.5x 106 and Rock
9.6 x 165 as determined from laboratory tests.
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B One of the. correspondlng mine roof stress-time domain curves as based on '
field data from blasting is shown in Figure €0. - The other stress-time domain
data can be found in Appendix I-E, pages 350 through 354.

The observed field stresses calculated values at the roof level of the mine
with different shots are tabulated in Table 16, Note that the stresses at the

mine roof did not exceed 38 psi whlch was measured from the detonation of. 431
“1bs of explosives. - .

and upper boundary limits of Figure 47 vary within fairly narrow limits. Also,
“the revised stresses calculated for the aluminum strain gage approach the
calculated stress in the rock of the mine roof within what should be acceptable
limits. 1In the column labeled (psi) revised stress in aluminum, shots 1, 3, 6
- and 12 were too close to the detonation level to be properly recorded and should
" ‘not be considered.

Factors to consider in the calculation of stress under the situation
encountered in this study and future work along these lines, would include but
not be limited to, charge weight, 'distance from shot point, as well as, amount
‘of stemming, degree of coupling between the charge and borehole, proper response
to detonation, and the placement and position of primer in the explosive train.
- There may be others not quite so apparent.

SUMMARY: ORSERVATIONS AND CONCLUSTONS

The major -observations and conclus1ons derived  from. this study are
summarized as follows- :

The types of vibration recordng instruments recommended are influenced by

the frequencies generated by the blasting. Usually the observed. frequencies

- 'ranged from less than 2 up to 150 Hertz for surface blasting. /The velocity

- seismographs used in this study had a flat response of frequency ranges from 2
s to 200 Hertz and would be adequate for most blasts monitored.

Documentation on the 1linearity of  the frequency band is especially
- important in a monitoring seismograph, since small vibrations in frequency
response can change output levels considerably. The vibration channels on the
seismograph should be able to record a complete time. history from which a peak
measurement can be determined. -

Waveforms -of the recordings of all three ground vibration components -
generated by a blast are recommended for the peak amplitude measurements;
‘however, frequency may vary among three components of motion--vertical, radical
"~ and transverse. Peak or vector sum readings are adequate if only amplitude
levels are desired. ©Empirically, the largest component of ground motion is

usually the radial component at the surface and the vertical component in the
subsurface. ‘

Loose surface placement of the selsmometer package should be avoided if
hlgh frequency motion is to be expected., Slippage can occur at this level and
the seismometer package should be anchored. The seismometer package should be
buried with the  soil compacted around it, or if burial is - not possible, it
~Should be very firmly anchored or bolted to the roof if mine roof measurements
are needed. To ‘ensure proper coupling when buried, the density of the

Seismometer package ‘should be close to the average density of the soil
. around it, '

Referring to Table 16 it can be seen that the streqses within - the lower



Table 16.

Summary of Observed and Calculated Stresses ih the Mine Roof

"Shot - Hole

’Charge

Al Gage Stress (psi)

- Roof Rock

Observed Stress'(psi)‘

b.
c.

Too close to detonation point for realistie recording.
Misfired shot, no data

oo e

No. No. HWt. (1bs) Field Computer Stress (psi) Lower Boundary Upper Boundary
B ~ Reading Simulation Experimental (refer to Figure 47)
1 6 204 148 b 25.85 3.54 s |
2 1 305 116 11° 20.35. , 4.47~ 4.55
f 3 62 60 40 b 7.02 *8.65: 0.73
4 2 402 144 17 25.26 5.91 5.96
5 3 350 136 23 ~23.86‘ 5.8% 1 6.02
& 5 302 136 - - 23.86 5.23 s
‘%c ] i ; ) ) e ‘,1i2’;
8 7 305 116 16 20.35 4.98 5.67
9 8 431 148 38 25.96 3.02 8.45
10 12 203 Y 9 14.74 2.98 3.13
11 11 153 56 12 9.82 1 2.39 2.55
12 13 207 84 b 14,74 “3.88 4.01
13 15 121 56. 5 9.82 1.52‘ 1.66"
14 16 | 272 100 12 17.54 3.96;k 4.00
a. Hole loaded and‘shot twice

6
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Blastlng results are 51gn1flcantly affected by the 51te geology both at the

‘ surface and in the subsurface. - A thorough knowledge of ~the geology particularly

the rock type, stratigraphic sequence, and structural conditions are essential,

‘The hydrological conditlions are also-of prime concern. -All of these parameters -
affect the type of shock or selsmlc wave generated and propagated within the

medla. : :

It was observed that the value of the vertical components of vibration data
~were relatively higher than that of the other components. This implies that in
“evaluating the effects on an underground opening caused by surface blasting, the
vertical direction of vibration-is the most important one to be. considered.

The statistical analysis. 1nd1cated that using the ‘square-root scaling
prov1ded a better result for ' the surface measurements and the underground
measurements are best grouped by u31ng cube~root scallng. -

Shots 1 and 3 were flred separately in the same borehole at different
depths and amounts of stemming,. The records indicated that these shots produced
higher  particle velocities +than other shots. Thls_ may be caused by the
resonance of the rock media or there possibly was a focusing effect in the
- subsurface layers. The statistical analysis also showed that these points do
not properly fit the linear regression equation.

The vibration curves using the Fourier Transform approach showed that the
frequency of the maximum amplitude remained as a constant for blasting, even
though the responses were recorded from different locations. Therefore, a
safety level of blasbing could be determined by Fast Fourier Transform using the
maximum iamplitude and the frequeney. Vibration levels measured on the nine
floor were generally lower than those measured at the mine roof.

. o /

The energy spectrum can be used as the total energy transmitted by the
vibration and is considered as equivalent to a superposition of radial waves of
various frequencies carrying only a part of the total energy. Therefore, the
percentage of attenuation between two points at different distances from the -
vibration source may be determined by using the proportion of the total energy
"at these points.

The Fourier Transform can be useful to study the safety criterion utilizing
. various:frequencies. The vibrations. containing higher amplitudes at a certain
frequency range may or could cause damage to the underground mine openings. The
" vibration records should be analyzed by using the fast Fourier Transform
procedure and these may provide an optimal conclusion for a safety criterion.

The research indicated the adaptability and useability of computer
simulation  to measure stresses - impacted to an underground mine roof from
blasting on the surface. In particular, a finite element analysis approach
seems to provide a path to follow in similar studies of this kind. Certainly
‘refinements in the techniques and procedures performed in conducting this work
‘can be undertaken by other investigators interested in research related to
‘blasting effects on underground mine roofs.
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This study, as others in the past like it, have had to conclude that data
. gained at a particular mine are limited to ‘a site selective basis regardless of
how many parameters can be produced in the simulation model.- The stratigraphic
succession of overlying rock units, the localized structural disruptions at each
" mine, and the lithologic changes encountered in. -the vertical as well as
_horizontal sequences over relatively short distances, are too numerous and
frequent - to correlate from one coal basin to another with any degree of
confidence. L : e L '

_ Nevertheless, the 1hetrumentatlon and - procedures for collection, analysis.
‘of the field data, and the computer programs were effective in analyz1ng the -
effects of surface: blastlng on- underground mine roofs. '

RECOMMENDATIONS

The kind of seismic.waves generated by surface blasting and the vibration
levels surrounding underground mine openings were the major subjects of this
study. Further work needed in the subjects concern the nature and geometry of
the wave path. ‘Moreover, detonation pressure and borehole pressure need closer
examination. ‘Both researchers and explosive manufacturers would like to learn
more about these phenonema. '

Another area of potential research is the type of waveform generated as the.
wave propogates through a media. The exact nature of the source effect and its
resultant radiation pattern are presently unclear. The degree of attenuation or
‘damping effects as the wave train passes through various media is not well known
or even measurable in the field at this tlme.

The wide; range and variety of seismographs and the sophistication of
machines available today has developed rapidly so that investigators have a good
choice available for their own particular need., ' It would appear that the work
done on this research might well open areas :for additional instrumentation
particularly w1th regard to a more reflned measurement of stress impacted to a
mine roof. ) - :

The following manuals were consulted, and the descriptive material concerning
instruments described in these manuals was referred ~to and used in the
preparation of this report.

Dallas Instrument Inc., Instruction Manual, Dallas, Texas.

Irad Gage Geotechnlcal Intrumentatlon Company, Inc., Instruction Manual,
Lebanon, New . Hamphire.

Mark Production Company, Instruction Manual, Hoﬁston, Texas.
Sprengnether Inetrument Company, Inc., InStructioh Manual, St,_Louis, Misseuri.

User Guide, Seebeck Computer Center, The Uhiversity of Alabama, Preliminary Ed.,
Sept. 1981,

Vishay Intertechnology, Inc., Instruction Manual, Raleigh, North Carolina.
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