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INTRODUCTION

By 1989 it is estimated that the yearly production of coal from
underground mining will increase to about 25 million tons in Alabama.

Some of the increased production will come from mines adjacent to, directly

~under, or intersecting ongoing surface_mining activities. This reqﬁires
eétablishing acceptable guidelines for surface mine blasting which will
permit the underground and surface activities to be cérried on concurrently
without disrupting either operation.

The area in which the research work was carried out has an immediate
potential of 3.5.million tonshof coal and a long range potential of another
14 to 17 million tons of coal estimated at a value of nearly half a billion
dollars. ﬁaps given in references 1 and 2 show the details of mining at
Cobb Mine overlying the Mary Lee No. 2 mine in Goodsprings, Walker County,
Alabama.

The specific problems that confronted the investigators were defined
by mine operators as:

1) 1Is it possible to safely operate surface and underground
coal mines in the same locale?

2) If so, can the present scaled distance formula be used to
estimate the ground particle velocity?

3) Can surface mine blasting be conducted directly above the
underground mine?

4) If so, how heavy a charge can be detonated for better
fragmentation and increased.préduction?

5) Can multiple seam mining be conducted directly above the

underground mine?




The first and second problems were the subject of Phase I of the
study which started in 1976. The results of this phase of study were
encouraging and permitted the mine operators to file and obtain a waiver
from the blast regulations. However, this was not enough as the blasts
were set off at angles and some horizontal distances from the underground
mine. Consequently it was necessary to conduct Phase II of the
investigation.

This final report‘déscribes the progress of the second phase which
began in 1978. It contains documentation of field ground stresses, pre-
and post-blast surveys of underground mine movements, three-dimensional

ground particle velocity, and the computed one-dimensional dynamic stresses

developed at the mine roof.



1

OBJECTIVES

In order to arrive at a reliable set of facts and figures, the

following objectives were established:

1) measuring the approximate magnitude and direction of

2)

3)

5

5)

6)

principal field stresses

keeping track of underground mine movements at some
designated area prior to blasting; this pre-blast survey
consisted of measuring load changes on the roof bolts,
roof and floor convergence, roof strata separation, pillar
shorténing, and pillar dilation

measuring ground particle velocity

correlating the ground particle velocity with levels of
strain as a result of dynamic loading

conducting a post-blast survey at the same designated area
of the underground mine where pre-blast survey was
conducted and measuring the same parameters as were
measured in the pre-blast survey; relate the level of
induced dynamic stresses with the strength of rock, and
analyzing the peak ground particle velocity data for the
purpose of est;blishing a wave propagation law which will
relate the peak particle velocity to the damage that might

be caused by roof vibration.

During the course of investigation, the Federal law went into effect

setting the maximum limit for vibration level to 1.0 inch per second.

This level could not be violated in order to establish or note a higher



level of vibration associated with a given damage, such as an underground
roof fall. Therefore, the sixth objective was limited to the 1.0 inch per

second peak particle velocity or lower.




APPARATUS AND EXPERIMENTAL PROCEDURE

Equipment

The equipment used in the laboratory for the purpose of determining

rock mechanical properties included:

1)

2)

3)_

4)

5)

6)

7)

8)

A 50 kip MIS load frame with servo-controlled pumps, function
generatof, pump controller, cyclic counter, a 4-level load
stroke and strain programmer, limit detectors, LVDT, LVDT
readout, multirange DVM, X-Y recorders, and strain readout
devices. -

A 300>kip Forney load frame with pump.

Rock preparation and testing equipment consisting of a heavy-
duty drill press modified to a coring machine, rock saws,
grinding machines, small lathes, end parallelism tester,
calipers, Jolly balances, vacuum oven, core barrels, holding
jigs, end caps, direct tension test assembly and many
different size platens.

Complete strain gage installation kits tailored for individual
instruction and independent work in stress-strain analysis.
Small brick testing machine.

A high capacity hot pack incubator with home~made auxiliary
pumps, humidity chamber for generating a simulated mine
humidity and temperature.

A pulse generator and conditoner (SBEL 2007H) with scope and
combination P and S platens for dynamic testing.

Sprengnether engineering DVA seismographs with VS5-6000 and

VS~1400 transducers and L-10-3D downhole velocity meters.



9) TR-4A seismograph tape reader.

10) Borehole gage with complete overcoring assembly, biaxial
modulus tester, calibration chamber, reverse case, pistons,
and setting rods for in-situ field stress ﬁeasurement.

11) Tape extensometer with calibration unit and readout gage for
measuring sag, pillar shortening, and éillar dilation.

12) Continuous recording convergence meter.

13) Single-point extensometers of various lengths with mechanical
gage for measuring separation of mipe roof layers.

14) Vibrating wire extensometer with remote readout device.

15) Roof bolt load cells with remote readout devices.

Laboratory Procedure

All the rock samples were prepared and tested by rock mechanics students,
laboratory assistants, and the principal investigator, following rigorous
laboratory manuals. The rocks were gathered from the core holes drilled in
the first phase of study.  For the sake of keeping the work simple and
quick, all of the tests, whether dynamic or static, were conducted in

uniaxial mode.

Field Procedure

The field work consisted mainly of measuring three-dimensional ground
particle velocity following a pattern set in Phase I of the study as shown
in Figure 1, except that in this phase, the paths of undergroundvblast -
surface measurement and underground blast - underground measurement were

not followed. The seismographic work was limited to underground monitoring
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Figure 1 - Procedure for Field Blasting
in Phase I and Phase II of Experiments

-



ey

ey

" of blast vibration imparted to the rocks overlying the Pratt and Nickel

Plate coal seams of the surface mine. The closest seam to the underground
mine, the America seam, has not been monitored as of yet.

The timing onSurface mine blast was scheduled for 3:00 P.M., just
about the time no mine worker would be working at the face or directly
beneath the blast, except for the principal investigétor or his assistants.

The installation of equipment necessary for the pre- and post-blast
survey of the underground mine was followed. according to the plan shown in
Figure 2. Daily checks of all equipment were made and data collected about
one week before and after the heaviest experimenfal surface mine blast
designed at a scaled distance of 25. At some selected points, 3
continuous recording convergence meter, at least one load cell, and three
velocity meter responses were measured during the heaviest experimental
blast as well. The VS-1400 velocity meters were glued to the mine roof
while the VS-6000 velocity meters were held to the roof with a T-board
and roof bolt, tightened to 200 inch-pound torque. This was done to compare
the so-called effect of bolt ringing on the peak particle velocity obtained
by VS-6000 and the peak particle velocity obtained by VS-1400.

While the blast monitoring was in progress, overcoring operations were
conducted in the vicinity of the surface mine to determine the approximate
magnitude and direction of field principal stresses. This particular step
was necessary because the principal investigator had found that the average
peak particle velocity in one direction was greater than in others and
wondered whether a correlation existed between direction of field stresses
and the ground peak particle velocity. Furthermore, determining the

direction and the magnitude of field principal stresses could eventually
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Figure 2 - Installation Plan for Pre- and Post-Blast Survey
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answer some of the questions pertaining to the direction of roof falls in
an underground mine.

During the course of investigation, a list of the sources or error
that affect the findings of this work was compiled as shownAon the
following page. |

Therefore, it 1s important to examine the data in the light of these
possible errors and perhaps suggest further research topics considering

the same specific areas for the purpose of refinement of the data.

10
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10,
11.
12.
13,
14,

15.

SOURCES OF ERROR

DELAY MANUFACTURING

CHARGE WEIGHT

DISTANCE MEASUREMENT

SHOT PATTERN ORIENTATION

TYPé 0# INITIA;OR J

HOLE CUT-OFF EFFECTS ON OTHER HCLES
SEISMOMETER NATURAL FREQUENCY
SEISMOMETER NOISE ERROR AT HIGH GAIN
SEISMOMETER CABLE LENGTH.
SEISMOMETER COUPLING TO THE GROUND
INTERPRETATION ERROR

TYPE OF TERRAIN

TOPOGRAPHY OF TERRAIN

INTERACTION OF AIR BLAST WITH GROUND MOTION

DIRECTION OF PRINCIPAL HORIZONTAL STRESSES
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RESULTS

A comprehensive study of this type and complexity of the vibration
of multi-layered, anistropic material such as coal, clay, shales, and hard
rock is bound to bring about many results and with it many controversial
points of view. For the sake of brevity and considering an impartial point
of view, the author presents herein the facts and figures as they are
without lengthy discussion of their meaning and tries to give only an
educated opinion about a particular phenomenon only when it is absolutely
necessary.

Laboratory Results

Tables 1 - 3 show some of the typical results obtained from uniaxial
compression, tension, and dynamic rock properties, respectively. If one
compares the rock strength data with the peak 83-pound load that was
recorded from roof bolt load cell during the heaviest blast, it is easily
noticed that roof rock is several-fold stronger either in temsion or
compression. in reference to the previous workl’z, it can be seen that
the 83-~pound load on the static stress-strain curve does not give a
significant_unrecoverable amount of elastic strain to cause any failure.
Indeed, as it will be discussed later, the computed dynamic strain also

bears the same insignificant result as far as stress-strain is concerned.
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TABLE 1
COMPRESSION TEST
(POTTSVILLE FORMATION)

HOLE  STRENGTH YOUNG'S MODULUS POISSON’S RATIO REMARKS

# - (PSI) (PS1) (AVERAGE)

2 18,949 2.63 x 106 0.220 *
2 19.585 3,30 x 100 . 0.180 .t
2 17.675 3,50 x 100 0.092 *
2 17.435 3,70 x 100 0.250 *

MEAN STRENGTH: _18.411 STANDARD DEVIATION:_1.026.64

3 23,459 3,50 x 106 0.092 *
3 21,401 2.75 x 100 0.067 *
3 9,500 7.44 x 100 0.180 *
3 18,250 6.50 x 108 0.230 *
3 17,300 4,80 x 10° 0.095 *
3 14,669 7.35 x 106 0.260 *
3 19,175 4,20 x 100 0.120 *
3 18,635 3,30 x 106 0.170 *
3 30,573 19.50 x 106 0.340 *
3 22,616 3,60 x 100 0.076 -
MEAN STRENGTH:__ 19,558 _ STANDARD DEVIATION: _5.599,30 _

*ALL SPECIMENS DRILLED PERPENDICULAR TO BEDDING PLANE
**DRILLED PARALLEL TO BEDDING

13
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TABLE 2
TENSION TEST
(POTTSVILLE FORMATION)

HOLE STRENGTH  YOUNG’S MODULUS  POISSON’S RATIO  REMARKS®
# (PSD) (PSD) (AVERAGE)
2 490 3,23 x 106 0.160
2 718 4,50 x 106 0,170
2 524 2.16 x 106 0.026
2 434 4,50 x 106 0.170»
2 389 4,50 x 108 0,210

"ALL SPECIMENS DRILLED PERPENDICULAR TO BEDDING

MEAN STRENGTH:_511
STANDARD DEVIATION: _126.76

14
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TABLE 3 |
DYNAMIC PROPERTIES OF ROCK - POTTSVILLE FORMATION,

HOLE | ASOUE @ Vp Vs (psl x 105 E
# | CoAL FT4 | FI/SEC | FT/SEC | A | 6 K W [(PSI x 106) |  REMARKS®
3| 513 4,98 | 15.684 | 8,266 |3.78 | 2.36 | 5.35 | 0,308 6,17 Vg/Vp = 0.53
3 | 476 4,98 | 18,021 | 8,650 | 6.06 | 2.59 | 7.79 | 0.350 | 6.9 Vs/Vp = 0.48
3| 2 4,98 | 17,698 | 8.447 | 5.90 | 2.47 | 7.55 | 0.352 6.68 Vs/Vp = 0.48
30| 492 4,98 | 19.923 | 8,818 | 8.35| 2.69 [10.14 | 0.378 | 7.41 VS/Vp = 0.44
2 | sy 598 | 15278 | 8,681 | 2.82 | 2.62 | 4.57 [ 0,259 | 6.60 Vs/Vp = 0,57
2 466 45,98 | 20,967 | 9.609 | 8.82 | 3.19 | 10.95 | 0.367 | 8.72 V/Vp = 0.46
2 500 4,98 | 14,295 | 8,387 | 2.20 | 2.43 | 3.82 | 0.238 |  6.02 Vs/Vp = 0.59
2 531 4,98 | 20,185 | 8.790 | 8.75 | 2.67 | 10.53 | 0.383 | 7.72 Vs/Vp = 0.44

* NON-FISSURED




In-Situ Stress Determination
(Overcoring)

Although the available data is not enough for arriving at a definite
conclusion, nonetheless some detailed selected data is presented herein.
The reason for including the details is that the author strongly believed in
using the research results as an integral part of teaching and as a reading
assignment for the students. The overcoring data for the purpose of
measuring in-situ field stresses bears the evidence that the major principal
field stress is compressive and runs approximately N32 to 48E and the minor
principal stress is compressive in two cases while it is tensile in the
other. However, the importance of the field data lies in the direction of
stresses and the magnitude of major principal étress which is about two to
three times greater than the minor principal stresses.

Some benefits may be derived from the diryection of stresses for surface
and underground mine design. For example, the surface miner could throw
the bench parallel to the major principal stresses for better breakage and
fragmentation resulting in higher and more efficient coal production.
Also, it is fair to say that vibration monitoring operations conducted by
surface miners would be done more efficiently if they were conducted at random
along the major and minor principal stfesses simply because the effect of
high and low field stresses on the magnitude of ground peak particle velocity
cannot be ignored. The underground miners can utilize the data for the
purpose of mine orientation by taking advantage of high compressive stresses
for the purpose of putting the mine roof in compression and consequently

decreasing the chances of roof falls.

16
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The details of the in-situ field stress measurement are given in
Tables 4 - 9 and Figures 3 - 11. Table 10 shows the details of biaxial
modulus measured in the field. The biaxial modulus is about 9 x lO6 psi
which is surprisingly close to the uniaxial modulus measured in the rock

mechanics laboratory.

17



Téble 4

OVERCORE FIELD DATA SHEET
CLIENT'S NAME __ SOMED #1
JOB NUMBER DATE STARTED 2/14/79  DATE COMPLETED
sITE _Hole #2 (Near) HOLE 1
AZIMUTH DIRECTION OF HOLE _Vertical COLLAR ELEVATION
TEST No._ L GAUGE IDEN,_B-H.G. READOUT IDEN,_Vishay P-3504
FIELD ENGINEER/GEOLOGIST _Sellers, McLean, A. Hayatdavoudi
DISTANCE FROM START OF OVERCORE TO CANTILEVER TIPS "
DIST. OF ) iTs
OVER READING UNIT TIME REMARK
CORE ! 2 3
8.50 4530 5455, 10:20 | Out in the Open
20660 5280 17120 | 10:25 | Just in Hole -
28646 21360 20070 | Recalibrated
Tnitial| 29264 18513 19940
29275 18490 19890 | 11:50 [pry  °
. 29270 18520 19918 11:50 | Starting Water
29335 18535 19930 | 11:54
22'8" 29335 18510 19915 11:59 | Starting Rotation
22'9" 29305 18530 19920 12:03 | Starting Penutration
B779.57| 29325 18540 19925 | 12:04
’ 22'10"| 29345 18538 19925 | 12:05 | Channel 1 Unsteady
79355 18542 19934 | 12:06
22'11" 29360 18540 19935 | "12:07
29360 18540 19940 | 12:08
23'0" | 29370 18535 19950 | 12:09
23 | 33382 18232 | 18388 | 139
ORIENTATH : : 12t
ORIENTATION 29370 18540 19990 | 12:12
1 23727 | 29370 | . 18535 19995 | 12:13
' 79360 18510 19950 | 12:14
2 3| 233" 29330 18475 19910 12:15| Readings Should Decreasd
29264 18415 19756 | 12:16
4P, 23'4" | 29110 18360 19610 | 12:17
28640 18335 19400 | 12:18
23'5" | 28775 18292 19315 | 12:19
28710 18255 19220 | 12:20
23'6" | 28630 18259 15185 | 12:21
78610 18250 19140 | 12:22
23'7" | 28590 18245 19130 | 12:23
INCL INAT1ON 28580 18266 19115 | 12:24
— 23'8" | 28570 18250 19110 3:25
73564 18245 19090 | 12:26
23'9" | 28550 18230 19085 | 12:27
128535 18215 | . 19080 | 12:28
23°10 28500 18160 19070 12:29
//’ 28445 18030 19020 | 12:30
23117 78400 17980 18990 | 12:32| prill off
SURFACE 8020 5400 5640 Qut of Hole
DRILLING CO.
RIG TYPE RECORDER (S ) NAME (S)
PAGE__. OF ___
BPAMES 8 MOORE
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Table 5

ueo o ‘surs  03XIIKD

EFA-L]

6L-TE-S

A8

513798

31va

6L-GT~-2

EVALUATION OF MAJOR AND MINOR PRINCIPAL STRESS VECTORS ASSUMING PLANE-STRAIN

u3

CALIBRATION X READOUT = DEFORHATION

(K, =0.985) X (R, = 800) = (u; = 788 )
(K, =0.988) X (R, = 290) = (v, = 287 )
(K3 =0.979) X (R3 = 860) = (u3 = 842 )

E MODULUS (1SOTROPIC) =__ 8.56 X 106 psi
L DEFINITIONS
| A=Up+ U, + U,
0 ]
< L=U -4
m=U, - Uy
n = U3 - U|
PLOT P - 2 2 2
PLOT NORTH B= VL +ad+n
¢ = £/6d x 105ps1/1n.
ed = 1.5 IN
P=c¢cx (A+ (0.71 x B)
@=cCx (A- (0.71 X B)
op = 0.5 X ARC TAN 173 X (Up - U3)
(2u; - vy - V3)
Op = DIRECTION OF P OR Q COUNTER
CLOCKWISE FROM U] (FOR POSI{TIVE 8)
U; = DEFORMATION ALONG DIA.'S; (-)

LOCATION near Hole #2 SOMED project
HOLE NO.——1 _ TEST NO.— 1  pEpTH _22'8"
A= 1917 ( x |0'6 in.)
L = 501 2= 251001
m = ~555 nl = 308025
—_— 54 2 2916
g = T\/ __ 591942 - 749.63
¢ = 8.56/6 x.11.53 x 106 = 0.93 x 10°
P = (0.93 x 106) x 1917 = (0.71 x 749.63)
= 2277.79 psi
(+ 1S COMPRESS IVE)
Q= (0.93 x 106) x 1917 - (0.71 x 749.63)
) = 1287.83 psi
(+ 1S COMPRESSIVE)
8p 0.5 x tan~l 1.73 x (-555)/ 2(788)

- 287 - 842 =

32-1/2°

N 33° E

COMPASS DIRECTION IS:

3714

" INDICATES DECREASING DIA. -

CALCULATION SHEET. SIMPLIFIED ANALYSIS




Table 6

OVERCORE FIELD DATA SHEET
CLIENT'S NAME _ SOMED #1

RIG TYPE ——— . RECORDER(S)NAME (5)

PAGE___ OF ___
DAMES 8 MOORE

20

JOB NUMBER DATE STARTED _2/15/79 _ DATE COMPLETED
SITE _near Hole #2 HOLE __#1
) AZIMUTH DIRECTION OF HOLE vertical COLLAR ELEVATION
o TEST No... 4 GAUGE IDEN._ BHG _ "READOUT IDEN.Vishay P-3504_
FIELD ENGINEER/GEOLOGIST Sellers, McLean, Hayatdavoudi
DISTANCE FROM START OF OVERCORE TO CANTILEVER TIPS 8"
DIST. OF READING UNIT
! OVER UNITS TIME , REMARK
RE 1 2 3
8560 4520. 4380 . 3:05 initial (out of hole)
l 27750 264845 21065 3:21 | in hole dry
27955 24980 21300 3:26 | water circulating
B
27795 24815 20970 3:27 | rotating
. 1| 27800 24820 20965 3:28 .
25' 10 27805 24825 20980 3:;29 | penetrating
27810 26820 20980 3:30
25' 11"| . 27810 24825 20980 3:31
26 27810 24845 20980 3:32
27820 24830 20980 3:35 drill stopped
. .al 27815 24830 20985 3:36
26 1 27815 24830 20990 3:37 | gage may have been
2 0 3:38 .
260 2| SR13 | 34830 | 33982 | 2i33 | 1ifred abour 1"
. .. 27820 24830 21000 3:40
26" 3 27820 24830 21010 33141
6" 4v| 27830 24830 21015 3142
27830 24830 21021 3:43
. el 27820 26835 21025 3:44
. 26 5 27800 24815 21000 3345 may have hit overcore
. 26" v 21733 24790 20965 3:46
OR!ENTATION : 27700 24740 20860 c 3:47
. - . . oul 27630 24700 20780 3:48
. o 26" 7 27595 24670 20680 3:49
27560 24665 20630 3:50
2 60°| 500 3126 8" 27555 24670 20590 3:51
T 2gt gu 27545 24675 20570 3:52
6" 9 27550 24680 20555 3:53
| v 1ol 27550 24700 20550 3:54
26" 10" 57535 24690 | 20540 3:55
« <1l 27535 24700 20535 3:56
26" 11 27535 24690 20530 3:57
! INCL INATION
' SURFACE
l DRILLING €O.
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Table 7

[ 1 1---1 R-8& 1 11 ¢}

premerergreeal FLEE [

3iva

6L-TE-5

siaffes A8

6L-51-z 31V0

EVALUATION OF MAJOR AND MINOR PRINCIPAL STRESS VECTORS ASSUMING PLANE-STRAIN

€

u3

CALIBRATION X READOUT = DEFORMATION
(K, =0.985) X (R, =275 ) = (u, = 271)
(Kz -0.988)_ X ("z = 150 ): (Uz - 148)
(K; =0.979) X (R3 =470 ) = (U3 = 460 )
MODULUS (1SOTROPIC) = 8-56 x 106 sy
uz DEF INITIONS :

A= U‘ + Uz + U3

0 U]

< L=t - Y
m= U2 - 03
n-Uj-Ul

PLOT P - Vi2 2 2
PLOT NORTH 8 L8+ mé +n

6d = 1.5 IN.
Pe=cX(A+(0.71 XB)
Q=Cx (A- {0.7V XB)

1.73 % (Ug - U3k
(2u; - Uz - u3)

Bp = 0.5 X ARC TAN

"Bp = DIRECTION OF P OR Q COUNTER
CLOCKWISE FROM Uy (FOR POSITIVE 8)

U; = DEFORMATION ALONG DIA.'S; (-)

LOCAT1oN _Near Hole #2 SOMED project

HOLE NO.— 1 TEST NO.—2 __ pFpTH 25'10"
A= - 879 : ( x 1076 1n.)
L 123 2 . 15129
o . -2 2. _ 97344
o= 189 g _wnL

B = -\/_ 148194, 384.96

¢ = E/6d X 105PS1/IN.

C = 8.56/6 x 1.53 x 106 = 0.93 x 10° -
P = 0.93 x 879 + (0.71 x 384.96)
= 1071.66 psi '
{+ iS COMPRESSIVE)
Q- 5.93 x 879 - (0.71 x 384.96)
= 563.28 psi
(+ IS COMPRESSIVE)
o 0.5 x tan™} 1.73 x (-312) / 2(271)

148 -~ 460 = 42°

[}
COMPASS DIRECTION 15 — N 48 E

ERRF]

INDICATES DECREASING DIA.

CALGULATION SHEET. SIMPLIFIED ANALYSIS




Table 8

OVERCORE FIELD DATA SHEET
CLIENT'S NAME _____ SOMED #1 _
- JOB NUMBER : DATE STARTED _2/15/79 _ DATE COMPLETED
SITE near Hole #2 woLe __#1
AZIMUTH DIRECTION OF HOLE vertical _ COLLAR ELEVATION
TEST No. 5 ' GAUGE IDEN.__BHG ___ READOUT IDEN.Vishay P-350A
FIELD ENGINEER/GEOLOGIST _Sellers, McLean, Hayatdavoudi
DISTANCE FROM START OF OVERCORE TO CANTILEVER TIPS 6"
—
DIST. DF READING UNITS
OVER TIME i REMARK
ORE 1 2 3
33840 15930 18180 - 4:14 before circulation
‘water circulating
33880 15960 18120 4320 | rotating
, .| 33880 15975 18130 4221 . )
26" 1171 33830 __15960_ 18135 4:22 | penetrating #
277 33895 15965 18140 4:23 |,
33895 15970 18150 4:24 | # drifting some
33890 15960 18150 4:25
27" 1"| 33890 15970 18130 4:26 | decreasing abnormally
. .| 33860 15960 18095 4:27
27' 2" 33840 - 15970 18000 4:28
v an| 33805 15990 17940 4:29
27" 3" 33790 16020 17810 4:30
. .| 33770 16040 17760 4:31
27" 4" 33765 16055 17700 43132
o7t gu| 33745 16075 17675 4:33
33740 16095 17640 4134 -
. .ol 33740 16105 | 17630 4:35 | .
27" 6" 33740 16115 17610 4:36 4
. .| 33730 16115 17610 4:37
27 7" 33730 16110 17600 4138
b7 gn| 33730 16120 17570
ORIENTATION :
] 27' 9"
ol
P
INCLINATION
‘SURFA
SURFACE DRILLING CO.
RIG TYPE RECORDER (S)NAME (S)
PAGE___ OF ___
« DAMES 8 MOORE
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6L-1e-g 34V0
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EVALUATION OF HAJOR AND MINOR PRINCIPAL STRESS VECTQRS ASSUMING PLANE-STRAIN

E

u3

i

B CAL IBRATION X READOUT = DEFORMATION
- 5 26'11"

(Kl =0,985) X (Rl = 160) = (U] = 158 ) HOLE NO. — 1 ___TEST NO.—3—_DEPTH 26711

LOCATION —_near Hole #2 SOMED Project

(R, =0.988) x (R, =-145) = (v, ==143 ) A = . 553 . ( x 1075 in))
(K3 =0.979) X (R3 = 550) = (u3 = 538} L= 301 2w 90601
HODULUS (1SOTROPIC) = 8-56  x 108 psif m = =681 m? = 463761
u2 = 380 2 144400
DEFINITIONS: n? =
A vl Astyrly+ by g = '\/ 698762 o 835.92
L=u, - U ,
<4 i 2
c -~ _8.56/6x 1.53 x 10° = 0.93 x 10°
m = U2 - U3 -
ERTRENTS P = (0.93 x 106) x 553 + (0.71 x 835.92)
PLOT P - V2 2 2 = 1066.25 psi
B = + +
PLOT NORTH L% 4 m® 4 n (+ IS COMPRESSIVE)
¢ = E/6d X 108Ps1/IN. .
: 0= —(0.93x 105 x 553 - (0-71 x 835.92)
Iai :)I.S IN. - a7.67 .
;= E : :: t ig';' X 8) (+_1S_COMPRESSIVE)
' ~1
0.5 x tan 1.73 x (~681)/ 2(158)
1.73 X (Uy = U3) 8p
8p = 0.5 X ARC TAN 2 - Y3

(2uy - Uy - U3)

DIRECTION OF P OR Q COUNTER
CLOCKWISE FROM Uy (FOR POSITIVE 8)
U; = DEFORMATION ALONG DIA.'S; (-)
INDICATES DECREASING DIA.

Bp

+ 143 - 538 = 43°

N 47°

COMPASS DIRECTION 1S:

3114

CALCULATION SHEET.

SIMPLIFIED ANALYSIS
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Table 10

BI-AXIAL TEST DATA SHEET

' File:  SOMED e
Readout: Vishay P-350A By: Sellers Date: 2/15/79
Chamber: _BMC Boring:
' Core diameter: 6" : Depth:
Core length: __14'6"
' :gg;;ige Axi‘s no. ! ARI Axis no.2 AR2 Axis no.3 AR3
33220 20980 30612
' 33105 20778 30110
33105 20780 30112
200 33150 20830 30170 3
' 400 33225 20905 30224
600 33308 20982 30298
800 33438 21072 30390
' 1000 33505 21150 30467
0 33126 20787 30097
. 200 33184 20841 30160
' 400 33236 20908 ‘ 30214
600 33322 20980 30284
800 33402 21059 30358
' 1000 33463 21130 30432 )
0 33Q90 20764 30066
[0] 33098 20767 30060
' 200 33155 20820 30123
N 400 33227 20895 30192
600 33303 20966 30263
' 240 33388 21048 30341
1000 33468 21124 30414
' o] 33042 20758 . 30057
f \ +— ._
N |
’
i




Field Measurement of Peak
Ground Particle Velocity

The first question that was ;nswered was the difference between the
amplitude and the frequency of seismograms obtained for the same blast
and the same distance from the shot, one in underground and one at the
sqrface, in a series of preliminary tests. The result is shown clearly
in‘Figure 12. The waves recorded at the surfacéhavelowerffequency (average
14 HZ) and higher amplitude while the waves recorded at the mine roof
in the underground mine have higher frequency (average 50 HZ) and lower
amplitude. The second question that was addressed was the difference
between the magnitude of peak ground particle velocity obtained by using a
VS~6000 velocity meter mounted on the T-board at the center of the cross-
cut and the VS-1400 velocity meter held by epoxy to the roof at the center
of the cross-cut. Figures 13 - 16 clearly show that the roof bolt or type
instrument used has a definite effect on the amplitude of peak ground

particle velocity. Tables 11 - 18 give approximate peak particle velocities

for approximate scaled distances which may be used for blast designs.

“Despite these facts, for practical design purposes with an added safety

factor, the principal investigator favors the instrument giving higher
peak particle velocities. During the course of underground work, it was
also found that the highest amplitude of vibration, as was expected, came
from the center of the cross-cut, not from places adjacent to the pillars.
The field work started after the preliminary measurement and analysis

and with it several questions were asked that had to be answered. They are

as follows:
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Typical Vibration Trace for
the Same Shot and Same Distance
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V1 (in/sEc)

8.00

UL

6.00 PEAK GROUND PARTICLE VELOCITY
_ (TRANSVERSE TRACE)
| VS, SCALED DISTANCE
4,00 SURFACE BLAST - UNDERGROUND MEASUREMENT
_ (WATTS AREA - SECTIONS 200 AND 205 EAST)
2.00 L
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Figure 13 - Comparison of Transverse Trace of T-Board
Mounted (Bolted) VS—6000
and Epoxy Held VS-1400 Velocity Meters
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Figure 14 - Comparison of Vertical Trace of T~Board-
Mounted (Bolted) VS~-6000
and Epoxy Held VS-1400 Velocity Meters
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Vp (1N/sEc)
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Figure 15 -~ Comparison of Radial Trace of T-Board
Mounted (Bolted) VS-6000
and Epoxy Held VS-=1400 Velocity Meters
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Figure 16 - Comparison of Vector Sum of T-Board
Mounted (Bolted) VS-6000
and Epoxy Held VS~1400 Velocity Meters
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1)

2)

How does the average surface ground particle velocity compare
with the average ground particle velocity at the underground
mine roof for the same blast monitored simultaneously at the
same distance from the blast? Based on VS-6000 data, Figures

17 - 20 show that on the average the surface blasts give

‘higher peak particle velocity for transverse trace up to

about 140 scaled distance, 45 scaled distance for vertical
trace, 450 scaled distance for radial trace, and 50 scaled
distance for vector sum‘groung particle velocity. It should
be nofedkthat caution must be exercised for the regions near
the surface and underground lines intersection. Tabies

19 - 26 give approximate ground particle velocities at an
equivalent scaled distance for simultaneous blasts monitored
at the same distance from the blast.

Appendixes A and B show the statistical analysis of data for
Figures 17 - 20 for two different models. The analysis points
to the fact that the square root scaled distance wave
propagation law predicts the surface ground particle velocity
invariably better than ground particle velocity at the under-
ground mine roof.

How does the average ground particle velocity at the underground
mine roof measured at some angle to the surface blast compare
with the average ground particle velocity measured at the

underground mine roof directly beneath the surface blast?

'”Figures 21 - 24 depict the fact that up to some scaled distance
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Figure 17 -~ Comparison of Transverse Trace
of Simultaneous Monitoring Experiment
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of Simultaneocus Monitoring Experiment
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Figure 19 - Comparison of Radial Trace
of Simultaneous Monitoring Experiment
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Table 23 - Simultaneous Monitoring
Transverse Trace at Underground Mine Roof
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6.00 PEAK GROUND PARTICLE VELOCITY
TRANSVERSE TRACE
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Figure 21 - Comparison of Direct and Angle
Particle Velocity - Transverse Trace
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Figure 22 - Comparison of Direct and Angle
Particle Velocity - Vertical Trace
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Figure 23 - Comparison of Direct and Angle
Particle Velocity - Radial Trace
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Figure 24 - Comparison of Direct and Angle
Particle Velocity - Vector Sum
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the blasts directly on top of the underground monitoring station

at the mine roof result in higher ground particle velocity.

However, caution must be exercised when the ground particle

velocity lies near the intersecting lines or where the

difference between the two lines becomes small.

Tables 27 - 34 give approximate gfound particle velocity at

an equivalent scaled distance for blasts monitored at the
underground mine roof at an angle and directly beneath the

surface mine blast.

L L

Appendixes C and D show that particle velocity monitored at

some angle have a poorer correlation with the scaled distance

law than the particle velocity monitored at the underground

mine roof directly beneath the surface mine blast. However,

it should be noted that the number of data for angle blasts

is 18 compared to 25 for direct blasts.

" 3) Does the composite angle and direct blast have a good

,f

correlation with the scaled distance wave propagation model?

V%igures 25 - 28 show a fair fit to the data. Tables 11 - 14

given previously may be used for approximating the ground

particle velocity and equivalent scaled distance for Figures

25 - 28.

Appendix E shows the statistical analysis of composite data
for angle and direct blasts. It is noted that the correlation

with the scaled distance model is fair.
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Figure 25 - Transverse Peak Particle Velocity
Composite Plot for Direct and Angle Shots
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Composite Plot for Direct and Angle Shots
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Composite Plot for Direct and Angle Shots
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4)

5)

How does the average ground particle velocity measured at
the surface correlate with the direction of major and minor
principal stresses? Figures 29 - 32 show that blasts
monitored along the N40 to 50W axis, the minor principal
stress as opposed to N50 to 40E, the major principal stress,
result in a higher transverse particle velocity, lower
vertical ground particle velocity up to about 200 scaled

distance, higher radial particle velocity up to 50 scaled

‘distance, and lower vector sum ground particle velocity up

to abdut 25 scaled distance. These results, on the average,
should provide some idea about where and at which direction
on the surface a higher or lower ground particle velocity
could be expected.

Tables 35 - 42 give the approximate ground particle velocity
with the equivalent scaled distance for blasts monitored
along NW and NE directions, respectively.

Appeﬁdixes i3 and G show the results of statistical analysis
for two models. The correlations with scaled distance model
appear to be fair enough, for all practical purposes, in both
directions.

How does the composite ground particle velocity measured at
surface along NW (minor) and NE (major) principal stress axes
correlate with the scaled distance law? Although answering
this particular question was not a part of the main objectives,

it was decided to shed some light on this matter for the
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L

purpose of designing scaled distances which were corrected
for the directional effects of field stresses at the surface.

1 during the surface blast - surface

The previous study
measurement experiments did not correct for the effect of
principal stresses, therefore it was deemed necessary by the
principal investigator to provide a better guideline for
designing scaled distance to be used in surface mining
operations.

Figures 33 - 36 show the composite plot of ground particle
§elocity vs. scaled distance and ac;ompanying Tables 43 - 46
provide approximations of magnitude of ground particle
velocity for equivalent scaled distance corrected for the
tofal effect of field principal stresses.

Appendix H gives the results of statistical analysis for two
models attempted. The analysis points out to a fair

correlation of data with square root scaled distance law as

was expected.

(It should be noted that in all statistical analyses, if the number of

observations (measurements) is less than 20, the results should be considered

amendable.

However, it should be remembered that the data fewer than 20 or

30, in any case, ﬁoints out to the direction of what might be expected.)

6)

Since it is known that the amount of strain is the critical
factor in breaking a certain kind of rock and not the ground
particle velocity, then what is the equivalent elastic strain

for a given magnitude of ground particle velocity? The first

91
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step taken toward answering this question was to utilize

the dynamic physical properties of rock measured in the

rock mechanics laboratorv (Table 3), particularly the Vps
compare the Vp measured in the laboratory with the Vp

measured at the mine roof in order to provide a reasonable
range of strains and stresses that could be expected as an
equivalent ground particle veloéity. A reasonable Vp

measured in the laboratorywas 17,756 ft/sec and an average

Vp measured at the mine roof was about 12,000 ft/sec, Poisson's
ratio = 0.329, shear wave velocity = 8,710 ft/sec, Young's

[

modulus = 7.039 x 106, and shear modulus - 2.525 x 100 psi.

3

The strains and stresses were computed as follows,~ with

units corrected to read in micro-inches per inch and psi,

respectively:
-A -A
éE =‘?£r“ ~and ){==7a;*
where:
6 = normal strain
A = ground particle velocity (inch/sec)

Cp = compressional wave velocity (ft/sec)
X’ = ghear strain (micro~inches/inch)
Cg = shear wave velocity (ft/sec)

and

& - AE(1-V) and T = -AG
(1Y) (1-2Y) cp Cg
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where

6

normal stress (psi)

E = Young's modulus (psi)
1) = Poisson's ratio
G = shear modulus (psi)

c

Note that in all of the computations, we assumed, for the

shear stress (psi)

sake of simplicity, that a) roof rock is elastic, b) waves
follow simple harmonic motion, and c) the roof rock is

allowed to move only in one Airection.y It is also important
to note that strains equivalent to Vyayx (maximum peak particle
velocities of three traces added together), Vyrs VYV’ Vyr
(components of the motion vector in transverse, vertical, and
radial traces at the same phase), and Vp (the vector sum of
Vyrs Vyy» AND VYR) are only shown here as a matter of curiosity
because the assumption of unidirectionai wave propagation does
justifilthe calculation of equivalent strain and stress by

the equations given previously. In short, the strain and
stress as a result of vertical ground particle velocity
measured at the mine roof is most valid; the rest provide only
an order of magnitude figure.

I1f in the above equations an average Vp of 12,000 ft/sec is
measured at the mine roof, the normal strain and stress is
almost doubled. However, as seen in Appendixes I - K, the

highest amount of strain associated with the peak vertical

101




ground particle velocity with Vp taken as 17,756 ft/sec or
12,000 ft/sec ranges from 4 to 8 micro-inches per inch with
an equivalent stress of 41 to 82 psi. If these numbers are
compared with the typical strength characteristic of rock
(Tables 1 and 2) or just read on the stress—strain curves
for the rock,l’2 it is noticed that they are far below the
failure range of rock strength, either in tension or
compression for the dry rock.

In order to carry the precautions to a practical limit, the
scaled distance shoui& be kept above 48 during the summer
months when high mine roof condensation and adsorption of
water at high stress concentrations with a great deal of
clay content occurs. In designing scaled distance as such,
the peak particle velocity at the mine roof would be most
likely in order of 2/10 to 3/10 or leés with an equivalent
strain of fractions of micro-inches per inch to 2 micro-inches
per inch.

Although all theories used in calculations of strains and stresses appear
to be’sound, the pgincipal investigator was not quite convinced that the
surface blasting, as carried out by surface miners, had a very minimal effect
on the underground mine roof. So, for many times, the principal investigator
and his assistants stayed in the underground mine under the blasts of surface
mines to see for themselves the theory results. Prior to the blasts, many
markers were set at the mine roof and general observations were made to see

if any unexpected or unusual mine behavior could be noticed. All the visual
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observation pointed to was the fact that was predicted by theory; a few
micro strains could not destabilize the mine roof.

Again the visual observations and theoretical computations were not
quite convincing. This led to further work involving further
instrumentation and data collection on the behavior of underground mine
at a designated area. This particular phase of‘work is referred to

hereafter as pre- and post-blast survey of the underground mine.

Pre- and Post-Blast Survey

Tt is often necessary to establish a histor§ of roof rock behavior
before any drastic action sﬁch as heavy surface biasting takes place.
This is because one wishes to know or have some idea about two important
factors that affect the behavior of roof rock. One is the effect of time
(in a domain of steady increase of time or in a cyclic domain like day
and night or yearly or seasonal changes) on the roof and floor convergence,
roof strata separation, load change on the roof bélt, pillar dilation,
and pillar shortening. We shall refer to the plot of these parameters vs.
time as the natural behavior of the mine because it is only affected by the
underground mining procedures, plans, orientation, geology, mineralogy,
methods of roof support, field stresses, moisture, coal and rock mechanics
properties, bulk material handling, production rate, mine design, rock
stand-up time, government regulations, mine worker, mine supervisor, and the
like. The other is the cumulative effect of external causes such as surface
mine blasting on top of the underground mine on the natural behavior of

the roof rock as was mentioned above. For the sake of brevity we refer to
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the time plots of convergence, roof bolt load, strata separatioms, pillar
shortening, and ﬁillar dilation prior to the heaviest blast of scaled
distance 25 on April 11, 1979, and after as pre- and post-blast survey.
Moreover, the survey is strengthened by measuring of mine roof ground
particle velocity at several stations direct}y under the blast, remotely
monitoring of roof bolt loa& changes at least at one station directly below
the surface mine blast in the underground mine and continuously by monitoring
of roof and floor convergence at least at two stations directly under the
blast during the blast. In order to have the least interference with goth under-—
ground and surface mine coal produc;ion, the_principal investigator waited until
Section 205E of Mary Lee No. 2 and a section of Watts area Cobb Mine had
a period of two weeks unscheduled work. The insfruments were quickly
installed, experimental blast holes drilled, and pre-tlast survey was
conducted for about a week, ' The blast was set off and monitored by the principal
investigator and post-blast survey was conducted for about one week. The
time duration for the experiment was considered adequate in view of past
mining experience in the area.
The pre- and post~blast survey results are as follows:
' 1) Figures 37 - 40 show the results of tape extensometers
installed according to the plan presented in Figure 2
measuring Hy, the roof and floor convergence. The graphs
show that neither the slope of the line intersecting the
dashed line refefred to as blast event line, nor the

general behavior prior and after the blast has changed.
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2) TFigures 41 and 42 show the same trend recorded by the

convergence meters.

3) Figures 43 - 46 show the results of Ho, the pillar dilation.

The slope of the line intersecting the blast event line, the

pre- and post-blast survey do not indicate an unusual change.

.

4) Figures 47 - 50 show the results of H3 parameter, the pillar

shortening. As is evidenced here, neither the slope of the
line intersecting the blast event line nor the pre- and
post-blast survey have been changed.

5) Figures 51 - 57 indicate that straga separation did not take
place prior; during, or after the blast at 5 feet or 2 feet
adjacent to single point rod extensometers.

6) Roof bolt load cell data only indicate usual trend of anchor
loosening prior, during, and after the blast. These afe
shown in Figures 58 ~ 62.

In short, the pre- and post-blast survey of underground mine reveals

that the surface blast did not affect the stability of mine roof and, above

all, the magnitude of changes documented are negligible. 1In fact, the

|
)

actual measurements had to be exaggerated scale-wise so that we could produce

a graph for the purpose of demonstration.
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b
L CONCLUSIONS
On the basis of our laboratory and field research work and the
L limited data, the following may be concluded:
1) Surface blasts monitored at éurface usually give higher
L ground particle velocity up to a certain scaled disténce
when compared with the mine roof ground particle velocity
for the same blast.
L3 2) The instruments bolted to the roof usually give a higher
ground particle velocity than_;hose held to the roof by
'] epoxy;

3) Rocks are strong enough to take the surface blast dyrnamic

loads.
! 4) The amplitude of ground particle velocity at the mine roof is
! usually lower than that of the surface but the frequencies in
; underground mine roof are much higher.
’ 5) Major and minor principal stresses affect the magnitude of
j grouﬁd particle velocity to some extent.
! % 6) The surface blasts monitored directly above the underground
3}- mine give a higher ground particle velocity up to some scaled
;f distance than the blasts monitored at underground mine roof

at some angle.
7) The magnitude of equivalent strain for any given ground
particle velocity measured at underground mine roof is quite

small.
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8)

9)

Pre~ and post-blast survey indicate the surface mine blast
does not affect the stability of supported mine roof.

The magnitude of parameters measured prior to, during, and
after the blast are quite small and does not point to any

changes as a result of surface mine blast.

133~



REFERENCES

, - . a any - - o - - o S -t I :

134




=

[

|

DR S N e B - e e e

10.

11.

12.

13.

14.

REFERENCES

Hayatdavoudi, A., Brown, R. C., and Simpson, T. A., "Determination of
the Impact of Surface Coal Mine Blasting on Contiguous Underground
Operations', Final Report, Volumes 1 & 2, Mineral Resources Institute —
State Mine Experiment Station, University of Alabama, June, 1977.

'Hayatdavoudi, A., Brown, R. C., 'Wave Propagation from Surface Mine Blast

to the Adjacent Underground Mine'", proceedings of the 20th U.S. Symposium
on Rock Mechanics, Austin, Texas, June, 1979.

Jaeger, J. C., and Cook, N. G. W., Fundamentals of Rock Mechanics,
Methuen and Company, LTD, London (Barnes and Noble, Inc., U.S.A.)

Hunter, T. W., "Effects of Air Quality Requirements on Coal Supply", a
supplement to Bituminous Coal and Lignite Distribution Reports, U.S.
Bureau of Mines Mineral Industries Survey, May, 1976.

Langland, R. T., ."Three-Dimensional FE Analysis of a Room and Pillar Coal
Mine (a comparison with experiment)'", Proceéedings of the 2nd International
Conference on Numerical Methods in Geomechanics, Volume 2, June, 1976.

Wiss, J. F., and Nicholls, H. R., "A Study of Damage to a Residential
Structure from Blast Vibrations'", American Society of Civil Engineers,
1974.

Bollinger, G. A., Blast Vibration Analysis, Southern Illinois University
Press, 1971.

"Ground Control Aspects of Coal Mine Design", proceedings of the Bureau
of Mines Technology Transfer Seminar, Bureau of Mines Information
Circular No. 8630, 1974. '

Thoenen, J.:R., and Winder, S. L., "Seismic Effects of Quarry Blasting",
U.S. Department of the Interior, U.S. Bureau of Mines Bulletin 442, 1942,

Siskind, D. E., and Summers, C. R., ''Blast Noise Standards and
Instrumentation'", U.S. Bureau of Mines Technology Progress Report No. 78,
May, 1974. ' :

Lewis, W. E., and Tandanand, S., '""Bureau of Mines Test Procedures for
Rock™, Bureau of Mines Information Circular No. 8628, 1974.

Siskind, D. E., Stachura, V. J., and Radcliffe, K. S., "Noise and
Vibrations in Residential Structures from Quarry Production Blasting",
U.S. Bureau of Mines Report of Investigation No. 8168, 1976.

Nicholls, H. R., Johnson, C. F., and Duvall, W. I., "Blasting Vibrations
and Their Effects on Structures'", U.S. Bureau of Mines Bulletin 656, 1971.

Duvall, W. I., "Design Requirements for Instrumentation to Record
Vibrations Produced by Blasting', U.S. Bureau of Mines Report of
Investigation No. 6487, 1964. ' :

135



15.

16.

17.

18.

19.

20,

21,

22,

23.

24,

25.

26.

27.

28'

Devine, J. F., et al, "Effect of Charge Weight on Vibration Levels
From Quarry Blasting', U. S. Bureau of Mines Report of Investigation

No. 6774, 1966.

Duvall, W. I., and Fogelson, D. E., "Review of Criteria for Estimating
Damage to Residences from Blasting Vibrations", U. S. Bureau of Mines
Report of Investigation No. 5968, 1962.

Duvall, W. I., and Obert, L., "A Gage and Recording Equipment for
Measuring Dynamic Strain in Rock', U. S. Bureau of Mines Report of
Investigation No. 4581, December, 1949.

Overbey, W. K., Jr., Komar, C. A., and Pasini, J., "Earth Fracture
Systems and Their Effects on Fossil Fuels Extraction Processes",
American Society of Petroleum Engineers Distinguished Lecture Series,
1975-1976, AIME.

Ang, A. H. S., "Numerical Apprdach for Wave Motions in Nonlinear
Solid Continuum", Proceedings of Conference on Matrix Methods in
Structural Mechanics, Wright-Patterson A.F.B., November, 1966.

Wilson, E. L., et al, "Nonlinear Dynamic Analysis of Complex Struc-
tures', Earthquake Engineering and Structural Dynamics, Volume 1,
p. 241-252, 1973.

Birkenhauer, H. R., An Analysis of Displacement Caused by Quarry
Blasts, Seismic Observations, John Carroll University, Cleveland,
Ohio, May, 1957.

Carder, D. S., "Seismic Investigations of Large Explosions", Journal
Coast & Geodetic Survey, Volume 1, 1948, p. 71-73.

Birkenhauer, H. R., Ennis, R.; and van Hamm, J., '"Statistical Eval-
uation of Quarry Blast Parameters", Earthquake Notes, Volume 32, 1961,
p. 23.

Carder, D. S., and Cloud, W. K., "Surface Motions from Large Under-
ground Explosions', Journal Geoph, Res., Volume 64, 1959, p. 1471-
1487. ’

Crandell, F. J., "Ground Vibrations Due to Blasting and Its Effect on
Structures'", Journal Boston Society of Civil Engineers, April, 1949,
p. 222-245.

Devine, Beck, Meyer and Duvall, "Vibration Levels Transmitted Across

"A Presplit Fracture Plane", Bureau of Mines Report of Investigations

No. 6695, 1965.

Duvall, W. I., "Strain Wave Shapes in Rock Near Explosions", Geoph.
Volume 18, 1953, p. 310-323. » ze€oph.,

"Vibrations from Instantaneous and Millisecond—Delayed Quarry
Blasts'", Bureau of Mines Report of Investigation No. 6151 1963
’ .

136




SN I I G B N RN

29, Edwards, A. T., and Northwood, T. D., "Studies of Blasting Near
Buildings", Crushed Stone Journal, Volume 36, No. 3, p. 10-23, 1961.

30. Fish, B. G., "Seismic Vibrations from Blasting'" parts 1-4, Mine and
Quarry Engineering, Volume 17, 1961.

31, Habberjam, G. M., Whetton, J. T., "On the Relationship between Seismic
Amplitude and Charge of Explosive Fired in Routine Blasting Operations”,
Geoph., Volume 17, January, 1952, p. 116-128.

32, Hudson, D. E., and Housnmer, G. W., "Structural Vibrations Produced by
Ground Motion", Trans. ASCE, Volume 122, p. 705, 1957.

33. Kisslinger, C., Mateker, E. J., and McEvilly, T. V., "Seismic Waves
Generated by Chemical Explosions'", AF Cambr. Res. Lab., Bedford, Mass.,
Report No. AFCRL-63-701, Final Report, July, 1963.

34. Langefors, Westerberg, and Kihlstrom, "Ground Vibrations in Blasting",
parts 1-3, Water Power, September, 1958, p. 335, October, 1958, p. 390,
November, 1958, p. 421. ' .

35. Leet,.L. D., Vibrations from Blasting Rock, Cambridge, Mass., Harvard
University Press, 1960.

36. Morris, G., 'Vibrations Due to Blasting and Their Effects on Struc-
ture'", (2 parts), The Engineer, Volume 190, p. 394, 414, 1950.

37. Morris, G., and Westwater, R., '"Damage to Structures by Ground Vibra-
tion Due to Blasting'", Mine & Quarry Engineering, Anril, 1953, p. 116~
118.

38. Rockwell, E. H. Vibrations Caused by Blasting and Their Effects on
Structures, Hercules Power Co., Wilmington, Delaware, 1934.

39. Crandell, F. J., "Transmission Coefficient for Ground Vibrations Due
to Blasting', Journmal-Boston Society of Civil Engineers, April, 1960,
p. 152-168,

40, Edwards, A. T., and Northwood, T. D., "Experimental Studies of the
Effects of Blasting on Structures', The Engineer, April, 1960, p. 538-

546.

41, Fairhurst, C., ed., Failure and Breakage of Rock, American Institute
of Mining, Metallurgical and Petroleum Engineering, 1967.

42, Fogelson, D. E., Duvall, W. I., and Atchison, T. C., "Strain Energy
in Explosion-Generated Strain Pulses", U. S. Bureau of Mines Report of
Investigation No. 5514, 1959.

43, Gupta, Il, and Kisslinger, "Radiation of Body Waves from Near Surface
Explosive Sources", Geoph., Volume 31, No. 6, December, 1966, p. 1057~
1065.

137



44,

45.

46.

47.

48,

49,

50.

51.

52,

.

- .

| S

Harris, C. M., and Crede, C. E., Shock and Vibration Handbook, 1961,
McGraw-Hill, N. Y.

Willis, D. E. and Wilson, J. T., "Maximum Vertical Ground Displace-
ment of Seismic Waves Generated by Explosive Blasts', Bulletin of
Seismic Society of America, Volume 50, No. 3, July, 1960, p. 455-459.

Alford, Jack L., "Damage Produced by Small Ground Motions'", Proceed-
ings of the Second World Conference on Earthquake Engineering, Tokyo,
1960.

.Clough, "On the Importance of Higher Modes of Vibration in the Earth-
quake Response of a Tall Building", BSSA, Volume 45, 1955.

Earthquake Engineering Research Institute, Symposium on Earthquake and
Blast Effects on Structures, Los Angeles, 1952. (Many authors cover
various aspects.) '

Housner, Hudson, and Alford, "Ground Shock and Building Motions Produced
by Quarry Blast", Proc. Soc. Exper. Stress Analysis, Volume 11, 1953.

Hudson, Alford, and Housner, 'Measured Response cf a Structure to an
Explosive-Generated Ground Shock’, BSSA, Volume 4¢, 1954.

Merritt and Housner, "Effect of Foundation Compliance on Earthquake
Stresses in Multi-story Buildings'', BSSA, Volume 44, 1954.

Tang and Newmark, "Numerical Analysis of Earthquake Response of a
Tall Building', BSSA, Volume 45, 1945.

138



