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VIBRATIONS FROM UNDERGROUND BLASTING

JamesJ. Snoidgross ! ond Dovid' E. 'S‘irskilnd 1

ABSTRACT '

The Bureau of Mlnes has 1nvestigated v1brat10n levels produced by blast-
ing at. four ‘underground sites to establish how such factors as type of explo~
- sive, delay blasting, charge weight ; and.geology affect: ‘amplitudes of ground
.-motion., A summary of the work is presented and the results of further analy-
'sis of the data are dlscussed. Square root scaling was found applicable to
~two of the underground sites and could be applied with minor error to all the
sites. Comparison of empirical propagation equations in the different rock
types indicates, that although the site effect is apparent, the combined data
may be used as a basis for engineering estimates of vibration amplitudes from
subsurface blastlng in many different rock types. Recommendations for pre-
'“dlcting and m1n1m1z1ng vibratlon amplltudes from underground blasts are given. -

5 , S
, INTRODUCTION ‘

Effects of vibrations from blastlng at quarry sites have been thoroughly
investigated by the Bureau of Mines with the goal of establishing a reliable;,
- technological basis to plan and conduct blasting operations that will mini-
mize the number of damage claims and nuisance complaints received by operators
of quarries, open pit mines, and surface construction projects. This research
~~has resulted in a comprehensive analy51s of parameters affecting blast vibra-
“tion amplitudes. Guidelines for safe blast design, methods to reduce vibra-
"tions without altering the efficiency of a blast round, and empirical means

‘rf-:to‘predlct maximum vibration amplitudes have been established that should

‘prove beneficial to both users of exp1051ves and the publlc.j

Nlcholls, Johnson, and Duvall (4)2 recently reported results of the
Bureau's 10~year program to.evaluate the problem of air and ground vibrations
from blasting., 1In addition to the published work of others; field data from
171 blasts at 26 quarry sites representing numerous rock types were analyzed
to establish damage criteria for resldentlal structures and-to make recommen-

: r,'dations‘for'safe blast design;sisome conclusions: from the study were

.,1Geophy31c1st.
‘_aUnderllned numbers in parentheses refer to 1tems in the 1lSt of references at
S the end of this’ report.,v :



kifcas fOllOWS" (1 Damage to re81dentlal structures from blastlng correlates more

' closely with the resultant. particle velocity of ground motion than with accel-
. eration or dlsplacement, (2) a peak particle velocity of 2.0 in/sec (5 x 107® 7
.~ m/sec)?® as measured from. any of three mutually perpendlcular directions in the;

- ground adjacent to a structure is. a reasonably safe upper limit to preclude

;;f]damage to the structure, (3): humans respond uncomfortably to.levels of vibra- '
©.. 7 tion.that are lower than. those mnecessary to cause damage.to structures; (4)
_,"ﬁ{mllllsecond delay blastlng -may be used to reduce vibration 1eve15 since ,

' resultant amplitudes are ‘determined by maximum charge weight per delay, not

- .total charge weight}; (5)-and- d1V1d1ng the distance from the -blast by the

. square root of the charge weight per. delay is an effective method for relatlng

data from different sized blasts to determlne an emplrical wave propagatlon
‘ ;equatlon for a partlcular s1te.,‘; o »

_ Based on these'findings,;it~was recommended that seismic instrumentation:
be used to determine the propagation characteristics of a site to insure that
the safe blastlng criterion of 2,0 in/sec peak. partlcle velocity is not .
exceeded.- If instrumentation-is not available, a reasonable margln of safety
from damage to structures - is provlded when. a scaled distance of 50 £t/1b%
“(22 6 m/kgz) is used. In equatlon form, :

’or‘conversely , ';"‘ R W ‘(D/50)2 “,_{ Q"d _e e jd'_ (2)
where D is the ‘minimum dlstance 1n feet from the blast and W 1is the maximum
charge weight in pounds per delay period, Thus, for example,/ at a distance
~of 1,000 ft from a structure, the maximum charge weight per delay that may

be detonated with small probability of damage would be 400 1bs. In situations
"where nuisance complalnts are to be minimized, stricter limits may be required.

:‘¥3The prime units in the text tables, and illustrations of this publication
- -are the U.S. customary units. Where appropriate," the‘approXimate '
" -equivalents in the International System of Units (SI) are included in
accordance with the rules for introducing modernized metric units estab-
~.lished in the National Bureau of Standards ASTM Metric-Practice Guide,
E380-70. 1In accordance - With the ST convention,:a space rather than a
comma is used to separate the diglts in a metric number such as ‘15 000.
“The U.S. customary numbers used throughout the report include commas,
. 'where necessary, to separate the.digits, The period is used as a dec1mal
f'pOLnt in both SI and U S e customary numbers.

Abbrev1atlons
. UsSe customary unlts : 8T umits
cin =dnch oo ©amm o= mlillimeter -
ft = foot oo m = meter .- -
b = pound - - oo kg = kilogram
sec = second -~ . sec = second
mV = millivolts . | - V =volts
g = unit of gravity - o




Four subsequent Bureau 1nvest1gat10ns of blast v1bratlons 1nvolved
'pmeasurements on the roof and walls of underground mines, - In the first study,~_
_Olson; Dick, Condon, and Fogelson (5) monitored; partlcle acceleratlons from
_"small scale and production blasts ‘in the shale formation of-the Whlte Pine :
',Copper mine’; White Pine, Mich, ~As in ‘the. quarry sLudLes square ‘root scallngjf
was found to be an effective technlque ‘to group data from dlfferent s1zed R

'q'blasts. Maximum vibration amplitudes, produced by ‘the zero-delay portlon ‘of dff,h

~each blast, could be: ‘reduced by decrea51ng the “amount 'of .explosive 1in-the
"zero-delay period. & Also, the use of ammonium nitrate-fuel oil (AN-FO) blast--

"’1ng agent produced smaller vibration levels than did. dynamlte. ‘Vibration dlf-

_ferences among mine headings and explosive types were not major factors in . -
Cestimating maximum v1brat10n amplltudes Wlth an emplrlcally derived propaga-
. tion law. o :

The ‘second study by Olson chk Fogelson, and Fletcher (6) ‘was con-
ductedrln the limestone-dolomite roof rock of the Shullsburg zinc-lead mine
‘Shullsburg, Wis. - Both particle acceleratlon and’ velocity measurements -were
_ obtained for single~hole shots and productlon rounds.?! Again, the zero-delay
portion of production rounds produced the maximum vibration amplltudes, even
. though the charge weight. of each subsequent delay period sometimes exceeded
that of the zero’ delay.¢ In contrast to the previous studies, cube ‘root-

‘ scallng appeared to be more appropriate for ‘the Shullsburg site, suggestlng :
that the geometry of a blast round and the conflguratlon of the opening may
‘have a pronounced influence on the scaling factor. . Square root scaling was
used, however, to compare the Shullsburg and Whlte Plne data which were: in
good agreement.r ' : _ '
/

In the thlrd study, Olson Fogelson Dick, and Hendrlckson (7) obtalned
: partlcle velocity measurements in the walls of a tunnel blasted in the Pikes
_"Peak Granite of the North American Air Defense Command (NORAD) Complex near
Colorado Springs, Colo.  Since dimensional analysis supports’ cube root
‘scaling and because the mature of the excavation at NORAD was 51gn1f1cantly
different from either White Pine or Shullsburg, a statlstlcal analysis was
performed on the NORAD data to determine whether square root or cube root
- scaling was more appropriate. The cube root factor was found more effective

“in-removing the effect of wvarious charge weights,  An empirical propagation
equation derived from the -cube-root-scaled data was used successfully to
- predict maximum v1brat10n amplltudes durlng subsequent expansion of the
excavatlon. » : :

, The PllOt Knob Pellet Co.'s underground 1ron ore mine- near PllOt Knob,
,Mo., provided the opportunity to study V1brat10ns in yet another rock type.
Siskind (12) recorded particle accelerations in the roof rock of a develop-
ment drift excavated in the massive, competent magnetite ore body, No data
from -production blastlng were obtained; however, a de51gned experiment using a
_range of charge weights in.single-hole blasts allowed determination of:.a best
'scaling factor and a propagation equation for the site. Square root scaling
was a good approximation of the statistically determined best fit'value of
0.55. Vibration measurements from different types of ‘explosives were .in

g agreement with the findings of Olson, Dick, Condon, and Fogelson (5) that
'*when other factors allow AN-FO may be used ‘to. reduce v1brat10n amplltudes. S
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k Of prlmary 1mportance in underground excavatlon is- the requ1rement to
'7?ma1nta1n rock stability and prevent rockfalls or damage to support: structures.'
. The high-intensity elastlc waves induced by production blasting and the
adjustment of rock due to stresses assoclated with the opening itself create
conditions that affect rock competency outside the excavation: boundary., Scott,
Lee, Carroll, and Robinson (10) observed ‘these effects and: demonstrated the
T'potentlal for geophysical technlques to predlct engineering and economic

" aspects of tunnel excavation,  Seismic refraction and electrical: re51st1v1ty
fjmeasurements indicated an-altered zone commonly extending 10 ft (3.0 m) or

- ‘more into the walls of a pilot bore driven with explosives in granlte.v

Physical property changes ‘were attributed to (1) blast damage in the first few
feet of the altered zone and (2). stress redlstrlbutlon in the-deeper layer,
‘Increasing seismic amplitudes wetre correlated with 1ncreas1ng fracture-spacing
‘observed along the walls of the pilot bore, and increasing resistivity values
were correlated with decrea51ng support requirements, suggestlng methods to
~define unstable zones where rockfalls mlght ‘be expected and addltlonal support
requlred.:‘f, : :

Although the problems assoc1ated with the use of exp1051ves underground
;dlffer from those encountered in surface blasting operations, simultaneous
“urban ‘expansion and subsurface excavation near ubran areas for transportation
- systems, utilities, and storage emphasize the need to understand and control
“.earth vibration caused by blasting. ‘Means for predicting vibration ‘levels

~in advance of blasting operations and methods to reduce maximum amplitudes
".while maintaining rock fragmentation capability will lead to more efficient
'vde31gn of underground blast ‘rounds and contribute to a safer working environ-
ment. - This report summarizes the studies of underground blasting and combines
the ‘data to estimate expected vibration levels over a Wlde range of geologic
condltlons and mining conflguratlons. T

“TEST SITES

B Vibrations were measured in underground mines representing four different
rock types: Shale, limestone, granite, and magnetite ore., Table 1 summarizes
the. physlcal properties of the mine‘rock as measured in the 1nd1v1dua1 studies:

‘White Pine

: The room-and -pillar Whlte Plne Copper mine is located 4 mlles south of
Lake Superior in Ontonagan County, Upper Peninsula of Michigan (5). The ore
body consists primarily of the lower 20 to 25 ft (6.1 to 7.6 m) of the
 Nonesuch Shale and the upper few feet of the Copper Harbor Conglomerate., The
" presence of numerous faults, joints, and compositional changes influenced the
“level and rate ‘of attenuation of the blast vibrations in the instrumented
headings. Detailed mappings of the test headings showing the local geologic
“structure are given in reference 5., Figure 1 shows the stratigraphic column
‘of the White Pine ore body and . the parting shale and full-column headings.
- Petrographic study of thin sections from the parting shale indicated that it
i1s a massive to thinly laminated gray siltstone consisting of thin carbona-
~ceous laminae separated by thicker 1am1nae of dominantly .silt-sized quart=z
grains (13). The massive siltstone is composed of uniformly interspersed

. silt=size partlcles of quartz, micaceous - minerals, and carbonaceous material.

‘ Dlscrete ‘areas of calcite were. found on many of the th1n sectlons (fig. 2)



TABIE 1.

- Physical properties of rock at test sites

~ Shullsburg, Wis.,

Pilot Knob, Mo, ,f . .

White Pine, Mich., Nomesuch Shale - , NORAD, Colo. , e
‘ T Platteville Formation| Pikes Peak Granite Bottom ore;, magnetite’.
UppeT_sandstone Parting shale Quimby's Mill Member | = L ' LR T
U.S. ST units U.S. ST units |- U.S. SI units U.S. ST units U.S.0 ST units "’
L customary __|customary __Jcustomary |’ ‘Jeustomary |- L customary | TR
. 'Specific 8ravityeesonnas 2.59 2.59 2.73] 2473 2,59 2,590 0 o e ’ : 3.90( " L3090 00
- :Compressive 'strength SR ) o T oE IR SR RS FllE
R ‘ lb/in?i(N/nF).. 21,550 148 x 106 |- 24,150 167 x 108 17,500 121 x 108 . 17,200 119 % 108 42,000~ 290~
S : k S 1 : . s . 58,000] 400 x 108
Tensile ‘strength ‘ , > L L » ) S A e |
lb/in?f(N/m?).. C01,690|11.7 % 108 1,330(9.17 x-108 75715.22 x 105 » 2112.91 x 1CP. Fia -
Brazilian tensile . = - [©7 . L L B , L T o
. Stremgth = . o ol L . o S
: /in® (N/eP)..| - - - - = e L e - 2,300~ .715.9-0"
B e L s ‘ B 2,800|19.3 x 1¢¢
Young's modulus (static)| - | ag o hep e u | e e e e 2,800 |
1b/ir® (N/vP)..|6.6 x 105 | 46 x 10° 17,1 x 108 | 49 x 10°[5.96 10°141.1 x 16° |5.04 « 108 347 % 10° ) s -
Young's modulus’ , : : : ' S ‘ , : e ’
(dynamic) - e - . ‘ R BRI :
1b/irf (N/2f).. - - - - - - 4.34 x 105]29,9.x I 11,2-f 77.2-
‘ : . : . 112.0 x 10P182.7 ¥ 10°
‘Shear modulus (dynamic). - - - - - - "|2.18 x 10°)15,0 x 1P R e e
' Poisson's ratio = : RS ST o
(dynamic)esrenn.,o.... - - - - v - : - 0.315) - 0.315] - -
Longitudinal velocity SRR R , , : ‘ ; R SR
ER ft/sec (m/sec)..| 16,800 5 130 :.17,300 5 280 18,400 56200 13,100 4 oio| = -
‘Torsional velocity . o ’ ; | , e -
e ft/sec (m/sec).. 10,300 3 130 10,100~ 3 080 9,910 3 020 w0 7,740 2:360] -
Bar velocity FRIR Y P : N N B e A T s
ft/sec (m/sec)..| 15,800 . 4 80| 15,700 4 790 15,000 45801 10,9001 "3 320 " 14 600- L
, , , 1 Lo : fod 151000

! Properties determined by the Uni
‘ other‘properties were determi

versity of Missour-Rolla for the
ned. at the Twin Cities Mining Rese

arch Center, -

Pilot Knob Pellet Co fprmation,known as the "lower ore.'™ .




0 0 20 30 40

50

L N L
B _ Scale, mm L ' _
"FIGURE 2 Thm sechon, partlng shale of White Plne ore body.

. Shullsburg -
- The Shuiisburg;.

mine’ is .a room~and--
“‘random pillar' zinc-

lead .mine located

“in Lafayette -

County in the
extreme southwest -
corner of Wiscon-
sin (6). The ore

body. is of the
-pitch-and-flat
““type where the:
-pitches are miner=~.

alized inclined
fractures cross-
ing the bedding

_planes at odd.-

angles and  the

- flats are mineral-

ized bedding plane
fractures. -The
test heading was

r,comprised of the

top part of the.

" -McGregor Limestone

ard the bottom

Jpart of the
‘Quimby's Mill

Members -of the -
Platteville Forma-
tion (fig. 3)

The Quimby's Mill
roof rock at the
test site. appeared

vuggy, and the

roof surface con~
tained undulations;
however, unlike

the Whlte Pine 51te, there were no maJor fractures and only a few spall areas
observed.’ The test heading is further descrlbed in a report by Olson, chk

Fogelson and Fletcher (_)

'NORAD-

The NORAD 81te is an underground complex hou51ng the Air Force Combat
'Operatlon Center located at Cheyenne Mountain, -5 miles south of Colorado

Sprlngs, Colo. (7).
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'FIGURE 3. -V’Strd’ri‘grlophi‘c colt}:’m"r‘\:'ond "’reysu’r head iag, VSthllsl:;urgb mine.

The rock is classified as Pikes Peak Granite of Precambrian age. The
‘test site was in an exploratory drift in an area of new construction, and
detailed geologic mapping by the Corps of Engineers found the rock to be a
coarse=grained biotite granite intruded by a fine-to-medium-grained granite.
The rock is essentially fresh and unaltered except for some thin zones, with
" fractures in the rock mass being moderately to closely spaced. Generally,.
the physical measurements (table 1) indicate that this section of the Pikes
Peak Granlte is a 1ess competent rock than Would be expected.

Pllot Knob

, The PllOt Knob magnetlte iron mine is located 1 mile egast of a'town of
the same name in Iron County, Mo., .70 miles south of St. Louis (12). The
‘mining method involves a unique combination of room-and-pillar and sublevel .
‘stoping techniques., The test heading was in the. .massive body of.ore identi-
fied as "lower ore'" and described as a medium- to fine-grained magnetite-
quartz~feldspar mixture. Ore grade averaged 37 to 39 pct magretic iron with
hematite as a minor constltuent. Most notable are the high strength values

‘(table 1).

Stratlgraphlc columns for thlS 31te and the NORAD study are not glven
“because. the headings, shots, and measurlng gages are a11 Wlthln a Qingle

massive rock body. ‘




' MEASUREMENTS AND ANALYSTS

Partlcle veloc1t1es and acceleratlons were measured underground at the,“
- four sites. The experiments were similar in design, although blast and gage
“geometries varied somewhat from site to site. Shots fired in an advancing .-
‘working face were detected with a. llnear array of gages mounted:on ‘the drift

 "3roof at White Pine; Shullsburg, and PllOt Knob ; “and on- ‘the wall near the

. floor at NORAD. ' At each site except NORAD, gages were: logarlthmlcally spaced
i_most of them Were placed near the shot.: The surface v1brat10n work ylelded '

. - c B Heading 2 E
‘5 0D 5 shotsl4-|7——>
e ’ '

~Scale,m -

0 10 20 30

e ™

~."'Scale, ft - ._
e

e sk

Heading " |
shots §-13

Lo
wsq T e TR

s70

FIGURE 4. - White Pine fest headings 1-2.




‘,exponentlal propagatlon equatlons that graphed as stralght llnes on. loo—log
‘-paper ‘and similar results were" expected from the  underground studies. With
- the” logarlthmlc gage: spac1ng, data points are more evenly distributed when
'plotted on log- log paper = ~ :

s Measurements were recorded on magnetlc tape at: hlgh speed (60 1n/sec)
_ and played back at low speed (L= 7/8 ln/sec) through appropriate amplifiers

to-a dlrect—wrltlng osc1llograph giving high- -resolution’ ‘records of ground -

motion as a function of time ranging in frequency from 60 Hz to over 10 kHz.

k 9Sca11ng of the distances by the charge weights was examined, and final.

"results were propagatlon laws relating leve'ls of v1brat10n to charge weights

'~,_ and shot-to- gage distances for each site.

Acceleratlon Measurements

. Particle accelerations were measured in three mines: White Pine,:
,Shullsburg; and Pilot Knob. The Shullsburg study involved acceleration
- measurements from a“single charge size for comparison with the White Pine
"~ work; however, an extensive'particle'velocity study-was made at this site
and is discussed in a later section. The White Pine and Pilot Knob studies
(lnvolved measurements over a range of 0.04 to 870 g (3.9 to 8526 m/sec?) and

kr,60 to. 20,000 Hz, far beyond the - capability of particle veloclty instrumenta-
- tion. ' The recording system was de51gned to have a 'flat response: from 2 ‘to

©.20,000 Hz (*£10 pct), exclusive of the gages. Near the blast, relatively
insensitive accelerometers were used having bandwidths of 2 to 15,000 Hz
,'”(+10 pct); further from the blast: area, more sensitive gages (2 to. 6,000 Hz
5 pct ) were employed. For comparison with the extensive surface v1bratlon
work and the other underground measurements, some of the acceleratlon records
phave been converted to partlcle ve1001ty : e

Whlte Pine

The White Pine study involved two dlstinct phases and a total of five
_test headings. Phase 1 was conducted in parting shale openings with gages
mounted on the base of the upper sandstone roof in headings 1-2 (fig. 4). Imn
heading 1, vibrations were recorded from a series of 13 shots ranging from
1/4 stick to &4 sticks of 1-1/4- by 16-in, 60 pct weight-strength ammonia dyna=-
~mite, -The l-stick shot size (0.911b, 0.41 kg) was selected as a standard for
comparisons between headings, and in nearby heading 2, four single-shot rounds
“were fired. Table 2 summarizes the shot data. . This initial work involved
_experimentation on gagefjnounting and protection techniques. Two methods of
‘gage attachment were used: (1) Mounting accelerometers on plexiglass cylin-
ders epoxied into holes in the mine roof and (2) direct epoxy mounting. The
plexiglass method produced resonance problems and was later discontinued (5).
‘Stemming consisted of. paper cartrldges fllled wrth fine- gralned sand that were
: tamped 1nto place behlnd the charge : ~




Whlte P1ne blast data

| 111‘3gi

TABLE 2
Ll Type of explos1ve, ~Number ,-:Charge s1ze', SR
Shot charge of. weight - Heading -
o e stlcks | Ib Kg - LT
' dgl 3.,...... Dynamlte.....;...;.fr;l/4 0423 |- O.lO L
B PR ] ST [« IR | 1/2, |- ab5 L2000 L
79 e i ieee | veesedOuannosnesene | LT 091 | 4L L
U 10-124 0 eees | evesad0essnannenee |20 S 1.84 | .83 |- 1
O K B N BT T (TP E - 3.64 1.65 1
EIRRERE 1/Ch I B R RE O 1 T R B B .91 A4l 2
18210 e e [ seeedOsvianeinnses | L w91 W41 3
. 224eieveses | AN-FO production... | NAp |39 17.7 -3
©7023-25.000e. | Dynamite.eeesesases | 1 91 L4l b
26=29.4 4545 | AN-FO production... | NAp~ | 39 17.7. | 4
. 30-33....v. | Dynamitesesceeseaae [ 1 9L W4l -5
U 34236, 284 [iedeedOeeaseeenaies [ 42 0 |38.2 | 17,3 | 5
" 37sesevnies AN-FO.............. -NAp. 39 117.7 | 5

77,NAp Not appllcable.'

Durlng the second phase of-the work v1brat10ns from productlon C

k ',shots in both full-column and parting shale headings were recorded in :

addition to single-stick shots. Headings 3-4 (fig. 5) were parting
“'shale openings on the fringe of active full-column Worklngs approx1mately
3,000 £t (920 m) from headings 1-2. Gages were mounted on the upper -
sandstone roof in parting shale openings (as in headlngs 1-2); however,

' the shots were in the full-column workuxgs with blastholes in both the

. parting shale and the upper sandstone.

Heading 5 (fig. 6) involved -

, production and test shots in a parting shale opening. Therefore, the
"gages were mounted -on the base of the upper sandstone,,as in the other head-
ings’, but in contrast to headings 3-4, blastholes were only in the parting
“'shale. ‘Detailed  structural geologles of the five test headings are given
‘ by Olson chk Condon and Fogelson (5) :

Wh1te Plne productlon shots cons1sted of AN-FO detonated w1th 75 pct
weight-strength ammonia gelatin primers in 1-5/8 in-diam holes. Extremely
wet headings were blasted with 60 pct welght strength dynamite. The' full-
- column rounds had 43 holes and were fired with millisecond delays (fig. 7).
Total charge we1ght was approx1mately 270 '1b (123 kg) with from 38 to 39 1b
+(17.3 to17.7 kg) in the zero delay. The parting shale rounds had 30 holes
"itotaling 180 1b (82 kg) with the zero-delay portion of 39 1b of AN-FO (or

© 38.2:1b.of dynamlte) being the largest charge in the round (fig. 8).  The
delay caps ‘used at White Pine separated the vibrations: from each delay
~ interval and ‘the maximum vibration amplltudes from all production rounds
were produced by the zero-delay holes. Blast data are given in table 2.
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‘Pilot Knob

. The Pilot Knob study
- was conducted in a single
© “heading in the magnetite
-~ bottom ore. -As in the
. White Pine study, vibra-
* tions from a geometric
series. of charge weights °
ywere examined. A total
. of 17 shots were fired,
~ranging' from 1/3 stick
to 10-2/3 sticks of
©1-1/2~-by 8-in, 75 pct
~weight .strength ammonia
‘gelatin-dynamite, The
weight of the 1/3 stick
of dyanmite for this
study (0.228 1b, 0.104.
- kg) closely corresponded
_to the 1/3 stick charge
-. for White Pine (0.23 1b,
- 0.10 kg). : The 2-2/3-
-gtick gelatin dynamite
“‘charge weight (1.83 1b,
0.833 kg) was selected as
“a standdard size and equiv-

- -alent weights of AN-FO and

‘slurry (40 pct strength)
were. shot for: explosive
Half-pound
cast primers were used
to detonate the AN-FO
and slurry blasting
agents. ‘'Blastholes were
2-7/8 in (73 mm) in diam-

- eter, and 'in some cases

venting occurred as the
fine sand stemming
failed to contain all the
~shots, Table 3 summa-
‘rizes the Pilot Knob shot
data.  Gages were mounted
on the drift roof using
‘epoxy as at White Pine.
Because of wet conditions,
-some had to be remounted
using aluminum plates and
'3/8-in anchor bolts.
Figure 9 shows the experi~-

‘mental drift including the
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lZ-gage, 1ogar1thm1cally spaced llnear array. Recording procedures and
equipment were the same as. those used in the White Pine study. Siskind 7
(12) describes the’ detalls of ‘the. shootlng procedure, geologlc structure,
and exp1051ve propertles for the Pllot Knob study.n,._ Ry

TABLE 3.;—'P110t Knob blast data

Type of exp1031ve 'h,Number_‘Charge size

Shot SRR ‘-charge L | of | weight

o L T ~ 0 l'sticks | Lb ool Ke
. 1-5, 15....... Gelatln dynam:l.te......_’,i 1/3 a0,2287 0.104
6-7,:1600 000 .....do...........-... o 2/3 1 .456 | .207

. 8=9, 17ivivees | seviedOsasnaiiesaceess | 11/3 1,913 | 415
C10-11, 1844ues [eseeedOiviiieiaiasaaes | 2-2/3( 1,837 ,833
21 eeeieeieeee | 6500 ed0iaiieiencceacos |- 5=1/3]3.66  |1.66"

T 22 eesieeseee | e eai0uiaeenacnascens | 10-2/3] 7.31 | 3.32
12, 20 eeueves | AN=FOurasoassnasesases | NAP [ 1.83 7| ,833
14, 19.0000ass 51ur;y...........,...o MAp - | 1.83 | .833

‘ NAp Not appllcable. Sl : e

Velocrgy Measurements’k

Partlcle velocltles were measured at- the NORAD and Shullsburg s1tes.
The recordlng system utilized e1ectromagnet1c type - veloclty gages with a
recommended operating range of 10 to 2,000 Hz and a nominal voltage sensitiv-
ity of 96.3 mV/in/sec (3.79 V/m/sec) in conjunction with high gain voltage
_amplifiers (dc to 15,000 Hz *3 pct). Overall system response was therefore
. suitable for falthful ‘reproduction of a majority of the waveforms, which
ranged in frequency from 60 to 2,600 Hz and in amplitude from:0.003 to 4, 56 o
. in/sec (0.0086 X 1072 to 1l.6 x. 10'2 ‘m/sec) peak particle: veloc1ty. ‘An
- alternate system employed at NORAD used similar velocity gages but different
type voltage amplifiers (2 to 15,000 Hz *3 pct), also giving adequate system-
response. Signal outputs from these amplifiers were recorded d1rect1y using
an oscillograph with high performance galvanometers.c

Shullsburg

At Shullsburg, v1bratlons from two ‘types of blast were recorded. Shots
1-8 in the rib at the front of ‘the gage spread each consisted of one 1-1/2-
by 12-in (38 by 305 mm) stick of 45 pct semigelatin dynamite weighing 0.92
1b :(0.42 kg). Shots were completely stemmed with sand cartridges, confining
“both the noise and gases produced and allowing return to the area shortly
‘after firing. In addition, nine standard production rounds (fig. 10) were
“monitored, - These employed a V-cut-consisting of. two columns of five holes
.each spaced approximately 6.9 £t (2.1 m) apart at the face and drilled to meet
‘at a depth of 8.2 to 9.8 ft (2.5 to 3.0 m) as shown in figure 9. Two columns
- of five reliever holes each were- collared at about 1.6 ft (0.5 m) from the
V-cut holes and angled toward the cut to prevent excessive burdens at the
toe, The remainder of the round consisted of addtional columns of four holes
.each drilled about 3.2 ft (1.0 m) from the previous column. Blasthole
.diameters ranged from 1-3/4 to 2 in. (44 to 51 mm). Normal charge per hole-
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UL S ~_ffc6néiéted'of'a°”
R S 1-1/2- by 12-in
(38 by 305 mm)
cartridge of

- Gelex 2% (45 pct

‘semlgelatln)
primed with-a - .
“half- second delay
electric cap;

»4,,;q’_”‘, - ..followed by five

' \\l-—lll MEHENE ¥ 1 1/2" by 16 1n ‘
: «],(38,by 406 mm)
cartridges- of 50
. pet-low-density
. 'ammonia -dynamite.

- 'Figure 11 shows

~relative locations
of the gage sta-
tions, l=stick

- -shots), and pro-

~duction rounds.
Maximum charge

-~ welght in the zero-

‘‘delay period of
the production
rounds varied
slightly (table 4).
. -
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o s o DT at Shullsburg
g Z il because’ of ‘exces-
Scale, m z "

sive moisture in
the roof.:" An =
alternate method -
used 4-in-diam by
'1/2-in-thick
~aluminum plates
“drilled and tapped
for mounting both
- O T i ‘a-velocity gage
FIGURE 9. - Pilot Knob test heading, - , and ‘an accelerom-
g , e S eter. The plates,
s <-with velocity and
acceleratlon plck-ups mounted , were then fastened to the roof u51ng 3/8- by
3-in expan51on bolts.r
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4Reference to spec1f1c brand names is made for identification only and does
_not 1mp1y endorsement by the. Bureau of Mlnes.
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) FIGURE 10. . Typical Shullsburg production round.
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TABLE 4. - Shullsburg blast daEa"r

_ Type of exp1031ve SR ,Charge size

;(Shot R f charge g SR welght
o 1-8iviledi. | Semigelatin dynamite......' 0.92 | 0. 42;
BRI DR Ammonla dynamlte........;.‘337 2 16.9

.'V : ,10. L . . ‘e ." .o l LN ] . ' .do. o e v 000000 . . ®-e 06 000 . - ‘35 54 ].6.71 ‘ .
: . ’11 16. ..' .; . ‘7. L] .do. o e v 00 .'. L .. * &0 .. L) .. | 741.6 N ]—8.9 -
- 175.:-....- nn’ca.dooco.tcc-oac.c-nrno.--- 36.8 -' ].6-7

NORAD

: A typlcal blast round in the exploratory drlft at NORAD con51sted of ;

- from 41 .to 47 blastholes with a burn cut -as shown in flgure 12, Blastholes ,

. were 7 to. 8 ft (2.1 to 2. 4 m) deep and fired- electrlcally in a’ delay sequencei

as’ indicated. Explosives used 1ncluded various " comblnatlons of Gelamite 2-
(45 pet semigelatin), Hercon 2 (50 pct. 1ow-density ammonia dynamite), ‘and -

air-emplaced AN-FO. Velocity gages were mounted on aluminum plates as

-~ in the Shullsburg study. - 'However , the gages were mounted along the walls -
.~of the excavation rather than the roof. Configuration of the shots and

"~ gage arrays are glven 1n flgure 13, and shot lnformatlon, in table. 5. -

:  ’TABI_E 5. - NORAD blast data

o R R ‘ - Type. of exp1031ve c . ioow | Charge size

© o Shot | oo charge o o weight
1-2..... Semlgelatln dynamlte...................... . .
Beceaeee]| veoesdOcueiecteiiaeacacaccacsncareniocna.a | 36, 16.
Beevooes| eeeee@Ouensianascacsoaseoensenosoassansans . .
Seeeesss| seeeel0ueensesassssoracoasssaisnacasasnss . .
Beveooss| oeeesdOcscoseccesiocsacncssosessessasanans | L1lo .

7.0..... 'Amonia.dynamite.o.loal.d-'.‘-oitu.’coo..oo...

Beoissane eoeeclOcesesasnosocncaasasceessosssecssasess | L3

Deevrans cesoel0caacreccsocassnsosncasscnscscsssseass | L9, .
100 eecee] eeevelOiooceoacoaceanessocsocsenncensesanss | 18, .
Llevenval ceeeedOiecroncaneoconncsacsacscsonsnncia.s | 474 21.

$-Jcn\o LweH W \10\0\1_--i
L]
P‘C)\J\JP‘F‘N ~ U1 Oy oo

120 enen Semigelatin dynamiteeesseceesocossasasonss
13. ... . |{ semigelatin dynamite (17.7 1b, 7.6 kg)..-. }73 L
****** |l Ammonia dynamite (56.7 1b, 25.7 kg)eosass :

’

W RrROOOUORHFRWULIFRWOW
L]
oW «\Q,-l-\_Uloanl—l\l-L\.O\l-'

w

Conversion of Acceleration to Velocity

Several justifications exist for the measurement of particle accelera-
. "tion despite the widely accepted use of particle velocity damage criteria

~ -and aside from energy considerations (4, 1ll). Determination of propagation
© equations requires a wide range of charge weights and shot-to-gage distances.
~ Because of practical limitations on the upper values of these parameters,
some very small shots and close-in measurements are required, and the result-
. -’ing high~frequency, large-amplitude vibrations are better resolved using
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appropriate frequency
-response of shock insensi-~
‘tive accelerometers. Anal-

k'ysis-offthe data in terms

of particle velocity is not
-imparied, however, since
" the "quantities of .ground

. motion (acceleration,

velocity, and displacement)
are related through the
operations of differentia-
tion and integration as

‘follows:. ,
J édt;~

where u is displacement, v
is velocity, a is accelera-
tion, and t is time.

v ’% du/dt (3)

~“Blair and Duvall (1)
showed that the relationship
of equation 3 may be used,
within the accuracy of the
original measurements, to
derive particle velocity

_from either acceleration or
displacement records, ~Good
- agreement was obtained,
using graphical methods,
‘between derived and directly
recorded. quantities of
ground motion, This indi-
cates that records obtained
using an appropriate trans-
ducer are true representa-
tions of ground motion and
that propagation laws for
peak amplitudes of displace-.
‘ment, velocity, or accelera-

“ tion are independent of the

type of ‘gage used. There-
fore, selected acceleration
‘records from the White Pine
and ‘Pilot Knob investiga-
tions were integrated to
determine propagation
equations relating particle

.~ velocities to scaled dis-

tances. This allows a
direct comparison of the



'iggpropagatlon characterlstlcs of the dif-

" ferent sites in terms of particle veloc-
ity and also places the underground data

~in. compatlble form for comparison with .
- the! quarry blast results. “Three methods

. of conversion were,lnvestlgated..

Numer1ca1 Methods

- . : . B L The mathematlcally correct process
”foﬁph, e ob'~-°ql_"{,;g. s of. performlng integration or differen--
'“ o2 o . o2 - .| tiation of nonperiodic time functions
7 o o 7o . such as vibration records entails the
s ‘uge of Fourier technlques and high-speed.
. , o' , o digital computers, Nicholls, Johnson,
P 0 ° © " and Duvall (4) used these techniques in
v BRSNS : their investigations to determine dis-
. e - . 4| placements and acceleration and to
P o’ ° o? "‘79 ‘examine the relationship between instan-
... .| "taneous and delayed blasts.  However,
0 o s 48 1| they suggested that although many opera-
;, - tions can be performed more easily in
S . the frequency domain, the use of Fourier
[ [ SR SURNE analysis may not be justified if the
e — % . only purpose is to determine- frequency
Scale, ft - . c
L . content of ‘the SLgnal. ,
A a0 SR RTEIRL Ot : T A '
N — A simpler numerical' method was
: Scalem N . attempted on some ‘of the Pilot Knob
. - .. .. acceleration data., The records were
| ‘DELAY NuMBER | {UERAGE DELAY. © o - digitized, input to a computer and
% — o008 ] -~ integrated using: Simpson's rule (9).
1 w28~ .. % This is essentially a computer extension
: gg_;r N . of the graphical method of summing
4 75 . -discrete differential areas under the
.5 .00 | "  time-series curve to obtain the integral.
5 150 o) -Good reproduction of waveforms was
: :ﬂg_'f'i" '~ obtained; however, problems with base
o Ca00. | “line- Shlft, subJectlve errors, and the
10 3.50 . : ;_g.tedium of digitizing records resulted
PR in abandonment of this method.  Future
~ FIGURE 12, - Typlcu| NORAD blastround -~ work in this area requiring digital -
N analysis should consider recording
~directly in digital format or using
analog-to-dlgital transcriptlon 1nstrumentatlon to s1mp11fy the technique.
Electronlc Integratlon
The Pllot Knob acceleration recordings were electronlcally integrated

liusing a time constant (RC) circuit unit-made for use with the Burr-Brown
preampllflers.: The electronlc system con31sted of a tape playback at 1/32
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"h'of the orlglnal recordlng speed preampllfler integrator,'ampllfler ‘band;'

1pass fllter and oscillograph. Theory required. (8) that the RC integrating

- -network have a time constant that is very large with respect to the longest

,,3fperlod of the input s1gnal ‘to avoid distortiom.: - At the- same tlme,,the, .
“,‘resultlng approx1mat10n g1ven by equatlon 4 : "

& " xg J eidt | S i OB

~shows ‘the. 1nverse relatlonshlp between the time constant RC and the output

. voltage, e_, maklng the output very:-small for large. values of RC. A compro-

‘a,mlse RC of 0.1 was used in the acceleration signal integration. Comparisons
-~ were: made ‘using the more ideal value of 1.0; however, this ‘large time constant
- resulted in both very small signals for many of the records and problems with

signal and noise separation. - The 0.1 RC' gave particle: velocity traces similar -

tho those obtained with the higher value and also in agreement Wlth the dlgl- =
‘:r"tally 1ntegrated results.,- : : :

_Two schemes were used to callbrate the electronlc 1ntegratlon system,
An experimental ca11brat10n was made by integrating several of the standard .
(20g peak-to-peak, 1,088 Hz) sinusoidal calibration signals originally -
. recorded with each set of blasts at Pilot Knob. A constant was derived ‘that
. 'accounted for the changes in the signal amplitudes due to the integrating,
" filtering, and two amplifying operations. = Peak particle velocities were
" then .calculated from simple measurments of the s1gnal trace amplltudes on
. the. processed record.\ o :

A theoretlcal callbratlon was made u31ng equatlon 4, w1th/an RC of 0. 1
~an input voltage, e, , of sin2mft, and’ the known ampllfler settings. - Again; a.
o . multiplying constant was derived, the value of wh1ch was within a few percent
- of the experlmentally derived value. , :

A total of 73 acceleration records from the Pilot Knob study were
electronically integrated to give particle velocity traces, representlng the
enltre range of exp1031ve sizes and three exp1081ve types.

Slmple Harmonlc Motlon

The most expedient method for deriving peak veloCity magnitudes from
acceleration records involves the approx1matlon of ground motion by a simple

‘5rs1ne or cosine- functlon of the form:

k31n2ﬁft _'Y'; S | )y

 where a is acceleration, k is an amp11tude‘constant' f is frequency, and t is
- time, USLng this relatlonshlp and equatlon 3, veloc1ty becomes

| V= Jla (k/ZTTf) COSZTTft, " - A (6)

‘and peak amplitude of particle velocity is inversely proportional to the
frequency.  Peak velocity may then be calculated directly using the peak
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) hfacceleratlon and the estlmated frequency of v1brat10n at that portlon of the .
7}record where the measurement is taken.‘ ' S

R NlChOllS and Fogelson (3) suggested that particle’ veloc1t1es calculated
‘ifrom displacement or acceleration data assuming simple harmonlc motion would
"generally be less than particle velocities recorded directly. Therefore, an
analysis was made to determine if the method could be used’ reliably for the -
~underground data. For the Shullsburg site, where both particle velocities

and accelerations were recorded concurrently, equation 6 was used to convert
“acceleration values to velocities from which an empirical’ propagatlon equatlon

- was derived. Figure 14 shows a comparison of the least-squares regression

fifllnes fitted to the square- -root=scaled data for the dlrectly recorded and -
~derived velocity values. Some variation was expected since.the number of
acceleration data points was significantly less than the number. of veloclty
- measurements; however, the results exhibit reasonably good agreement the
derlved veloc1ty levels being sllghtly less than the dlrect measurements.

Addltlonally, regres31on llnes from the Pllot Knob data derlved using

,';quuatlon 6, and a portion of the same data using electronic lntegratlon are
- compared in figure 15. Agreement is also good between these two methods with

‘slight dev1at10n expected because of varlance in the number of - data p01nts:
analyzed.. : - Cee e :

' e Scallng Factors

The value of charge welght as a scallng factor for v1brat10ns lles in
the ability to predict maximum amplitudes from a wide range of charge weights.
 Nicholls (2) used cube root scaling and a series of small blasts with chemical
explosives to reliably extrapolate predicted vibrationamplitudes for a large
‘nuclear detonation. Cube. root scaling is supported by dimensional analysis
if 'a spherical charge of constant density and increasing radius is assumed,
'resulting in a weight (volume) change that is proportional to the cube of the
“radius. Justification for square root scaling for most blasting situations
~arises from the procedures used to vary charge weights. Since charges are
‘generally cylindrical and of fixed length, an increase in hole diameter
results ina weight (volume) increase proportional to the square of the
~radius.  This indicates square root scaling may be more appropriate and is.

_ supported by statistical analysis of data from 39 blasts ranging in size
 from 25 to 4,620 1b (1l.4 to 200 kg) per delay period (4, p. 41). Square
root scaling was also applicable at the White Pine and Pilot Knob sites.

" Cube root scaling was indicated at Shullsburg and NORAD; however, table 6
indicates that the differences are not that great. Correlation coefficients
of the least-square regression lines through the scaled velocity data for
“‘both cube root and square root scaling are given for each site.
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TABLE 6.’- Correlation coefficients’ of least squares
: regression lines for square root
"-and cube root scaling

w7 ~Testsite " 7 | Scaling factor Correiation coefficient
White Pineoc .;..-r’,.; 0-50 ) . R ’ ,J- 0.88 B
Shullsburge.sveees | 500 | 86
 NORAD..iuivessssss | 050 el
PilotKnObaounaaou - .50 . : .93

v'Propagation Equatidns g

The emplrlcal pronagatlon equatlons, as determlned in the undergrouﬁd'
Vstudles may be wrltten in the general form: ,

| - | v 1<1(D/wb)’n :.,; g - . - (7)‘_
or?_ SRR ; ;‘* ‘ : ',aWb K'E(D/Wb ym o £ ”t R ¢ ) T

" where v and a are partlcle velocity and acceleratlon respectlvely, the

. unknown coefficients (Kﬁ K,) are the log-intercepts at unit scaled dlstance,
b is the scaling exponent on the charge weight, W, and n and m are the decay
exponents. If the quantity W° is a scaling factor (b =1/2 or 1/3) then a
‘plot of partlcle velocity versus scaled dlstance, D/WP ,- (or scaled accelera~
tion versus scaled distance) on log-log paper-allows determlnatlon of the
‘unknown site constants. Table 7 lists the values of these constants for
the underground sites. By substituting the values into the general equations
7-8, the propagation laws for a particular site may be obtained. Comparisons
- of the plotted empirical equations for the underground sites are given in
figures 16-18. The vertical lines represent * one standard deviation of the
~data. Figures 19-22 are included to indicate the number of points. used to
derlve regre551on 11nes ‘for the square-root-scaled velocity data. :

TABIE 7. - Values of site constants for square
' A root and cube root scaling

White Pine ,j 172 ] 104 | 1.55 | ° |
Wb;te_Plne....ff ....... { 173 437 1.85 7}25’000 2_217
Shullsburg.;t}......... 1/2 | 24 | 1.23 }

- i 1/3 | 90 | 1.53 | 14,000 | 2.07
NORAD......%. K {»1/2 61 | 1.70 } A .
1/3 | 560 | 2.04 |
Pllot Knob .......... .. { 1/2 | 228-| 1.90 }
1/3 | 249 | 1,93 | s82,000 | 2.65
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o FLE T IR RS : The v1brat10n measure~
b ' L AT .. ments from underground blast~:
~iof . -ing represent ‘a wide range

of rock types (table 1) and

‘mining configurations. The
~effect of these site param-
“eters: on the log-intercepts

lines through the scaled
data for each site is evi-
dent from table 7 and fig-
~ures 16-18. -~ No analysis
was made to:determine if the
“data from the four’ sites
could be pooled statisti-
-‘cally to obtain a general -
- propagation equation. Com- .
parison of the equations
- : ) “suggests, however, that the
102} S Pilot Knob 4 : differences are not as great
S L ; ' ‘ as might have been expected,
- ' and that the data might be :
combined if a proper scaling
,exponent for the charge - ‘
“weight were; ‘established.
-~ _.Three of the underground
103  studies investigated square
NMLEDDSTAMI nuiﬁ ' ‘root versus cube root scal-
. 1ing as alternatives because
FIGURE 18. - Least-Squares regressnon lines of cube-} the quarry studies (4) had
root-scaled velocny«data. ' . shown the square root scal-
- ing factor to be more appro-
prlate whereas d1mensiona1 ana1y31s supports the cube root factor. Only one
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~ .study, Pilot Knob, involved the statistical determination of a best fit

.scaling factor: for the range of charge weights used, that being 0.55. Differ-
“.ences in grouping of scaled data, as measured by the correlation coefficients
~~.of the least-squares regres310ns (table 7), are not s1gn1f1cant in estimating

‘7v1brat10n levels.

Regression lines through the square-root-scaled velocity data from the
‘underground sites are 'given in figure 16. The dashed line represents the
upper limit envelope of the quarry blast data. A few points from the White
- Pine study plotted above this line (fig. 19). With this exception, however,
-the bandwidth of the square-root-scaled underground datg is in good agreement

with the quarry data. At a scaled distance of 50 ft/1b2, the vibration level
. is considerably less than 2.0 in/sec peak particle velocity indicating that
~the underground data :appear to follow a propagation.law similar to that deter=~

" mined from quarry blasting. It should be noted that the damage criterion of.

‘2 0 1n/sec applies to res1dent1a1 structures and quarry blasting; no attempt

27 CTal

‘and slopes of the regression o
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,:f ;was made to correlate blast v1brat10ns w1th damage ‘to mine- support structures.

“Further research ‘1nclud1ng consideration of the partlcular mining method,
" will be requlred to determine perm1ss1ble levels of v1brat10n regardlng damage
'to underground structures..v“

'The'graphs of figures 16-17 provide a convenient means for predicting
“vibration amplitudes over a wide range’ of conditions. . If particle velocity

is to be measured directly, flgure 16 may be used to estimate initial instru-
“mentation’ settlngs. If accelerometers are to be used, figure 17 provides- a .
',f1rst approximation to vibration levels that may be expected Particle accel-
~erations may then be converted to ‘velocities using one of the methods dis=

. cussed 1n a prev1ous sectlon and a propagatlon law der1ved for the site

e Typlcal underground blast rounds utlllze either long perlod or
'-mllllsecond ~delay blasting caps to allow displacement of broken rock between
‘detonations, preventing freezing of the round. The zero-delay portion is:
~"tight" or has less room to move rock than later delays. - It might be expected
“that proportionately more vibration energy is transmitted to the unbroken rock
than in later delays.  The White Pine and Shullsburg studies indicated that -
-the maximum vibration amplitudes were produced by the zero delay and that they
~ could be effectively reduced by decrea31ng the amount of explos1ve in the zero-
”'delay perlod :

, Addltlonally, the Whlte Plne and Pllot Knob studles showed that Vlbratlon
levels can be significantly reduced by using AN-~FO, where practical. Maximum
-amplitudes of vibration from,AN FO blasts were less than those from equlvalent

- dynamite or slurry shots. /

_ Different‘situations in subsurface blasting will dictate .the permissible
levels of vibration. If a mine is excavated in competent rock, remote from
‘manmade structures, there may be no concern.. However, excavations in unstable
- ground where vibrations may contribute to hazardous conditions, or operations
.near residential structures should benefit from the results of these ‘under-
ground 1nvest1gatlons. : : :

~ CONGLUSTONS

“The square- root-scaled regression data of figures 16-17 may be used for
practical engineering predictions of max1mum particle velocity or acceleration
amplltudes from subsurface blastlng :

For square root scallng, the subsurface Vlbratlon data appear to follow a
propagation law similar to that determined from quarry blasting. The vibra-
‘tion level from tunnel blasts measured underground is less than 2 1n/sec at a

7', scaled dlstance of 50.

, ; The requlrement to record partlcle acceleratlons poses no problem in
analyzing vibration data since the assumption of simple harmonic motion pro-
vides a convenient method of obtaining reasonable approximation to particle
‘velocities. If waveform is to be preserved, however, either electronlc conver-
“'31on or digltal process1ng may. be requlred
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