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UUDERGROUND VIBRATIONS FROM SURFACE 
BLASTING AT JENNY MINE, KENTUCKY 

1.0 INTRODUCTION 

1.1 Background 

It is a common prac tice in mining and civil c o nstruction 
to conduct b l asting operations i n cl o se p r o x imity to 
underground openings. Underground po we rhouses a r e 
composed of a number of openings in close pr o ximi ty to 
one another which require blasting for e xcavation. Many 
mines are developed in a similar manner Such b las ting 
operations develop a useful backg round of e xper i ence for 
assessing blasting effects o n un derg roun d ope n ings . 
Individuals and o r g an izat ions may d evelop con s id e r ab l e 
e xpe rience and sk i l l in pred i c ting blast ing effects, b t 
this e x perience is not passed on to the r ofe ss i on in 
general unless ther e is documentat ion of the phys i c a l 
conditions p resent at the time of bl a st ing, and the 
character and intensity of the vibration s are repo r t e d. 

The u.s. Bure au of Mine s , De nve r Mi ing Researc h Ce n t er , 
is engaged in a resea rch program to do cument i n f o r mat i on 
of this type and in parti cu lar to d e termine s u i table 
criteria for pro x i mity of surface blast i g o nde rground 
mines. This re sea rc h has important i mplicat i ons f or coal 
production and operations safety in areas wher-e st ri p 
mining is be ing conduc ted above or a d j a cen t t o ex· st ing 
underground mines. The r e sults of th i s r e s e arch ma y a lso 
be app licable to ur ban blasting pro jects i n t h e v i cin ity 
of subways, drainage channels , and ut i lity t unnels, and 
construction demolition blasting in the v ic inity of dams 
or tunne ls. 

The s pecific objects of the Bur eau o f Mi ne s re s e ar ch 
program are: 

To establish reliable damage c r i teria by qu a nt ify ing 
t he re lat ionship between the lev e l of u nd e r g round 
v ibrations and damag e produc e d in a mine or und e r­
ground structure . 

To establi s h the propagation r e lations f or un de r­
ground vibrations originating from sur face blasting 
so that it 1s possible to estima te the c harac ·t e r­
isti c s of und e r gro und vibratio n s which wi l l occur 
from a specified blast. 
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In t he f al l of 1977 a s t r- ip mining operation was con­
ducted a b ove the .Jenny mi ne ne ar I ne z, Kentucky. The 
Jen y m oe '...ra s un c}@ consideration a s a demonstratio n 
fac i l ity fo r the Burca~ o f Mines and the blasting fo r the 
surfa ~e m· n i ng O'f:le ra t i o p rovide d a unique opportunity to 
col. ct- ~ at relev nt · c.) the r e s e arch program. 

This rep t presen ts t he results o f the vibration mo -
itori ng a ~d phys i ca l o servat·ons conducted a t the Jenny 
mi ne d urin . t he s ur 'ace b las t ing operations. The da t a 
collect ·_on , analy si s~ and s ubse ue n t report represe n t a 
coperati e e -f~rt between Woodward -Clyde Consultants and 
the u.s. Bur a u of Mi. e~ ,. De nve r Mining Rese a rch Center . 

1 . 2 Scope of Work 

The purpose of the J e nny mine s tudy wa s to co l ec t dat a 
whi c h wo u l d be relev a n t to t he r e s e arch prog am f or 
establ · s h ing s a fe p e ra t ing di s tances betwe e n s urfac e 
blas t ing and llrlderg r o und mi ne s. The specific work tasks 
incl uded: 

Recordin g bla s t - i nd ce vi b ra t i ons at th r ee lo­
c a t ions in t h e u nd e r g round mi ne. Roo f a n d fl o o r 
vib r ations at all thr ee l o cations we r e recorde d fron\ 
20 o f the 3 1 b l ast s which occurred. Par t i a l record s 
were c o llected fro m 8 addi t iona l blasts . 

Re cord ing surface vibrat i o n s f rom the b l a sts i n 
orde r to inve s t igate the relat i ons hip betwe en 
s ur fac e and und e r groun v ibrat i ons . Sur fac e v i b ­
r atio n me asur emen s were made at one or more l oc 
ations f o r 26 b l a s t s. 

Dire c t obse rvat ion o f t h e 
i mme d i ate damage r e s 1 ing 
ng. 

min e t o 
f r o m the 

iden t i f y any 
surface blast-

Maki g add it i o n al me asurements and observ ations 
wh i ch mi g h t prove use ful t o the investigation. 
These stud i e s inc luded backg round v ibration monitor­
ing, ins tal la ti on of v ibrat i on sensor s i n dee p 
borehol es , measuremen t o f defl ections betwe en the 
roof a~d fl oor , and borescope observations of r oof 
s t r a t a. 

Anal y s is of the vib r a t ion oata to i den ti f y t he 
empirical relationsh ips b e tween measured vibrations 
and b l a s t parame ters. 

11 



Develo ping r e comme nda t ions for future studie s a imed 
at es t ablish i ng blasting proximity criteria. 

1.3 Li mi tations o f th is Study 

Although the unde r ground mine was being considered by the 
Bureau of Mi nes a s a d emons tra tio n f acility the scope o f 
t he i nve st i g a t i on was parti a l ly r e stricted due to ope r­
a t ing l i mi t a tions. 

Blas t i ng parame t ers we r e determined by the surface mine 
ope ra t or . Therefore, the b las ts were designed and 
sched uled t o be cons ist en t with e ff icie nt strip mining 
proc e d u r e s and we re not p a r t o f the r ese a rch program 
des i gn . No v i s ib le damage which could b e d i rectly 
att ributed to t h e l e v el s o f b l asting e mp l oye d i n the 
s tr i p mining ope ra t ion was o bserved. Therefore, correl­
at ions between v ibration characteristics and damage could 
not be made. 

Acce ss to the si te was not avail a b l e prior to t he star t 
o f s ur fac e mi ning s o t ha t pre-blas t monitor ing o f "rou­
t ine" f ailure s in t he mine could not be accomplished. 
Without basel i ne d a t a, potential long range e ffects of 
the s ur f ace blas ting are d i ff icul t to identi f y. 

Reg r e s sion l ines t ha t re l a te vibration level s to d is­
tance and charge wei g h t s are deriv e d in t hi s report. 
These data we r e col l ecte d und er somewhat uncontrolled 
fi e l d cond i tions at only o ne mine. However, the data 
f al l very we ll wi t hi n the bo unds o f previous experience . 
The d a ta were o b tained f rom a relatively limited range of 
s caled di stances , a f actor wh i c h often resu l ts in dis­
torting r egre ss i on l i ne s when compared to l ines which 
wo u l d be o btai n e d f rom a l arg er da ta bank. Al though 
t hese data appear to show s igni f icant relationships at 
the Jenny mine , caution shoul d be used in attempting to 
a pply these re s ults e l sewhere. 

Recommendatio ns a r e made reg arding additional investi­
gat ions wh i c h may ev e nt uall y lead to the use of the 
p r e s e n t f indi ng s under more g e neral circumstances. 

1. 4 Rela t ed S t udies 

A larg e nu mber of s tudie s have b e en conducted on the 
e ffects of v ibr a t i on s g e nerated from blasting. The 
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s tudied blas t s range f rom l aboratory experiments to f ul l 
s c a l e nucl ea r e x p losions . Th e topics have included 
eff i ciency o f e xpl o s · v e roduc ts, blasting techniques, 
b e havior of e a rth and s t ruc t ura l mate rials, e nergy 
p ropaga t ion and damage f rom v i b rations. 

Previous studies have shown that theoretical consider­
a tions alone a r e not s ufficient f or the development o f 
a n accura te mo de l f or p redic tion o f v ibration levels and 
a s s o ciated damag e . There f ore, the sub j ect o f damag e 
potenti a l has be en approached p rimarily f rom an emp i rical 
v iewpoint . 

None of t he p ubl ishe d s tudies referenced in th i s report 
have taken pl a c e und e r conditions of geology and blast­
ing geome try whic h were similar to those f ound at J enny 
Mi ne . The p revious s tudies do, howev er, provide the 
perspec t ive and scienti f ic approach used in this study . 

Procedures and instrumentation used in this study f or 
monitoring and a nalyzing b l ast v ibrations are based on 
s tudies cond ucted by t he Bure au of Mines a n d o t hers over 
t he past 20 yea r s . A c ompr e hensive analysis and review 
of thes e s t ud i es is prese nted by Nicholls (12) 1 i n a 
repo r t dealing with pote ntial damage to surface struc­
t ures f rom near- s ur f ace blas ti ng . Hi s dat a included. 
q uarry b l asting meas urements by Devine ( 6) and others 
gathe red over a pe r ioa o f several years. -He also pre­
s e nted charge weight and d · s tance criteria for blasting 
in t h e vicin ity o f s r f ace structures in order to avoid 
dama g e. 

The f orm o f t h e propagation equa t ion used 
pr ev i o us workers is use d i n thi s r e port 
the re lat i onsh ip among p e ak p a rtic l e 
ma xi mum de lay c ha r ge we i gh t ( W) , a nd 
Th is e qua t ion is: 

V = K ( D/ Wa)S 

by Nicholls and 
f or expressing 
v e locity ( V ) , 
distance ( D). 

Nic hol l s determined that a value o f 1/2 for the scaling 
e xponent , a was s u f fi c ient f or gro up i ng the data f or his 

(1) Unde rlinea numbers in pa r e ntheses refer to entries 
i n the re f erence section at the e nd o f the repor t. 
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appl icat ion. Several re s earchers have noted t ha t t he 
c ons ta n ts K a nd 13 v ary widel y a mong differen t sites. 
Oriard ( 1 8 ) has further noted t hat there is an additional 
infl uence f r o m othe r f acto r s including s p a tial d i s tr i ­
bution and con f i nement o f the charge, e xpl o sive type , 
seque nce o f i ni t i a t i on, and g e ologic condi t ions . 

Si n c e p ublica t i on of Nicho l l's r e por t, s ev e ra l o the r 
au tho rs , including Ol s o n ( 14, 15 , 16 ) and Siskind ( 21) have 
inve s t igated t he app l ica t i on of t hese p r inc i ple s in other 
s1 t uat i ons . Th e y have f ound not onl y t hat K and B cha nge 
f or e ach applic a t i on, b ut t h at f or some s t ud i e s o f 
under g round expl osions a v a lue o f 1/3 f or the seal ing 
e x po n e nt re s ul ts in a better grouping o f t h e d a t a . 

Referen c e t o t hese and other reports are made as pa rt 
of d i scuss i ons i n l ater por tions o f the text. 
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2. 0 DESC RIPTION OF THE TEST SITE AND MINING OPERATIONS 

2.1 Physiography a nd Geology 

The J enny mine is l o c a t e d in the Appa l ac h ian Mountains o f 
eastern Kentucky, appro x imate l y 15 miles s outhwest of the 
town o f I ne z . Th e t errain i s hilly with moderate to 
steep slopes as ill us trate d on Fi g ure 1. The strip mine 
site encompassed a north t rend i ng ridge which h a d maximum 
natural s lope s o n the order o f 1: 1 . The original ridge 
top was at an e leva tion o f 1 29 0 ft . Stream valleys both 
northwest a nd southe a st o f t he site are a t an e leva tion 
of 750 ft. 

Figure 2 i s a s ketch p l an o f t h e s i te showing the re­
lationsh ip o f the unde rground mine to the uppermost coal 
seam wh ich wa s removed by s trip min ing. The p hotograph 
in Figure 3 i l lustrate s t he v e rtical separation betwe en 
the underground mine and the s urface mini ng operations. 

At Jenny mine the Appa l achian coal measures are o f 
Pennsylvania n ag e and c o nsist o f interbedded s andstones, 
shales and b ituminous coal beds . Figure 4 i s a cross 
sectio n sho wing t h e g e nerali zed stratigraphy at the 
project s i t e. The s trata are near ly f lat lying and can 
be tra c e d f r om o ne hil l to t he next with only s ma l l 
changes in eleva t ion and thickness. The Je nny mi ne 
follows the lowest c oa l s e am expos ed in the area wh ich i s 
the nomina l ly 5 f t thick St ock t o n seam at an elevat ion of 
about 1 000 f t. Above t he S t ockton i s 140 to 150 ft of 
thi n l y be d ded sandstone s and s h a le s with minor coal 
strea ks. 

The other two coal seams exposed a t the site , the Clarion 
at abo ut elevat ion 11 50 and t he 5-block at an elevation 
1180 , were r emoved during s tripping operat i ons de s cribed 
in Sect ion 2.2 . Th e lowe r se am averaged about 4 ft 
thi ck; t he upper s e am , a bout 8 f t. The seam s we r e 
sepa r ated b y s t rat a described a s f ire clay and s andy 
shal e . Th e overburden a bove the 5-block seam was pre­
dominantly mass i ve sands tone. 

2.2 Min ing Opera t ions 

The underground mine wa s d riven into the Stockton s eam 
from the south e nd o f the r idge during 1 974 and 197 5. 
Room a nd pil l ar workings e xtend about 1800 ft in t o the 
hil l. Dur i ng t he pe r i od of t h is study, the Jenny mine 
was under lea se to the Bureau of Mi ne s and was mainta ined 
by a sma l l staff of miners. 
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FIGURE 1.- Topographic map showing location and physiographic setting of Jenny mine site. 

Dark outline is approximate limit of 5-block coal seam at the site. Adits to the underground 
mine are also shown. From U.S.G.S. Inez 7'lh. minute quadrangle, 1954, revised 1978. 

16 



,, 
II 
\ I 
\I ,, 

Approximate limit 
1\ ,, ,, 

of 5-block coal seam \I ,, 
I\ ,, ,, ,, 

II 
II 
IJ ,, 
lJ 
II 
II 
II 
II ,, 
II 
J l 
I' 
I' ,, ,, 

II ,, 
11 
I I 
II 
II 
II 

" 1\ 0 
\I 
1\ 
\\ 

I I 
\\ 
\\ ,, 

\ \ 
\\ ,, 

\ 
I I 
\\ 
\\ 
\I 
I\ 

\\ 
\I 

I' 
II 
\I 
I I 
,I 
II ,, ,, ,, ,, 

I I 
I' 
Jl 
\I 

\ I 
1\ 
',' 

fl. 

~ 

Cross section 
shown on 
Figure 4 

View of 
Figure 3 

FIGURE 2.- Pian of test site. 

Bench 

The location of the underground mine is related to features 
shown on Figure 1. Reference locations for Figures 3 and 
4 are also shown. 
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FIGURE 3.- Photograph of entrance to Jenny mine. 

Th ree adits appear to the right of the t rai ler. At the time the 
picture was taken strip mining operations had removed approx-, 
imately 50 feet of overbu rden from the hil l above the mine. 



Surface min i ng operations cons s ted o f bl a s i g =- n u 
removal of the overburden, ex ~v at io of the 5-b l o ck 
seam , blasting and remo v al of the 5 a l e n "'~i d e u, a n d 
excavation of the Clarion se am , Ul a s t i n g wa.,. no r. -
quire d to loosen the coal wh1ch was e mov ed by f ra n 
loader. 

The relative locations of 6 of t he bl a sts at the sou t h 
end of the site are sho w on Fig ure 4. The uppe r mo s t 
port i on of the overburde n was we a t he red su f f i c ie tl y to 
be remove d without blas t ing. 

Figure 5 shows the appro x imate l o c at ion s of blast s in t h e 
ove rburd e n. Holes for t hese sho ts ranged from 20 t o 40 
ft deep and were loaded wi t 1 00 o 400 l b s of ex p os i v es 
in e ach ho le . Blasts in the shal e 11 binder " be t ween the 
coal seams are outlined on F ig ure 6. Th se blasts we r e 
shallower, f r o m 10 to 15 ft dee p, and were loa ded wi th 8 
to 2 5 lbs per hol e. Details of t h e c h arge w i g h ts , 
location and layouts of the 31 blasts wh i c h took p lace 
during the monitoring pet· iod are i nc l uded in Appe ndix 
A. 

Total charge we i g h ts for the ind ividual blasts r a nged 
from l , 250 to 51, 400 pounds of pri l e d a mmon i um nitra t e 
and fue l oil . Each hole was prim d wi t h a s t i ck o f 60~ 
dynamite and i nit'ate d with primacor d. Pr i macord de l ays 
of 9, 17, and 25 mil liseconds we re used t o d ivide most of 
the blasts into smaller parts. As ma n y as 19 de l ays b ut 
more commonly from 3 to 10 delays we r e incor o a ted into 
most of the blasts. Some shots were desig ned wi t ho u 
delays. The maximum charge weights de s i g e d to d e ton a e 
within a delay period ranged from 276 to 1 2,400 p ou ds. 

Shot holes were drilled by using 6 ·n . dril ls. T l e tol s 
were 10 to 40 ft deep . Holes a pp roachi ng a o 1 s arn 
were general ly stopped about 2 ft above t. ~he ar ~ang 

ment of holes was dictated by e x ist1ng t opoq ·dphy r esu -
ting at time s in irreg u la r and e x p"' r i v e a r ray s. rn~e-re 
possib l e, h o les were d r illed on 10 L o 12 ft ~ e nters. 

The design and timi ng of the blasting was s >lely iJndeL" 
the c on trol of the mi:n ing compa ny c.n d proce e de d 
accordance with efficient surface m:ning op r~t o ·• T e 
frequency of the blasts was acc eler · c d f om ~e )!an ed 
one or two per we e k to as many a t wo pe~ day . The 
blastinq period, whi h was to have e x te Jed o er four to 
six mont 1s , was termima ted after less t han two mo 1 h s. 
The monitori ng team did not direct or a tterwise i n f l uence 
the ope ration s. 
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FIGURE G.-Location of binder blasts. 

Elevation contour at 1160 feet shows the approximate 
lim it of the Clarion coal seam. 
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3.0 INSTRUMENTATION AND MONITORING PROC EDURES 

The study at Jenny mine is one of t he f irst unc l assified 
programs to specifically monitor the effects of s ur fa c e 
blas ting o an un de rground ope n i ng. As originally 
des igned, the monito r ing rog ram would provide data on 
both t he s ho r t te rm a nd l o ng term e f fects of t he s ur f ace 
blasti ng program. Because of the l ack of control over 
the s pec ifi c geometry of blast location in rel a tion to 
the struc t ure , i t was al so an object i ve of this s tudy to 
docume t a s many var:.. ables as poss ible i n r el a t ion to 
blast design, sensor l ocat i on, l ocal geo l ogy a nd instr u­
men t a tion. This data will be us e f u l for identi fy i ng 
anomalou s values or situa tio n s to fu ture wo rke rs who may 
utili z e br e x p and upo n the data base p r ovi ded by the 
J e nny mine study. 

This sec tion describ e s inst r umen t .a t_i o and field mothods 
used to obtain and document v i br a tion, ('liJJil -\j e and l ast 
desig n data. Section 3.1 desc .ibes ins .rume n at n ancJ 
Sectio 3.2 discusses documenta i an ~ - -ed u· e s i cl ud ~ ng 
measurement of blast parameters and mine inspe ctio n 
repo..- ts. 

3 . 1 I n strumental Reco rding Pr ogram 

The i ns tr ume n tal re co r ding program was d es i gne d to 
provide data on the underg ro n nd surfac vibrations 
resul ting f r om the blas t ing, ba ckground v ibra t · o n s f rom 
other s ource s and cha ng e s in the mine roo f height. The 
locat i o n of the senso r s is shown o n F igure 7. The 
undergro und mon ' t or i ng program was des igned by the DMRC. 
The inst r mentat i on for measur ing and r e cm:d i ng und e r­
groun vibratio n s was furnished and insta l e d by the 
Bureau of Mi nes . 

Vertical vibrat "o n sensors were i nstal l ed on the r oo f and 
floor of the mine at th ree loc a tio ns: entry 5, crosscut 
6 i entry 5, cro sse t 11 : and e ntry 3, cro s se t 18. A 
compar ison of Figures 5 a nd 6 w:i t h Figure 7 shows the 
loc atio n of each blast wi th respe ct t o t he sensors. Fr om 
the s a ndpo int o f poten tial damage t o t he mi ne, roof 
v ibrat i o n levels w,ere t he c ritical parame te r to be 
monitored. Floo r vibrations we r e monitored to ide ify 
their scaling law and to i nve stigate the use of fl oor 
measur e me nt s to e s timate roo f vi bra tion lev ,e ls a nd 
potent i al damage. 

Surface vibrations we r e mo n i tored us i ng t h ree three -axis 
enginee r i ng seismome ters. Si tes S3 , S4 a nd S5 {Figure 7) 
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we re used for the maj ority o f t he b l a s t s. Surface 
vibra t i o ns we r e measur e d f o r compa rison with t he e xis t ing 
data base an d scaling laws in or de r to identify any 
anomalous loc al si t e co nditions . Al so, s ince surf a c e 
vibrations may be easier to meas ure, thei r use as predic­
t ors f o r r o of vibrations wa s invest i gate d as part of this 
study. 

A con t inuously r ecording s e ismograph wa s mainta i ned t o 
measure ba ckg r ound v i bration s resulti ng f r om ma jor 
rockfalls, earthquake s , or nearby b last ing . The s e nsor 
was pl aced nea r the i nstrument t ra i l er wes t of t he mine 
adits, Figure s 7 and 4 . Con tinuously recording drum t ype 
e xtensometers were ins t al led a t t he three underg round 
i nst rument loc at ions. The e x t ensome t er s we r e prov ided t o 
monito r short term change s i n r oof-flo o r he igh t re s ult ing 
from blas ting or removal of o verburden. 

3. 1. 1 Recording Vibrat ion s i n the Underg r ou n d Mine 

Vertical vibrat i on sen sors we r e attac hed t o both the roo f 
and the floor at the t hree l ocat ions in the underground 
mine shown o n Figure 7. Ho les were dr i l led in t he roof 
and fl oor an d 1/4 i nch e x p ansion bol ts we r e use d t o 
secure the sensor base plates. Irregular s paces betwee n 
b a se pla t e and r oc k were filled with d e ntal pl as t er. 
Fig ure 8 is a photograph of one of the installat ions . 

The se ismometers used in the underg round monitoring were 
MB Elec tronics type 125 tran sduce r s fur ni s hed by the 
Bureau of Mines. Be fore installat ion , e a ch seismome t e r 
was ad justed f o r opt imum r e sponse to p a rt icle motio n in 
the ver ti cal di r ection. The seismometers have a nominal 
basic sensitivi t y of 93.2 mill i vol ts/ i nch/sec o nd (mv/­
in/sec). In o rde r to r edu c e th e sen s i tivi t y to the 
level s anticipated f or this pro ject , a shunt resistance 
was introduced into the system a s part of an i mpedence 
matching preamplifier pa ire d with each se n sor . Th is 
resulted in output val ue s r anging be t ween 18 . 25 a nd 19. 50 
mv/in/sec for a 100 Hz input. Gene r al Ra d io mo d e l 
l560-P4 p r eampl ifers were used wi th a o ne-to-o ne ga i n. 
The precise outputs of sensor- p r eamp pa irs us ed in the 
mine we re dete rm i ned and are tabulated in Ap pendix B , 
Table Bl. 

The signals were t r ansmitted by a f our-co nduc tor sh ielded 
cable to a Bureau of Mi nes rec ord ing van l o c ated near the 
mi ne entrance. At t hat po i nt , s i g nal s f rom the six 
seismometers were s p l i t and fed i nto 12 Ithaca mode l 454 
amplifiers and then into a Sangamo 14-channe l t ape 
recorder. The output of e a c h sensor was thus recorded a t 
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blast. The radial seismometer was o ri e n ted toward t .n e 
approximate center of the blast. Oper at i on of th e 
instruments was by remote control with the sensit iv i ty 
preset usu a lly at the least se ns i tive s cal e, 0 . 2 in/ 
in/se c . Peak amplit ude s were read f rom t he r eco rd s 
following each blast. An eKample reco rd is shown on 
Figure 9 .. 

3. 1 . 3 Other Vibration Recording 

Two other vibration reco r di ng sys t ems were used dur i ng 
the monitori ng per i od. A contin uous ly recol-alng s e ismo ­
graph was maint a i n ed to measu re background v i br a ti o n 
levels and to determine t he time of occurre nce o f l a rg e 
rockfalls 1n the mine should t he y h a ve occur r ed . 'I h e 
second system , a downho le ar:ray, was i mp l a ced on l y fo r 
the final two b lasts. 

The co ntinuou s y reco d ing se ismogra ph s ystem consi s t ed 
of a Sp reng nethe r MEQ- 2 00 d r um re c o r de a nd a Geospa ce 
model IIS - 1 0- 1 seismometer. The s eismo mete r has a natural 
frequency of 1 Hz , a flat fre que ncy r espon s e abo v e 4 Hz , 
and is designed to detec t distan t o r l ow f req ue ncy l oc al 
seismic events. 

The sensor wa s installed near the i n s tr ume n tatio n t ra i l er 
shown i n Figure 3 . During b las t recording 1 t he s e i s ­
mometer was di s c onn c t ed f r om the d r um r e corder t o a voi d 
pegging and its output was recorded on a channe l of t he 
Sangamo recorde r . 

The loca tion of t he downhole a r r a y F is s hown on Fig ur ,e 
7. It c o ns is ted of t wo CEC mod e l 4-1 0 2-A r ansducers and 
a Sprengnether seismog ra ph. The r an sduce rs were at 
depths of 2 3 and 4 3 ft. The do wn ho l e at:"ray was o r ig ­
inally intended f o e study of v i b rat ion at t enua t i o n versus 
depth. Only two blasts occurred af e r i mplaceme nt o f the 
array, and the gain settings o n the re cor d e r we re incor­
rect. The blasting p r o gra m wa s a bruptl y te r mina t e d 
without advance noti ce , and intende d adj u s tments an d 
further reco rdings could no t be made. 

3.1.4 Conve rgence Recording 

Continuously re cording d~ um type ex t n s o mete r s , manu­
factured by Terramet ric s , we e installed at t he t hr 
underground mine vibr at i o n s enso r loca tio n s sh o wn on 
Figure 7. The i nst ruments we r e mo unted on seg ments of a 
vertical suppo r t leg as shown o n Figur 8. Th e upper 
portion was anch o re d 1n a h o le dr illed t h ro ug h the 



shale at roof level into competent sandstone. The l owe r 
portion was attached to the floor in a s imi lar manner. A 
standard setting provided a twofold gain f or the i ns t r u­
ments which is reflected on the samp le r ecord , Fig ur e 
10. 

A summary log of these reco r dings i 
di x C. 

3.2 Documentation 

i ncluded in Ap en-

Records were kept of all i nst r ume nt s ettings, e q u i pment 
changes and other i terns c o ncerned wi t h the r e cording of 
vibrations. In addition, i n formation on the location and 
layout of the blasts a nd on c onditions in t he underground 
mine was gathered and logged. The se last two se ts o f 
data are discussed below. 

3.2, 1 Blast Parameters 

Details of the blasts are p r esented in Appe ndi x A. 
Informatio n regarding ma x imum delay charg e we i ghts a nd 
distan c es from vibration se nsors are i nc l ud ed in th e 
tables i n Se c tion 4.1, Data Red uction . 

The loc at i on and a r eal extent of each blas t wa s estim­
ated i n the field by compass and p ace su rv ey and by 
plott ing on a small s c ale topogra ph ic map . Th is in f or­
matio n was refined d ur ing l a ter d ata reduc t ion by recon­
structing the blasting seq uenc e f rom f ield no te s an d 
blast design sketch maps. This p rocedure al so a i ded i n 
refining elevations es t ima t ed i n the fie l d . Th e s ke t ch 
maps a re included in Appendix A. 

Part ic ular attention was given in the field to the 
placement of del ay s and the number o f ho les per de lay. 
Howeve r , it was not possib l e to monitor the l oading of t he 
holes. Th e charge we ig h t per ho l e wa s b ased on th e 
blaster ' s estimate. Th ese f i gu res were combined t o 
provide the ma x imum charge weigh ts per del a y used in the 
correlat ions d iscussed in Sect ion 4. 

3.2.2 Mi ne Inspec tion 

During instal lation of the unde rground se n so r s, th e 
general condit i o n s i n the mi ne we re rec o rded . Per i od ic 
inspe ction s we r e made d uri n g the mon itoring period. 
Recen t roof falls noted du ring t he inspec tions or re­
ported by maintenance miners were e n tered in a da ily 
log. 
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Near the end of the monitoring period it be c a me appa r e n t 
that potential damage associated wi th the levels o f 
vibrations which had been recorded mig h t not be re adily 
apparent. A more rigorous inspec t io n routi ne was i n-
stituted. It consisted of deta i le d loggi n g of mine 
entries 3 and 5 on a daily basis and e stab lishme n t of 2 3 
additional convergence measurement stations. 

The convergence stations, located mainly at c r osscut 
intersections in ent r- i es 3 and 5 , we r e def ined by roof 
bolts and nails in the floor d i r e ct ly be l ow. Readings 
using a modified Philad e ll phia r o d we r e s c h e d u led foll ow­
ing each blast. The a b r l!l pt term i na tion of t h e b l as t i ng, 
however, interrupted th i s program. The l imi t ed number of 
measurements which were obtained are tabulat.ed in Appen­
dix C. 
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4.0 DATA REDUCTION AN D STATISTICAL ANALYS I S 

4.1 Vibration Data Reduct i o n 

Peak particle velo c i ties der i v e d f rom b last vibr a tion 
recor ding s described i n the p r ev i o us sec tio n a re l i s ted 
o n Tabl es 1 and 2 . Charg e we igh t and sca led di s tance 
i n format ion used in s ta tistical a nalys i s i s also i ncluded 
i n the tables. This sec t i on de s cribe s t h e p r o c e d u r es 
used f o r r e d u cing t he f i eld re co rd s t o partic le v e­
l oc it ies. 

4 . 1.1 Reduct ion of Undergro und Data 

The pe a k part i c le veloc ities re co r ded a t ea c h of t h e 
underg round sensors are 1 is ted i n Table 1. Append ix B 
conta i ns the ne ce s s ary data f o r de t ermini ng t he s e peak 
par t ic le v e l o c it i es f r om r aw f i e ld da ta . Ampli tude s 
meas ur e d f r om t he f ibe r-o p t ic r e c o r ds o f th e t ape-re­
cord ed vi b r at i o n s ensor o u t pu t s were r e d uce d to peak 
parti c l e ve l ocity values acco rd i ng to the f ormul a 

PPV = A 
Ss X Gi x Gr X C 

wh e r e PPV = the peak p ar t i cle ve l oci t y ln in/s e c 

A = t h e max imum zero-to-peak trace amp l i­
tud e in i nches 

Ss = the s e ns i ti v i t y o f t h e sen s or-pr e -
amplifier s ystem i n mv/ in/ sec. 

Gi = the i n p u t amplifier-recorder g a in . 

Gr = the reproduce s y s tem g a in. 

c = t he record-re pro duc e c a libra t ion f actor 
in i n/ mv. 

The s ens or-pre amp sen s itivity wa s de t ermined by measuring 
the output o f each sensor wi t h a known shunt resi s tance 
dur i ng shaking at a known l e vel. The se ns i tivi t y o f the 
senso r s wi th di fferent p reamp l ifiers was c a lcul ated from 
th e diffe r e n t res i stances. The se sensitivities are 
tabulate d i n Tab l e Bl , Appe nd i x B. 

Th e c al ibr a tion f acto r was dete r mined f o r each channe l by 
playing a stand ard c a l i bration s igna l r e corded i n t he 
fie ld onto a f i ber-optic r e c o rd a t a ga i n set t i ng o f 
unity. Thi s proce d ure accoun ted fo r t he sens itivity of 
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TABLE 1 - Data for vibrations r ecorded 
unde~round 

01arge Slant • t=ak··p,·itTcle 
Shot weight1 distance Scaled dis~nces velocities, iJe 
number lb Location' ft tt7lb !7l tt71 k>Df Floor 

l. .. l,7aa ( l) 

2 •. . 8aa 5/ 6 2la 7.46 22 . 7 l. 54 
5/ll 493 17.5 53 . 2 a.37 

3 ... 600 5/ 6 269 11 . 0 31.9 a. 7l a .49 
4 •.. 60a 5/6 408 16. 7 48.4 0.34 a. 24 
5 • .. 3,60a 5/ 6 l8a 3. oa 11.7 17 . 5 2. 67 

5/11 416 6. 93 27 . 1 1.12 a.92 
6 ... 1 , 650 5/ 6 184 4. 54 15. 6 9. 99 6. 2a 

5/ll 367 9. a4 31.1 a.5a a.49 
3{18 947 23. 3 80 . 2 a.14 o. a83 

7 •.. 12' 4aa (,) 
8 • .. 1a , 65a ( ) 
9 • . . 4, 6aa 5/6 216 3. 18 u . a 6. 26 5. 73 

5/ ll 456 6. 74 27. 5 a.96 a . 78 
3/ 18 1al6 15. a 61.1 o. ).l 0.42 

10 .. 5, 425 5/6 308 4.15 17.5 1.64 l. 31 
5/ll 457 6. 20 26.0 0. 83 0. 79 
3/18 966 13.1 55. 0 0. 32 o. 33 

11 .. 8,09a 5/ 6 715 7. 96 35 . 7 0.98 0. 96 
5/ll 912 10 . 1 45.5 0. 56 a . 55 
3/ 18 1408 15. 7 70. 1 0. 25 

12 . . 3, 095 5/ 6 589 10. 6 40.4 0.72 o. 78 
5/11 745 13 . 4 51.1 0.44 a. 57 
3/18 1249 22 . 5 85.7 0. 14 

13 • . 2, 40a 5/6 3a8 6. 29 23 . a l. 3a l.la 
5/ll 367 7.49 27.4 l. 29 1.19 
3/ 18 859 17. 5 64 . 2 a. 34 a .47 

14 .. 2,47a 5/ 6 3a8 6. 21 22 . 8 2. 41 1. 98 
5/ 11 618 12.4 45. 8 0. 59 a . 81 
3/18 1189 23 . 9 88. 0 a. 2a a . l7 

15 . . 5,25a 5/6 375 5.19 21 . 6 2. 4a 2. 25 
5/11 493 6. 82 28. 4 1.02 a. 92 
3/ 18 957 13. 2 55. 1 0.44 a.46 

16 .• 2, 6aa 5/ 6 493 9, 6 35 . 9 l. 6a l.a2 
5/ll 384 7 •. 54 28 . 0 2.la 0.93 
3/18 693 13. 6 50 .4 o. 24 0. <1 3 

17 .. 168 5/6 503 38 . 8 91.1 0.12 0. 079 
5/ ll 657 so. 7 119 0 . 048 0 . 063 
3/ 18 1189 91.8 216 0. 019 

18 .. 3,25a 5/6 438 7. 69 29. 6 l. 60 l. 31 
5/11 228 4. 00 15. 4 3.24 l. 72 
3/ 18 674 11 . 8 45 . 5 0. 47 o. so 

19 .. 5,4aO 5/ 6 725 9. 87 41. 3 o. 42 0.35 
5/ ll 416 5.66 23. 7 l. 22 0. 73 
3/18 572 7.79 32. 6 0.62 

20 •. 2,445 5/6 266 5.38 19. 8 2.88 3. 47 
5/ ll 522 10. 6 38.7 0. 30 0. 26 
3/ 18 1060 21 . 5 78. 7 0. 083 0. 10 

See footnotes at end of table 
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TABLE 1 - Data for vibrations re=r·ded 
undenaround--ex>nt1r.ued 

0 1arqe Sl ant Peak parUcle 
"hqt weight 1 

' 
dis ance Scaled di stance~ vel ocit.ie s , i ps 

numbe r lb LOcation f t f t/lb 11 : ft/lb t J Roof floor 

21.. 2, 250 5/6 512 10 . 8 39.1 1. 29 0.95 
5/11 292 6. 16 22.) 1. 51 1.10 
3/18 674 14 .2. 51. 5 1.40 1.22 

22 . • 688 5/ 6 150 5.7 16. 9 2.51 0. 93 
5/11 502 19. 2' 57. 0 0. 18 0. 12 
3/18 1080 41.2 122 

23 .. 3,000 5/6 1451 26.Si 100 0. 28 0.16 
5/11 1065 19. <:1 73.9 0. 40 0.38 
3/18 550 10. 0 38 . 2 0. 92 0 . 90 

24 .. 2,200 5/6 68'4 14 . 6 52. 6 0. 62 0. 40 
5/11 429 9. 16 33. 0 0. 75 0. 60 
3/18 645 1J.8 49 . 6 0. 16 0. 22 

2 ~) . . 4,600 5/6 1253 18. . 5 75 . 3 0. 52 0. 33 
5/11 868 12. 8 52. ~ 0. 71 0. 66 
3/18 350 5. 16 21. 0 2.45 l. 76 

26 . ' 11' 300 5/6 578 5. 44 25. 8 1.93 l. 42 
5/ 11 316 2. 97 14. l 1. 87 1.95 
3/18 578 5. 44 25.8 1.63 l . 2.1 

27A. 6,600 5/6 761 9. 37 0. 6 1 .. 52 1. 27 
5/ll 503 6. 19 26. 8 1.89 l. 58 
3/18 475 5.85 25 .J 1.64 l. 4 3 

278. 9 ,000 5/6 1164 12. 3 56 . 0 0.53 0. 34 
5/11 751 7. 93 56. 1 0.74 0. 73 
3/ 18 254 2. 68 12. 2 l. 91 4. 47 

28 .. 2,400 5/6 170 3. 47 12. '7 7. 82 4.51 
5/11 455 9 . 30 14.0 l. 33 0.74 
3/18 l Oll 20 . 6 75.5 0. 22 0. 29 

29 • . 276 5/ 6 283 17 .. o 44 . 5 1. 44 O. S4 
5/11 274 16 . 5 42. 2 0 . ~5 

3/18 794 47. 8 122 0. 061 0.086 
.10 • . 801 5/6 390 13 . 8 42. 0 0. 86 0.43 

5/ 1 362 12. 8 39 .0 0. 76 0. 36 
3/18 813 28.8 87 . 6 0. 12 0. 14 

I 
Weight of the largest del ay charge. 

Locat ions are designated by entry/crosscut in the underground mine . 
~ are illustrated in Figure 7. 

' 
~ data recorded. 
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TABLE 2 . - Data for the vibrations recorded 
on the groLil'"Ll. surface 

Slant Charge Peak particle 
Shot weight! distance, Scaled distances velocities , i~ 

nunber lb Location 2 ft !'f/IE tl'l ft7IE l1i Vt' Vz • 'Jr s %6 Vtot 7 

l. .. 1, 700 ('} 

2 • •• 800 51 230 8.13 24.8 0.60 0 .85 1 . 15 1 . 30 l. 55 
52 550 19 .4 59.2 0.55 0 . 68 0 . 70 0 . 86 0.98 

3 .. . 600 53 351 14.3 41. 6 0 .35 0 .50 0 . 7Q 0.78 0. 93 
S4 501 20.5 59.5 0. 20 0.50 0 . 30 0 .36 0.62 
55 801 32 . 7 95.0 0 .58 0 . 36 0. 72 0.92 0. 99 

4 .. . 600 54 672 27 .4 79.7 0.20 0 . 35 0 . 22 0. 30 0.46 
55 951 38.8 112 0.21 0.24 0.29 0 .36 0 .43 

5 ... 3,600 53 495 8.25 32.3 1.25 1.10 1 . 70 2.11 2.38 
6.· .. 1 ,650 53 420 10.3 35.6 1 .65 1.10 0.95 1.90 2. 01 

54 540 13.3 45.7 1.45 1.85 1. 05 1.79 2.57 
7 ... 12,400 53 480 4.31 20.7 2.45 1.70 3.40 4.19 4 . 52 

54 640 5. 75 27.7 1. 55 1.95 1.65 2.26 2. 99 
S5 930 8.35 40.2 1 . 15 1.30 1. 75 2.09 2. 46 

8 . .. 10,650 53 751 7.28 34.1 0 . 60 1.05 0 . 75 0.96 1.42 
54 921 8.93 41.9 1.30 1.00 1.35 1 . 87 2.12 

9 ... 4,600 (' ) 
10 .. 5,425 53 290 3.94 16 . 5 1 . 15 2.35 3 . 70 3.88 4. 53 

54 450 6.12 25 . 6 1 . 95 1.45 2.30 3. 02 3. 35 
11.. 8,090 S3 1100 12. 2 54 .8 1.05 1.00 1 . 50 1 . 83 2. 09 
12 .• 3,095 (') 
13 .. 2, 400 53 380 7.76 28.4 1 . 15 2.00 2 . 95 3 .17 3.74 
14 .. 2,470 S3 670 13.5 49 .6 2.60 2.25 1.85 3.19 3. 90 
15 . . 5,250 53 220 3. 04 12. 7 2. 05 4.60 4.20 4. 67 6.56 

54 400 5.53 23 . 0 2.20 2.00 2.00 2.97 3.58 
16 .. 2,600 53 400 7.85 29.1 1 .15 1.45 1 . 15 1 .62 2. 17 

54 570 11.2 41.5 0.55 0 .85 0 . 85 1.01 1.32 
17 . . 168 53 950 73.3 172 0 .15 0.05 0 . 10 0 .18 0. 19 

54 1030 79.5 186 0 . 10 0 . 05 0.15 0.18 0 . 19 
55 1330 103 241 0 .08 0 . 05 0 .08 0.12 0.13 

18 .. 3,250 53 580 10 . 2 39 . 2 1.70 3. 05 4. 00 4. 34 5.31 
19 .. 5,400 54 831 11. 3 47 . 3 0.40 0 . 60 0 . 40 0.57 0 . 82 
20 .. 2,445 (8) 

21.. 2,250 53 550 11. 6 42 . 0 0 . 55 0.85 1.85 1 . 93 2. 11 
S4 730 15.4 55 .7 0 . 35 0.85 0 . 65 0.74 1.13 

22 .. 688 53 450 17 . 2 51.0 1. 15 0 . 95 . so 1. 25 l. 57 
S4 540 20 .6 61.2 1. 00 1.00 0 .45 1 .10 1.48 

23 .. 3,000 53 1700 31.0 1 '.8 0 . 50 0.35 0 .85 0 .99 l. 05 
54 1870 34.1 30 0 . 55 0 . 25 U.l5 0 .57 0 . 62 
S5 2130 38 . 9 147 0 .61 0 . 29 0.32 0 .69 0. 75 

24 .. 2, 200 S3 580 12 .4 44.6 0 . 25 0.45 C.75 0. 79 0 . 91 
S4 750 16.0 57 .7 O. lS 0. 55 0 .45 0 . 47 0. 73 
S5 1000 21 .3 76 . 9 0 .45 0.33 ~ . 60 0 . 75 0.83 

.:~ . . 4,600 S3 1520 22 . 4 91. 3 0 .50 0. 4 ~ 0 . 50 0 . 71 0 .84 
54 1690 24.9 101 ;j . 25 c. 4: o. 35 !) .43 0 . 62 
<;5 1960 28.9 116 0.52 0.39 0 . 55 0 .76 0.85 

26 .. 11' 300 (') 

See footnotes at end of table. 
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TABLE 2. - Data for the v ibrations recorded 
on the grolll'\d surface- cont~nuect 

c~~~e , Slant 
Shot "rei ght, distance, Scaled d istances 

:.:n.::\.lll1l:ler==:..--=lb=--~=.:.t.::.io=n:.:.....'_ f t ft/15112 f /1filll·- Vt' 

Peak partlcl <: 
ve locities, ips 

27A. 6 ,600 53 750 '1.23 
54 930 ll . 5 

27B. 9 , 000 53 1380 14 . 5 
Solo 1550 16. 3 

28 .. 2,400 SJ 400 8 .16 
st. 500 10 . 2 
s 800 16 . 3 

29 .. 276 53 480 28. 9 
5 '" 630 37 . 9 

30 .. . 801 s 380 3 . 4 
S4 550 19.4 

1Weight of largest delay charge . 
' r.=ations sha-m on Figure 7 . 
'Transversel y oriented sensor. 
~ertically oriented sensor . 
5Radially oriented sensor. 
"vector s~.nn of peak horizontal valves. 
'vector sum of peak values of all three axes . 
'No recording. 
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40.0 
49 . 6 
66. 3 
74.5 
29.9 
37 .3 
59. 8 
73. 7 
96.8 
40 . 9 
59. 2 

1.35 2.00 3. 00 3.29 3. 85 
0.45 1.70 1 .10 1.19 2.07 
0. 70 0.50 0.70 .99 1. 11 
0. 30 0.45 0 .25 0. 9 0. 60 
1 . 25 1. H~ 1 . 70 2.11 2. 81 
1.50 0.85 1 .15 1.89 2 . 05 
0.35 0.40 0.54 Q.64 0 . 77 
1. 85 1.15 l .80 2. 58 2 . 83 
0.65 0 . 50 0.85 1 .07 1. 18 
0.80 1.05 1 . 10 1.36 1. 71 
0.30 0.30 0. 35 0.46 0. 55 



t h e f iber-opt i c un it a n d al o allowed f or a n y s ma l l 
differ e nce s be tween preamp li f ie r s o r tape r e corder 
chan n e l s . Cal i bration fac t o r s f or e a ch ch a n el a re 
listed i n Table B2 , Append i x B. 

The g a i Ps lnc ded in t h·e f o r mul a were l o gged from 
i n s t r u.T[l.ent s et.t- i ngs d ur ing r e c o r d · ng and p l a y b ack . Ga i n 
sett ing s, se nsor p r e amp combinat i o ns a nd zero -peak record 
amp l it udes a e inc l ~de d o n Ta b l e B-3 i n Ap pend i x B. 

4.1.2 Reduc ion o f Sur f ac e Da t a 

The Sprengne e r se ismo~n:-aphs used to me a sure s ur f ace 
v i br tio ns w· r-e f a c tory cal i b~r a ted . Th e ma nu f acturer • s 
spe c i f ica t ions i o d · ca t e tb e p e ak- t o - z e r o c a libra tion 
pulse ampl tud ~s are Wlth i +5%. A c a l ibrat ion p ul s e i s 
au t oma . ·.cally recorded w t ea c h .se t o f vi br a tion d a t a t o 
in s ur e that the ins t rume n t r e mains wi t h i n t o l e r a nces. 

Red u : t ion of t h e field r e c or s consi sts of me a s uring the 
ma ximum amp l i tur' ,e o f e a c h v ibrat i o n t race a nd di v id i ng by 
the s - l e eted s ens it · i ty, usua ll y 0 ,2 in/ s e c . Pe a k 
pa t i cl e v _l o i i e s f r e ac 1 of t he th r e e or thago al 
di radial , v e r tic a · , a nd transve r s e , a re shown 
in Ta u le 2. 'ertor s ums o f t he peak horizon t a l val ues 
{Vt + Vr ) and o f h e peak a l ue s f o r al l three direc­
tions {Vt + Vz +Vr ) ha v e b e e n c a lculated . The me as ured 
sur f a c e v i brations r e s ult f rom t h e add it i ve ef fects o f 
seve r a l d i ffe rent t ypes o f wa ves; c ompress ional, s he a r , 
and s ur f ace wa v e s . These waves d o not t r ave l at the same 
velo c i ty and t he maximum amp l itudes r e cor ded i n the thre e 
orthog o na l di re ct i o n s do no t occur si · ultaneously. 
The r efore, the c a l c u l a t ·e ve c t o r s ums ma y no t represent 
instantaneous val ue s o f pa rt i c l e v e loc i ty . 'l'he vec t or 
sum va ue s, however, are c o mmo nly us ed i n f i e ld appl ica­
tions to r e pre s e n t a conserv a t i ve uppe r bound on particle 
ve loc i t y . Th e y a r e p r s en t e d here t o f ac i li tate co pari­
son of d a t a f rom the J e n ny mi ne st udy wi t.,h p r evio us l y 
repo r t e d da t a, 

4.2 Se l e c tior. of App ropr i a te Sc al i n g Factors 

4.2.1 Backg r o und 

It ha s b e c o me genera l ly accept e d in t he 1 i t era ure that 
the r e l a tionship be t we en vibrat i on l eve l .:. , d is tance and 
charge weig h t f ol l ows the f orm o f the equa tion: 
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where V = the peak particle veloc ity, in/ s ec. 

D the distance f r o m t h e so ur ce , f t 

w = the weight of the e x p l o sive c ha rge , 
lbs. 

a = t h e s cal ing expone nt on w. 

K = the ' n tercept of t he reg re s s i on l ine a t 
D/W = 1 

B = the slope of the reg r es s i o n lin e . 

This e qu a t ion plots as a st r aigh t l i n€ on a l ogarithmic 
gra ph a nd pr ov i des a c o nvenie n t me thod of e stimating 
vi bra -:. ion levels f rom d i s tance and char ge we ight para­
meter s o nce the values of a , K and B h av e bee n deter­
mined. 

Once the value of a h as bee n selected , t he value s K and B 
applicable t o a par t icular site are ca l culated by s imple 
leas t squa r e s regress ion of v ver sus D/W a. I n p r ·ev ious 
studies, simpl e fr a c t ion s s uc h as 1/2 or 1/3 h ave been 
found to be s ui tab l e values for the s ealing e xpone nt. 
Howeve r , it ha s no t been es t a b lished i n t h·e lite r ature 
which val ue is mor-e a p propri ate f o r the speci f ic g e ome try 
of the J enny mine s tudy . 

Nicholls ( 12) noted t hat f o r the case o f q u a rry b l asting 
and vibrat ion me asur eme nts mad e a t the gro und surface , 
squa r e r oot s e a l ing pro vided the b e st g ro up i ng of t he 
data. Ot he r autho rs have sugge s t ed d i ff e r e n t s cal ing 
facto r s f o r similar condit ions. Ambraseys a nd Hendron 
(l) preferred cube root s cal i ng. La ngfo r s a nd Ki hl s trom 
(6) recormnende d s e al i ng to the 2/3 power . Or i a rd ( 1 9) 
used c ub e roo t sca l in g f or blast wa ves i n w a t er~ and 
some times f o r se i sm ic b ody waves in r o c k , b ut r e comme nded 
squa re root s ca l ing f o r surf a c e g r ound mot i on. 

Nume r o us a uthors have selected e ither c ube root or s q uare 
roo t s ealing to best gro up the data in pa rt i cul a r si t­
uatio ns. Nichol l s (l l ) f ound that c ube r oo t s c a ling bes t 
groupe d t he d ata f rom blas t s i n a n und erground eva porite 
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mine f o r vibrat ion meas urements mad e o n the mine roof. 
The curve he deve lope d allowed pred · ct i on of vibrat i on 
levels from a n uc le a r blast at a distance o f 8 .6 mi - es. 
On the other hand, Olson ( 14 ) ~ found that s q ua r e root 
sealing was more app :ropr ia te-fo-:::- similar measure me nts in 
an un dergro n d c o pper mine in s e dimentary r ocks . I n 
anothe r st ud y , Ol s on ( 16) , so ugh t to apply s q are root 
scal ing develo p e d f o r - qua r ry blasti ng to vi bra ion s 
measured i n o ne o pen·ng of a large und e r ground complex in 
granite from b l asting in ot e r open ings. He reported 
that cube toot s caling wa s more appropr ia t e. 

Snodgrass and Siski nd ( 22 ) c o mp a r e d t h e r e s u lts o f mine 
roof v ibra t ions from unde r g ro nd bl a s t ing at four sites 
and f o und tha t whi le c u b e root s cal i ng p rovided the bes t 
groupi g i n some cas e s , o nl y s ma ll errors r esulted in the 
use o f square roo t s c a ling inste a d. 

4.2. 2 Direct Stat i s t ica l Analysis 

The ava ilab le b a ckg ro nd 1 i teratures d oes not provide a 
def in ite va l ue of t h e s calin g f ac t or f or use i n t he 
anal y sis o f unde r ground v i b ration s or ig inati ng f rom 
surfac e b lasting. Th e r efore , mu ltip l e l eas t squares 
linear regression anal y s i s was used to di rectly i nve st­
igate t he re l a tion s h ips b e t we ,en charge we i gh t , di s ­
tance and peak par ti c le v e l oc ity f o r t he var ious sets of 
data c o ll,ectec at t he Je nny mi ne. The metho d use d was 
develope d for impl e mentatio n on a computer by Danie l and 
Wood ( 4) • 

The propagation equat i o n define d i n Sect ion 4. 2.1 i s of 
the form 

This equa tion may be expressed as 

ln V = a + b·ln D + c·ln W 

Z = a + bx + cy , whe =e 

a = ln K z = ln V 

b = 6 

c = - CI. . 6 
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This lS the l i near equati o n us e d for the mu l t iple re­
gression an al ysi s. K is the i n tercept of t he reg r e ssio n 
line, B the slope, and a the sealing e xpon e nt. 

Table 3 gives the results of multiple reg r e ssion anal ysi s 
for the va r ious data sets. It i s appa rent t h a t th e 
scal ing e xponen ts for al l of t he s ur fa c e data f a ll c ose 
to l /2 which is c on s is te nt with fin d i ng s of p r ev io u s 
studies. The underground r oof da t a, do no t a ppea r: to 
follow the same scal i ng. The value of a fo r t he roof 
data is close to l/3 while the value o f a f or the fl oor 
data, is c l ose to l/2 . 

4.2.3 Range of Regress i on Coeffic ien t s 

The results o f the mul t iple regression calculation s we r e 
used to pe r f orm a non-l inea r reg r e ssion analysi s (Da niel 
& Wood( 4 )) o n selec t ed sets of data to determi n e th e 
range o f the c oe ffi c i ents K, a and B at the 95 % conf i ­
dence level. The data set wh i c h inc l ud e s the maxim um 
peak p a r t ic l e veloc ' ty r ecord e d on a ny o f the th ree 
components a t the surfac e was c hosen to represent all o f 
the surface d ata. . As shown o n Table 3, t hi s " ma ximum" 
set has a rela t i e ly h i gh c o r r e l at i o n c oe f fi c i ent. 
Fu r th e r mo r e , the max imum value in a n y di rection is 
commonly used f or controlli n g v i bratio n s a t s urfac e 
structure s and t ake s into ac c o u n t t h e po s s ib ili ty o f 
misal i g nme t of he se n sor and sig ni f ic an t el evati o n 
changes be t ween t he b last a nd the sensor. 

Limits of the coe ffi cients at the 95% conf ide nce leve 2. 
are shown in Table 4. The standard e rror of the est ima t e 
for each of t he t hree resulting equatio ns i s a l s o g iven 
on the table for compa ris on wi th t he s a me values inc l uded 
on Ta b le 3. The se val ue s show that the standard e r ror 
resul t s of the mLL tip l e linear and no n- l i near ca l ­
culations were the same. 

The r a n g e of a f or the th ree se t s is o f pa r t i c u l ar 
inte r e st . As s hown i n Ta b l e- 4., t he 9 5% co n f ·,dence 
limi t s o n a f o r t he roo f d ata incl ud e s 1/3 b ut doe s not 
incl ud e 1/2 . Fob:" the f l oo r d a ta, t he 1 imi t s includ e 1/ 2 
but not 1/3. For the s ur f a c e max imum data , the l im i t s 
are relati v e ] y wide , due to the scatter o f the d a ta, 
and inc l ude both 1/3 and 1/2 

From a str ict ly sta tisti c al v iewpoin t , t here fo r e, f or 
the data col lec ted a t t he Jenny mi n , it wo uld be approp ­
riate to s cal e the r o of data by t h e c ube r o o t o f t h e 
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TABLE 3 - MultiEle linear: r:~r:ession results 

Ler:ived 
Direct coefficients Values 

Data Set lnK 1 - aB 2 s' K" Cts SE 
6 c.c. 7 

Underground 

Fbof 5.683 .665 -1.79 294 .37 .490 .819 

Floor: 3.438 .705 -1.51 31.1 .46 .428 .853 

Surface 

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

Vertical 3.273 . 547 -1.19 26 .4 .48 .467 .772 

Transverse l. 872 .403 - . 83 6. 5 .49 .616 .499 

1-br:iz. SliD\ 3.466 .448 - • 99 32.0 .45 .516 .654 

'lbtal Slml 4.015 4.75 -1.05 55 .4 .45 .464 .723 

Maximlm\ 8 3.096 4.68 -1.03 22 .1 .46 .468 • 713 

1 Intercept at - a8 = B = 0 

2 Regression coeff icient for charge ·~ight (W) 

3 Regression coefficient for: distance (D) which is equivalent to the slope of 
the trerd line for: exporential form of the equation 

" Intercept at D/W Ct = l 

5 Scaling exponent on W for the exponential form of the equation 

6 Standard error: of the estimate for the equation (residual root mean square) 

7 Multiple correlation coefficient (r: 2
) 

8 The set of data which includes for peak particle velocity, the highest value 
of the three canponents measured for: each site rronitor:ed for each shot. 
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TABLE 4 - Limits of regression coefficients at L~e 95 
C:on!'laence Ievei calculate<! oy non Iwear 
~esswn 

K' 
Data Set I0ner 

Urdergrou.rxl 

R=f 64. 7 

Floor 3. 33 

Surface 

Maximum of 
3 canponents 4 .00 

1 Intercept at o;,;" = l 

'Scaling exponent on W 

upper 

1466 

134 

121 

3Slope of the regression line 

(> 
2 e? 

ICMei upper IC>Wt:!-r upper 

.29 .44 - 2.20 -1. 57 

. 38 . 55 - l. 71 - ], .3' 

.31 . 60 -1.27 -0 . 78 

"Standard error of the estimate for the non-linear ~cuation 
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ma x i mum delay char ge we i g h t and the f loor d a t a by 
the squa " @ root. At the 9 5% con. £ i e nce l e ve l , e ither 
sealing f a <: tor for the surf a c ,e q t a wo u ld be s a t· s ­
fac tory. 1o· e et" , s i.. c e the calcu a t ed value o f a i s 
closer to l/2, s at ist i cal erro~s r esulting f rom t he use 
of s qu a r e root s ca . · ng woul d be less tan f rom cube roo 
scal ing . 

It should be no te d that t h e stat is tical analys i s was 
perfor med on a r el a t ively small amoun t of d a ta gathered 
under less th a n i d e al test c o n ditions. The re s u l ts, 
therefore , coul d c hange co ns i der a b ly if more data points 
we re to become a vail abl e . One anomaly in par ticular is 
appar ent f rom the no - l inear r e g r essio n on t h e s ur f a c e 
maximum value data se t. From recording ma ny t hou ands 
of da ta poin t s , Or i a r d (20) ha s noted that t he slope ,S, 
o f t he reg r e s s ion l ine f o r surface data plo tted ag a inst 
s q uar e roo t s caled d istanc e f o r a parti c u lar s i te i s 
gene r ally close to -1 ,6. As shown on Table 4, t he 95% 
con £ idence 1 im i t s for t he pres ent s urfa ce data do not 
include t hat n umbe r. This appa re n t a noma l y is d · s cussed 
further i n Sectio n 5. 3. 

4.3 Co n ve nt ional Presen tat ion of the Data 

A t r end l ine was c a lculated f o r e ach d a t a se t by simple 
li ne ar l ea s t s qua re s re gres si o n usi ng both s quare 
root a nd cube roo t s cale d d istance. These ana lyses we re 
do n e to p rovide an additio n al check on t he r e l a t i v e 
e ffe ct of t he sca ling f actor f or e ac h d a ta s et a nd to 
prov' de a b as i s f or compar i s on wi t h othe r d a ta scaled y 
either of t hese f actors. The r e·sul ts o f t hese analyses 
are shown on Ta ble 5. 

In t he s i mple l ine ar reg re ss ion an a l ysis t h e stand a r d 
pro pagat ion e qua t ion 

v = K (D/ W c~) 13 i s written in t he f orm 

y = a+bx where 

y = the l ogarithm o f t he peak part i cl e vel -
oc i t y 

a the intercep t of y a t X :;;; 0 

b = the s l ope of t he re g re s s i on l i ne on a 
l i near graph 

X = t he logar i thm of the s cal ed d i stance D/ Wa 
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ThBLE 5 - S imple linear cegression results 

Versus D/W ' / 2 I 13 Versus D/W ' 
Data Set K' B' S.E. J c.c. ' K' B' S.E. J c.c. ' 

Unde:9round 

Roof 30.1 -1.58 .520 .793 592 - 1.84 .491 . 816 

floor 18.7 -1.47 .427 .852 255 -1. 66 .461 . 828 

Surface 

Radial 13 . 5 -1.04 . 531 . 684 112 - 1.24 .537 .676 

Vertical 15.4 -1.14 .465 .770 146 - 1.34 .487 .747 

Transverse 5.85 - 0 . 82 .610 • 499 28. 3 -Q . 95 .624 .476 . 

Horiz. Sum 19.0 -o.94 .512 .652 122 -1.11 . 524 . 636 

'lbtal Sum 32 . 8 -o.99 .461 .721 235 -1. 17 .477 . 702 

Max imum 13.6 -o.98 .465 .711 93.7 -1. 15 .481 .691 

' Intercept at D/Wo: = 1 

2 Slope of regression line 

3 Standard error of the estimate for the equation (residual roof rrean square) 

' Correlation coefficient ( r 2
) 
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A comparison 
produc e s the 
selecting the 
better groups 
appe ar s be st 
data. 

of cor relat ion coefficients in Table 5 
same conclus i o ns a s de ri ved earl ier in 
best s e al ing facto r s. A value 1/3 f or o: 
t he d ata from the underground roof and 1/2 
for underground f loor and the s ur f ace 

A further comparison of correlation coefficients is shown 
in Table 6 which s ummar izes the re sults of all o f the 
statistical analyses. It is apparent that a considerable 
reduction in s c atte r is obtained by using ei t her the 
square r oot or cube r oo t of the charge we ight f or scal ing 
rather than simply plott ing peak particl e veloc i t y versus 
distance f rom the b last. However, the differences among 
the results of using either of the sealing f ac t ors or 
that d e termined dire c tly from the data by multi p l e 
regres s ion are r e lat ively small. 

The peak partic l e veloci ty data recorded at the J e nny 
mine are pr esented graphi cally on Figures 11, 1 2, and 1 3 
as functions of t he conventional scaled d i stanc e which 
best g roups the par t icular data set. From a s tatisti c a l 
standpo int, the r e gression li ne s shown on the g raph s 
would the r efo r e be appropriate f or es t imat i ng v ibration 
levels at the v a r i ous mon i tor ing stations f or addit i onal 
blasting at t he s ur face at the Jenny mine site . 

It is appa r e nt f rom the graphs that the least s cat t e r was 
encountered f r om measur ements on the mine r oof. The 9 5 % 
confidence 1 im i ts, which def ine the r ange of e xpected 
future d a t a points , a re cons i derably narrower t han f or 
the floo r or surface data. 

The max imum peak par ticle veloc i ty of the th ree com­
ponen t s measured at t he sur face was c hosen to r epr e sent 
the su rf ace data on F ig u re 13. The c o mponen t wh ich 
recorded the highe s t v alue for e ach station and shot are 
shown by dif feren t s ymbo l s. Of the 53 data po i nts , 31 
are repr esented b y peak v al ues on t he r adial component, 
14 on the vertical, and 8 on the t ransverse compone nt. 
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Table 6 - C~rison of correlation coefficients 
w1th respect to scal1ng factors 

Correlation coefficients (r 'J 
Data Set v vs D v vs o;w ,;, v vs DfW l /3 v vs o;wa a' 

Unde!:9round 

Roof .508 . 793 .816 .819 .37 

Floor .465 .852 .828 .853 .46 

Surface 

Radial .322 .684 .676 .690 .42 

Vertical . 268 .770 .747 .772 .48 

'ITansverse .195 .499 .476 .499 .49 

fbriz. Sum .286 .652 .636 .654 .45 

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

Maximum • 208 • 711 .691 • 713 .46 

1Scalir>:J exponent r-esulting fran rrultiple linear regression analysis 

47 



(.) 
Ql 

"' --c 

>-~ 
1-
(.) 
0 __. 
LU 
> 
w 
...J 
(J 

1-
a:; 
c( 
0.. 

~ 
<( 
w 
0.. 

30.0 

10.0 

1.0 

.1 

• 
\ 
\ 

: \ ~ 95% confidence limits 

\ 
\ . . \ 
\ ... \ 
\ . , ... .. ~ 

\ .. ~ ··. \ 
\ 1•'\ • \ ~~' \ . \ .. 

\ ... \: .\ l ' 
\!. ·~. \ 
\ . '· ., 
~~ v = 592 (D/w 1/3r 1.84 \ : 

\ 
. 03 L__ _ _L___,.,j,_._L--'---L--'---L--'-L_ 

1 10 100 

SCALED DISTANCE (D/W1/3), ft/I IJ 1/3 

FIGURE 11.- Underground roof peak particle velocity versus cube 
root sca~ ed distance. 

48 

1000 



10.0 

>- 1.0 
1-
(.) 
0 
.J 
w 
> 
w 
.J 
(.) 

1-
c:: 
<( 
a.. 
~ .1 
<( 
w 
a.. 

\ 

\. \.\ 

,·\· ~\ 
\ .: \ 
\. ·~: : " . ... .. \ 

\ \" \ ~ •:: \ /nfidence limit< 

\ .. ~ . ~ 
\· . .. . \ 

\ . 
\ . ·. \ . . \ 
\\ v = 18.7 (oJW112r1.47 

\ 
\ \ 

\ . 
\ 

.Q1 L---~~-L~~~--~--~~~~----~~~~~ 

1 10 100 

SCALED DISTANCE (D;w1 /2), ftllb 112 

FIGURE 12.- Underground floor peak particle velocity versus square 
root scaled distance. 

4 9 

1000 



10.0 

~ c: 
1.0 

>' 
1-
C) 

0 
..J 
w 
> 
w 
..J 
C) 

t-
a:: 
~ 
~ 
<( 
w 
Q.. 

• Radial component 

o Vertical component 

+ Transverse component 

.01 L_ __ _L __ L_~-L~LL----L--L-L~~~----~~--~~~ 

1 10 100 1000 

SCALED DISTAINCE (0/W1/2), ft/lb1 /2 

FIGURE 13.- Maximum peak particle velocity of the three 
components measured at the surface versus square root scaled distance. 

so 



5 . 0 DI SCUS S ION OF VI BRATION ANALYSIS 

5.1 Propa s at i o n Equat i on for Unde r ground Roof Vibrations 
Th e r e sults o f the statist i cal analys is of u derground 
roo f da ta provide a clear picture of t he r-elat ions hips 
among p art ' cl e v e oc ity , d i s t ance, a n d max i mum d e lay 
c harge weight at the J e n ny mine site . Scal ing by t he 
cube root of the c har ge weight pr-o duc e s a r elatively wel l 
grouped d a ta s e t wi t h r elatively n ar row 9 5% c o n f idenc·e 
lim i ts ove r he r a nge of data r e corde d . 

Stud ies o f u d e r gro und vibr atio ns f rom s urface b lasts 
ha ve been ma de by i nv e st i g a to r s f r om t he Un iver s i t y of 
Misso uri at ol a (2 5 ) b u t t he data had no t bee n pub­
lished a t t he t i me this rep o r t wa s prepa ed. o data 
sets fo r s i milar blast~recorder g e ometr y we re f ound n 
the l it r a t ure. Th e r e f o re, it i s not po ssible to compare 
the Jenn y mine data to other data s e t s co l lec t ed under 
i dentical condi tions. Ho we v e r , t he present data ma y be 
comp a red with se t s o f da ta f r om unde r g round p r o d uc t ion 
b las t s r ecorded unde r g r ound as p r esented i n f our separate 
Bur au of M'ne s reports rev iewe d by Snodg r ass and S iskind 
( 22). The r eg r ess io 1 i ne f r om t h e J e nny mine roo f da t a 
f a l ls sl i gh tly above those d e rived f r om t he f our under­
gro und b last i n g si t es . The s l o p e s o f a l l fi v e t re nd 
1 i n s a r e simi l a r. The J enny mine da t a s hows somewhat 
less sea t ter than f or t h e underground bl a sting s ites . 

One site in particular ap ea r s to have s ome geometr i c 
simi lar i ty t o the Je n y Mi n e s "te. Olson {16) repor t e d 
the resu l t s o f blast i ng in one chamber and r e cordi ng in 
an adj a cen t chambe r- d ur i n g development o f the undergro und 
NORAD c o p l e x i n Co lorado . Wh i le t he NORAD b l as t i ng wa s 
in granite , the s ite wa s similar t o t h e p r ese t s ite in 
that s o l i d rock sepa r a t ed t ,e b l a st s f r om the mo n itoring 
poin ts. 

Olson' s d at a a r e pl o t ted on Fi g u re 14 wi th the dat a 
poin ts and 95 % confide nce lim i ts f rom t he pre sent roof 
rec o rd i ng s . The b l a sts a t the NORAD s ite were c n s ider­
ably smalle r a nd close r to the mo n ito ring po int s t han i n 
the present c ase and r esul t e d i n somewhat l arge r sca l e d 
distances. Olson a l s o found that s e al i ng by the cube 
r oot of the c har ge we ight prod uc ed the bes t g roup ing of 
the data. 

5 .2 Re lat i onsh"p Betwee n F l oor and Roo f Vi b rations 

In fut •r e wor k, espec ially un der p r oduc t i o c ond it ions , 
it wo uld b e e a s i e r to measure un d e r g r o und vibra tion 
leve l s at t he f loor of t h e min e t ha n hav ing to attac h 
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se r1 s or s t o t he roo f. 
we r e made at b o t h the 
possible di f fere nce s . 

At the Jenny mine 1 

floor ~nd roo to 
me asurements 
1. nve s t 1gate 

Data f r om both s e t a~e plot t ed togethor a s -unc ions oi 
s q u a r e r ) o t s c l e d d i s : an c e o F 1 g u r e l 5 • 'l'h e 9 5 % 
con..:: i d encc Hllit~ overl a p a lmost entire l y w· tl in th,9 
r n q e of t h e d ata ind 1cat 1ng t ha t e two s e s a e not 
statisti cally d 1.ss m1 ilt . A c a r efu l CE x am· na t o o f the 
fi g ure s hows t h i: l·,e floor da a ':Jro up s somewhat b e low 
t h e roo f data. A comp<H" 5 c)r u f t h peak p a.:-tic le v el­
oc ity va l ue s f or e <tcb mon itor 1 g ~o ~nt a nd · l.as t or Table 
1 s how s t hat \."Ofts dor01b . .e di ffe .:-ences e xisL 'he: f loo.t:­
ve lo l ty exceeded · ne roof veloc~ty in a uxim- tely 20 % 
of the me as ur .e me ts. No isc:e rnabl € pattern was found to 
e .x p la i t 1ese o cc urr e nces a .n d the pt·e sc:. t d a a b , se 
app ea r s t o b e . nsu ff ~c i cn 't... t o ex p la in t ~ ob serv d 
rea · i cns hl p . Furt e r analys ·~ a nd addi t iona l s -ud ·es as 
r eco mmended in Se c tion 9 0 may b e he lpfu L und e r s tan­
din g the 0~ lex r el &ti ns h i p ae t we e n roo f and f loor 
par ticle vela 1ties 1n an und~rground ope• · ng . 

The n;~ <J - esslOl"l 1 i nes der ived f rom the two tlat. a se t!; tend 
to d verge a t r i g h : pe a k par t i cl e v l oc ity v a l ue s. 
Th s, at the Je lY mi ne si e 1 a pr· d i c tion curve tle-
reloped f r om v ibL"at i on r .::=cc r: d i g s o n t he n1' ne fl oor 

wo l d not y i el d conse r v a tive resuJ ts Th is is sboW'l1 on 
Fi gure 16 wb i ch is u. plot o f x ecterJ par .iele velocit i es 
f a the r:oaf a nd f loor gi v _n t 1e di stanc e and c harg e 
weigh t. A.dd itiona~ d Qt a ana st ud y ar.c requ~r ·ed to 
deve l o p a n umerical r elationsh p between roof and fl oor 
veloc i ties in an underg r o und open ' nq. 

5. 3 Rel a tionsh i p Betwe en S u ~ f ace a nd H .. oo f Vibr-ations 

Roof a n.d sur f a ce data ar e plo t ted tog eth~r ~Jn _ · gure 1 7 
as f unct i ons o f square root s caled d l ~ tance .. AJ so shown 
on he f i guc e axe e l Cltions deve l oped by 0. i a d ( lB ) and 
rJic o lls ( 12) f ro . l arg e rtumbe s u f su.rface vibration 
r e cord ing. hom sutfac .e b.l ast u :g 

The Or i ard ( 18) ~u-rve s de f i ue a b and o f t y pica l v i brat ion 
data <:Jb ssrv:ecr Ofl over a h undr e d proje c t s. They wer 
o~ ig in -l ly d e elo,ed f ~om s · r fa c e b l a st s ·n vo l canic 
rocks but la!V b een f oun d to be applica b l e in a wi de 
range of condi t ions (Or i · t:" d 1 2G). 

tJ ichol ls ( 12} compi led da ta f rom several ye ars of \.. ua r _ y 
bl a.:st monit: :n·irg C& nd f o I)Q th ... t no . eak particlt ·., elocity 
v a l tH2 S measured t:P _lJ above th - :t ine ~hown on F cJ Ur 18 . 
Ni ho ll s ' da ta f a . s witlti n the l i m.ts defined by OrLa:rd. 
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'i'he p rese n t s• · 'fa c~ data f a ls ve ry Wi! l l wi thi n th e 
t ypi ca l limi ts e s ab l i she d by Oci~rd. hlso, r e o f 
the da ta e xceed s t he i i mi t s obse ·v e e by Nioho · 15 . t 
appe a r s, the r efore, U 1a t the sur f a c e d ata ;a he r e d a 
at t h e ,Jenny nine i s t o t signif"c:a1tly d 1.f f ·ent 1an 
that rec orded f rom many o t hec p o j :ct. 

Fi g u re 17 shows that Or i drd • s uppe r bo nd fo~ s ur.· f ace· 
data a l so appe a r s be a l il i i g val u e f o r roof da·t a . 
Th i s re l a tion s l1ip may be unique f o r the J n y mi ne 1. te 
b u t if i t c o ul d b e s wwn t:o bo l o f or othe s i t e s a s well, 
i t may l ead t o a ~ mple, conservativ e method o f p r-eoic~ 
t ing mine r oof vibrat "on~ 

For the Jenny mi ne data, howeve r, pred ict i ons of pa rticl e 
ve l ocit i es in U e underground mine based o n t he trend 
l i ne f rom sur f ace t"ec()Co ngs appear t o b e l ess conse r ­
vative at higher ve oc i t.y values where damag e mig h t b e 
e x pecte d. F i g r~ 18 is a gra p h o f charge we igh t and 
di stance rel a t1ons, f or :selected vel oci t y v alues , bas ed 
on t re nd l ines f o oth · he roof a n d s ur f ace d a ta. This 
i s simila r to f l ure 1 6 f o r the roof and f loo r d a t a . 
Figu r e 18 s how s tha t he conserva t i sm o f p red i ction s 
based on sur f~ce da t a a · l ow ve l ocity v a l ue s d e cre ase s as 
part icle ve l o citie5 i ncrease. 

As p rev · o us ly m-;; n t ione d, th · s 01:1 of t he t~eg css ion line 
d e :r i ved f rom he Jenny mine s1.r~ f ac~ d at. a i ~ f 1 a ; - ~ 
than that p red 1cted ·:ry Or ia. ·r·d ( - 1 v - 1-6} . I£ , however, 
the · f ~ ce a a had produce d a s teep E:! r eg1.ess. o 1 1 .. n 
the o n s e rv a t i s m or p ecl:i c: t: i ons based on t·"'c sur f ace data 
would e xten d to hi g her v elocit val u· s. Based o 
Or a a 's f" t udi - s ( · 8), a ~eg re s s ion 1· te slc)pe o : - 1,6 
mig h t be e x e ~ t _Q f o !Tl a l <n:ge numbe·: of sa.n1p l e s ov e r a 
la t"gtc sc 1 .-;d d 1s t ., nc0 r~nge . Howe v er, t e re l S no 
phy s i cal O·a E . ;3 f t" .h tS va l Ue • The OOSE:rV"eC particl e 
ve l o c i t. e s re p 'f'e:3en t t h e vect.or sum o f rno t :L on;,. ff.'Oil 
seve r a l w.:ve ypes ( c o mpr ession a l , hear , s ut:f a cc) nd are 
fu rt. e r com.o l. icated by "Ce fl ec · ed .a d r .e f rac. t~d arriva l s 
re sult ing f ·o m lo·a l g .. o . g i c cond i Lons and t. e mLne 
structure Blast ng pa · er d poss · · le llline rescnanc(: 
may so l n f l e nce ·. e o bs r v ed motions . F:' .H~re s 7 and 
18 show t ·1a t t Jen y ul n.e s · f .c e -a t a occu..r s wi t h in a 
rel ~ t ve l y nar~ow r ang _ o f s c a l e d d i s t a n ces. It would be 
des i r eab l e t o ,;c x t e11 d this .ang e t o de te r mine t h £fe et. 
on the s l o p e of the reg r e ss ion line . 
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6. 0 INDICATIONS OF PUYS ICAL CHANGES IN THE UNDERGROUND 
MINE 

Formal p roc e d c e f or mon i toring physi a l c hanges i n the 
J e nny mi ne a~e dis ·~,:~ s sed in Section 3 . 0. These o bse r ­
vat ion s inc l de d e xtensometer reco~(Jngs at v ib a t ·on 
s en s or loca t l o'rls , c onve r g ence measurements else where i n 
the mine, bac k g ou o d v i bration recordi n g, vis al in­
spect ions, an obs ervations of the roof s trata with a 
bore s c ope. Ir a dd · ·. io 1 miners and other persons as soc­
iated with t h e mine were intervie wed for i n f orma t ion or 
opinio n s as to the frequency of roof failu r e s befo r e and 
duri ng the s ur face blast ing. t o evidence of damage which 
could be direc t l y a 't tr ibu ted to blasting was found from 
any of ·' e se stud e s. The s e s ubjects are discussed i n 
the foll o wi ng paragraphs. Report s of major damage from 
other i nv ostigat1 o n s a r e summar i zed 1n Section 6 . 5 

6.1 Roof Fal l s 
It was t 1,e o p in i o n of those fami l a1r with the mine that 
loose I'CH:k whic- h fell f rom the mine ro o f dur i ng the 
mt- i :o t· i t.g per _od would have fallen regardless of the 
b last n • E1 l d~rce of several past l arge roof fail ures, 
some almost f :Lll i ng t he ope ning 1 we re observed i n the 
mi ne4 N' failur s of t h a t ma gn i t ud e were observ ed d ur ing 
the b l a s t i .ng. 

Effort s to q ua n t i fy r oo f f a ll f r eque n c y and ma g nit ude 
were i n tensi f i e d duri ng the final stages of the p ro jec t. 
Ri g oro u s l ogg i n g of e n ri es 3 and 5, as des c r ibed in 
Se ct ion 3 .2 .2, h o we e r , p r o ve d i n conclu s ive due to 
une xp e cte d termi na t ion of t he blasti ng. 

Few referenc es a re made in the l iterature to v i b ra ·on 
levels associated with roof fail u r es. Langefors and 
Ki hs trom (1 0 ) cite a p p r ox imate l y 12 in/ sec as bei n g 
asso c iated with t h e " fall of s to n es in galla r i es and 
tunne l s " >Ut offer no add i tional deta i ls. 

One substq t ia l c ase h is tor y is presently available. 
Blast i ng a bove an u derground crushing chambe r at Dwar­
shak Dam in Idaho was described by Fa r is (7) and expanded 
up o ll by 0 r i a r d ( 2 0 ) w iw a c ted as con su 1 tan t to th e 
p o j ec t. The pro jec t invo v ed appr ox i ma te ly 6 year s of 
bl ~ sti ng in gra . ite ab o v e the underground cha mbe r , 
g r a d ua lly ap pr oac h ing i t until on ly a 30 ft shel l 
rema i~ed ove r th e chamber. When part i c le veloc ities 
reached 5 in/sec, 1 or 2 loose s t o ne s fell f r o.n an 
unsupported, n r i nfo ce d sect ion o f access tunne l . 
That wa s th e only kn ow n r ockfa ll during t he 6 years 
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wit h p a r t icl e ve loci ties rea c hi ng a b o u t 1 0 i / sec. 
The cham be r a rc h wa s bolted. The a r c h r ose abo ut 5/8 in . 
relat ive to the f l oor as a r esult of elas t ic rebo un d f rom 
ex cavat ion of t he mo un tain above the c h ambe r. 

6 . 2 Lonvcrgcncc Meas ur e men t s 

Co nv ergence measu ~ements have be e n effective in moni t or­
i n g r o o f 2m d p i ll a r fa i l ur es i rt prev ious st udie s ( 23 , 
24 l. At the Je n y mine, two metho d s of me as ur i ng c o n 
v ecg e nce were u s e d . These were 1 ) i n stalla tion o f 
con t i nuously r e cordi ng drum e x t ensome ters a t vibra t ion 
s e ns o r loca lon s a nd 2) physical measurements a t f ixed 
s t at ions in other a~ea s. 

The d rUl'!l re cor.de ['s p r ov i d ed little informa t ion f or thi s 
partie ul ,ar pro j e c:. t. Two of t h e r eco rde r s ( at l ocations 
5/11 a d 3/18) sh we d no deflections . The th i rd recorde~ 
o p e ra t ed f or abqyt 70% of the mo n itor ing p er iod a n d 
s howe d se v er-a l d~ f lec t.io ns of f rom . 01 to . 0 3 i n. Mo s t 
o f t bes e chafl c] e S i nd ic a ted diverg e nce of t he roo f f rom 
t he f l oor ra t her t h an converg e n ce. The cummulat ive tota l 
fnr r h@ mQt.e . wa s a d ivergenc e o f les s t ha n 0 . 1 i n. A 
g ra p h i c log of t h ese re cords i s i nc l ud ed in Ap pend ix 
c. 

Convergence me asurements made at 23 other po in t s i n the 
mine ; wer e al so not conc lusive . The me a s urements we r e 
mad~ wi t h a mod i f i ed Phi l a d e lph i a s u r veyo r ' s rod betwe e n 
f i x ed p o int s o n t h e f l o or a n d r o o f at e a ch st a t i on . 
Du ring the eig h t days p ri o r t o the term i nat i on o f b las t ­
ing , r ead i ng s at most st a t ions regi s tered po s itive 01: 

nega tive c hange s of 0.001 to 0 . 0 0 2 ft. Appare nt cummu­
lat ive c ha nge s ove r tha t pe r i o d ranged from zero to a 
maximum conve rge nc e of 0.002 ft. A log o f t hese r ead i ng s 
i s also i ncl ud e d i n Ap p e nd i x c. 

6 . 3 Bore scop e Suvey 

Af t e r the t e r mina tio n of bl as ting , holes we re dril l ed 1 0 
ft i nto the r oof at e n try/cros sc u t l ocat i o n s 5/ 1 , 5/14, 
and 3/18 f o r i ns pection of the st r ata with a bore s cope . 
I n eac h o f t he s e ho les , the st r ata was found to be i n tac t 
wi t h o n l y mi no r p a r tings at bedd ing s ur f a ces. No t h ing 
wh i c h co uld be con s i d ere d a cr a ck or bed sepa r a t i on wa s 
noted. It woul d have b een preferable to have dr i l led 
the hol e s p r io r to bl a st ing to determine as pr e c i sely as 
poss i b l e t he c o ndi t ion o f the strata at the b e g i nn ing o f 
t he p r ogram a s well as t he e nd. 
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6.4 Background Vibration Recording 

The seismograp h used to monitor background vibrations 
du r ing the project recorded a large number of events. 
Some of the e v en ts were attributed to blasting in nea rby 
mines and traffic noise at the site. If rockfall s or 
seismic events in or near the mine occurred they could 
not be disting u· shed on the seismic record. Since only 
one se i s mometer was used, the location of the events 
could no t be determined. 

One of the prime purposes of the seismograph was to 
dete r mine the t i me of occurrance of any l arge roo f 
fai lu res which might have happened during the p r oj·ec t. 
The idea wa s to investigate the time relationship be t ween 
blas ting and such a failure. However, no large failu r e 
occurred during the monitoring period. 

6. 5 Li kel ihood of Major Damage 

Several modes of damage in mines and tunnels due to blast 
vibrat ' o As and othe r phenomena have been noted in lite r ­
at ure . The following paragraphs d iscuss the se modes and 
their likelihood of occurrence under conditions at t he 
test s i t e or in similar circumstances. 

The following may be considered types of majo r d amag e 
which result fro. blasting. These are n o t m t udl l y 
e xcl usive categor ies but are presented as suc h fo r ease 
of discuss ion. 

Crushing 

Fract uri ng of confined rock 

Fracturing at free surfaces 

Failure due to addition of dynamic stresses to 
e xi st ing static stresses 

The f irs t three modes are discussed together bec a use 
they can be c o nsidered to occur in originally intact 
r-ock affec t ed predominantly by stresses of the b l ast. 
Addition of dynamic stresses is discussed in Se ction 
6 . 5.2. 
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6 . 5. 1 Ct'us, ing, Can f ined Fr a c t ur i ng a nd Fr ee Surface 
F · ,a,c t.ur i 1g 

Crus h1 ng a nd f racturing in confine d rock and f racturing at 
f ree s uct aces have been stud i ed by several authors and 
tJ e mechanisms f or these mod e s of d amag e are fa i rly wel l 
undeJCs t ood 

Ccushing and f racturing occ ur in zones near an expl o s ion 
where s tre sses f rom t he s hock wave a n d expand i ng g ases f ar 
exceed the shear strength of the rock . Oriard (19 ) lis t ed 
5 mechanisms f or f ail u r e . The s e included ( 1-)- t e nsil e 
parallel s l abbing at a free s ur f ace, ( 2) conical f ailure 
under quasi-stat i c compressive loa d ing, ( 3) radial crack­
ing under the a c t ion o f tang e n t i a l st re sse s , (4) per­
ipheral cracking at the discon t i nuo us s hock f ront , and ( 5 ) 
mass shi f ting due to the ve n t i ng o f the e xp l o sive gases . 

The confined f ractur i ng zone is r oughly e quivalent to the 
transition zone between propa g a tion o f e nergy by shock and 
propagation as elastic waves. In th i s zone , compressive 
f orces are greater than the s trengt h of th e rock, es­
pecially along existing p l a nes of weakness. Beyond these 
zones , t rue elastic propagation i s a pproximate d with no 
damage occurring i n conf ine d r ock. At a f r e e sur f ace, 
however, a compressional pulse i s reflec t ed a s a tensional 
pulse which constructively i n terfere s with t he oncoming 
portion of t he incident wave . T e summ d e n i e stJ:"ess 
may exceed the strength of the rock a n d produc~ s pal ling . 

The e xtent o f these zones has bee n e x ami ned i n r e la t ion 
to tunnel damage which mi gh t resu l t f r o in nuc ea r b l s ·s 
( 3, 8). Experiments have r a nged f ro1n model tes t s in a 
weak-grout with 2 lbs of e xplos i es t o f i e l d t~sts us ng 
f rom 750 lbs o f chemical e x pl os 1>J ,~ s t o lh _ uc l e a z; 
equivalent of 5. 1 kiloto n s. F i e ld t cs s w~re t a d e in 
severa l rock types i nclud i ng s a nds t one , g r-an t e , ·--- asal t 
and tu f f. The results of the s e t e s t !; a re r e l ative .y 
consistant eve n though t here were l a rg e s cal e d i f ~erences 
in the expe riments . 

Th e following f ormu la h as be en used by Cl ar k (3) a nd 
other invest igators t o estima t e the rad i i of the zones o f 
damage: 

where : 

Ri radius of zone of d a mag e 
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w = yield o f e x p los i v e so ur c e e x p re ssed as 
po unds of c hemi c al e xpos ur e 

Ki an emp i r i c ally determi ned cons t ant wh ich is 
a f un c tion of rock type and othe r va r i a b les 

Averag e val ues o f Ki ha v e been repo r t e d by He nd ron a nd 
e xpressed i n ft/lbl/3. other s ( 8 ) • K· 1 is 

ZONE ( i ) GRANITE SANDSTO IE 

Zone of Cr u s h i n g 1. 3 1.3 

Zone of Compressive Fail ur e 2 . 5 3. 3 

Zone of Spalling 4 . 4 5. 1 

The results of othe r experiments a re compara i;. e to t h .-; 
tun nel c losure tests . Ol s o n a nd oth,e-r s { 7) f o un J a r-g e 
drops i n s o n i c p ulse veloc i ties , ind~ci.lt~g, r o c k fabric 
damage , wi th i n s caled d i stances of 0 . 9 to 1.7 ft/lb / 3 
from small c harges in granite. Ob e rt a d Du val {1 3) 
found severe c r ack ing o f meta morph · c ock a t a s cu1 ed 
distan ce of 1. 3 ft/lbl/3. D ' An d r ea {S ) 1 sed 3. 1 ft/ 
lbl /3 t o corre l ate the results of c r' usbe d zo ne meas r e ­
ments for small charges in laboratory studies i gran i t e. 

In the tunnel closure studies, c ha rg e s we re co.ce1trate d 
and assumed to be spherical. This is d i ffere n t than the 
design of blasts i n t he present case where charge s were 
dispersed both in time a n d space. Fo r comp ar i so n , 
however, the e ffects predicted for an i n stan t a n e o us 
concentrated charge might be consid e r e d as an uppe r bo und 
as to what might ha v e occurred at the J e ~ ny mine. 
Assuming a 12 , 000 lb c harge, t he lar gest delay charge in 
the Jenny mi ne b l a st prog a m, and K values derived f rom 
sandstone s the following d a mage r ad ii woul d be calculated : 

Zo e of cr us h i ng 30 f t 

Zone of comp e s sive fa ilur e 75 ft 

Zone of s p a lling 1 1 7 f t. 
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Tb ~ :.;;e rl is a nce s .ru-e less than the minimum d i stances at 
J~nny m and the modes o f failure would not be e xpec t e d 
to nave occurred d ur ing this blasting program. 

6.5. 2 Addi t ion of Dynam ic Stresses 

T~e design o f a n underground mine is genera ly based on 
a con c i d e rati n of static loads many times gre a t er than 
any e .xp~cted dyn a m'c stresses. Howeve r, if cond i tions 
at' e: s ~ch th a s t atic stresses are near the str:e ngth of 
supporl~ · n g r ock 1 added dynamic stresses from bl a s t 
Vl b-ati a n s could c ause failure. 

•rince lin a d S i no u ( 2 4) monitored de t eriorat ' on of mine 
roofs eat' p o d '• · t ionblas t s. They observed that s t rains 
l arger t ha1 tr o.se wh ich could be attributed to increas i ng 
st t c s tresses occur r ed as blast vibrations pass e d g a g e 
l ocations T ey c mpar e d total strains with t ho se· in 
peni ~ ori e n ) y con t i nuous mining methods and f o und 
ht!' 1/allles as sociated with blasting to be s i gnif icantly 
arger. They we r e able to correlate damage ind uc e d by 

b las~ i ng w 'tt pe ak partical velocity and uration of 
snak · ng. 

Isaacs() 1 (! ) r ported failures in mine o pe n i ngs d ue to 
ock bur ~ ts i nit ' a t ed o~ planes of weakness away f rom -he 

openings were caused by the addition of dyr am1c s t r e s ses 
f rom vibratio n s t o existing hig h stat ic st :r e · s e 3 . 
Campbell and Dodd { 2) used added dynam1c s t.res e s f rom 
pred i cted possible e ar t hquake shaking in (l e s i gn cons. er­
ation f or an underground power plant. 

Although techn ique s have been developed f or es t i mating 
both s tatic a nd d ynamic stresses there is no t sufficient 
informatio n about t he conditions at Jenny mi ne t o ma ke an 
accurate estima t e o f these stresses d ur i ng t he blasting 
program. The previous work described abo v e ind ica t es 
t hat dynamic st r e s ses may be a critical c o n s ideration in 
estima t ing po t en tia l damage from blast ing near under­
ground o penings. 
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7. 0 SUt'!t-\A1<Y: UB .. EHVATIOW;5 AND CONCLUS I ONS 

The major obs e rva tio n s a nd conclusions wh ich can be 
infer d from the J e nn y mine study are .··u mmar izo d be low: 

Su faeo ·nd un e ryround vibra tion le~ l s obse- ved at 
Je n ny ml ns ce1n be re l a ted t o kJ a s t di st.:nr. c 'e a nd 
charge wo1ght using previous y eve l opcd pro p agation 
formul as. 

A signific.a n t r _duction in data s c a tte r is o b ta ined 
by s e a ling rathe r than simply plot t ing velo c · ty 
vers us d is t ance . Ho wever, o n ly mino r differe es i n 
parame t e r s r es ult from the use of s ua r e roo t 
sealing, cube r ::>ot sealing or seal · ng b y the f a c­
ti o n l root de termined d i rectly from the d a t a by 
mul t i ple reg res s i o n analys i s . 

Peak partic le ve locities measure at the mine roo f 
are best grouped by using c ube roo t scaling. Vel ­
o ci tie s meas r ed o n the mine floo~ a n at the g ro un · 
s ur face are best grouped by square r ot scaling . The 
rea s o f o r- t h e d ifference in s ealing fa <..:tors is n t 
d e f ine d by these observations. 

The r esults o f nalysis of t he data me as ured at the 
mi ne roof a r e s i milar to tho se o f prev i o us stud ~ ~ s 
wher ~ v ib r · t ion s from underground blasts were me a s­
ure d on the r oo f oi the und erground mi ne or t unnel . 
Part i c ul ar s 1mi lari ty wa s noted with a c ase wh ere 
vibr at ions we r.e rnorn ored · n an underg ~a ·nd ope i ng 
separate ftom the ope ning where blasting took pla c e . 

Vi r ation lev e l s mea s u~ ed on the mine floo r were 
generally lower than those meas ur ed a t the roof. 

The slope of the regression line deriv e d from su. f a ce 
d a ta vers us square root scaled dis t a nce is flatter 
than expe c t ed f r om previo us studies. This may be a 
r esult o f t he wid e ly spre a d blast patterns used at 
the si te . Howeve r , the data lie wi thin the bound s ~ 
b ased o n a s lope of -1 .6 , deve l o p ed by Or i ard ( 18} 
fro m numerous prev i ous project s . --
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Roof vibratio n l e vels are c o nsistently l e s s t ha n 
those me a s ured at the surface at e q ual scaled di s ­
t ances . Although the reg r ess ion l i ne from the r O•J f 
dat a c r o s se s the r egression l ine of th e present 
surfa c e d ata_ it clos ely parallels the va l e of -1.6 
de veloped f r :::>m previous s ur f a ce vib r a t ion studies . 

Ba sed on J e nn y mine data al o n e , re d i c t i ons of 
roof vi bratio n leve l s f r m measuremen t s on the mine 
fl oor woul d be slightly l ow at l ow p art ie e velo c i t y 
v a l ues and wo uld be c o me even less conservative at 
highe r e vels. Predic t i o n s of roof v ibrat i o n l evels 
f rom s u r f a c e mea sur e ment s wo u ld be c o se rvat i ve 
at l ow l eve l s b u t less c on s erv at i ve at h i gher lev e ls. 

Only limi ted c o nclu s i on s c a r. be d r a wn reg ard i ng the 
r elat i onship be t we n damage a nd vibr a tio n leve· s a s the -e 
were no observed underground fail ure s attri b u table to t he 
s ur f ac bl as ti ng. Ho wever, it is signi f i c an t tha t no 
ar pa rent damage occ ur red even a t the peak me as ured par ­
t "c l e ve l o c ity of 1 7 .5 i n / sec • . Th e following poin ts 
can be r e lated to t he leve l s of blast i nduced v ibratio ns 
r e c orded. 

Neither t he f r e q uen c y nor magn it ude o f r oof f a ls 
not iceab l y i ncrea sed during the project. 

No s i g n if icant convergence of the roof to the floor 
was noted . 

fl or e scope observation showed roo f strata at the 
t h r ee points i v est i gated to be intact after the 
blast i ng. 

Analysis of the results of the Jenny mine pr oject has 
' m 'l ic ated s ever a l areas in which im p r o veme nt s could 
b~ made in t he invest i gative approach. Re commenda tio ns 
~r e ~ade i n Se c t ion 8.0 fo r improvi n g the amount and 
qu~ l ity o f da t a o btained in future stud i es. 
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8. 0 R CCOt- M'C ~l DATIOllS 

The relationships Je veloped from the Je n ty mi ne ob :=> ~ :r ­
v a tions repres e nt a signific a nt f i rst step in cJe fi q l n ~l 

the impact o f su r f a c e b lasti n g o ver ur1 d ~ f S t u nd wo r- k ­
ings. l o wev er, thes e r elation s hips a re p 1: " s e n t ! y not 
sufficently we ll def i ned to use in general p rod uc t ion 
situations without a high de gr ee of conserva t ism. 
Furth ermore, it is not present l y clea r what vibration 
lev el s might be a ss o c iated with u nde s ir a b l e p h y s i cal 
effects in t h e u nde rground mine on a long t e r m basis. 

Our recomme nd a tions are directe d toward procedures to 
obtain data su pplemental to that p r esented i n th is 
report. These r e commendations fall i n to t c~~o catego r i es: 
additional tests at the Je n ny mi ne and mon ito r "ng b la s t s 
over undergro und open ing s at other s i te s. 

8.1 Add i tional Test s at J e nny Mi ne 

In order to bet t er under sta n d the res u l t s of the Jr~ n ny 
mine monitoring pro gram , tests s hould be f.;-.-~ rformf;! ' t.o 
provide additi o n a l defin i tion of site cond it ion s anri t ~e 
behav i or of elastic waves in the local s t ra t a . Th ese 
tests wo ul d al s o be usef u l for c o mpa r i ng tb~ J e tn ly mi n e 
site data wi t h other sites whe r e addi t i o n a l dat a mi g h t be 
gath e r ed or wher e a p p licat io n of t h r ela tio n s h i ps 
deve lop e d 1n this re port might be c o n t emplated. Al s o , 
it would be desi re able to conduct tests t o relate o b­
servable damage to vibration and strai n leve ls. 

Proce d ures to bet t er define the J e nny mi ne s i t e wou l d 
require material pro p e rty tests of the r o c k . V~ e re c ­
ommend one o r mo r<:! c ore borings at the s i te f:r-orr: wh i cb 
a complete log of the strata could be made. This l O~J 

would i nclud e a pe trographic description and informati o n 
on discontinui tie s such as joints and bed e parations. 
Downhole pho t og r a ph s would be us e f ul to i nv es tiy a te 
discontin u i t i e s . Fie l d t es ts cou ld be cond ucte a to stud y 
anisot ropy and seismic v e loci t i e s. Laboratory tests o f 
c ornp re ss i ve , t ensi l e and shear strength, Cli n d of density 
of representative s t rata could be performed on core 
samples. 

Although it would not be feasible to cont i nue b l a sting on 
a large scale above the mine , the r e wo uld be a fea s ­
i b i 1 i ty of c o nduc ti ng de fi n i t i ve re s e arc h a t care fu lly 
c h osen lo c ati o n s wit h in the mine. Severa l l oc at i on s 
could be chos en to represent different c o ndi tions of 
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stability. These locations could be se lee ted in are as 
where a roof failure would not be disastrous. Thes e r oof 
sections could then be subjected to vibrations whi le t he 
rock was carefully monitored to observe its behavior. 

One sugg ested approach would be to detonate a se rieB of 
blasts a short distance above the mon ito r ed r o of sec­
tions. Th e se o uld be small blasts, at a short distance~ 
and would ne cessarily be very limited ·n n umber. How­
eve r , this limitatio n would be offset by the dc t aih>d 
study of the rock tha ~ could be made before , dur1n g and 
afte r the blas t ing. Because of the limited nu.rnbor £ 
blasts that would be possible, it would be de s rable to 
increase the charges rapidly until immediate dum ~ q ~ 
occurred. 

A differe nt a pproach could be made to the q ue s tion of the 
lon g -te rm effe ctr. s of low-level vibrations. I n thi s 
inst a n ce, a me c hanical vibrator could be i ns tal .ed a 
sho~r t di s tanc e a b ove a roof sectio n of in ter es ·:. 'I'h e 
vibrator could be operated electrically and a ll r,qed t o 
run continuou s ly or intermittently , t the opt i n of 1e 
observ ers. The method of ins tall i ng tl e vibrator "rould 
depend o n i ts physical size and loca t · on . It c oul d be 
b :r·oug h t in. th ro ugh a s mall r a i se and ad i t, o r lowe red 
into a large-di ameter hole from above. 

Altho ugh add it ional case h is tor ie s of o pen-pit mln i ng 
above un d e r ground openings are desir ab le, t h e r e arc 
certa in a dv a n tages to the small-scal e research ef f orts 
that could be conducted at the Jenny mine . h is research 
c o uld be cond uct ·d without the time pressures tha t would 
be present if t he researchers were merely mo itor " n g 
actual mi ning operations at some other locat "o n . At the 
J c y mine, t here would be ample o p portuni ty t o mak e as 
elaborate and deta i led a study as would suit the pur poses 
of the researc h, and there would not appear t o be a ny 
time limits to hinder the work. 

Additional information may be obtained f r o m the ex i sting 
vibr a t i o n roacords from the Jenny mine. The re c o r d s 
contain c omp le t e wave traces. They can be digiti z e d and a 
computer c oul d be used to analyze the observ e d f r e q uen­
c i· s. The freque ~ncy comtent of the inc iden t sho ck wav ­
and t he subseq ue t r esponse of the rock may be impo r t an t 
parameters i n assess ing potential damage. 
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8.2 Tests a t Ad itional Sites 

Monitoring blasts from surface operations over unde r ·­
ground mines at other sites is essential to develo ping 
gene r al guicL lines. At these sites , t proced ur s f o 
de f i ning s1te p r operties discu~scd i t 1e pr vlous 
section ~hould be im p lemented. Co r 10 l ~ s u:sed t al' 
logging and testing could a l so be used for instal ! _t i on 
of d o w·n hole vi b r ation sensors to obtain free field 
vibration data during the blasting. 

If sufficient lead time or records are availabl e , it 
would be desirable to conduct a pre-blast study or reviAw 
of the rock behavior in the mi ne i n o rder to eva l uate &he 
influence of seasonal changes. A cursory inve s t i gat t o 
would be of relatively little value . and a v ai l cii b l e 
man- power sho uld be c o ncentrated to obtain a de ta i l e d 
survey of a l imited zone. 

An evaluation of long-term effects s ho uld includ e m n­
itoring of acous tic emmission in and around the mi ne . A 
s uf f ic ien tly large array of sensors should be useq t o 
determine the location of the mi c ro:seisms. ["lo itor n \j 
should begin far enough in advance o f blasting to provide 
adequate base level data. 

In the event that lead time was insu ffic i e nt to pn~.11.r i -J p. 
a base for evaluating any changes n c k bf!!h~vior t 
low levels of vibration, the ne t best in formatio n w u l d 
be a correlation of increasing l evels of vi .br at ' o r wi t t1 
effects that cou d b e ob s e rved immediate ly . 'l'h -!: wo uld 
require some cont r o l over blasting o p erati n s ~o that. 
charge sizes o uld be increased to the pain o- pro ucl\~ 
imme d i a t e eff ec t s. In order to detect the fi r s t ~ i9 ns o f 
loosen i ng or deterioration of roof and/or pi: l a ·~ r :•ckt 
instrume ntati o n and t e sts in additio n to the conv r~ = ce 
monitors. and ben·e scope observations used at U!e J enny 
mine wo uld be u s eful. Multiple po in t borehol e eJI(ten~o­
meters wou l d better define the mo de of a fail ure . 
Repeated s nic ve l ocity tests could detect c ackir 9 Cir d 
deterioration be fo r e it became visib l e . If convergenc e 
meters are use d, steps should be taken to insure t hei r 
proper fun c t i on. Bo r escope observat i ons should be mGld e 
b efore and pe r i od i cally during the blast " ng pe r ' od . 

Documentation of operations should be mo re c o mplete t han 
at t he J e nny mine. The location, l ayo u t a n d l oad ing of 
blasts should be a p rimary c o nce rn i n addit i onal studies. 
This would inclu _e the use of su r veying equipment to 
d e t e nn in :. loc a t1 t'lS and c areful obs erv(.'l tio n s of eKpl o..., ­
ive s loa ding. Accur ate de termination of cha r ge we i gh t is 
essential. 
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As in the p r- e sent stud y, we recommend that v ibrat i ons a t 
the g r ound surface and on the mine floor be measured a s 
well as on the roof. Hopefully, this will lea d to a 
simplified method of evaluating roof vibrati o n s in 
general oper ations. Also , surface measurements p rov ide a 
me an s of: compar i ng data w_;_ th the lar e a v a i able surface 
vibrat ion data base. 

Strai n as well as particle veloc ity should be measure d 
unde r g r ound. Where displacement or f requency val ue s wo u l d 
be e xpe-cted to e xceed the measuring ca pab i l i tie s of 
pre s n tly avai a ble velocity gauges, acce l erometers s h ould 
be use d , and data derived therefrom conv e r t e d to ve oci ty 
val ues. 

8.3 Developm n t of a Model 

It wou ld be desirable to begin as soon as poss ible to 
deve l op a model for damage produced by blasting o ver an 
und e rgro u n d mine. Data from the present st udy and 
informatio n from the literature could be used as a 
starting p oi nt. The model could then be alte red. ll.S 

addi t iona l data became available unt il such t i m a s 
research e r s were satisfied that it indeed reflecte ,d 
ac t ual p hysical c onditions. 

At t h a t po i n t , t h e mod e 1 co u 1 d be m a d e a v a ' 1 a b 1 e f o t: 
'J 8 F1e al use by the industry and its cons ul ants, muc ' .:~s 
the model d e v eloped by Nicholls (12) s ,,se d wh e r 

pote nt ial damage to surface struct u r es f r om s.ur f a ca 
blasti ng is a concern~ 
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APPENDIX A 
Blast Documentation 

Basic information about the surfa c e b last prog r am dur i ns 
the vibration mo ni t o r ing period is presente d in thi s 
Appendix. Table Al is a summary of blast data. 14,gyouts 
for each shot are shown on Figures Al through Al2. An 
explanation of the symbols used in the drawings i s 
included on Figure Al. 

Blast o p erations were conducted by the Rebel Mining 
Company from 13 September 1977 to 4 November 1977. Blas t 
holes were drilled with 6 in augers to depths o f 10 to 40 
f t in the irregular terra in. Pr i lled ammon i urn ni tra t e 
and fuel oil was the pr incipal blast i ng agent. r imers 
we r e l in. 60% dynamite sticks i n i t i ate d by primaco r d. 
Ho les were gene r ally spaced on 10 to 1 2 ft c enters b u t 
the spac i ng var i ed considerably for some shots. 

Shots 11, 1 2 , 1 3, 17, 20, 22, 28, 2 9 and 3 were i ' . l a­
tively small, shallow blasts in the s ha le bincler be ~ween 
the t wo coal seams. The remainder of the b l01s t s we r e 
locate d in the overburden above the up p e r coal seam. 

The spacing and location of the shot holes were estimated 
by c ompa s s and pace survey. Charge si ze s we r e est i mq l e d 
by the blaster based on the n umber o f boxe s of prill s 
us ed in each hole . 
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TABLE Al. - Blast data sumw:y 

Blast T J..ITe Total cfui"ge NU!iibei fuxl1T1UJT\ dela;t 
1\ \.111ber Date (es L ) No.Fioies We1ght,fn of delays No. !iOies v igfi , JJ;; 

l. .. 9-13-77 1300 55 5,500 5 17 1,700 
2 . . . 9-15-77 1227 42 4,200 5 8 800 
J ... 9-17-77 1137 47 4,700 8 6 600 
4 ... 9-17-77 1452 52 5,200 'l 6 600 
5 .•. 9-2 0-7 7 1450 51 6,450 2 18 3,600 
6 ... 9-23-77 1403 62 9,300 5 11 1.650 
7 ... 9-2 6- 77 1505 62 12 ,400 0 62 12,400 
8 • . . 9- 28-77 1455 129 19,350 3 71 10,650 
9 ... 10-01-77 1256 71 ll, 900 5 23 4,600 
10 .. 10- 03 - 77 1340 94 18 , 800 27 5,400 
ll . . 10-03-77 1807 311 8,086 0 311 8,086 
12 .. 10- 04-77 1130 119 2, 975 0 119 2,975 
13 .. 10-05-77 1646 68 8,800 5 17 2,400 
14 .. 10- 06- 77 1149 180 4,680 1 95 2,470 
15 .. 10-07-77 1513 148 51,400 13 15 5,250 
16 .. 10-11-77 1450 176 35,200 19 13 2,600 
17 .. 10-12-77 1710 259 2,072 14 2l 168 
18 .. 10-13-77 1516 67 18,500 6 13 3 ,250 
19 . . 10-14-77 1630 45 9,900 1 27 5, 400 
20 .. 10-15-77 1618 343 8,918 3 94 2,445 
21. . 10-17-77 1544 106 14,660 9 15 2 ,250 
22 .. 10-18-77 1330 187 2,992 4 43 688 
23 .. 10-18-77 1643 60 6,000 1 30 3,000 
24 . . 10-19-77 1530 67 6, 700 4 22 2,200 
25 .. 10-20-77 1507 184 18,659 8 46 4,600 
26 .. 10-21-77 1510 169 16,900 3 113 11,300 
27A. 10-25-77 1543 143 14,443 3 66 6,600 
27B. 10-25-77 1544 90 9,000 0 90 9,000 
28 .. 10-27-77 1501 203 3,248 2 150 2,400 
29 .. 11-02-77 1505 418 1,254 5 92 276 
30 .. ll-04-77 1801 644 5, 796 9 89 801 
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Blast 1 / 100 lb/hole 
' fV , 

/Delay 
j 

rrrrm 
6 

4 4 5 5 t 
~ ¢~¢ 4 7 7 

3 3 2 2 * 1' 2345 

c.i.tion A 
Number of 
holes in row 

P1rimacord 
on surface 

Approximate scale: 1 in.=50 ft. 

Blast 2 

' 100 lb/hole 
-,.,_ 

i 
8 

a. 
8 

7 

6 

7 

,/ 
/~' 

n 
5 5 5 

8 4 2 

5 5 6 

7 5 

5 5 6 

6 

Blast 3 

100 lb/hole 

,I 
4- , 

I 

n 
5 6 6 

8 

5 6 6 

7 5 

6 6 6 

6 

Blast 4 

100 lb/hole 

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

A 100 lb/hole. 
g 200 lb!'hol~ 

c 50 lb/hofe 

~ I 
\ 

""- "- ' 2 _ _ AppmK. ~ . ~ . 
4~/~ ~ "-, 460ft. ~§f. ·.~ 

Blmt6 

150 lblhole 

il 

11 

y / ._®-. ..l ~ //A '/c --- 1 , 

No delays 
200 lb/hale 

6 I 
/a 

See Fig. A-1 for explanation 

5 6 a•ld 7. A 2 - Layout of blasts ' • · FIGURE - · . 
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B11ast B 
150 !biho e 

Btm:Q 

De avs 0,1 100 lb/hole 
Delays 2·5 200 lb/hole 

10 

I 
G) 

I \ 7 2:3 13 
. ,~-

\ 
S~ Fig. A-1 for explanation 

~~ 
I 

I 

) 
41 

5 

4 

F IGURE A-3.- Layout of blasts 8 and 9. 

7 8 

I 
~~y. 

17 I 

30 

24 
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Blast 10 

200 lb/hote 

10 15 15 12 11 10 11 10 

) 

Blast 1 1 

Blast 12 No delays 251b/hole 

WJJilJJI 
I f 

,, 

I 

13 3 

j 
I 

13 1 ~TIIlJ 
~ 
~ 
N l 

I I 7 

j;-

I "J ~· 

23 21 21 21 21 18 18 19 17 11) 15 15 14 1310 10 11 B 7 ) 

See Fig. A-1 for explanation 

No, delay'S 
26 lb/hole 

F GURE A-4.- Layout of blcms 10, 11, and 12. 

79 

\ 



Blast 13 

200 lb/hol 

B189t 16 
350 lb/hole 

00 lb/hole 

1 a!lt 14 

14 
20 18 18 20 

2·61b/hole 

Hl -----~ 

11 

11 

12 

12 

1------- 15 

15 

11 

11 

10 

10 

5 

5 

19 1~ '3 

See Fig. A-1 for explanation 

F fG'U R E A-5.- Layout of blasts 13, 14, and 15. 
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\ 
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\ 
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Blast 16 200 lb/hole See Fig. A-1 for explanation 

8 1lb/hale Blast 7 

* 21 

f------ ----- --- 17 

17 --------------~ 

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

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

1----------- ------ 17 

~------------ 17 -------------------i 

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

r------ - - ------ 16 

r-- - ----- ------- 18 

18 _____________ _, 

r------------------------- 18 
16 ___ _______ _ ___ _, 

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

f iiGUIRE A-6.-Layout of blas.ts 16 and H. 
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B1il&t 18 
Delay 0 375 lb/ho·le 
D&lays l -6 260 lb/ hole 

4 
11 13 12 11 8 

See Fig. A-1 for explanation 

Blast 20 
26 lb/hole 

FIGU RE A-7.-Layout of blasts 18, 19, and 20. 
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Blast 21 ,/ 
~ Blast 22 

/~' 16 lb/hole 
200 -N-

lb/hole 

J 1150 lb/hole 
I 

8 8 8 8 1 

I n 
7 8 

100 lb/hole 
22 21 21 20 19 20 18 18 16 12 

Blast 23 
101 lb/hole 

8 8 777 88 7 

~~--~1 * 
See Fig. A-1 for explanation 

FIGU RE A-8.- Layput of blasts 21, 22, and 23. 
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~Biast24 

16 
15 

~ 
4 4 

100 lb/hole 

3 H les 
451b. total 

B 

Approx. 
1500 ft. 

Bias 25 
100 lb/hote 

~ =_ ~~--- ~,: --- - - ----------1 

- - ' 
iO -----------t 

,3 
10 

- - - - 10 ----- - - 1 

~---~----- 10 

f--- - --- -- 10 ------- ----1 

4 

1----------- 10 

8 

8 
·~---- 7 

~ : 
~------- ~~ --- ---------1 

--- - ---- 12 

FIGURE A~9.- layout of blasts 24 and 25. 
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Bhm: 26 
100 I /hole 

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

B,Jiast 27A 

1001b/hol,e 

\0 10 8 
8 9 HI 

I I 14 
14 13 

11 13 

See Fig. A·1 for explanation 

9 

7 

4 3i 

' 

-<»L-L® tw 

Blast 278 100 lb/hole 

1-----7 

f----- 6 

6 

6 
4 

4 
3 

No delays 

3-

~-< 

FIGURE A-10.- Layout of blasts 26, 27 A, and 278. 
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Blast 28 
16 lb/hore I 

' IV-

~ 

29 33 28 29 26 26 20 

2 

See Fig. A-11 for explanation 

Blast 29 3 b/tlolc. 

L. ••••.• J·-..__~___1.---L._............._,._..l,...,.~._j ... 
___ ,........----- ...,..-

...J ..... 

37 JO 37 37 37 37 37 37 37 37 31 18 

FIGU RE A-1 1.-layout of blasts 28 and 29 . 
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!Blast 30 
9 lb/hole 

9 8 7 6 5 4 3 

42 38 
33 37 44 .38 37 

30 27 28 29 29 29 33 40 47 
26 28 29 

FIGURE A-12.-Layout of blast 30. 
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APPETWIX B 
Underground Vibration Recording Data 

The three tables in this Appe ndix p~ov ide the informat i on 
nece ssary for reduction of the r ecorded undet·ground 
vibratio 11 data. The reduction procedures are d i sc ussed 
in Sect .ion 4. l of t he report. Table Bl lists the sen­
sitivity of each sensor-preamplifier combination used. 
Table B2 lists the calibration factor for each channel of 
the record-~eproduce system. Table B3 lists sensors and 
preamps used for each blast, gain settings, rec ord e r 
c h annels, and amp l i tudes of the resulting recot:d s . 
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TABLE Bl - Sensitivitx of underground sensors 

Col1 Measured 
2 

Shunt 
' 

Installed 
resistance, sensitivity, 

3 
resis tance, sensitivity , 

Loca on Per iod !:iensor ohms mV/in/sec Preamp ohas mV/i n/sec 

5/6 H 13Sep 
- 29 Sep 12029 638 18.45 9 151.5 17 . 15 

Jos.::r 
(') (") -260::t 2144 638 18.34 17.04 

270ct 
-1 2Nov (') (' ) (5 ) 152.2 17 .10 

5/bF 175ep 
-12Nov 12022 637 18.33 152 . 4 17.12 

5/ll R 15Se"[! 
-1 2Nov 12026 642 18.48 8 152.4 17.25 

5/11 f 23Sep 
- 29Sep 12024 637 18 .47 13 162.2 18.13 

JOSep 
( 5) ( ') - llOct 12033 632 18. 62 18. 28 

120ct 
-2Nov (') ( ' ) (') 12 150.7 17.23 

JNov 
-1 2Nov ( ') ( 5) (') 14 166.0 18.62 

3/1<l R 23Sep 
- 40ct 2187 694 17.09 14 166.0 17.09 

50ct 
-12Nov ('' ) ('' ) ( 0) 149. 9 J S. 72 

3/18 F 2JSep 
-29Sep 2186 641 18.33 5 169. 6 18.64 

30Sep 
( ') ( ') -12Nov 13(>9 7 670 17.44 17 . 74 

1 Locations referenced by entry/crosscut; R refers to roof sensors, f refers to 
floor sensors. 

> Measured at 100 Hz; particle velocity 1.0 injsec peak; shunt resistance 
166.0 ohms. 

3 res ignation of in~dence matching preamp1 ifier installed with sensor and which 
contained the shunt t:-es istance. 

'• Measured at CC; varia t1on at 1000 Hz was -0 . 5Xl0 

'• Not changed . 
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~LE 82 - Record-reproduce system calibration factor 

Reproduce amplitude} inches peak to peak Calibration 
Recorder End of Start of End of factor , 7. 

channel tape 1 tape 2 ta~ 2 Avera9e in/mV 

2.40 2.41 2.41 2.41 0.000852 

2 2. 41 2.44 2. 45 2.43 0.000859 

2. 39 2.40 2.40 2. 40 0.000849 

2. 30 2. 32 2. 33 2. 32 0. 000820 

5 2. 29 2.33 2. 31 2. 31 0. 000816 

6 2. 31 2. 39 2. 36 2. 35 0.000831 

7 2. 21 2.28 2. 28 2.26 0.000799 

8 2.34 2. 38 2.38 2. 37 0.000838 

9 2.31 2.32 2.31 2.31 0.000816 

10 2. 29 2. 31 2. 31 2. 30 o. 000813 

ll 2. 29 2.32 2. 32 2. 31 0. 000816 

12 2. 30 2.38 2. 37 2.35 0.000831 

l3 2.34 2.40 2.39 2. 38 0. 000842 

1 100 mVrms input at l kHz wi th 20db (lOx) amplification ; effective 
input to recorder 2828 mV peak to peak . 

' factor determined by dividing average reproduce amplitude by 2828 mV. 
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TABIE P3 - Underground recxmiing: info:t:ll'ation 

zero- peak 
Blast 1\irplifier-reoorder 1 Reproduce antJli tude 
No. Sensor Pre~ channel qain, db channel gain, X of traoe, in. 

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

1 ( ') 

2 12029 9 5 30 5 2 1. 36 
3 3 40 3 1 1.03 
4 3 40 3 5 2.49 
5 l 20 l 0.2 .51 
6 20 0.5 .73 
7 (') 

8 ( 2 ) 

9 2144 20 2 l. 83 
10 8 30 2 1.49 
11 22 5 . 89 
12 22 5 .65 
l3 30 2 1.18 
14 32 1 l. 38 
15 20 2 .69 
16 25 2 .82 
17 36 5 . 54 
18 25 2 .82 
19 33 5 l. 34 
20 1 22 2 1.06 
21 8 30 2 1.17 
22 30 1 1.14 
23 45 2 1.41 
24 32 2 .71 
25 32 2 . 60 
26 1 30 l .89 
27A 8 36 1 1.38 
27B 36 2 .97 
28 18 1 . 89 
29 28 2 1.04 
30 28 2 .62 

Sensor location: entry 5, crosscut 6, floor (5/6 F) 

1 (') 
2 ( ' ) 

3 12022 6 40 6 2 1.40 
4 6 40 6 5 l. 74 
5 4 20 4 2 .75 
6 20 1 .87 
7 (') 
8 (') 
9 20 2 1.61 

10 ll 30 2 1.16 
ll 22 5 .84 
12 22 5 .69 
13 30 2 . 97 
14 30 2 l. 75 
15 20 2 . 63 
16 25 5 1. 27 

See footnotes at end of table 
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TABlE \'.3 - Undersround recordi~ information - continued 

Arrplifier-recorder 1 
Zero-p<>.ak 

B ). lSt Reproduce amplitude 
~0. Sensor Pre~ channel 9ain , db channel 9ain, X of trace, in . 

Sensor location: entry 5, crosscut 6, floor (5/6 F) continued 

l7 12022 11 36 4 5 . 35 
18 25 2 .65 
19 33 5 1.09 
20 22 2 1.22 
-~ 31 2 .94 

22 30 2 .82 
23 45 2 .80 
24 32 2 .45 
25 32 s 91 
26 38 1 1. '>8 
27!1 36 2 2. 24 
2713 36 5 l. 51 
28 l..U: 2 1.00 
29 28 5 . 94 
30 28 5 .75 

Sensor location: entry 5, crosscut ll, roof (5/ 11 R) 

l (') 

2 12026 8 6 30 6 5 .84 
3 (2 ) 

( 2 ) 

5 9 40 2 l 1. 57 
(; 40 .F l. 42 
7 ( ' ) 
8 (' ) 
9 32 2 1.07 

10 30 2 .74 
11 28 5 . 99 
12 28 5 .77 
l3 30 2 1.15 
14 32 2 . 66 
15 20 ; .72 
16 33 1 l. 32 
l7 38 5 . 27 
18 33 0 . 5 1.02 
19 33 1 . 77 
20 32 5 ,8:;> 
21 JO 2 l. 34 
22 34 5 .62 
23 40 2 1. 13 
24 32 2 .85 
25 32 2 . 80 
26 28 l . 66 
27A 28 l . 67 
278 28 5 1. 31 
28 35 1 1. 05 
29 38 2 1.00 
JO 28 2 . 54 

See footnotes at end of table 
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TABlE P3 - Underground reccrding information - continued 

Zero- f)eak 
Blast Amplifier-recorder ' Reproduce anplitude 
No. Sen so Preari-p channel <Jain , db channel qain, X of trace , in. 

Sensor location : entry 5 , crosscut 11, floor (5/11 !') 

1 (') 
2 (') 

3 (' ) 

4 (' ) 
r, 12024 5 20 5 'j .68 
6 12 40 2 l. 48 
7 (') 

B (? ) 

9 12033 32 2 . 94 
10 30 2 . 76 
l l 28 5 1.04 
12 28 5 1. 09 
13 30 2 1.14 
14 30 5 l. 94 
15 20 5 .70 
16 33 l . 63 
17 12 38 5 .36 
18 33 1 1.10 
19 33 2 .93 
20 30 5 .58 
21 31 1.12 
22 35 5 .48 
23 40 2 1.08 
24 32 2 .68 
25 32 2 . 75 
26 28 2 1.40 
27A 28 2 1.14 
27fl 28 5 J. 31 
28 35 2 1.19 
29 ( ' ) 

30 14 28 5 .70 

Sensor location: entry 3, crosscut 18, t:<Xlf (3/ 18 R) 

l (') 
2 e} 
3 {' ; 

(') 
; ('/ 
6 2~87 14 10 40 ] . 98 
7 (') 

8 (') 

9' 32 5 .87 
10 30 1 .14 
11 3 22 2 (' 

12 3 32 1 (') 
l3 3 10 30 2 . 28 
14 32 5 . 52 
15 20 5 .28 

See footnotes a t end of table 
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TABLE 11 3 - Underqrouncl r rcling infolJTlation - oontinued 

Olast ,~1ifier-reoo~der I Repr(lduce 
No. Sensor r'm~> channel Lplin (db c:h;mnel s.!Qbn X 

Senso~ locatinn: entxy \, crosscut JB, l(l(\[ (l/Hl H) C < •1t j n\lt~ 1 

16 2187 3 J J 2 sn 
17 10 v -' 2 (") 
18 4S 2 2. 12 
1'l 45 2 2. 83 
20 35 5 . 30 
2} 37 2 2 . 54 
22 40 2 (') 
23 25 2 .42 
24 36 2 .26 
.zs 28 2 1. 57 
26 38 1 1.65 
27A 35 1 1.18 
27[l 3 18 2 , 83 
28 10 46 2 J. I 3 
29 46 5 . 78 
30 42 s .93 

';cnsot: loe<l tion: entry ' J, Ct:(>SSCllt I !3 , fluur (3/ lH F) 

] - 5 e} 
6 2186 5 l3 4Cl 6 2 .26 
7 (2) 

8 (' ) 
q 3169"7 :32 5 r. 26 

10 0 2 .31 
ll 38 / . 60 
12 38 5 .82 
13 30 5 1__ . 1 

4 30 5 .40 
l :.) 20 5 . 34 
16 6 50 1 2 . 00 
17 ::.1 45 2 . 10 
18 u 45 2 2.68 
19 6 39 0. 2 (") 
20 J 32 5 . 30 
2t 37 2 2.54 
22 40 2 ( . ) 

23 J.5 2 . 48 
24 l6 2 .42 
25 28 2 1. 32 
26 _,8 l. <J 4 
27 I S I !.20 
27B 5 ] 4 2 . 66 
:8 13 4n 2 1. 73 
.1..9 46 5 1.28 
30 42 2 .'J l 

Footno 0s : 

1 rtilin in db must convPL'LL""{i for usc "ri th formula s iven in Section 4 . l. 
2Not recorded; 'Not installed; ''Poor record 
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APPEnDIX C 
Convergence Measurements 

Conv e rgence measur e men t s we re mad e t o o bserve a ny clang e s 
in the roof- floor d istance whi ch may h ave res u t e d Er m 
the blasting or overb u r den removal. 'l'wo methods o f 
measurement were used. The r esults of the s e measurements 
are presented in th is Appendi x 

A modified Philadelphia rod was used to make direct 
me as uremen ts at 2 3 locations. Th ese me as ure ments we re 
made during the period 2 Nov . - 9 l~ ov. 77. Re adings ar e 
listed in Table Cl. 

Drum recording exte nsometers we re pl aced at the thre e 
underground sensor l o c ations. Although d e s igned to be 
conti n uously recording , the rec ord s a re i n t ermittent d ue 
to instrumentation probl ems. Figures Cl , C2 , and C3 shows 
the deflection s recorded by the meters. 
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TI>.BLE C1 - Convergence rreasuranents made with 
n-o:hhed Philade1j)l'ila surveyors rod 

Feadings , ft. CNer<J.~ 
Station 2 N:>v 17 3 tb'J 77 4 ~,bv 77 1 Nov 77 8 Nov 77 9 Nov 77 O:ange 

~ 

Crosscut 5 5.44 7 5.447 5.448 5.447 5.4.47 5.446 -. 001 
D:> . 6 5.086 5.086 5.085 5 . 085 5.085 5.085 -.001 
oo . 7 5. 215 5.215 5.215 ' 5.214 5.213 5. 213 -.002 
Do . 8 5.693 5.693 5 . 693 5.693 5.693 5.693 0 
co. 9 5.865 5.864 5.864 5.864 5.865 5. 865 0 
~"'en 9 arrl 10 5.854 5. 854 5.853 5.852 5 .853 5.852 -.002 
Crosscut 10 5. 686 5.685 5.685 5.685 5.685 5.685 -.001 

'-0 BetWeen 10 and 11 5.819 5.819 5 . 818 5.818 5. 818 5. 817 - . 002 
0'1 Crosscut 11 5. 922 5 .921 5.921 5.921 5.921 5.921 -.oo: 

Between 11 arrl 12 5.234 5. 234 5. 234 5.234 5.234 5. 234 0 
Crosscut 12 4. 975 1. 975 4. 974 4.975 4. 973 4.974 -. 001 
Between 12 arrl l3 5.092 5.091 5.091 5.091 5.091 5 . 090 -.002 
Crosscut l3 5.122 5.1 22 5.121 5.122 5.121 5.122 0 

!):). 14 5.214 5. 213 5.213 5. 212 5. 212 5.212 -.002 
!):). 15 4. 817 4. 817 4. 817 4.817 4.817 4. 817 0 
co. 16 4. 564 4. 564 4. 563 4.564 4. 563 4. 563 -.001 
Do. 17 ot .653 4. 653 4. 653 4. 653 4.654 4 . 652 -. 001 

Entr):._2 

Crosscut 5 5. 504 5.505 5.505 5.504 5. 504 0 
Do. 7 5. 667 5. 667 5.666 5. 666 5.666 - .001 
Do. 8 5.029 5 . 207 5. 028 5 . 027 5. 028 -. 001 
Do . 9 5.853 5.853 5.852 5.853 5.852 -.001 
ro. 10 4.805 4.805 4.805 4.805 4.805 0 

!?etween 11 and 12 5.143 5.144 5.143 5.143 5 .14 3 0 

Tine of 0857 to 0947 to 1105 to 0858 to 1053 to 1001 to 
rreasuranents 0946hrs ll42hrs l225hrs 1028hrs ll5lhrs 1048 hrs 



DATE / LOCAT ION: 5/6 5/ 11 3/18 

12 SEPT. I ...-- l----. _Jr 1300 START ~ 1200 

DIVERGENCE CONVERGENCE I 

30 

1300 BLAST 1 

1227 BLAST 2 

1137 BLAST 3 
1452 c3LAST 4 

14'!i0 BLAST 5 

1403 BLAST 6 

1505 BLAST 7 

1455 BLAST 8 

PAPER TORN 

\ 
- ---- ---.:,.----' 1230 

POOR TRACE 1 +.02 
STOPPED I 1200 

I 
' 

~ --i ~ 

I 
I 
I 
I 
I 
I 
I 
'I 
l 
I 

' I 
I 
I 
I 

I .01 IN. 

I STOPPED - 060U 

J:1600-- CHANGED--- - 1400 
STOPPED :2300 DID NOT START I 

I 
I 

I I 

I 
I 

' I 

+.01 

--...-~---· 

I START I 0800 

! STOPPED I 1400 

I 
I 
I 
I 

0 0 c 
I I 
I I 
I I 

I 

-.01 I I 
__ ... 1200 CHANGEO I 1400 ----- - I 1330 

WI GG LES 11l 30 
i'APER TORE 1300 

+.02 

1500 

FIGU RE C-1. - Conv,ergence meter deflections, 12 to 30 September, 1977. 
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DATE / LOCATION: 5/6 5/ 11 3/ 18 

1 OCT. 1256 BLAST 9 STOPPED 1 1300 ~ STOPPED ! 1300 

- I I -
.01 IN. I 

2 I 
~ ~ I 

,.-- I I -
3 1346 BLAST 10 1 

1807 BLAST 11 I 1-- I -
4 11 30 BLAST 1 2 l 

I I 
-

RESET 1,.. 0900 
-

I 5 1646 BLAST 13 . 
f-- : -
6 11 49 BLAST 14 ri133Q --- CHAN GED 1335---- - ~ 1340 

r-- -
7 1513 BLAST 15 1500 

1-- 01 -

8 I 
0 0 0 --

9 
I 

-.01 
r--· PAPER EDGE ....._ 0000 -
10 
1-- -
11 +.005 

"'TOPP ED"!" 1400? -141 5 BLAST 16 1500 

- -
12 I 

I 1710 BLAST 17 
- I -
13 ·r- 1255 CHANGED - I 

1516 BLAST 18 
- -- ~ 1245 - - - - -r- 1235 

1500 
r- +.01 -

14 1630 BLAST 19 

1-- -

15 1618 BLAST 20 1600 STOPPED -
1
-. 1600 

r-- -.005 I -

16 RESET -
1
- 1030 

1-- -
17 1544 BLAST 21 

I-- -
18 1330 BLAST 22 +.005 

1330 
1643 BLA ST 23 

I-- -
19 1530 BLAST 24 

FIGU RE C-2. - Convergence meter deflections, 1 to 19 October, 1977. 
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DATE / LOCATION: 5/6 6/ 11 3/ 18 

20 OCT. 1507 BLAST 25 0 

+,01 1'315 - - - CHANGED --
----4-"- 1500 STOPPED 1510 BLAST 26 

1325 - - - - 1300 
1400 ------.~----

1543 BLAST27A 
1544BLAST27B ----~------------------~----------~-------

30 

1l NOV. 

12 

1501 BLAST 28 

+.01 

·.01 

+ .. 02 

1545 

1100 

__, _ __. 1 500 

.01 IN . 

STOPPED 

0900 - -- CH ANGED - ---- -

2000 

1505 BLAST 29 

RESET T 1125 

1801 BLAST30 f--. 
+ 01 

I 
0 

I 

1016 -- -- REMOVED ---- -

STOPPED 

1
1 

0930 - - -

I 
I 
I 
I 

c 0 

<mJO 

1000 
1800 

1646 

FI'GURE C-3.-Convergence meter deflections, 20 October to 12 November, 1977. 
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