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Foreword 

The Explosive Excavation Research Laboratory (EERL ), in o rde r  to fulfill pa r t  

of i t s  mission, "manages, conducts and coordinates mil i tary and civil excavation 
research  with both chemical and nuclear  explosives and provides related consultation 
capability to the Corps of Engineers and other  Government agencies ." The experi-  
mental  excavation program accomplished by EERL and the Huntington Distr ic t  a t  the 
s i t e  of the R .  D. BAILEY Lake Pro jec t  served a r e sea rch  function and provided 
information on appropriate  excavation techniques f o r  the spillway a t  R. D. BAILEY 
Lake. 
r e sea rch  function of the experimental  excavation program, but the impact of the 
program on the R .  D. BAILEY Lake Pro jec t  is a l so  discussed.  The technical knowl- 
edge gained on blast  effects and the cost savings realized on the dam project a s  a 
resu l t  of the experimental  excavation emphasize the value of this type of program. 

Most of this repor t  is concerned with technical programs associated with the 



Abstract 

This technical r epor t  presents  the r e su l t s  of the R .  0 .  BAILEY Lake  Project  
The experimental  program was conducted a t  the experimental  excavation program. 

s i t e  f o r  the spillway of the R. D. BAILEY Lake Project,  n e a r  Justice,  West Virginia, 
from February  to August 1973. 

The pr imary  objective of the experimental  excavation program was to investigate 
the feasibility of using bulk explosives in blastholes l a r g e r  than normally u s e d  in 
s t ruc tu ra l  excavations, in conjunction with controlled blasting techniques, to reduce 
the cost  of drilling and blasting. 
on blasting techniques and effects, and to provide the Huntington Distr ic t  and 
prospective bidders  information on appropriate  excavation techniques fo r  the spillway 
a t  R .  D. BAILEY Lake. 

Other objectives were to obtain basic scientific data 

The experimental  excavation included a comparison of the r e su l t s  obtained by 
blasting with ANFO and aluminized s l u r r y  in holes varying f rom 3 to 12-1/4 in. in 
d i a m e t e r  in sha le  and sandstone. Ouring the course  of the experiment,  data were 
collected concerning fragmentation, ground shock, blast-induced fracturing, se i smic  
motions, and a i rb l a s t  overpressures .  
a r r i v e  a t  a bet ter  understanding of basic  blasting mechanisms and s ide effects. 
The r e su l t s  of the experimental  excavation were made available to contractors  inter-  
es ted in bidding on the project to help them p r e p a r e  es t imates  of the cost  of spillway 
excavation. By reducing the uncertainties about the nature  of the rock and i t s  excavation 
character is t ics ,  substantial savings were realized in the cost  of the spillway excavation. 

This information h a s  been analyzed in o r d e r  to 



Frontispiece: Overall view of experimental excavation, 
R .  D. B A I L E Y  Lake Project.  

5 July 1973 
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Conversion Factors 

Brit ish units of measurement  used in this repor t  can b e  converted to me t r i c  units a s  
follows : 

Multiply BY To Obtain 

inches 2.54 cent imeters  
feet  0.3048 me te r s  
cubic feet  0.02832 cubic me te r s  
cubic yard 0.7 64 555 cubic me te r s  
pounds 0.4535924 kilogram s 
pounds pe r  cubic foot 16.02 

Fahrenheit  degrees  519 

ki lograms per  
cubic m e t e r  

Celsius o r  Kelvin 
d egree sa 

a To obtain Celsius (C) t empera ture  readings from Fahrenhei t  (F) readings,  use the 
following formula: C = (5/9) (F - 32). To obtain Kelvin ( K )  readings, use: K = (519) 
(F  - 32) + 273.15. 

The contents of this repor t  a r e  not to be used 
for  advertising, publication, o r  promotional 
purposes. Citation of t rade  names is intended 
to descr ibe  the experimental  setup, and does 
n o t  constitute an official e n d o r s e m e n t  or ap- 
proval of- the use of such commercial  products. 
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TECHNICAL REPORT E-75-2 

PROJECT R. D. BAILEY 
EXPERIMENTAL EXCAVATION PROGRAM 

Chapter 1. Introduction 

This repor t  descr ibes  the procedures  
and r e su l t s  of an experimental  excava- 
tion program a t  the R .  D. BAILEY Lake 
Project .  

The program was conducted by the 
U.  S. Army Corps of Engineers Explo- 
s ive  Excavation Laboratory (EERL) and 
the Huntington Engineer Distr ic t  between 
February  and August, 1973. The s i t e  of 
the experiment was the R .  D. BAILEY 
Lake  Project,  n e a r  Just ice ,  West Virginia. 
Material  excavated f rom the spillway will 
be used to construct  the rock-fill dam 
embankment. 

One of the p r imary  objectives of the 
experimental  program was to investigate 
the feasibility of using l a rge  charges  of 
bulk explosives, up to 12-1/4 in. in 
d i ame te r  and 50 ft deep, to reduce the 
cos t  of dril l ing and blasting in 'the spil l-  
way. Although blastholes this l a rge  a r e  
common in open-pit mining applications, 
they a r e  seldom used in s t ruc tura l  
excavations because of the potential 
danger of damage to rock outside 'the 
l imi t s  of excavation. 
this potential overbreak were studied 
during the program. 

' 

Methods of reducing 

The R .  D. BAILEY Lake Pro jec t  
presented a number of interesting blast-  
ing problems:  

1. The rock excavated from the spil l-  
way w i l l  be used in the dam embankment, 

-1- 

and therefore  must  meet  specific grada-  
tion requirements .  

2 .  The maximum depth of the spillway 
cut will be about 360 ft. 
ing techniques, such a s  presplitting, 
must  be used to protect the spillway walls 
f rom damage due to production blasts .  
The integrity of the nearby right dam 
abutment must  a l so  be preserved.  

Controlled blast-  

3 .  A 300-ft-high water  intake s t ruc ture  
w i l l  be under construction about 2000 ft 
f rom the spillway excavation. 
mum weight of explosive that can be 
detonated simultaneously must  be limited 
to a s s u r e  that the s t ruc tu re  will not be 
damaged by blast-induced ground motions. 

4 .  The town of Jus t ice  i s  approximately 

The maxi- 

1 mi  from the spillway s i te .  
be designed to  preclude subjecting the 
town to damaging blast  effects, such as  
g'round motion and airblast .  

Blas t s  must  

In o r d e r  to addres s  these problems, 
a pilot excavation consisting of 14 tes t  
blasts  was made in the rock a t  the up- 
s t r e a m  end of the spillway. Controlled 
blasting experiments were conducted in 
conjunction with most  of the blasts.  
production blastholes varied f rom 3 to 
12-1/4 in. in diameter .  
lift heights, delays, and explosive types 
were varied to begin the process  of 
determining the most  economic a1 bla sting 
techniques that satisfied the design c r i t e r i a .  

The 

Burdens, spacings, 



The following four technical programs 
were  conducted during the course  of the 
pilot excavation to study specific aspects  
of blast  phenomena: 

1. Fragmentation 
2 .  Subsurface shock and blast-induced 

fracturing 
3 .  Ground motions 
4 .  Airblast  ove rp res su res  

In addition to these programs,  most  of 
the blasts  were photographed with high- 
speed movie cameras ,  and tes t  fills were 
constructed f rom samples  of the excavated 
mater ia l .  

Several  types of c a m e r a s  were used to 
doc urn en t the experimental  ex cavation 
program. These included high-speed 
movie cameras ,  standard 16-mm movie 
cameras ,  35-mm cameras ,  and a video- 
tape machine. A 1/2-hr documentary 
co lor  movie has  been made of the en t i re  
experimental  excavation program. This  
movie i s  titled "Thunder Along the 
Guyandot:' and i s  available a t  the Water- 
ways Experiment  Station Public Affairs 
Office. 

Two Hycam cameras ,  a 400-ft model 
and a 100-ft model, were used fo r  high- 
speed photography. These c a m e r a s  were  
operated a t  a maximum speed of 500 and 
250 f rames lsec ,  respectively.  The 
400-ft Hycam w a s  located at  the control 
t r a i l e r  f o r  all shots, looking direct ly  into 
the excavation. The other  was located in 
a portable wooden bunker, which was 
moved around the pe r ime te r  of the 
excavation in o r d e r  to get  a good view of 
each shot. A smal l  Urban 16-mm "gun" 
camera ,  operating a t  50 f rames lsec ,  w a s  
used as a backup camera  in this bunker, 
o r  used in place of the Hycam when there  
w a s  a high probability of damage from 
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flyrock. These cameras  were remotely 
t r iggered.  Motion pictures  were a l so  
taken f rom the control t r a i l e r  with a 
Canon Scoopic 16-mm movie camera  
operated a t  48 f rames lsec ,  and a 34-mm 
Topcon camera  with a motor  dr ive  was 
used to take s t i l l  p ic tures  a t  a r a t e  of 
approximately one picture  every  0.4 sec  
Color film was used in all cameras .  

A videotape machine, a Sony "Video- 
corder ,"  was used on an experimental  
bas i s  during the f i r s t  severa l  months of 
the experimental  excavation program. 
This machine was quite useful for  
"instant replays" of a blast  while waiting 
fo r  the regular  movie film to be processed.  

The high-speed motion pictures  were 
viewed on a Kodak Fi lm Analyzer, which 
can be operated on a frame-by-frame 
basis.  
intent of identifying the detonation s equ ence 
of charges,  o r  groups of charges,  and 
detection of any premature  venting, e i ther  
through stemming fai lure  o r  other  zones 
of weakness . 

The movies were  viewed with the 

The high-speed motion pictures  were 
generally not too useful for  determining 
the detonation sequence of production 
charges.  The production charges  for  
most  of the t e s t  b las t s  were  a l l  initiated 
with instantaneous detonating cord on the 
surface,  and the delays were built into 
detonators down in the hole. The f i r s t  
indicator seen in the movies that a charge 
had detonated was upward movement of 
the stemming. Variations in stemming 
depths o r  compaction might make 
stemming motion an unreliable indicator 
of detonation t ime. In PB-1 (pilot blast) ,  
however, where each "vee" delay of 
charges w a s  detonated by delayed trunk 
l ines  of detonating cord, the detonation 



sequence as the detonating cord trunk 
l ines  were  initiated f rom the front t o  
the r e a r  of the pat tern was very ap- 
parent  . 

The high-speed movies were  more  
useful for  identifying the origin of fly- 
rock and premature  venting. 
i t  was apparent  in the PB-7 movies that 
much flyrock originated in the weak, 
weathered rock a t  the toe of the sloping 
front face. In the PB-8 movies a "f i re-  
bal l"  of burning gases  was visible a t  the 
location of a sheet  joint in the front face 
of that blast. 

For  example, 

The proposed experimental  excavation 
program was t ransmit ted to the Huntington 
Distr ic t  on 10 November 1972 in the 
Technical Concept and support  c r i t e r i a  
for  the experimental  excavation program 
a t  R .  D. BAILEY Lake.' This w a s  
followed in February  1973 by an Opera- 
tions Plan.2 The support  work for  the 
experimental  excavation w a s  advertised,  
and the l o w  bidder w a s  Dow Chemical 
Company. Construction began in mid- 
February  1973. EERL mobilized the 
following staff, to field the experimental  
excavation program,which was completed 
in August 1973: 

D i r e c t o r ,  E E R L :  
P r o j e c t  Coordina tor :  
Technica l  Deputy: 

T e s t  Manager :  

P r o j e c t  E n g i n e e r :  

T e c h n i c a l  P r o g r a m  Off icers :  
A i r b l a s t  o v e r p r e s s u r e s :  

S u b s u r f a c e  shock:  
F r a g m e n t a t i o n :  
S e i s m i c  mot ions :  

Geologis t :  
P h o t o g r a p h e r :  

L T C  R. R. Mills,  Jr. 
W.C.  Day 
W. R .  Bechte l l  
J. E. L a t t e r y  ( A s s t . )  
R . L .  F r a s e r  
MAJ G.  M. M i l l e r  ( A s s t .  
J . E .  S h a l e r  
R .  J. G e r b i n o  (Ass t . )  
K.A.  Cr ich ton  (Ass t . )  
W. R .  MkLoud ( A s s t . )  

H. A .  Washburn  
M. J. Hoeft  
S. C. Kel ley  
M. Zahn 
T . M .  Tam1 
C . C .  McAneny 
M. Zahn 

During the course  of the experimental  
excavation, EERL reviewed and offered 
comments on the plans and specifications 
prepared by Huntington Distr ic t  for  the 
spillway excavation. After  completing 
the s e r i e s  of tes t  blasts ,  a Data Report 
was published and made available to all  
holders  of plans and specifications f o r  the 
dam ~ o n t r a c t . ~  The purpose of the data 
repor t  was to provide bidders with in- 
formation about the experience gained 
during the experimental  excavation to 
a s s i s t  them in formulating the i r  bids. 
This information significantly reduced 
the uncertainty in geology and blasting 
normally associated with bidding on rock 
excavation projects.  

Another product of the experimental  
program was a s e t  of blasting guidelines 
developed by EERL €or  use  by the 
resident  engineer on the R .  D. BAILEY 
Project .  These  guidelines were  de- 
signed to  aid the resident  engineer in 
evaluating blasting procedures  proposed 
by the contractor  €or spillway excava- 
tion. 

This repor t  is organized into 11 
chapters.  Chaper 2 describes the s i te  of 

the experiment,  including a discussion of 
the geology, and Chapter 3 descr ibes  each 
of the t e s t  blasts.  Chapters 4 through 7 

present  data f rom the various technical 
programs.  Tes t  fills a r e  discussed in 
Chapter 8. Chapter 9 makes recommenda- 
tions on how to improve tes t  blast  designs.  
The r e su l t s  of analyses  made of dril l ing 
and blasting cos ts  a r e  presented in 
Chapter 10, and Chapter 11 contains a 
summary  and conclusions. 
o r  not appropriate  fo r  the main body of 
the repor t  a r e  included in Appendix A 
through Appendix D. 

Data too bulky 
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Chapter 2. Site Description 

LOCA TION 

The R .  E.  BAILEY Lake Pro jec t  is 
located on the Guyandot River in Mingo 
and Wyoming Counties, West Virginia. 
The s i t e  is about 100 mi  southeast  of 
Huntington and 1 mi  northeast  of the town 
of Jus t ice  ( s e e  Fig.  1). 

REGIONAL GEOLOGY 

The following discussion of geology is 
based pr imar i ly  on Design Memorandum 
7B, prepared by Huntington Distr ic t .  5 

The project s i te  is located in the 
maturely dissected Kanawha section of 
the Appalachian Plateau physiographic 
province. The generally flat-lying 
sedimentary rocks have been eroded to 
produce ma tu re  topography. S t ream 
gradients  and hill slopes a r e  steep, and 
flat  land is found only in sma l l  discon- 
tinuous flood plains in the bottoms of 
r i v e r  valleys. 

The bedrock in the upper Guyandot 
River  basin is composed of near ly  flat-  
lying sandstones and shales  with some 
coals and underclays.  A generalized 
s t ra t igraphic  column for  the dam and 
r e se rvo i r  a r e a  is shown in Fig.  2. The 
spillway is in the Kanawha formation of 
the Pottsvil le group, f rom the Eagle  
sandstone member  down to and including 
the Glenalum Tunnel shale  member .  

The geologic s t ruc tu re  in the a r e a  is 
homoclinal, with beds dipping generally 
northwestward at  approximately 1 deg. 
N o  folding was observed n e a r  the s i t e  and 
outcrops in the Guyandot valley w a l l s  
showed near ly  level beds dipping gently 

downstream. N o  major  faulting has  been 
mapped in the r e se rvo i r  a rea ,  and rocks 
exposed in the pilot excavation showed no 
evidence of faulting o r  shearing movements. 

The formations of the Pottsvil le group 
contain numerous beds of bituminous coal. 
The thicker ones a r e  commercial ly  mined 
in southern West Virginia and adjacent 
s ta tes .  The Litt le Eagle and the Lower 
War Eagle  coal beds were penetrated by 
the pilot excavation, but neither i s  of 
sufficient thickness a t  this location to  be 
economically mineable. 

The rocks of the region show typical 
coal measures .  Limited horizontal  con- 
tinuity of beds, r is ing and falling contacts, 
and rapid alternation of beds with very 
different mechanical propert ies  a r e  not 
un c om m on. 

SITE GEOLOGY 

Rock Units 
A description of the rock types in 

which the pilot excavation w a s  performed 
is given in Fig. 3. The excavation w a s  
conducted in 5 l i f ts  and 15 pilot blasts  
(PB) a s  discussed in Chapter 3. F igu re3  
a l so  shows the rock units associated with 
each pilot blast .  
dominantly shale  down through lift PB-4 , 
and the lift comprising shots PB-5, 6 ,  7, 
and 8 w a s  composed of sandstone, except 
fo r  par t  of i t s  base.  

The excavation was pre-  

The Li t t le  Eagle coal, located slightly 
above the top of lift PB-1, was severely- 
to-moderately weathered n e a r  the ground - 

surface.  
elevation 1328, which contains carbonaceous 

The 4-ft bed of sandstone at  

laminations, was a l so  seve r  ely-to-moderat ely 
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Fig. 1. Site location map. 
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Approximste 
elevat ion 

( I t )  __ 
Lithology Description 

(stratigraphic name in  parentheses) 
Pi lot 

excavation 
l i f ts  

moderately hard, fractured ( L i t t l e  Eagle coa l )  

Shale, clayey and silty, dark groy to brownish gray, 
soft to moderately hard, fissile above 1343, 
massive below 1343, severely to  moderately weathered 

Sandstone, brownish gray, soft to moderately hard, 
ine-groined, medium to th in  bedded 

Shale, clayey, silty, sl ightly sandy, dark gray bu t  
commonly weathered to  brownish gray and brown, soft 
to moderotely hard, fissile, prone to sheet jo in t  
formation, contains concretions up to 4-f t  x I - f t  
size (Eagle shale) 

Shale and standstone, f inely interlaminoted; shale 
i s  dark gray, soft to moderately hard, silty; 
sandstone i s  gray, moderately hard to hard, f ine- 
grained; lominotions vary in  thickness from hoir-  
l ine to 3/4 in., occasionol sandstone beds to 3 in. 
micaceous, carbonaceour 

Stripped 

1361 f 
PB-1 

1343 # 
PB-2 

PB-3 

Shale, moderately hard, breaks with blocky oppeoron -- 
Underclay (cloystone), groy, soft, fissile 

Shale, silty, gray, moderately hard 

Sandstone, gray, hard, f ine-grained, laminated 
Coal, blocky, fresh (Lower War Eagle coa l )  

Undercloy (claystone), gray, soft, fissile 

Siltstone, clayey, gray, moderately hard; breaks 
with conchoidal and irregular fracture 

Sandstone, gmy, weathers brownish gray, hard, 
well-cemented. medium ta f ine arained. cross- 
- 

has 
~ I -  ~~ I - -- 

bedded, medium to th ick bedded, micaceous, 
horizontal and incl ined micaceous and carbonaceous 
partings, bottom contact i s  wavy (Upper G i lber t  
sandstone) 

Shale, clayey, dark gray, soft to moderately hord, m; in  wa l l  erodes bock easily under over ly ing 
sandstone (Glenalum Tunnel shale) 

PB-4 
Ice 

PB-8 

1 I90 1 
Fig. 3 .  Rock units in pilot excavation. 



weathered. In the rhythmically inter-  
laminated shale  and sandstone between 

elevations 1288 and 1260, the individual 
laminations showed la teral  variations in 
thickness. Blasted surfaces  in this unit 
had a character is t ic  rough appearance due 
to differences in hardness  of the lamina- 
tions. 
elevations 1260 and 1240. The upper one 
was 6 in. thick o r  l e s s  and discontinuous. 
The lower coal bed, the Lower War  Eagle 
coal, was about 1 ft thick and persistent.  
The sil tstone beneath the two coals con- 
tained a bed of massive,  hard,  fine- 
grained sandstone n e a r  i t s  base.  
ent i re  si l tstone unit was%found to be 
tough, and would definitely require  
b 1 a sting to excavate. 

Two coal l aye r s  were found between 

This 

The Upper Gilbert  sandstone, though 
generally medium-to-thick bedded, was 
locally thin-bedded in places. This unit 
was generally found to be fresh,  but n e a r  
the ground surface and along joints and 
partings i t  was weathered, stained, and 
softened . 

Structural  Geology 
The s t r ike  of the bedding a t  the pilot 

excavation s i te  was parallel  to the back 
( w e s t )  wall, N17"W, with a dip to the 
west-southwest of about 22  ft in 1000 ft. 

Jointing was the s t ructural  feature  of 
A most  interest  a t  the pilot excavation. 

pattern of joints termed "sheet joints' '  
was extensively developed. These sheet 
joints had a g r e a t  influence on the me- 
chanical charac te r  of the rocks,  the 
distribution of weathering, and the 
groundwater flow. 
joint occurring separately,  several  closely 
spaced joints commonly occurred together, 
producing the appearance of vertical  

Rather than a single 

"sheets" of rock. 
the individual joints was a fraction of an 
inch in the shales  and approximately 1 to 
4 in. in the sandstones. Sheet jointing 
was m o r e  common in fissile shale than in 
nonfissile shale, and occurred a t  high 
angles. In some places, notably in the 
Eagle shale  n e a r  the northwest c o r n e r  of 

the pilot excavation, the joints showed a 
spheroidal pattern. 

The spacing between 

The Eagle shale  member  above the 
Lower War Eagle coal showed extensive 
sheet jointing in the pilot excavation. 
This jointing was most  pronounced n e a r  
the surface and decreased with depth. A 
sheet joint in the Eagle shale (lift PB-3) 
is shown in Fig. 4 .  

Fig.  4.  Weathered sheet joint i n  f issi le 
clayey shale, PB-3 (metal  rule  
in lower left i s  2 in. square) .  
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Fig. 5. Sheet joint in Upper Gilbert  
sandstone (to right of center),  
PB-6B. 

Sheet jointing diminished markedly 
below the two coals in PB-4. 
present  in the Upper Gilbert  sandstone, 
but at  much w i d e r  spacing than in the 
shale above. 
development in the Upper Gilbert  sand- 
stone. In the sandstone, a s  in the shale, 
rock n e a r  the sheet joints was usually 
highly weathered. 

It was 

Figure 5 shows sheet joint 

The two principal joint orientations 
observed a t  the project s i t e  were N50"E 
with a dip 7 5  to 90" to the northwest, 
N40"W with a dip 7 5  to 90" to the south- 
west. The s e t  with s t r ike  of N50"E was 
bes t  developed. The joints in this s e t  
w e r e  spaced a t  intcrvals of 6 to 30 ft in 
the Upper G*ilbert sandstone, whereas  
joints in the s e t  y%Lth s t r ike  of N40"W 
were s p c e d  a t  about 40 ft. 
between sheet joints in the Eagle shale  
was much closer,  roughly 5 to 10 ft .  

The spacing 

Wedge-shaped blocks of rock fell out 
of the wall a t  locations where sheet  joints 
intersected near  the walls of the pilot exca- 
vation. This  phenomenon was observed pa r -  
t icularly in  the south wall of PB-4 in the  lam- 
inated shale  and sandstone above the coals. 

~ 
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A n  oblique discontinuity, probably of 
sedimentary origin, w a s  noted in the beds 
of hard sil tstone in PB-4 beneath the 
Lower War  Eagle coal. 
dipped a t  an angle of about 25" to the 
southwest, and w a s  continuous through a 
horizontal interval of 32 ft and a vertical  
interval of 15  f t ;  i t  did not continue into 
the overlying Lower War  Eagle coal. 

The discontinuity 

Weathering 
A l l  the rock units in the pilot excava- 

tion, down through the Upper Gilbert  
sandstone, showed weathering. In the 
surface mater ia l  there  was a pervasive 
alteration to brown clayey material ,  lead- 
ing ultimately to a clayey and colluvial 
soil  r ich in silt,  sand, and weathered rock 
fragments.  k t  depth, the weathering was 
generally controlled by sheet jointing. 

Brownish weathered mater ia l  existed 
in the vicinity of sheet  joints in the shales  
above elevation 1288. 
Eagle shale in the south face of PB-3 and 
about 5070 in the north face were stained 
brown. Weathering discoloration also 
followed along bedding planes and along a 
f e w  f r ac tu res  oblique to the bedding. 

About 90% of the 

Sheet jointing and its accompanying 
weathering continued into the laminated 
shale  and sandstone in the upper pa r t  of 
PB-4, but less pervasively than in the 
shale  above. Sheet joints and weathering 
diminished abruptly a t  the upper coal 
layer ;  the weathering was directly related 
t o  the groundwater flow pattern. The 
appearance of the weathering pattern, as 
seen  in the r e a r  wall of the pilot excava- 
tion, is shown in Fig. 6. 

Weathered joints were present  but 
m o r e  widely spaced in the hard sil tstone 
and in the Upper Gilbert  sandstone below 

' A  
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Discontinuity PB-4 

PB-8 
p-Coal 

Fig. 6 .  Appearance of back (west)  wall, pilot excavation, l if ts  PB-3 and PB-4 above 
coals - crosshatched a r e a s  a r e  brown-stained from weathering along sheet  
joints; white a reas ,  unweathered gray  rock. ( F r o m  a sketch by R. J. Lutton, 
WES Soils and Pavements Laboratory.  ) 

the coals.  
extended out f rom the joints along bedding 
planes and micaceous partings.  The rock 
was effectively softened and weakened in 
the weathered joint zones, a s  i t  was n e a r  
the ground surface.  

Weathering in the sandstone 

Groundwater Hydrology 
The two coal beds exposed in the walls 

of PB-4 were notably wet, par t icular ly  
the upper one. The coals appeared to 

weep and in places there  were smal l  
spr ings a t  the level of the upper coal. 
Groundwater evidently percolates  down- 
ward through the sheet joints in the Eagle 
shale  until i t  reaches  the upper coal and 
finds a permeable  bed underlain by the 
relatively impermeable  underclay. The 
water then flows la teral ly  in the coal till  
i t  finds a breach in the underclay o r  until 
it exits a t  the ground sur face  as a 
spr ing . 

Chapter 3. Description of Test Blasts 

GENERAL 

The principal feature  of the program 
w a s  a pilot excavation located in the up- 
s t r e a m  end of the spillway. The excava- 
tion was conducted in five lifts, result ing 
in a cut 300 f t  long with a maximum depth 
of 175 ft. 
pilot blasts:  PB-1 through PB-5, PB-GA, 

There  were nine principal 

PB-GB, PB-7, and PB-8. F igures  7 and 
8 show the PB's,  a centerline profile, 
and a c r o s s  section of the pilot excavation. 
Approximately 152,000 yd 
removed f rom the cut. 

3 of rock were 

The mater ia l  consisted of t w o  major  
rock types, shale  and sandstone, a s  
discussed in detail in the preceding 
chapter.  Test  blasts  were conducted in 
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Fig. 7 .  Centerline profile of pilot excavation (looking north).  
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the shale  using blastholes with d iameters  
of 3,  6-3/4, and 9 in. Tes t  blasts  in the 
sandstone were  performed with 3- ,  and aluminized ammonium n i t r a t e  s l u r r y  
6-1/4-,  9-, and 12-  1/4-in.  -diameter  A declaration of composition and per -  
blastholes.  

Two types of explosives were used 
and compared in the t e s t  blasts, A N F O  

formance for  the slurry is presented in 
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Chenicnl  71. S. 4.  

n. Performance 

1. C o n f i n d  clptonation v e l o c i t y :  4,783 Y/SPC., 1 5 O  C. 
( see  4ttachment 1 f o r  procedure)  

2. netonat ion  or-ssurp- 31.97  c i l o s a r s ;  lqD C. 
(See ?t tachment  TI for n r o c A u r - )  

3 .  qpnqi tv .  1.1" qm/cm' ; 110 r .  
(See 4ttachment I11 for procedure)  

4 .  ? Aluminlim Content :  2 ? . 5  

5 .  T o t a l  -?erqy: 133- c a l / m :  17' ^. 
( see  P t tachnent  I1 f o r  ?roce.'urt.) 

8. rom?osition 

1. n x i d i i e r s :  Xmmonium n i t r a t e  4 9 . 1 n  
Sodium ? i t r a t e  q .n?  

a a 

3 .  Uuninum 1?.54 

5 .  ' l i sce l laneous  i n g r e d i e n t s -  ( inc ludes  i n o r a a n i r  3t1 c o n t r o l  
an? orqanic  - res - rva t ive?)  ?.f iqa 

Vanufacturers  Declara t ion  -2- 

7. :io. t e s t  can s e n s i t i v i t y :  no r e a c t i o n  

3.  Flame s e n s i t i v i t y  test: no r e a c t i o n  (See Attachment V I )  
4.  DOT c l a s s :  Nitro-Carbo-Nitrate:  Oxidizing M a t e r i a l  
5 .  Cornoatihil i ty:  

( see  4ttac5.ment V for procedure)  

a. 9toraqe  an.! test  c o n t a i n e r s  an3 ins t rumenta t ion  
1 7 c o n p a t i S k  w i t \  copper and copper a l l o y s ,  z i n c  
an$ 7iT.c a l l o y s ;  sever5  cor ros ion  of t h e s e  mptals  
vi11 take ?face .  
Cennral ly  compatible  wi th  m i 1 3  s t e e l  f o r  ~erioc?s 
uu t o  39 days,  however, a l a y e r  of rust w i l l  form 
a t  t h  slurry/steel i n t e r f a c e .  
rompat ihl-  €or Pxtended v e r i o d s  of t i m e  i n  
p l a s t i c  ( i e .  po lye thylene ,  s a r a n ,  P W ,  l u c i t e ,  
e t c . ) ,  a l m i n u n ,  s t a i n l e s s  s t e e l ,  n i c k e l  an7 t i n ;  
a l s o  epoxy res ins  an8 p a i n t s  wi thout  p i p e n t n  
whic'i coulr? r e a c t .  

h. r o * m a t i b i l i t v  v i t h  common explos ive  for priminq 
purposes. 
Po q o t  grime with c?ynm.ites or o t h e r  compounds 
wi th  lm* h e a t  and or l o w  d e t o n a t i o n  pressures .  
Comoatihln p r i a e r s  inc lude  5n/5n P e n t o l i t c :  
??':: com.~os t t ions  E ,  C-4, li-6 an6 otFe.rri w i t h  
e q u i v a l e n t  or hioher  de tona t ion  h e a t s  and 
pressures .  

P. 7. ::o?n 
nusiness  Development Fncrineer 

H I L A  
SukcrihPA an? sworn t o  Sefor r  VP day  
of 'larch, 1971. 

? i a .  x 3"  deep,  . x 2" deep ,  15O 
1.50 f. 
C .  

Fig. 9. Declaration of performance, composition and safety f o r  Dow MS 80-25 s l u r r y  blasting agent. 



Fig. 9. Several  controlled blasting 
techniques were tested in conjunction with 
each blast, and detai ls  of the tes t  blast  
designs a r e  presented in the following 
paragraphs.  

After  commencing work in the 
weathered shale, i t  was decided that much 
of the shale  should be ripped. 
tes t s  were  conducted down to a depth a t  
which ripping was no longer practical .  

Samples of both blasted rock and 
ripped mater ia l  removed from the pilot 
excavation were  used to construct  tes t  
fills. 
types of compaction equipment were 
tested.  
are  presented in Chapter 8. 

Ripping 

Various lift thicknesses and severa l  

Details of the tes t  f i l l  program 

PB-1 TEST BLAST 

PB-1 w a s  the f i r s t  experimental  blast  
and was located nea r  the c r e s t  of a ridge 
crossing the spillway centerline.  Approxi- 
mately 8 ft of overburden was stripped 
f rom the a r e a  before rock was encountered 
hard enough that i t  could not be scraped 
with the blade of a D-8 bulldozer. Al- 
though the mater ia l  could not be moved 
with a dozer  blade, i t  would have been 
possible to r ip  it. 3 

A s  shown in Fig. 10, the blast  design 
was a vee-cut delay sequence, 
holes were 3 in. in d iameter  and con- , 

tained a total of 1150 lb of ANFO. 
average loading density w a s  2.71 lb of 
ANFO p e r  foot of d r i l l  hole. 

The blast  

The 

There  was very l i t t le  flyrock associated 
with the blast, and the ground sur face  
above the blast  appeared relatively intact, 
although i t  was lifted about 3 ft above the 
preshot  elevation. 
face rock tended to  follow the joint pattern. 

Frac tur ing  in the s u r -  

~ 
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The blasted rock was readily excavated 
with the front-end loader,  and blocks 
about 5 ft in d iameter  crumbled upon 
handling during excavation. F igure  11 
shows the front-end loader  excavating the 
the blasted rock from PB-1. 

The prespl i t  l ine was undiscernible in 
the severely weathered mater ia l ,  b u t  in 
the moderately weathered region i t  was 
well-defined. There  was some overbreak 
in the top 2 to 3 ft of the prespl i t  line, and 
tension c racks  were  noted a s  f a r  a s  5 ft 
beyond the prespl i t  line. 

PB-2 TEST BLAST 

A l l  of the mater ia l  in PB-2 was ripped 
by a D-8 t r ac to r  with the exception of a 
10- to 15-ft section adjacent to  the r e a r  
wall. The PB-2 mater ia l  appeared to  be 
s imi l a r  to that observed in PB-1, and i t  
w a s  ripped with l i t t le  difficulty ( see  
Fig. 12) .  

face with a t r imming blast  identical to the 
prespli t t ing a r r a y  on PB-1, except that 
most  of the mater ia l  in front of the face 
had been previously removed. 
overbreak occurred behind the t r imming 
line ( see  Fig. 13). The t r imming pro- 
cedure was advantageous f rom a con- 
struction standpoint because ripping and 
dril l ing could proceed concurrently.  

The r e a r  wall w a s  formed into a smooth 

Very little 

PB-3 TEST BLAST 

Approximately two thirds  of the PB-3 
mater ia l  w a s  ripped (down to elevation 
1296), and most  of the remainder  was 
blasted.  A l l  of the weathered rock w a s  
s imi l a r  to that encountered in PB-1 and 
PB-2, but some zones of l e s s  weathered 



sha le  were encountered. The blast  design The r e a r  and left (looking downstream) I 

is shown in Fig. 14. The PB-3 charges walls of PB-3 were formed by a combina- 
were  designed to break to the top surface tion trimming/prespli t t ing shot ( s ee  
of the bench r a t h e r  than to the ver t ical  Fig. 15). The top 30 f t  of PB-3 had been 
face. Therefore,  the charges  were ripped and excavated to within 10 to 15 f t  
detonated si mu1 tan eo u sly. of the final walls. Consequently, the top 

Presplit l ine 

. . . . . . . . . . . . . . . 
0 

......................... 

/ \  L J  
Scole - ft  / \. ' 

0'- - -0 - -1 1 0 IO 20 30 
-c----l 

Legend G 
Production hole Spi I I wo y 

n Delay sequence 

PLAN 

1380 - - /- - - - - 
riginol  ground surface 

- 1360 - 
L 

I 
* \ 
0 \ 
s 

Z 1340-  
0 \ 

.- 

\ 
\ 

I I 1 I I I I 
9+60 9+40 9 t20  9+00 8+80 8+60 8+40 

Centerl ine station - f t  

CENTERLINE PROFILE 

Addit ional information: 

Production holes 

Diameter = 3 in. 
Pattern 
Delays 
Explosive = A N F O  
Boosters 
Burden = 7 f t  
Spacin? = 14 f t  
Stemming = 5 f t  
Subdrill = 1 f t  

= IO x IO f t  sq. 
="V" cut, 25 msec intervals 

= HDP-I , 2 per hole 

Prespl i t  holes 

Diameter = 3 in .  
spacing = 30 in. 
Stemming = 4 f t  
Explosive = Trimtex, 7Ooh, 1/4 Ib/f t  

Fig. 10. PB-1 blast  design. 
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30 ft of PB-3 were  t r immed,  and the bottom 
15 f t  were  prespli t ;  there  was no discern-  
able difference in the resu l t s  of the two 
techniques. 

Fig. 11. Excavating f rom PB-1 blast ,  

Fig.  1 2 .  Ripping PB-2. 

Fig.  13. Trimming PB-2. 

~ ~ 
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A total of 3300 lb of ANFO w a s  used in 
the production charges  of the PB-3 blast ,  
and the average loading density fo r  the 
6-3/4-in. -diameter  blasthole was 
13.65 lb/ft of hole. Flyrock was thrown 
to a height of about 150 f t  over  a 150-ft 
radius, but no appreciable quantity of rock 
was lost. Yellow-brown smoke visible 
a f t e r  the shot suggested par t ia l  deflagra- 
tion o r  improper  oxygen balance of the 
explosive even though the blastholes were 
d ry  p r io r  to loading. 
rock w a s  sufficiently f ractured to be 

excavated with the front-end loader  
(Fig. 1 6 ) .  

A l l  of the blasted 

PB-4 TEST BLAST 

Ripping operations were continued on 
the right-hand s ide of the PB-4 a r e a  until 
i t  was no longer pract ical  to  do so  a t  
elevation 1265, where a hard,  g ray  shale  
was encountered in the rear of the cut. 

The prespl i t  b last  for  PB-4 w a s  f ired 
severa l  days p r io r  to the production 
charges.  Most of the prespl i t  holes along 
the left s ide contained 18 to 2 0  f t  of water, 
and the p r o d u c t i o n  c h a r g e  holes  also con-  

tained up to 18 f t  of water. 
charge  holes were bailed out and lined 
with a plastic s leeve p r io r  to loading with 
ANFO. F igure  17 shows the blast  design 
f o r  PB-4. 
operations,  and Figs. 19 and 20 show p re -  
shot and postshot views of PB-4. 

The production 

F igure  18 shows ripping 

The rock in the PB-4 lift included two 
coal l aye r s  6 to  1 2  in. thick, approx- 
imately in the middle of the lift. These 
were the principal sources  of water in- 
flow. Sandstone and shale  were  en- 
countered below the coal that were ha rde r  
than the shale  overlying the coal. A f t e r  
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I S E C T I O N  6-5 '  

L I I >, I I I I I 1 1  1 I I 1 J 
Et80 8+60 8+40 8+20 8+00 7+80 7+60 7+40 7+20 

C e n t e r l i n e  s tat ion - f t  

SECTION A - A '  

A d d i t i o n a l  informa t ion: 

Produc t ion  holes 
D iamete r  = 6-3/4 in. 
Pattern = 19 x 19 f t  sq. 
Delays = A l l  produc t ion  

chorges f i r e d  
s imultaneously 

= 2 x 8- in .  st icks 
85% dynamite;  
3 per h o l e  

Explosive = A N F O  
Boosters 

Burden = N A  
Spacing = N A  
Stemming = 6 f t  
Subdr i l l  = 3 f t  

Prespl i t  holes 
D iamete r  = 3 in. 
Spacing = 30 i n .  
Stemming = 4 f t  
Explosive = Tr imtex,  

70%, 1/4 
Buffer zone holes 

D iamete r  = 3 in .  
Pattern = 2 rows, staggered 
Spacing = 6 f t  
Explosive = Tr imtex,  70%, 

Stemming = 4 f t  
1/4 Ib / f t  

Fig. 14. PB-3 blast  design. 
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Fig. 15. PB-3 trimming/presplit,  r e a r  
wall. 

Fig. 1 6 .  Excavating PB-3 blasted rock. 

PB-4A THROUGH PB-4E TEST BLASTS 

Although the rock in the bottom of PB-4 
had been previously blasted with ANFO in 
g-in.-diameter holes in a 24-ft square  
pattern, the only discernible blast-  
induced fracturing w a s  found in the 
immediate vicinity of some of the blast- 
holes. 
removed without supplementary blasting. 
B las t s  PB-4A through PB-4E were  five 
b l a s t s  intended to lower the floor of the 
PB-4 a r e a  down to elevation 1238. The 

The  rock could not have been 

excavating a s  much of the blasted rock a s  
possible, the bottom of PB-4 was still 6 
to 1 2  ft above theplanned grade (see Fig. 21).  

-17- 

blasts  consisted of various pat terns  of 
3-in.-diameter holes (see (Fig.  22) .  
PB-4E was in sandstone, while the other  
shots contained both sandstone and hard 
shale. PB-4A, 4B, and 4D a l l  broke to 
elevation 1238, (Figs. 23 through 26) ,  but 
PB-4C left a triangular-shaped shelf 
approximately 4 ft high in the right r e a r  
corner  of the c u t .  This shelf was bounded 
on the top by a shale-sandstone contact 
and on the s ide by a joint. 
redril led and designated PB-4E ( s e e  
Fig. 27); almost a l l  of the holes contained 
water  a t  the t ime they w e r e  loaded with 
s l u r r y  explosive. The shot successfully 
removed the shelf, however. The 
explosive quantities used fo r  each shot 
w e r e  PB-4A, 803 lb ANFO; PB-4B, 

The shelf w a s  

3128 l b  ANFO; PB-4C, 1683 lb ANFO; 
PB-4D, 1581 lb ANFO; and PB-4E, 550 lb s lurry.  

PB-5 TEST BLAST 

The rock adjacent to the PB-5 a r e a  
had previously been blasted with 6-in.- 
diameter  charges  during construction of 
the haul road. 
fractured the PB-5 rock and caused 

difficulty in drilling and loading the shot. 
So'me holes were blocked and could not be 
loaded a t  all, and some of the explosive 
was los t  in f r a c t u r e s  intercepted by the 
d r i l l  holes. 
used w a s  1188 lb. The blast  design f o r  
PB-5 is shown in Fig. 28. Much of the 
sandstone was weathered, and broke into 
thin s l abs  when blasted (see Fig. 29). 

This blasting had severely 

The total weight of ANFO 

PB-6A TEST BLAST 

The purpose of the PB-6A t e s t  blast  
was to test 6-1/4-in. blastholes loaded with 



1220L 
SECTION A-A' 
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Scale - ft 

1220L 
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8+50 8 W  7+50 7+00 6+50 
Centerline station - ft  

SECTION 8-8' 

Additional information: 

Production holes 
Diameter = 9 in. 
Pattern = 24 ft sa. Presplit holes Buffer zone holes 

Delays = "V" cut, intervals Diameter = 3 in. Diameter = 6-3/4 in. 
shown on plan Spacing =30 in. Spaci? = 2 0 f t  Explosive = ANFO 

Boosters = HDP-I, 4 per hole Explosive = Trimtex, 70%, decked charges 
Burden = 17 f t  1/4 Ib/ft Boosters = HDP-1, 2 per deck Spacing = 34 f t  
Stemming = 14 f t  
Subdrill = 3 ft 

Stemming = 4 f t  Explosive =ANFO, 4 50-lb 

Stemming = 12 ft top, 4 f t  
between decks 

Fig. 17. PB-4 blast design. 
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ANFO in the Upper Gilbert  sandstone ( see  
Fig.  3G). The prespli t  was fired severa l  
days before the production charges.  
of the production charge holes in the 

Most 

Fig. 18. Ripping PB-4. 

Fig. 19. PB-4 preshot. 

in te r ior  of the pattern were already 
drilled to the bottom of the sandstone a t  
the t ime of the prespli t  blast. 
these holes were blocked a t  about eleva- 
tion 1196 because of m a s s  shifting of rock 
from the prespli t  blast. 
loaded down only to elevation 1196, there-  
fore,  and the remainder  of the l if t  was 
redril led and blasted along with PB-6B. 

The loading density fo r  ANFO in these 
holes was estimated to be 12.60 lb/ft with 
a total weight of 15,350 lb of explosive. 
Figures  31 and 32 show preshot  and post- 
shot views of the PB-6A a rea .  

Many of 

PB-6A was 

PB-6B TEST BLAST 

The PB-6B blast  was intended to test 
Dow MS 80-25 s lu r ry  in 6-1/4-in.-diameter 
blastholes in the Upper Gilber t  sandstone. 
The blast  design fo r  PB-6B is shown in 
Fig. 33. The bottom of the PB-6A a r e a  
was redril led and blasted along with 
PB-6B (Fig. 34). Some difficulty was 
encountered in loading the s l u r r y  into the 
6-1/4-in.-diameter holes. The s l u r r y  was 
packaged in two s i zes  of plastic sausages,  
4 in. in d iameter  and 8 in. in diameter .  
The 4-in. sausages loaded easily, but the 

- 
Fig. 20. PB-4 postshot surface.  

Fig. 21. PB-4 af te r  excavation of 
f ractured rock. 

-19- 



Scale - ft 
0 IO 20 30 - Legend 

Production hole 
n Delay sequence 

Plan (typical) 

Number of rows = 8 
Averoge hole depth = 6 f t  
Pattern 
Explosive = ANFO 
Boosters 

= IO x 5 f t  staggered 

= HDP-I, I per hole 
Stemming = 2 f l  

PB-4A 

n n ? n 
n .  I.\ - ,/e\\ ,,.\\ I*\ * ,’\ . 

I \  ’ \ / \  
3 .’ \.’ ,.\ ‘./ ,.\ ‘.’ ,.\ ‘.’ ,.\ ‘. 3 

/ / * \ \  / \ / \ 

Legend Scole - ft - Production hole 0 IO 20 30 
n Delay sequence J 

Plan (typical) 

Add i tiona I information: 
Hole diameter = 3 in. 
Number of holes = 247 
Number of rows = 8 
Average hole depth = 9 f t  
Pattern 
Explosive = ANFO 
Boosters = I - lb  cost 

= 7 x  7 f t  sq 

Stemming = 4 f t  

P B 4 B  

. . . . . . . . . . . . .  
. . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . .  

Lagend 

* Production hala 

Scale - f t  

Additional information: 
Hole diometer = 3 in. 
Number of holes = 176 
Number of rows = 4 
Average hole depth = 12 f t  
Pattern 
Delays = none 
Exdorive = A N F O  

= 5 x 5 f t  staggered 

Bobsters = I -Ib cast 
Stemming = 4  f t  

0 IO 20 30 

Plan (typical) 
PB4C 

Add i tiona I information: 
Hole diameter = 3 in. 
Number of holes - 169 
Number of rows = I6 
Average hole depth = 6 f t  
Pattern 
Delays = 25 msec 
Explosive =ANFO 
Boosters = HDP-I 

= IO x 5 f t  stoggered 

Stemming = 2  f t  

PB-4D 

..................................... 
,,’ 75 msec .__.__._..__.__..-.-.. - -.--. --.--. 

, - - . - - . - - . - - . - -. - - . _ _  . - -. . - .--. 
I .  50 msec .- .--.- -.__.__ .__ .__.__.__.__. 
................ 
!-. ....._.I’ 8msec 
1 8  I ,  .- - . 

’ Legend 

* Production hole 

Fig. 2 2 .  

S a l e  - f t  
0 IO 20 30 

Additional information: 
Hole diometer = 3 in. 

‘Number of holes = 60 
Number of rows = 7 
Average hole depth = 6 f t  
Pattern 
Delays =as shown 
Explosives = DOW MS-80-25 

Boasters 

= 5 x 5 ft  staggered 

A I - A N  slurry 
= 1/2 Ib cost, 2 per hole 

Stemming = 3 f t  

PB4E 
Plan 

Blast designs for  PB- -4A through PB-4E. 



s l u r r y  in the 8 in.sausages had to b e  cut 
up and dropped down the hole. 
s l u r r y  tended to bridge in the hole before 

The 

2 Fig. 23. Blasted rock f rom PB-4A (1-ft 
g r ids ) .  

Fig. 24.  Blasted rock f rom PB-4B. 

Fig. 25. Blasted rock from PB-4C (1-ft 2 
g r ids ) .  

reaching the bottom and in severa l  c a s e s  
the blockages could not be dislodged. 
Blockages occurred in the two blast  holes 
nea res t  the ver t ical  face (i.e., those 
charges on the 25-msec delay). 
of sufficient explosive in these first two 
holes possibly resulted in over- conf in ement 
of charges  in the following delays.  
sequently, the rock w a s  f ractured s u f f i -  
ciently only to excavate down to about 
one half of the total lift height (Fig.  35). 
The total weight of s l u r r y  used was 8600 lb, 
and the average loading density (not in- 
cluding holes that were known to be  blocked) 
w a s  about 1 2  lb/ft of hole. 

The lack 

Con- 

2 Fig. 26. Blasted rock from PB-4D (1-ft 
gr ids) .  - 

Fig. 27.  PB-4E preshot.  
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SECTION A-A’ 
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Centerline station - f t  
SECTION 8-8’ 

Addi tiono I infonno tion: 

Production holes Presplit holes 

Diameter = 3 in. Diometer - 3  in. 
Pattern = 5x10 f t  Spacing = 30 in. 

Delays =row by row, 

Explosive = A N F O  
Boosters = 1 -Ib cast 
Burden = 5 f t  
Spacing = l o f t  
Stemming 4 f t  
Subdrill = 0 f t  

staggered Stemming = 4 ft 

as shown 1/4 Ib/ft 
Explosive = Trimtex, 70% 

Fig. 2 8 .  PB-5 blast  design. 
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e 

Fig. 29. Blas  ed rock from PB-5 
(1-ft 8 ’  gr ids) .  

PB-6C TEST BLAST 

This blast  was in rock remaining f rom 
the PB-6B blast .  
located between the PB-6B charge loca- 
tions to facil i tate drilling and to place the 
explosive in the l e s s  fractured rock 
(Fig. 36) .  Two holes in the right-front 
a r e a  were deleted because the rock w a s  
too fractured to dr i l l .  The total weight 
of s lu r ry  used in this shot was 1960 lb, 
and the loading density w a s  14.4 lb/ft of 
hole. 
condition, and Fig. 38 shows the blasted 
rock during excavation. 

The charges were 

Figure 37 shows the PB-6C preshot 

PB-7 TEST BLAST 

The PB-7 blast  (Fig.  39) w a s  designed 
to tes t  Dow MS 80-25 s lu r ry  in 9-in.- 
d iameter  blastholes, based on experience 

e 

gained in PB-6B. 
aged in 8-in.-diameter sausages.  Each 
sausage 
the g-in.-diameter holes, occasionally 
bridging on the way to the bottom and 
requiring a poke from a loading pole. 

The s lu r ry  w a s  pack- 

was cut in half and dropped down 

Because the l e f t - r ea r  hole in PB-7 
was monitored by a radial  a r r a y  of sub- 
surface velocity t ransducers ,  this charge 
was fired with a ze ro  delay so  that velocity 
measurements  could be recorded without 
interference f rom other  charges .  In a 
normal  delay sequence this par t icular  
hole would have been fired with delay 
number 5. 
in PB-7 was 19,950 lb, and the average 
loading density w a s  31.7 lb/ft of hole. 
F igures  40 and 41 show preshot  views of 

The total  weight of s l u r r y  used 

PB-7. 
During excavation of PB-7 some l a rge  

blocks were encountered in the a r e a  of 
the spillway centerline,  between the f i r s t  
row of blastholes and the ver t ical  f r ee  
surface.  
well-fractured (Fig.  42). 

Inside this a r e a  the rock was 

PB-8 TEST BLAST 

PB-8, the la rges t  blast  in the se r i e s ,  
tested 12  - 1/4 -in. -diameter  bla sthol e s  
loaded with Dow MS 80-25 s l u r r y  and 
delayed in a vee pattern (Fig.  43). The 
original plan fo r  dril l ing the production 
holes fo r  PB-8 w a s  to dr i l l  9-in.-diameter 
holes to f u l l  depth and then to r e a m  them 
out to 12-in.-diameter, using foam to 
c a r r y  out the cuttings. This procedure 
w a s  followed until the r e a m e r  bearings 
failed after dril l ing approximately 130 
l inear  f t .  
the remaining holes with a full-face, 12-1/4- 
in. bit. 

The decision w a s  made to  dr i l l  

An a i r  compressor  w a s  connected 
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Fig. 30. PB-6A blast  design. 
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in tandem with the compressor  on the dril l ,  
and the cuttings were  blown out with air. 
The blastholes were loaded with s l u r r y  
packaged in 8-in. sausages.  It was  not 
necessary  to cut the s l u r r y  as w a s  done 
for  the s m a l l e r  diameter  holes. Figures  44 
and 45 show preshot and postshot views of 
PB-8, and Fig. 46 shows excavation of 
the blasted rock. 

Fig. 31. PB-6A preshot. 

Fig. 32. Blasted rock from.PB-6A. 

A 10-ft bench was to be left  along the 
r e a r  of the cut a t  the original ground sur- 
face of PB-8, but the bench was destroyed 
by the blast. Although the rock was w e l l -  
fractured up to the left and right prespli t  
walls ( s e e  Figs.  47 and 481, some  sup- 
plemental blasting was required along the 
r e a r  wall. In the l e f t - r ea r  corner ,  a 
segment of rock bounded by two joint 
surfaces  (Fig.  47) was removed by dril l ing 
and shooting one horizontal 6-in.-diameter 
hole about 10 ft deep. 

The prespli t  walls along the sides of 

the excavation were, in places, offset 
along horizontal planes of weakness ( see  
Fig. 48). The overlying rock m a s s  was 
generally displaced into the cut with a 
maximum offset of about 3 in. 

The total weight of explosive used in 
PB-8 was 32,100 lb ,  and the average 
loading density was 64.6 lb/ft of hole. 
Figure 43 shows the blast  design for 
PB-8. 
away from the prespli t  w a l l s  and was 
deposited in the middle of the excavation; 
however, some l a r g e  flyrock was thrown 
about 300 f t  downhill and damaged t r e e s  
in  that area. 

Most of the blasted rock pulled 

SUMMARY 

A summary  of information on the test 
blasts  is presented in Table 1. 
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Fig. 3 3 .  PB-6B blast  design. 
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Fig. 34. PB-6B preshot.  

Fig. 35. PB-6B during excavation. 
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Fig. 39. PB-7 blast design. 
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Fig. 40. PB-7 preshot (from left r e a r ) .  

Fig. 41. PB-7 preshot (left wall). 

Fig. 42 .  PB-7 d u r i n g  excavation. 
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Table 1. R .  D. BAILEY experimental  excavation tes t  blast  summary.  

B l a s  tho1 e A v e r a g e  Effect ive Effect ive 
T e s t  Mater ia l  Explosive d i a m e t e r  deptk  burden spac ing  
b las t  C a t e  type type ( in . )  ( f t )  ( f t )  ( f t )  

PB-1  
PB-3 
PB-4 

PB-IA 
PB-4B 
PB-4C 
PB-4D 
P B - 5  
P B  - 6A 
PB-4E 
PB-6B 
PB-7 
PB-6C 
PB-8  

6 A p r  
7 May 

1 9  May 

7 Jun 
7 J u n  
7 Jun 
9 Jun 
9 Jun  

18  J u n  
22 Jun 
23 Jun  
30 .Tun 

5 J u l  
12 J u l  

Weathered s h a l e  
Weathered s h a l e  
Weathered s h a l e  
shale ,  coal ,  and 
sands tone  
Sandstone and s h a l e  
Sandstone and s h a l e  
Sandstone and s h a l e  
Sandstone and s h a l e  
Weathered sands tone  
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 

ANFO 
ANFO 
A N F O  

ANFO 
ANFO 
ANFO 
A N F O  
ANFO 
A N F O  

MS-80-25 s l u r r y  
MS-80-25 s l u r r y  
MS-80-25 s l u r r y  
MS-80-25 s l u r r y  
MS-80-25 s l u r r y  

3 
6 - 314 
9 

3 
3 
3 
3 
3 
6 - 1/4 
3 

6 - 114 
9 

6 - 314 
12-114 

17 
15 
43 

6 

9 

9 

6 

1 5  
4 5  

6 
4 9  
55 
27 
50 

7 

1 9  

17 

5 
5 
5 
5 
5 

11 
5 

1 5  
18  
1 5  
2 2  

14 
1 9  

34 

10 
10 

5 
10 
10 
20 

5 
30 
36 
30 
44 

Chapter 4. Fragmentation Program 

BACKGROUND 

The fragmentation measurements  were 
intended pr imar i ly  for  comparing the 
efficiency of various blast  designs accord-  
ing to the degree  of fragmentation of the 
blasted rock. 
fragmentation program were  to make 
quantitative determinations of both the 
pa r t i c l  e si z e distribution s (gradations ) 
and the shapes of the rock fSagments. 
Because the rock excavated f rom the 
spillway w i l l  be  placed in 1- and 2-ft l i f ts  

The objectives of the 

in the dam embankment, much in te res t  
focused on the percentage of the rock that 
could be  placed in the embankment without 
secondary blasting o r  crushing. 

There  a r e  severa l  means of estimating 
the gradation of blasted rock.  One is a 
subiective es t imate  based on personal 
observation and experience.  The per -  
centage of l a rge  blocks often tends to be 
overestimated, however, because the 

l a rge  blocks readily a t t r ac t  the eye and 
tend to remain on the sur face  of the muck 
pile if they originated in the co l la r  region. 

Grid photography has  been used in the 
past  to develop gradation curves,  but the 
resu l t s  have not correlated well with 
standard sc reen  analyses.  

The most  accura te  way of determining 
the gradation of a muck pile, i f  the sample 
analyzed is representative,  is a screen  
analysis.  
test-pit  mater ia l  taken f rom the t e s t  fills 
( see  Chapter 8). 

used to obtain gradation curves  for  the 
rock produced by the experimental  blasts .  
The detai ls  of this method are discussed 
la te r ;  essentially it involves measuring 
manually the s i z e  of a sufficient number 
of randomly selected rocks. The method 
genera tes  gradation curves  that co r re l a t e  
w e l l  w i t h  sc reen  analyses.  The principal 
advantages of point counting over  screening 

This procedure w a s  used on the 

A technique called point counting w a s  



a r e  (1) point counting is l e s s  expensive, 
and (2 )  i t  is faster .  
point counting was originated by Wolman 
in 1954 fo r  sampling c o a r s e  river-bed 
mater ia ls .6  It was modified l a t e r  by 
Anderson f o r  determining the s i z e  dis- 

7 tribution of c r a t e r  fallback and ejecta.  
F u r t h e r  theoretical  justification f o r  the 
method h a s  been offered by McAneny. 8 

The technique of 

FIELD PROCEDU R,E 

It is extremely important that the rocks 
selected f o r  measurement  be  representat ive 
of the blast  product a s  a whole; this is also 
t r u e  in the selection of a sample fo r  
screening. 
chosen by laying a cloth measuring tape 
over  the su r face  of the rock and measuring 
the par t icular  rocks lying direct ly  beneath 
selected dis tance m a r k s  along the tape, 
say  every  5 ft. The length, breadth, and 
thickness of each rock par t ic le  is meas-  
ured and recorded ( s e e  Fig. 49). Because 
rocks  on the top of a muck pile might not 
b e  representat ive of those a t  depth, addi- 
tional point counts a r e  done on the rocks 
dumped in the spoil a r e a .  

A random sample  of rocks is 

ANALYSES 

Two types of analyses  were  made of 
the fragmentation data f rom each tes t  
blast .  
gradation curves,  and the other  was a 
comparison of the shapes of the fragments.  
These analyses  a r e  discussed in detail in 
the following paragraphs.  

One was a comparison of the 

Gradation 
Gradation curves  were developed fo r  

the rock produced by each tes t  blast. 

The breadths, a s  shown in Fig. 49, were 
u s e d  f o r  this analysis because they have 
been shown to co r re l a t e  well with s c r e e n  
analyses.  7a10  The data were also 
analyzed to determine the 95% confidence 
intervals  f o r  the gradation curves." An 
example of the calculations required to 
establish this confidence interval is 
presented in Appendix A .  
shows the gradation curve fo r  PB-8 and 
the 9570 confidence band. 
significance of the band is a 9570 proba- 
bility that the actual gradation curve  f o r  
PB-8 rock will fall somewhere within the 
band indicated in Fig. 50. Gradation 
curves  f o r  the ent i re  s e r i e s  of tes t  blasts  
a r e  presented in Appendix A .  

F igure  50 

The s ta t i s t ica l  

Some general  observations may be  made 
by comparing the different gradation 
curves  fo r  the rock produced by various 
blasts.  It may be seen in Fig. 51 that the 

b B 
a = length 

b = breadth 

c = thickness 

Fig. 49. Measurement of rock frag-  
ments (reproduction of W. C. 
Krumbein figure on p. 66 of 
Vol. I1 of Journal of Sedimen- 
t a r y  Petrology, published by 
the Society of Economic 
Paleontologists and Mineral  - 
ogists; w e d  by permission).  
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Fig. 50. Gradation curve  for PB-8 (based on point count of 879 par t ic les) .  

l o t  I 

Fig. 51. Gradation curves  for  weathered shale.  
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PB-3 mater ia l  was considerably f iner  than 
that produced by PB-4. 
been because the PB-3 rock was weathered 
m o r e  than the PB-4 rock, and because the 
blastholes in PB-3 were shallower and 
s m a l l e r  in diameter .  
for  specific blast  designs.)  

This could have 

(Refer  to Chapter 3 

Blas t s  PB-4A through PB-4E were  
located in the bottom 6 to 12  ft of those 
portions of PB-4 in which the rock was 
not f ractured to the depth intended in the 
PB-4 design. A l l  of the pat terns  in PB- 
4A through PB-4E consisted of 3-in.- 
d iameter  blastholes fired with a variety 
of delay schemes.  
shale  and sandstone. 
Fig. 52, the gradation curves  for  all of 
the blasts,  except  PB-4C, a r e  within 10% 
of each other  a t  the c o a r s e  end. 

The rock w a s  hard 
A s  may be seen in 

The 

reason f o r  the poorer  fragmentation in 
PB-4C may have been the fact  that  delays 
were not used. 

F igure  53 shows gradation curves  fo r  
four blasts  in sandstone. Blasthole 
d iameters  varied from 3 in. in PB-5 to 
12-1/4 in. in PB-8. 
that c o a r s e r  rock fragments  a r e  produced 
by the l a r g e r  diameter  blastholes. 

The general  trend is 

Gradation curves can a l so  be plotted 
for  the thickness and length dimensions.  
If one i s  trying to determine w.hat per -  
centage of a blast  product can be placed 
direct ly  in a specified l i f t  thickness, a 
gradation curve based on fragment thick- 
nes s  r a the r  than breadth may be more  
useful. 
curves  based on each fragment dimension 
f o r  the rock blasted in PB-7. 

Figure 54 shows  three  gradation 

100 10 1 
Rock size (breadth) - in. 

Fig. 52. Gradation curves  f o r  3-in.-diameter blastholes in hard shale  and 
sands tone. 
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Fig. 5 3 .  Gradation cu rves  for  .Upper Gilber t  sandstone. 

Fig. 54. Gradation curves  fo r  PB-7 (based on point count of 391  par t ic les) .  
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Fragment  Shapes 
Another type of analysis was performed 

on the point count data to quantify the 
shape of the blasted rock. When ob- 
serving a pile of blasted rock i t  is often 
obviously "blocky" o r  "slabby." Blocky 
mater ia l  is prefer red  fo r  dam embank- 
ments  because i t  compacts bet ter  and be- 
cause there  is l e s s  chance of voids 
occurr ing in the embankment due to 
bridging. 
produced by the tes t  blasts  were  quantified 
and plotted according to the Zingg Classi-  
fication System.' The Zingg shape index 
is determined by plotting ra t ios  of the rock 
dimensions, as shown fo r  PB-4A frag-  
ments in Fig. 55. It may be observed 

The shapes of rock fragments  

1 I 

f r o m  this plot that the average rock shape 
falls  within the "bladed" sector ;  this is 
a l so  t rue  for  the rock from most  of the 
other  blasts  a s  shown in Fig. 56. 

I I 1 

DISCUSSION AND CONCLUSIONS 

The point counting technique is very 
expedient and useful for  establishing 
gradation curves,  but the method does 
have some shortcomings.  It does not 
provide a reliable es t imate  of the number 
of fines in a given rock sample,  and a 
cer ta in  amount of judgment i s  required on 
the par t  of the person performing the 
count. Fo r  example, consider  the case  
where the measuring point fa l ls  upon a 

1 .c 

0. E 
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the dam p r ~ j e c t . ~  During the course  of the 
R .  D. BAILEY spillway excavation, it 
would be desirable  to keep a record of the 
contractor 's  blasting pat terns  and the 
amount of secondary blasting o r  crushing 
required. 
compared to the resu l t s  of the fragmenta- 
tion data collected during this  experimental  
excavation. 

This record could then be  

I 

The following a r e  the conclusions drawn 
f r o m  the fragmentation data obtained a t  
R. D. BAILEY: 

1. A s  expected, the weathered sha le  
found in PB-3 and PB-4 breaks  into 
sma l l e r  s i zes  m o r e  readily when blasted 
than the hard sha le  and Upper Gilber t  
sandstone. This weathered shale  a l so  
breaks  down m o r e  than the sandstone when 
handled by heavy equipment. 

2. The five blasts  in hard  shale  and 
sandstone, PB-4A through PB-4E, all 
produced roughly s imi l a r  fragmentation 
except fo r  PB-4C, where no delays were 
used in the blast  pattern. The rock f rom 
PB-4C w a s  considerably c o a r s e r  than that 
produced by the other  patterns,  confirm- 
ing the effectiveness of millisecond delays For 
improving the  Fragmentation of blasted rock. 

3. Rock fragments  f rom the' blasts  in  
the Upper Gilber t  sandstone and the 

weathered shale  tended to become c o a r s e r  
with inc reases  in charge separation d is -  
tances associated with l a r g e r  blasthole 
diameters .  It may be possible to alter 
this trend by the use of decking charges 
and satel l i te  holes ( see  Chapter 9). 

4. The best  blasting technique to use  is 
ultimately a ma t t e r  of economics, de- 
pending on such i tems  a s  equipment 
availability and the s ize  specifications (if 

any) that mus t  be met  by the blasted rock. 
Several  blasting techniques to consider 
a re :  

a. Use of closely spaced, small-  
d iameter  blastholes in shallow benches to 
get  good fragmentation. 

d iameter  blastholes in high benches with 
decking charges and/or sma l l e r  satel l i te  
blastholes to get  good fragmentation. 

b. Use of widely spaced, la rge-  

c. Use of widely spaced, la rge-  
d iameter  blastholes in high benches with 
secondary blasting o r  crushing to com- 
pensate fo r  c o a r s e r  fragmentation. 

5. The majority of the rock fragments  
produced by the experimental  blasts  had 
a bladed shape. 
na ture  of the blasted rock is to be ex- 
pected for  sedimentary rocks containing 
relatively thin beds . 

The bladed and slabby 

Chapter 5. Subsurface Shock and Blast-Induced Fracturing Program 

BACKGROUND excavation and (2) to develop data on 
minimum safe separation distances between 
production charges and finished surfaces .  The objectives of the subsurface shock 

and bl as t-ind u c  ed fractur ing technic a1 Prespli t t ing has  gained wide acceptance 
program w e r e  (1) to evaluate the effec- throughout the construction industry as an 
t iveness  of various prespl i t  planes and excellent way to fo rm the w a l l s  of a 
buffer zones in creating and maintaining s t ruc tu ra l  excavation. A prespl i t  
a finished s table  boundary for  a s t ruc tura l  

e 
plane is quite effective in reducing or 
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eliminating overbreak from production 
blasting. 

Fo r  the- las t  s eve ra l  y e a r s  EERL has  
been investigating the feasibility of using 
relatively l a rge  charges f o r  s t ruc tu ra l  
excavation in o r d e r  to reduce drilling and 
blasting costs.  
prespl i t  surface may need protection f rom 
the s t r e s s e s  and explosion gases  generated 
by these l a rge  charges.  One approach is 
to place a conservative lower l imit  on the 
separation distance that must  be maintained 
between large-diameter  production charges 
and the prespl i t  plane. 
blastholes can be  used to break up the 
intervening rock. Another approach, 
still experimental, involves the creation 
of a "buffer zone." This is a zone of 
relatively crushed or f ractured rock 
between the prespl i t  plane and the main 
charges that attenuates s t r e s s  and pro- 
vides a n  escape vent fo r  the g a s e s  pro- 
duced by the blast. 
that the shock wave would be attenuated 
by the buffer zone because of i t s  decreased 
density and s h e a r  strength relative to the 
intact rock, thus limiting the fracturing 
beyond that zone. In this way ,  the p r e -  

split plane is protected f rom damage by 
high s t r e s s e s .  

It is anticipated that a 

Smaller  diameter  

It is hypothesized 

Techniques for  creating a buffer zone 
with smal l  d iameter  blastholes a r e  s t i l l  
under investigation. Several  methods 
tested a t  R .  D. BAILEY are  discussed 
l a t e r  in this chapter.  

12  this area has  included model studies 
and prototype field experiments.  

Previous work in 

13,14 

OBJECTIVES AND APPROACH 

The principal objectives of the close-in 0 
part ic le  velocity measurement  program 

were (1) to e valuate the effectiveness of 
various prespli t  and buffer panels in 
protecting rock behind the prespli t  face 
f rom damage due to the charges,  and 
( 2 )  to determine minimum safe  separation 
distances between production charges and 
finished surface.  Secondary objectives 
were to co r re l a t e  the degree of rock 
fracturing with peak par t ic le  velocity, to 
measu re  the in situ par t ic le  velocity 
response cha rac t e r i s t i c s  of the rock being 
blasted, and to study the variation of 
par t ic le  velocity with depth below the 
ground surface.  

These things were accomplished 
through two separa te  but related meas-  
urement programs.  F i r s t ,  horizontal 
and vertical  particle velocities generated 
by the tes t  blasts  were measured behind 
the buffer zones and compared to those 
observed in identical configurations with- 
out buffer zones. 
measurements  was to investigate possible 
attenuation of par t ic le  velocity by the 
buffer zones. Second, permeabili ty t e s t s  
were attempted in boreholes located n e a r  
velocity gage holes both before and a f t e r  
the blasting f o r  each lift. 
tests were designed to measure  qualita- 
tively the amount of blast-induced 
fracturing by detecting change in the 
permeabili ty of the rock surrounding the 
t e s t  hole. 
changes could be correlated with the 
par t ic le  velocities measured nearby. 

The purpose of these 

These l a t t e r  

It was hoped that permeability 

Pa r t i c l e  velocity was chosen a s  the 
p a r a m e t e r  to be measured, r a t h e r  than 
stress o r  strain,  because of the relative 
e a s e  with which i t  could be measured.  
Particle velocity can also b e  related 
mathematically to e i ther  stress o r  
s t ra in .  15  
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EQUIPMENT Two types of grout  were used. One w a s  
a nonshrink, quick-setting, nonmetallic 

Pa r t i c l e  Velocity Measurement  
Equipment 

The par t ic le  velocity measurements  
were  accomplished with piezoelectric 
c rys ta l  t ransducers  grouted into dr i l l  
holes. Signals were ca r r i ed  through 
approximately 2000 ft of cable to  the 
Control Point t ra i le r ,  which housed the 
power supplies and recording sys tems.  

Three  t ransducer  models, all products 
of Bell  and Howell, were used during the 
project:  Models 4-155-0107, 4-155-0001, 
and 4-155-0111. 
integrating acce lerometers  and the i r  
charac te r i s t ics  were generally s imi la r .  
Approximately two thirds  of the gages 
were  rated by the manufacturer  as having 
a l -Hz to  2-KHz frequency range (although 
in  pract ice  the lower l imi t  appeared to be 
about 10 Hz); the remainder  had a lower 
l imi t  of 30 Hz. Some of the gages could 
record  velocit ies u p  to 200 in./sec. 

The gages were self- 

An IRIG t ime signal genera tor  and a 
zero- t ime unit were used to provide a 
t ime sca le  on the records .  
genera tor  produced a digital code that 
gave a continuous signal containing in- 
formation on the t ime given - in days, 
hours,  minutes,  and seconds.  The zero-  
t ime unit sensed a break in a circui t  
placed in a blasthole and produced pulses  
that marked detonation t imes.  
of detonation t imes  allowed computation 
of propagation velocities, and helped to 
identify the or igins  of the pulses  seen  in 
the records .  

The IRIG 

The record  

Mounting brackets  and canis te rs  f o r  
the gages, shown in Fig. 57, were 
designed by EERL. 
grouted into 4 -in. -d iameter  b oreh ol e s  . 

The a s sembl i e s  were 

grout  that the manufacturer  claimed to be 
capahle of achieving an initial s c t  in 4 to 
5 h r  and of developing a compress ive  
s t rength of over  8000 psi a f te r  a period of 
24 h r .  
nonmetallic grout but it w a s  s lower 
setting and achieved a compress ive  
s t rength of 8000 psi  af ter  about 3 
days. 

The o ther  w a s  a l so  a nonshrink, 

Permeabi l i ty  Measuring Equipment 
Permeabi l i ty  measurements  were 

attempted with the use of a double packer  
assembly  consisting of two inflatable 
packers  held 4 ft apar t  by a section of 
galvanized pipe. 
a 3-in.-diameter borehole. 
perforated so that the space between the 
packers  could be filled with water  through 
removable  sections of water  pipe. 
packers  were inflated with air  f rom a 
hand pump. F igure  58 is a diagram of the 
packer  assembly;  note that the water  p re s -  
s u r e  between the packers  is due only to 
gravity acting on the column of water  in 
the pipe. 

The unit w a s  made  for  

The pipe was 

The 

PROCEDURE 

Instrument holes for  the velocity 
t ransducers  and holes  for  permeabili ty 
testing were generally 5 ft apa r t  a t  the 
s a m e  dis tance f rom the blasthole of 
interest .  
permeabili ty measurements  would be 
made  before and af te r  each blast, and 

It w a s  originally planned that 

that the permeabili ty would be determined 
as a function of depth in 4-ft  incre-  
ments .  
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Fig. 57 .  

/Standard 3/4-in. galvanized 
pipe coupling (welded on) 

/1/4-in. steel plate, 1-1/2 in. wide 

Aluminum canister containing 
vertical gage 

3/8-in. steel banding 

1/4-in. thick steel angle (welded on) P 
Bell and Howell Series 4-155 
piezoelectric velocity transducer 

,-Cable exi t  port f c I 

‘ I .  \ 

.- 
‘ r - i  d 

I 

E 
k a n i s t e r  base 

i 
I 

Note: Cable ex i t  ports and canister mating surfaces sealed with 
silasticadhedive 

I .  f 

i 
Typical mounting bracket  indicating gage and canis te r  placement. 
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DA TA 

Forty-four  r eco rds  of par t ic le  velocity 
data were accumulated during the tes t  
program. 
data, however, was not collected because of 
numerous operational problems with the pack- 
er  apparatus .  After a successful  operation 
at  the PB-1 site,  the permeabi l i tytest  failed 
to  produce any additional significant data. 

Most of the desired permeabili ty 

Pa r t i c l e  Velocity Data 
F igures  59 through 6 5  show c r o s s  

sections of the gage installation fo r  each 

,-Water 

c 

Measurement 
in terva I 

-: Not to scale 

Fig. 58.  Permeabi l i ty tes t  packer  assembly. 

of the blasts  that were instrumented. 
Information on the gage depth, the d is -  
tance to the charges of interest ,  and the 
type and quantity of explosive is shown in 
the figures.  The par t ic le  velocity signal 
t r aces  were analyzed to obtain the r i s e  
t ime to peak amplitude and the peak 
acceleration. The r i s e  t ime to peak 
amplitude, defined a s  the t ime interval  
f rom the initial t ime of pulse a r r iva l  to 
the t ime of peak amplitude, was measured 
direct ly  f rom the t races .  
accelerat ion was computed f rom the maxi- 
mum slope of the pulse. 

The peak 

The identification code of the gages is 
a s  follows: the f i r s t  number represents  
the burial  depth of the gage in feet while 
the following l e t t e r  denotes the orientation 
of the gage (H fo r  horizontal and V for  
ver t ical) ;  a B following the H o r  V 
indicates that the gage was located be- 
hind a buffer zone. Finally, the l a s t  
number te l l s  the distance in feet From 
the gages to  the neares t  production 
charge.  

Table 2 presents  a summary  of the 
peak par t ic le  velocity data obtained during 
the production blasts;  the recorded t r aces  
a r e  reproduced in Appendix B. 

Permeabi l i ty  Data 
Table 3 presents  the permeabili ty t e s t  

data obtained. The difficulties a r e  de- 
scr ibed in those cases  where problems 
occurred.  

ANALYSES 

Several  types of analyses  were made on 
the velocity data f rom the tes t  blasts.  
These analyses a r e  discussed in the 
following pa rag raph s . 

- 44- 



Effect of Buffer Zone on Shock Wave 
Propagation 

Buffer zones have not yet been clear ly  
shown to be a useful controlled blasting 
technique. In the past, observations of 
the attenuation of par t ic le  velocities by 
buffer zones interposed between the gages 
and production b las t s  have been incon- 
clusive. Apparently, the effect of a buffer 
zone on par t ic le  velocity has  been too 
smal l  to observe above the sca t t e r  caused 
by inhomogeneities in the rock and other  
uncontrolIable factors .  Out of eight 
comparisons of nonbuffered-to-buffered 
peak par t ic le  velocit ies a t  R. D. BAILEY 
only three  exhibited an effect that might 

be  attributed to attenuation by a buffer 
zone. 
a r e  favorable instances of data sca t te r .  

I t  is likely that these three  cases  

F igure  66 is a presentation of the data 
obtained from this par t icular  investigation 
in which the rat ios  of "buffered" velocit ies 
to "nonbuffered" velocities a r e  plotted for  
otherwise identical charge-gage configura- 
tions. The locations of the points indicate 

ra t ios  of buffered to  nonbuffered par -  
t ic le  velocities e i ther  g rea t e r  than one 
o r  l e s s  than one. Ratios that a r e  
less than one indicate attenuation of 
the par t ic le  velocities by the buffer 
panels.  No definite t rend is apparent, 
however. 

11.5f t  

Gages 11.5H15 
and 11.5V15 . 

- 5 f t  4 
Closest ma in 
charge approx imatel y 
32 Ib ANFO 7 

s 1 5 f t  
i 

c 

7 
1 18 f t  

1 2-1/2 f t  on 
Presplit, 70%Trimtex, 1/4 Ib/ft, 

3 in. 
I 
I 
I Scale - f t  

0 2 4 - 6  - 
1 

Fig. 59. Ve,locity gage configuration for  PB-1 
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Shale 

, 

Closest ma in 

Existing presplit surfac 

Buffer 
40% trim tex 

1/4 Ib/ft 
Note: 
Gage 7H21 was in a similar location 
except that no buffer zone was present. 

Scale - f t  
0 5 10 15 
I 

Fig. 60. Velocity gage configuration for  PB-3. 

Comparison of Dynamic Response 
Charac te r i s t ics  fo r  Shale and ' 

Sands tone 

Some comparisons of the dynamic 
response charac te r i s t ics  of the shale  and 
sandstone can be made f rom the collected 
data. Par t ic le  velocity r eco rds  f rom 
blas t s  in sandstone exhibited sho r t e r  r i s e  
t imes than in shale, and they a l so  had 
less rounded shape than those in shale 
( see  Appendix B). 
the sha le  were  measured with a single 
channel refraction seismograph a t  eight 
different locations, with measured values 
ranging f rom 3000 to 9000 ft/sec. 

Sonic velocit ies in 

The 
- 
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sonic velocity of the Upper Gilbert  sandstone 
was computed to  be 15,000 f t /sec,  based on 
pulse a r r iva l  t imes  at the PB-7 velocitygages.  

Par t ic le  Velocity Attenuation with 
Distance in Sandstone 

An a r r a y  of th ree  pa i r s  of horizontal  
and ver t ical  velocity t ransducers  was 
installed fo r  PB-7 ( see  Fig. 64). These 

gages were located at  dis tances  of 18, 25, 
and 40 ft f rom a production charge along a 
radial  line. 
par t ic le  velocities can be described by an 
inverse  power l a w ;  i.e., an equation of 
the form shown below applies: 

The attenuation of peak 



V = CR-X,  (1) 
P 

where: 
V = peak par t ic le  velocity 

P 
C = constant 
R = distance to gage.from charge 
x = attenuation exponent. 

A l ea s t  squa res  fit w a s  used to calculate 
The following equations l I c "  and I t X . I I  

desc r ibe  the attenuation of peak par t ic le  
velocity with dis tance for  the P B - 7  case:  

, (2) 
4 -2.27 V = 9.46 X 10 R 

Ph 

Gages 
and 

where: 

= horizontal  peak par t ic le  
velocity (in./sec) 

VPh 

R = range (ft), 

and 

> ( 3 )  
4 -1.84 V = 2 . 4 8 X  10 R 

PV 

where: 

V = vert ical  peak par t ic le  velocity 
PV 

(in ./s ec) . 
Figure  67 is a plot of the data and the 
best-  f i  t l ines  . 

Shale 

Sands tone, 

Note: 
Gages 2H30, 2V30, 13H30 and 13V40 
were in similar locations except that no 
buffer zone was present.. 

Closest main 

575 Ib ANFO 7 
. charge approximately 

I 
Buffer, ANFO, decked, 

al l  intervals 4 ft 

Scale - ft 
0 5 10 15 

Fig. 61. Velocity gage configuration fo r  PB-4. 
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Closest main charge, 
approximately 500 Ib ANFOJ 

Fig. 62. Velocity gage configuration for  PB-6A. 

Variation of Peak Par t ic le  Velocity 
with Depth 

The variation of peak par t ic le  velocity 
with depth can be observed in the data 
acquired f rom t e s t  b las t s  PB-4 and PB-8 
(see  Table 4 )  fo r  which gages were  placed 
a t  two separa te  depths. 
horizontal  peak par t ic le  velocit ies meas -  
ured nea r  the sur face  a r e  l e s s  than those 
measured a t  depth. 
s t r e s s  waves traveling f rom the charge  
s t r ike  the gage a t  l a rge  angles re la t ive to 
the horizontal plane, result ing in a smal l  
horizontal  par t ic le  velocity component. 
Also ,  the gages n e a r  the sur face  were 
f a r the r  away (slant dis tance)  f rom the 
charge than those a t  depth, allowing 
additional d i s tance  for  attenuation of the 
s t r e s s  wave. 

In a l l  cases ,  

Near  the surface,  

The only data available on the variation 
of ver t ical  peak par t ic le  velocity with depth 
a r e  fo r  PB-4. 
ver t ical  peak par t ic le  velocity increased 
with depth, and in the buffered c a s e  i t  
decreased with depth. 

In the nonbuffered c a s e  the 

It is not known whether o r  not the 
ver t ical  and horizontal peak par t ic le  
velocities occurred simultaneously; 
therefore,  i t  cannot be assumed that the 
vector  sum of the two i s  the resul tant  
peak par t ic le  velocity. 

CONCLUSIONS 

It w a s  the objective of the subsurface 
velocity and blast-induced fracturing 
program to observe two effects: ( 1 )  the 
effect that buffer zones have on shock 
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propagation in rock, and ( 2 )  the relation- 
ship between peak par t ic le  velocities with 
depth below the ground surface in the 
vicinity of a production blast  charge.  The 
subsurface velocity measurement  program 
w a s  generally successful,  but the perme-  
ability testing program to measure  blast-  
induced fracturing was not. The r e su l t s  of 
the subsurface velocity measurement  pro- 
g r a m  were  used to  es tabl ish safe  separation 
dis tances  between production charges and 
finished surfaces ,  presented in Chapter 9. 

Effectiveness of Buffer Zones 
The data collected were inconclusive 

regarding the effectiveness of buffer 

zones in attenuating par t ic le  velocit ies 
n e a r  production blasts,  although the trend 
of the data suggests that the buffer zones 
tested were not effective. Sca t te r  in the 
data and discontinuities in the rock may 
have been sufficient to mask the effect of 
the buffer zones. Also, i t  may be that 
par t ic le  velocity is not the proper  param-  
e t e r  to measu re  as an indicator of s t r e s s  
wave intensity. Although i t  s eems  
plausible that a zone of crushed rock, 
such a s  intended in the buffer zones, 
would attenuate s t r e s s  wave propagation, 
the buffer zone designs tested may not 
have produced the desired zone of crushed 
mater ia l .  

Closest main charae. 

~ 

approximately 650 16 s'lurry-\ 

Fig. 6 3 .  Velocity gage configuration for  PB-6B. 

-49- 



Closest main charge, 
approximately 1250 Ib slurry, ?T ., > _.. ...e- ,. , , . , . - . + : .  ... 

I -  
16 ft 

L, 
5 

and 
6 H 4 0 1  
6V40 

Fig. 64. Velocity gage configuration for  PB-7. 

Stemming - 
k 1 8 f t  - IL 2 5 f t  - 

a 40 f t  - 
Gages 16H25 

and 16V25 

Sandstone 

Sca I e-ft 
0 5 10 15 

Relationshir, Between Pa r t i c l e  Velocitv 
and Blast-Induced F r a c t u r i n g  ' 

The attempt to obtain information on 
blast-induced fracturing by permeabili ty 
t e s t s  was generally unsuccessful; however, 
some  conclusions can be drawn f rom the 
PB-7 par t ic le  velocity measurements .  
Postshot inspection of the pe r ime te r  of 
the blast  revealed that the gages emplaced 
18 ft f rom one of the main charges  ( see  
Fig. 64) fell very n e a r  the boundary of a 
l a rge  conchoidal f r ac tu re  sur face  in an 
a r e a  of massive,  f resh  Upper Gilber t  
sandstone (Fig.  68). The rock beyond 
this surface appeared to be unfractured, 

thus the peak par t ic le  velocities recorded 
by the gages a t  a range of 18 ft must  be 
near  the threshold required €or rockf rac tur -  
ing by a s t r e s s  wave. The horizontal  peak 
par t ic le  velocity a t  this  gage had an amplitude 
ofabout 135 in . / sec ,  and thever t ica l  peak 
par t ic le  velocity was 11 5 in./ sec .  

Variation of Peak Pa r t i c l e  Velocity 
with Depth 

The horizontal peak par t ic le  velocities 
measured were g rea t e r  a t  depths (opposite 

I _. 

the charges)  than nea r  the surface.  
r e su l t s  of the ver t ical  peak par t ic le  

The 

velocity measurements  were inconclusive. 

- 50- 



Shale 

3 i n . 1  

17 f t  

13 ft 

Gages 5HB24 
and 5VB24 

Gage 17HB24 

10 

Existing presplit 

Sca I e -f t 
0 5 10 15 
I 

Note: Gages 5H24, 51/24 and 171-124 
were in similar locations 
except that no buffer zone 
was present. 

Closest main 
charge, approximately 

2000 Ib slurry 

48 ft 

Buffer zone, 2 rows, 
5 f t  apart, holes 5 f t  on center, 

trimtex, 1/4 Ib/ft 

Fig. 65. Velocity gage configuration for  PB-8. 
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part ic le  Risetime Peak 
Test Peak velocity to peak accelerat ion 
blast  Gage origin (in./sec) (msec)  (g) 

PB-1 11.5H15 

11.5V15 

P B  -3 7HB21 

7H21 
PB -4 2HB30 

2VB30 

2H30 

2V30 

13HB30 

13VB30 

13H30 

13V30 

PB-6A 22H25 

PB-6B 22H27 
PB-7 16H18 

16V18 
16H25 
16V25 
16H40 
16V40 

PB-8 17HB24 

5HB24 

5VB24 

17H24 
5H24 

5V24 

Presp l i t  
Main 
P resp l i  t 
Main 
Buffer 
Main 
Main 
Presp l i t  
Buffer 
Main 
Presp l i t  
Buffer 
Main 
Pre spli t  
Main 
P r espli  t 
Main 
P resp l i t  
Buffer 
Main 
Pre spli  t 
Buffer 
Main 
P resp l i t  
Main 
Presp l i t  
Main 
P resp l i t  
Main 
Uncert .  
Main 
Main 
Main 
Main 
Ma in 
Main 
Buffer 
Main 
Buffer 
Main 
Buffer 
Main 
Main 
A 1 te rna te  
Main 
A 1 te rna te  
Main 

65.4 
7.1 

24.0 
6.6 

15.1 
35.9 
53.8 
19.2 

Small 
3.5 

47.8 
47.2 
27.9 
28.5 

2.5 
48.7 

8.5 

48.0 
30.1 
26.9 

a - 

34.4c 
- 

a - 
25.7 
83.6 
57.4 
33.6 
57.5 
71.4 

135 
115 

61.3 
60.3 
23.4 
27.3 
69.8 

36.1 
31.9 
14.5 
47.8 
99.1 
30.9 
18.0 
7 5.4 
52 .O 

192 

3.0 
4 .O 
2.0 
4.5 

10.0 
8 .O 

10.5 
3 .O 

5 .O 
6.5 

10.0 
18.0 

3.5 
14.0 

6.0 
12 .0  

- 

- 
12.0b 
- 

b - 
8.0 - 
- 
7 .O 

1 5.0b 
- 
3.5 
2 .o 
5.0 
0.5 
0.5 
0.6 
0.6 
0.7 
0.7 
3.5 
1 .o 
4.5 
2 .o 
4.5 
2.5 
0.7 
1.5 
1.5 
2.0 
6.5 

57 
5 

31 
4 
4 

12 
28 
25 

2 
19  
2 1  

4 
4 5  

Small 
32 

2 

2 1  

- 

- 

- 
- 

20 
- 
- 
9 

50 
- 

35 
7 5  
93 

7 06 
601 
266 
262 

87 
101 

52 
500 
21 
42 
14 
50 

344 
54 
31 
98 
47 

a 

bPeak shape poorly defined. 

dAlternate charge  was at  the center  of the rear  row (see Fig.  43). 

Not monitored due to instrument  failure. 

N o  peak observed. C 
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Table 3. Summary of permeabili ty tes t  data.  

Water  column 
P r e t e s t  water  height T e s t  interval  

T e s t  Hole depth I eve1 ( f t  above (ft helow Flow r a t e  
( ml/m in ) blas t  T e s t  ( f t )  ( f t  below c o l l a r )  top of t e s t  in te rva l )  c o l l a r )  

PB-1 P r e s h o t  

Pos tshot  

PB-3 

PB-4 

P B  - 6A 

PB-GB 
PB-7 

P r e s h o t  
(40-ft gages)  

PB-8 

16.5 15.0 8.0 9.0 to 9.0 

9.0 to 15.0 
66 
16 

15.0 12.0 8.0 4 5 to 10.5 130 
7.0 to 13.0 n 

Shot a r e a  had been ripped down approximately 25 ft; the blast  was to  remove  the remaining 
1 5  ft of mater ia l ;  therefore ,  t h e r e  was no bench f rom which to make  a water  tes t .  
The  packer  a s s e m b l y  failed to work proper ly  ( a i r  escaped f rom the packer  into the w a t e r  
s y s t e m ) ;  r e p a i r  was not possible  in the t i m e  avai lable  before  the b las t .  
A t e s t  was at tempted,  but the packer  assembly  became stuck In the hole; a l l  effor ts  to remove  
i t  failed. 
N o  packer  tes t  equipment was avai lable  due to the loss of the  sys tem i n  P H - 6 A .  
A new packer  a r r i v e d  and t e s t s  w e r e  completed in one hole, n e a r  the gages  whlch were  40 It 
f rom the charge ;  i t  was impossible  to complete  the t e s t  because  of numerous  pinholes in the 
packer  b ladders  due to abrasion,  and effor ts  to patch the b ladders  w e r e  unsuccessful .  

30.0 Dry  hole  28.0 29.0 to 25.0 N o  flow in 5 min 
28.0 25.0 to 21.0 No flow in 5 min 
22.0 21.0 to 17.0 N o  flow i n  5 min 
17 .5  1 7 . 0  to 13.0 N o  flow in 5 min 
13.0 13.0 to 9.0 N o  flow in 5 min 
13.0 9 0 to 5.0 No flow in 10 rnin 

With the water  quantity and flow r a t e  avai lable  on s i te ,  effor ts  failed to fill the in te rpacker  
space;  the top 10 ft of the bench was destroyed during the blast, making postshot  tes t ing 
impossible .  
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Fig. 66. Plot of effects of presence  of buffer zone on peak par t ic le  velocities. 
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Fig. 67. Peak par t ic le  velocity v s  dis-  
tance f o r  both horizontal and 
ver t ical  gage orientations, 
PB-7. 

Fig. 68. Rear of PB-7 showing approxi- 
ma te  location of velocity gage 
holes, 18 and 25 ft f rom main 
charge (PB-7 blast  a r e a  is to 
left  of dashed line). 

Table 4. Variation of peak par t ic le  velocities with depth. 

Gage Peak par t ic le  
depth Gage velocity 

Blast  no. (ft)  o r i  en ta ti on State (in. /sec 1 

PB-4 2HB30 2 Horizontal Buffered 3.5 

Gage 

13HB30 13 Horizon tal Buffered 30.1 
2VB30 2 Vertical  Buffered 27.9 
13VB30 13 Vertical  Buffered Small  
2 HNB3 0 2 Horizontal N on buf f ered 2.5 
13 HNB3 0 13 Horizontal Non b uf f e r  ed 25.7 

2 VNB3 0 2 Vertical  N onbuff ered 8.5 
13VNB30 13 Vertical Nonbuffered 57.4 

PB-8 5HB24 5 Horizon tal Buffered 31.9 
17HB24 17 Horizon tal  Buff e red 192 

5HNB24 5 Horizon tal N onb u f f  e r ed 18.0 
17HNB24 17 Horizontal N on b u f f e red 99.1 
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Chapter 6. Seismic Motion Program 

BACKGROUND 

This chapter descr ibes  the blast-induced 
se i smic  motion measurement  program, i t s  
objectives, execution, and resul ts .  The 
resu l t s  were used to evaluate the effects 
on nearby s t ruc tures  of blasting operations 
in the spillway of the R. D. BAILEY 
pro j ec t. 

The close proximity of the town of 
Justice,  West Virginia, to the R .  D. 
BAILEY Lake Project  means that pre-  
cautions must  be taken to insure  that dam- 
age w i l l  not occur  to buildings in Just ice  
because of blasting operations in the spil l-  
way. In addition, a concrete  water  intake 
s t ructure ,  300 ft high, will be under con- 
struction and subjected to se i smic  motion 
f r o m  spillway blasts.  Experimental  
information was needed to calculate levels  
of se i smic  motion a t  this s t ruc ture  and to 
establish the maximum weight of explosive 
that can be detonated in the spillway with- 
out exceeding safe se i smic  motion levels  
in the town of Justice.  

OBJECTIVES AND APPROACH 

The objectives of the se i smic  motion 
program were : 

1. To measu re  a t  selected points of 
in te res t  se i smic  motion amplitudes as a 
function of t ime fo r  all the experimental  
blasts  and to provide documentation in the 
unlikely event that c la ims for  se i smic-  
motion-induced damage were  received. 

2 .  To develop a reliable method, based 
on experimental  data, for  predicting 
se i smic  motion amplitudes generated by 
production blasts  in the spillway area .  

The rel iable  prediction of peak par t ic le  
velocity as a function of the weight of 
explosive and the distance f rom the blast  
was necessary  to establish the maximum 
weight of explosive that can be simultane- 
ously detonated in the spillway. 
peak par t ic le  velocities, when compared 
to established damage cr i te r ia ,  allow the 
engineer to a s s e s s  the effects of a 
par t icular  designed blast on residential  
s t ruc tures  and engineered s t ruc tures ,  
such a s  the water intake tower. 

Predicted 

The approach for  the field portion of 
the se i smic  motion program was to meas-  
ure  the par t ic le  velocit ies of the ground 
sur face  a t  four points of in te res t .  
having four se i smic  stations at  various 
distances f rom the b las t s ,  the attenuation 
of s e i smic  motion amplitudes with dis-  
tance f rom the b las t s  could be determined. 

Peak par t ic le  velocit ies ( P P V )  were  

By 

measured f o r  the t e s t  blasts  and used to 
establish a relationship between se i smic  
motion amplitudes, charge weights, and 
dis tances .  The re1ationshipl6-l8 is given 
by : 

(4 1 p f f  P P V  = K W  r , 

where: 

P P V  = peak par t ic le  velocity (in./sec) 
w = weight of the l a rges t  amount 

of explosive detonated pe r  
t ime delay ( lb)  

r = horizontal distance from the 
blast  to the point of in te res t  
( f t )  

K = constant that depends on the 
medium surrounding the 
explosive, the foundation 
conditions a t  the point of 
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interest ,  and the units of the 
var iables  

/3 = explosive weight scaling 
exponent 

a = attenuation exponent. 
The pa rame te r s  K ,  CY, and /3 can vary 
considerably f rom one project s i t e  to 
another. By using measured values of the 
var iables  P P V ,  w,  and r, however, i t  was 
possible to calculate K, a,  and /3 for  the 
R. D. BAILEY spillway site.  

EQUIPMENT 

Each se i smic  station consisted of a 
t r iaxial  a r r a y  of geophones to measure  
par t ic le  velocity a t  the ground surface.  
These geophones were  oriented vertically, 
radially, and t ransverse ly  with respect  to 
each blast  so that the se i smic  motion was 
completely defined in three  dimensions. 
The voltage output of each geophone w a s  
recorded direct ly  on char t  recorders .  

PROCEDURE 

Four  se i smic  stations were usually 
monitored during each blast. 
located a t  the right dam abutment (SSl), 
a t  the base  of the dam embankment (SS2), 
a t  the intake'tower (SS3), and a t  the town 
of Justice (334) - Fig.. 69. 
ing operations were  in progress  n e a r  the 
intake s t ruc tu re  s i t e  a t  the t ime.the f i r s t  
pilot excavation blasts  s tar ted,  i t  was 
necessary  to move the station location 
(SS3, SS3A, SS3B) in that a r e a  severa l  
t imes.  
s t ruc tu re  foundation excavation, a se i smic  
station (SS3C) at  the northeast  co rne r  of 
the foundation was in operation for  the 
final th ree  tes t  blasts  ( s ee  Fig. 69) .  

These were  

Because blast-  

After  completion of the intake 

~ 
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The radial  geophone a t  each se i smic  
station w a s  oriented toward the blast  by 
line-of-sight o r  by use of a compass;  the 
other geophones were oriented with 
respect  to  the radial  geophone to measu re  
orthogonal velocities. 

DA TA 

All P P V  data obtained during the pilot 
excavation blasts  a r e  tabulated in Table 5. 
The P P V ' s  a r e  measured from zero-to- 
peak and a r e  considered accura te  to f15% 
unless otherwise noted. 
provides the horizontal dis tances  f rom the 
center  of the tes t  blast  to the indicated 
se i smic  station. These dis tances  were  
obtained from surveyed blast  coordinates 
and se i smic  station coordinates and a r e  
considered accura te  to *l%. 

simultaneous charge weight (i.e., the 
la rges t  amount of explosive detonated 
during one delay) i s  l isted for  each blast .  

Table 5 a l so  

The l a rges t  

Spillway centerlin 

Pi  lot excavation7 

_. ... 
I , . . .  / LFuture intake 

Scale - ft 
0 1000 2000 3000 

Fig. 69. Seismic station locations. 



Table 5. Summary of peak par t ic le  velocity ( P P V )  measurements.  

L a r g e s t  P e a k  p a r t i c l e  ve loc i ty  s i m u l t a n e o u s  
Test P r e d o m i n a n t  E x p l o s i v e  c h a r g e  weight  S e i s m i c  R a n g e  V e r t i c a l  Radia l  T r a n s v e r s e  
blast r o c k  t y p e  ty  Pe  ( lb)  s t a t i o n  ( f t )  (cm/sec) (cm/sec) (cm/sec) 

PB-1 S h a l e  A N F O  260 ss1 
s s 2  
s s 3  

P B - 3  

P B - 3  
B u f f e r  

Z o n e  

P B - 4  

P B  -4A 
P B - 4 B  

P B - 4 c  

S h a l e  

S h a l e  

Shale 

S h a l e  

S h a l e  

A N F O  

A N F O  

A N F O  

A N F O  

A N F O  

3380 

66 

4000 

2 50 

2500 

PB -4 S h a l e  A N F O  20 
Single  

PB-4D Sh a1 e A N F O  266 
C h a r g e  

P B - 4 E  Sand s t o n e  S l u r r y  290 

P B - 5  S a n d s  t o n e  A N F O  2 58 

PB - 6A S a n d s t o n e  70% 1250 
P r e s p l i t  D y n a m i t e  

PB-6A Sands ton  e A N F O  , 2868 

P B - 6 B  

P B - 6 C  

Sands tone  S l u r r y  6000 

S a n d s t o n e  S l u r r y  7 8 1  

s s 4  

ss1 
s s 2  
s s 3  
ss4 
s s 1  
s s 2  
s s 3  
s s 4  

ss1 
ss2 
s s 3  
s s 4  
ss1 
s s 2  
s s 3  
s s 4  

ss1 
s s 2  
s s 3  
s s 4  
553 
s s 4  

ss1 
s s 2  
s s 3  
s s 4  
ss 1 
s s 2  
s s 3  

ss1 
s s 2  
ss3 
s s 4  

ss1 
s s 2  
s s 3  
SS3A 
ss1 
s s 2  
s s 3  
SS3A 

ss1 
s s 2  
SS3A 
s s 3  

S S ~ B  

ss1 
s s 2  
s s 3 c  
SS3A 

P B  -7 S a n d s  ton e S l u r r y  3700 ss1 
s s 2  
s s 3  c 
s s 4  

P B - 8  Sand s ton  e S l u r r y  11,750 ss1 
s s 2  
553 c 
554 

451 
1180 
2231 
6640 

4 97 
1180 
2225 
6703 

4 60 
1168 
2217 
6661 

53 9 
11 57 
2191 
67 63 

584 
1177 
2204 
6810 

53 1 
1171 
2208 
6749 
2120 
6777 

534 
1175 
2213 
67 51 

54 6 
1231 
2274 
1958 

648 
1134 
2140 
6880 

584 
1120 
2140 
1818 

591 
1120 
2138 
1816 

53 2 
1126 
1839 
2158 

524 
1117 
1814 
1831 

609 
1200 
1887 
6833 

514 
1173 
1882 
6727 

0.66 
0.090 
0.013a 
0.0048 

4.7 
0.56 
0.087 
0.024 

0.25 
0.024 
0.0051 
0.0016 

4.4 
0.68 
0.13 
0.053 
0.60 
0.060 
0.015 
0.0042 

1 .3  
0.36 
0.042 
0.015 
0.00041 - d 

0.36 
0.050 
0.0068 
0.0016 
0.35 
0.055 
0.0077 
0.020 
0.27 
0.083 
0.0083 
0.0020 

3.60 
1.07 
0.12 

2.40 
0.80 
0.12 
0.19 

8.20 
2.10 
0.52 
0.36 
1.10 
0.26 
0.066 
0.036 

3.6 
0.86 
0.20 
0.027 

11.6 
1.4 
0.36 
0.082 

O.2lC 

0.52 
0.11 
0.019a 
0.0089 

4.9 
1.1 
0.13 
0.046 

0.36 
0.050 
0.0084 
0.0030 

4.5 
1.5 
0.21 
0.12 
0.68 
0.15 
0.020 
0.0081 

1.16 
0.51 
0.055 

0.0012 
4 

0.122c 

0.34 
0.10 
0.0068 
0.0027 
0.62 
0.12 
0.0097 
0.019 
0.22 
0.13 
0.013 
0.0046 

2.01 
0 .99  
0.16 
0.12c 
2.20 
0.70 
0.21 
0.085 

6.80 
3.60 
0 .40  
0.51 
0.62 
0.33 
0.028 
0.025 

5.0 
1.16 
0.16 
0.090 

8.0 
1.9 
0 .39  
0.14 

0.44 
0.14 
0.029a 
0.0061 
2.0 
0.40 
0.074 
0.035 

0.14 
0.020 
0.084 
0.0032 

2.5 
0.61 
0.062 JJ 
0.54 
0 .09  
0.0085 
0.010 

1.12 
0.25 
0.030 
0.020c 
0.0003 5 
0.00044 

0.20 
0.052 
0.0052 
0.0033 
0.32 
0.065 
0.0035 
0.018 
0.24 
0.071 
0.0095 
0.0074 

1.54 
0.55 
0.081 
0.10c 
2.10 
0.48 
0.049 
0.044 

5.20 
1.20 
0.27 
0.21 

0.72 
4 

0.043 
0.017 

3.2 
0.76 
0.19 
0.081 

5.0 
0.95 
0.26 
0.16 

~ 

a M e a s u r e m e n t  u n d e r r a n g e d ;  p r e c i s i o n  325%. 

bNo m e a s u r e m e n t ;  mal func t ioning  c a b l e  o r  c a b l e  c o n n e c t o r .  
‘ M e a s u r e m e n t  o v e r r a n g e d ;  t a b l e  v a l u e  is a n  ex t rapola t ion  and its p r e c i s i o n  is about  *50%. 

d P P V  s m a l l e r  than  s e i s m o g r a p h  sens i t iv i ty .  
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Table 5 shows that 186 data channels 
were fielded. 
lost  due to cable trouble; two were lost  
because the motion from tes t  blast  PB-4E 
was below the sensit ivity of the se i smo-  
graph. 
recorded with l e s s  precision than desired.  
Actual data recovery was about 98%. 

Two channels of data were 

An additional eight channels were 

The data in Table 5 a r e  graphicaily 
i l lustrated in Appendix C. 

ANALYSES 

The effects of charge  weight and range 
on se i smic  motion amplitudes were 
analyzed using s ta t is t ical  techniques. The 
effects of other  var iables  (i.e., explosive 
type, the type of rock that was blasted, 
and local conditions a t  different se i smic  
s ta t ions)  were a l so  studied. 
to predict  P P V I s  for future b las t s  in the 
spillway w a s  developed, and the la rges t  
charge  weights that can be safety detonated 
were  established. 

An equation 

Effect of Charge Weight and Distance 
Equation (4)  is an empir ical  expression 

relating P P V  to charge weight and range. 
19,20 Multiple l inear  regress ion  analyses  

were performed to es t imate  the pa rame te r s  

( K , L Y , ~ )  in Eq. (4 )  f o r  the various s e t s  of 
data given in Table 5, Four  s e t s  of P P V  

21 data were analyzed by a computer code 
that performed the regress ion  analyses .  
The PPVls were separated into vertical ,  
radial ,  and t r ansve r se  components of 
motion so that future predictions of P P V  
could be made by component, i f  des i red .  
F o r  safety analyses of residential-type 
s t ruc tures ,  however, i t  is the peak 
par t ic le  velocity, regard less  of the 
component of motion, that has  been r e -  
lated to archi tectural  damage. 
regard less  of the component of motion, 
were therefore  analyzed to provide the 
pa rame te r s  for  Eq. (4), which was used 
a s  a basis  fo r  the prediction of P P V ' s  
f rom future blasts  in the spillway. 

The P P V ' s ,  

The charge weights used in the r e -  
gression analyses r e f e r  to the l a rges t  
simultaneous charge weight, o r  the la rges t  
amount of explosive detonated on a single 
t ime delay. It i s  this quantity, r a the r  
than the total charge weight, that de te r -  
mines the maximum part ic le  velocities. 17,22 

Table 6 provides the estimated values 
of the parameters  ( K , ( Y , ~ )  f rom the r e -  
gression analyses along with two im-  
portant s ta t is t ics .  

2 ficient of multiple determination, R , 
The f i r s t  is the coef- 

Table 6. Pa rame te r s  obtained from regress ion  analyses  of P P V  a s  a function of charge  
weight and distance. 

C om pon en t Number Estimated pa rame te r s  Statist ics 

P R 2  S 
of of data 

motion points ' K .  .o 

Vertical  62 9 64 -2.06 0.90 ' 0.939 1.78 

Radial 61 . 286 -1.81 0.84 0.904 1.97 

Transve r se  60 133 -1.72 0.79 0.882 2.16 

Maximum P P V ,  62 291 -1.81 0.85 0.923 1.89 
regard less  of 
component 
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which is a s ta t is t ic  that measu res  the 
goodness of the fit of the data s e t s  to 
Eq. (4) .  (If R equals 1, a perfect fit of 
the data to the regress ion  equation resul ts ;  
if R equals 0, a total lack of fit resu l t s .  ) 
The other  statist ic,  s, the standard e r r o r  
of the estimate,  i s  a measu re  of the 
d ispersa l  of the data points about the r e -  
gress ion  equation. 
of s ,  the c loser  the measured P P V ' s  a r e  
to the regress ion  equation. The best  fit 

2 to the data is one that has  the l a rges t  R 
and the smal les t  s .  

2 

2 

The sma l l e r  the value 

The estimated pa rame te r s  in Table 6 

when substituted into Eq. (41, should pro- 
vide reasonable es t imates  of the P P V ' s  
for  future detonations in the spillway. 

Effect of Rock Type and Explosive Type 
During the pilot excavation experiments,  

some  blasts  were detonated in a pre-  
dominantly shale  medium and others  in a 
predominantly sandstone medium using 
two types of explosives, aluminized am-  
monium ni t ra te  s l u r r y  and ANFO. PB-1 
through PB-4D were predominantly shale, 
while PB-4E through PB-8 were  mostly 
sandstone. The type of mater ia l  in which 
a blast  occurs  can affect the result ing P P V  
magnitudes . 17'18J23 For example, blasts  
in hard rock produce l a r g e r  se i smic  

amplitudes than blasts  in soil  o r  a weak 
rock. To est imate  the effect of the sand- 
s tone and shale  media on se i smic  
amplitudes, the measured P P V ' s  were  
separated into two data s e t s  according to 
the rock type. 
these two data se t s  produced the param-  
e t e r s  and s ta t i s t ics  given in Table 7. Also 

Regression analyses of 

shown in Table 7 a r e  the regress ion  
analysis resu l t s  for  the combined sandstone 
and shale  data se t s .  
of the regress ion  fi ts  is comparable fo r  the 
three  s e t s  of data. N o  significant im-  
provements of the fitted data have r e -  
sulted by separation of P P V ' s  according 
to rock type. 

Note that the quality 

Before  discussing the differences be- 
tween the two media, it should be noted 
that the separation of P P V ' s  by media 
also separa tes  them by explosive type. 
A l l  of the s l u r r y  blasts  occurred in sand- 
stone, while a l l  but two of the ANFO 
blas t s  took place in the shale  media. 
Therefore,  the separa te  effects of media 
and explosive type cannot be isolated; the 
r e su l t s  in Table 7 can only be used to 
compare P P V ' s  f rom detonations of ANFO 
in shale  with P P V ' s  f rom s l u r r y  blasts  in 
sands tone. 

Two observations can be made from 
the resu l t s  in Table 7.  The attenuation 

Table 7 .  P a r a m e t e r s  obtained from regress ion  analyses of maximum PPV, regard less  
of component, as a function of charge weight and distance for  sandstone and 
shale.  

~~ 

Number Estimated pa rame te r s  Statist ics 
of data D et  ona t i  on 

medium points K CY P R2 S 

Shale 30 3 64 -1.76 0.82 0.925 1.97 
S and s ton e 32 
Shale and sand- 62 

34 0 -1.89 0.91 
291 -1.81 0.85 

0.902 
0.923 1.89 

stone combined 
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exponent (0) fo r  the s lurry-sandstone data 
is slightly g r e a t e r  than that for  the ANFO- 
shale  data, indicating the P P V  dec reases  
f a s t e r  with dis tance for  blasts  in sandstone. 
Blas t s  in sandstone produce se i smic  
motion with a higher  frequency content 
than b las t s  in shale,  and the P P V ' s  de- 
c r e a s e  more  rapidly with distance f rom 
the blast  because attenuation in the ear th  
is direct ly  proportional to frequency. 23  

The second observation is that the yield 
scaling exponent @ I  is slightly g r e a t e r  for  
the s lurry-sandstone data, suggesting that 
m o r e  of the total blast  energy is radiated 
a s  se i smic  motion, and/or that m o r e  
energy is produced by the s l u r r y  fo r  equa 
charge  weights of the two explosives, a s  
a l ready known. In any case,  the s lur ry-  
sandstone se i smic  source  should produce 
slightly l a r g e r  P P V ' s  with a frequency 
spec t rum weighted toward the higher 
frequencies so  that this se i smic  motion 
would attenuate with dis tance more  rapidly 
than the motion f rom the ANFO-shale 
se i smic  source.  It is evident f rom the 
r e su l t s  shown in Table 7 that the effects of 
medium and explosive type a r e  of second- 
a r y  importance compared to  the effects of 
the l a rges t  simultaneous charge w eight 
and the range. This is indicated by the . 

fact  that there  a r e  no dramat ic  changes in  
the magnitude of the estimated param-  
e t e r s  no r  in the s ta t i s t ics  that indicate 
the quality of the resulting fit. 

The geometr ical  a r rangement  of t h e .  
explosive into prespl i t  o r  main charges  
may have had some effect on the magnitude 
of the resulting.PPV.'s. -There i s  some 
evidence f r o m  a comparison of the P P V ' s  
of the PB-6A prespli t ,  the PB-6A, and 
the PB-6C blas t s  that the prespl i t  charge 
configuration produced unexpectedly la rge  

P P V ' s .  This observation has  been made 
a t  other  locations,24 and has  been at t r ib-  
uted to the relatively g r e a t e r  confinement 
of prespli t t ing cha rges  compared to 
bench-blasting charges.  

Effect of Local Geology 
Differences in P P V  amplitudes can be 

expected i f  measurements  a r e  obtained 
a t  two locations (equidistant f rom a blast)  
where the underlying local geology is 

different . 18,24 According to Eq. (4), 
P P V ' s  f rom a blast  should l ie  on a 
s t ra ight  l ine i f  the P P V  is plotted vs the 
range on log-log paper ,  However, actual 
plots of measured P P V  points, shown in 
Appendix C, indicate that these points 
usually l ie  e i ther  above o r  below the 
predicted s t ra ight  line. 
local geology a t  the se i smic  station is 
often te rmed the "station factor," and is 
used to bring about a be t te r  fit of the 
measured P P V l s  to the regress ion  line. 
Since the station fac tors  for  the R. D. 
BAILEY experiments were  small ,  it  was 
not necessary  to include them in the r e -  
gress ion  analyses .  

the PB-6C blast  and measured a t  Seismic 
Stations SS3A and SS3C (approximately 
the s a m e  dis tance f rom the b las t )  show 
that differences in station fac tors  do in- 
deed exist. These  two se i smic  stations 
were  a t  the base of a cliff comprised of 
thinly bedded sandstone ( s e e  Fig. 70) .  
Table 8 presents  the-velocity measure-  

, ments:for PB-6C obtained a t  these two 
stations.  The P P V ' s  a t  SS3A were  40 to 
90% l e s s  than those at SS3C. Not only 
were  there  differences in the amplitudes 
but a l so  in the frequency content of the 
recorded se i smic  wave. The re  was 

The influence of 

Comparisons of P P V ' s  generated by 
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equation to predict  se i smic  motion 
amplitudes, and by solving this equation 
for  the la rges t  simultaneous yield fo r  a 
given safe P P V .  

The resu l t s  of the regression analyses  
( see  Table 6)  when substituted into Eq. (4) 
indicate that the P P V  can be predicted by 
the following equation: 

-1.81 w0.85 P P V  = 291 r , (5) 
Fig. 70.  Location of Seismic Stations 

SS3A and S S 3 C  at intake 
s t ruc tu re  foundation. 

higher  frequency motion contained on the 
SS3C se i smogram that w a s  apparently 
fi l tered out by the media under SS3A. 
Both se i smograms  had the s a m e  general  
shape, however. It appears  that the 
se i smic  motion w a s  slightly a l tered be- 
tween SS3C and SS3A because of the 
influence of the local geology. 

Predicted Peak Par t ic le  Velocities 
fo r  Future  Blas t s  

The main objective of the se i smic  
motion program w a s  to determine the 
l a rges t  simultaneous charge  weight that 
could be detonated in the spillway without 
damaging residences in Just ice  o r  the 
intake s t ruc ture  being built as  pa r t  of the 
R. D. BAILEY project. This objective 
w a s  accomplished by developing an 

where: 

P P V  = peak par t ic le  velocity 
(in ./s ec)  

r = horizontal distance f rom the 
blast  to the point of in te res t  
( f t )  

w = weight of the l a rges t  amount 
of explosive detonated pe r  

t ime delay (lb). 
Equation (5)  should provide good es t imates  
f o r  f u t u r e  blasts  in the spillway area ,  but 
i f  conservative es t imates  of P P V  a re  
desired,  Eq. (5)  may be multiplied by one 
and a half t imes  the estimated standard 
e r r o r ,  s .  This multiplication resu l t s  in 
the following prediction equation: 

-1.81 w0.85 P P V  = 825 r (6) 
This  equation provides es t imates  of P P V  
with approximately a 90% probability of 
not being exceeded. 
of this equation fo r  severa l  weights of 

Figure 7 1  is a graph 

Table 8. Comparison of P P V ' s  a t  Seismic Stations SS3A and SS3C f rom the PB-6C 
blast. 

SS3A Ratio of P P V ' s ,  - 
P P V  (cm/sec) 

Component of motion SS3Aa s s 3  ca s s 3  c 
Vertical  0.036 0.066 0.55 
Radial 0.025 0.028 0.89 
Transve r se  0.017 0.043 0.40 

aSS3A w a s  1831 ft f rom the blast; SS3C w a s  1814 ft. 
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Fig. 71 .  P P V ' s  with high probability of 
not being exceeded a t  various 
dis tances  f rom various weights 
of explosive. 

explosive. 
a t  the 2-in./sec-PPV level.  

value generally considered to be the 
threshold of damage to residential  
s t ruc tures .  

The figure a l so  shows a l ine 
This is the 

To obtain an est imate  of the l a rges t  
simultaneous yield that can be detonated 
in the spillway a r e a  without exceeding a 

specified P P V ,  Eq. ( 6 )  may be rear ranged  
into the form: 

= 3.62 x PPV 1.18 .2.13. ( 7 )  

CONCLUSIONS 

F r o m  a s ta t is t ical  analysis  of m e a s -  
ured peak par t ic le  velocities, i t  w a s  

determined that charge weight and d is -  
tance f rom the blast  a r e  the p r imary  
var iables  affecting peak par t ic le  velocity 
amplitudes. A t  R. D. BAILEY the local 
geology a t  the point where se i smic  motion 
w a s  measured is of secondary importance.  
The effects  of the rock type and explosive 
type on par t ic le  velocity amplitudes appear  
to  be minor.  

The se i smic  motion technical p rog ram 
measured,  analyzed, and evaluated the 
se i smic  data that w e r e  required to 
accomplish the program's  objectives. 
Documentation of s e i smic  motion produced 
by the pilot excavation blasts  showed that 
peak par t ic le  velocit ies were  below levels  
that  could cause  damage a t  places where 
s t ruc tu res  were  located. In fact, no 
c la ims  from seismic-motion-induced 
damage n o r  complaints of this  motion 
were received f rom the local populace. 
The prediction equations of peak par t ic le  
velocity that were developed allow the 
engineer  to safely design blasts  f o r  spil l-  
way excavation. 

Chapter 7 .  Airblast Overpressure Program 

INTRODUCTION the measurement  of a i rb las t  overpres-  
s u r e s  generated by the tes t  blasts .  
principal objective of the program w a s  to 
develop an a i rb las t  prediction capability 

The 
One of the a r e a s  of investigation during 

the experimental  excavation program was 
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for  quarry- type production blasts.  Eight 
a i rb l a s t  gages, located u p  to 6000 ft f rom 
the excavation, were used to gather  data. 
The data were  then analyzed to determine 
peak overpressures ,  impulses,  and 
suppression factors  due to topographic 
features .  

BACKGROUND 

Airblast  is a blast  effect capable of 
damaging objects a t  dis tances  far beyond 
the immediate vicinity of the blast .  
dictions of this effect a r e  useful for  
determining the probability of damage 
occurr ing a t  various dis tances  f rom a 
blast ,  and they may in turn be used to 
establish a maximum weight of explosive 
that can be detonated simultaneously 
without causing a i rb las t  damage. 

P r e -  

A subsurface explosion produces a i r -  
blast  p r e s s u r e  waves (a l so  called a i rb las t  
pulses or a i rb las t  ove rp res su res )  by two 
m e c h a n i ~ r n s . ~ ~  F i r s t ,  the initial upward 
spalling of the ground surface compresses  
the a i r  above it, much like a piston, 
producing a region of high pressure ,  
which then d isperses  in a wavelike manner .  
Second, when the gases  f rom the blast  
vent through the fragmenting rock they will 
generally be a t  a p re s su re  higher than 
atmospheric  and thus will produce another  
p re s su re  wave, which t rave ls  outwards. 
F igure  7 2  i l lus t ra tes  a typical ove rp res su re  
record result ing from these two mecha-  
n isms .  

If there  is m o r e  than one charge in a 
detonation, a i rb las t  waves from different 
charges  combine to produce a resul tant  
wave with an amplitude and shape that a r e  

Preshot zero 
ove rpressu re 
level (ambient 
a i r  pressure) 

r Ground-shock-induced pulse 

Peak positive overpressure 
( largest positive overpressure 
du ri ng entire pressure h i sto ry ) 

Gas-vent-induced pu Ise 

ositive restoration pulse 
not always seen) 

First negative phase Second negative phase - 
( not a I ways seen ) 

Time - 
Fig. 7 2 .  Typical a i rb las t  ove rp res su re  vs t ime record .  
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different f rom the single-charge case.  
In addition, i f  there  a r e  millisecond 
delays between charges,  the combination 
of measured a i rb las t  pulses w i l l  depend 
on delay t imes,  dis tances  between charges 
and the direction from the blast  to the 
gage. . 

have been collected pr imari ly  f rom 
single-charge detonations and a few 
single row and a r r a y  detonations. 
of these blasts  were experiments designed 
to provide explosive effects data, and 
therefore  produced quite well defined 
a i rb l a s t  pulses with peak ove rp res su res  
that were  predictable with a f a i r  degree  
of accuracy. Quarry  excavations, on the 
other  hand, usually contain a var ie ty  of 
charge s izes ,  delays, initiation devices, 
explosive types, and geologic and 
topographic features .  
ables  had to be considered when the 
ove rp res su re  measurements  f rom the 
R. D. BAILEY tes t  blasts  were analyzed 
and when predictions were made for  
future blasts.  

a 

Previous a i rb las t  overpressure  data 

Most 

A l l  of these va r i -  

OBJECTIVES A N D  A P P R O A C H  

The objectives of the a i rb las t  over- 
p re s su re  measurement  program were 
(1) to  determine the shape and the 
amplitude of a i rb las t  ove rp res su re  waves 
produced by the t e s t  blasts,  and (2)  to 
develop a prediction procedure whereby 
a i rb las t  ove rp res su res  a t  various locations 
around the spillway could be determined 
f o r  blasts  s imi l a r  to the tes t  blasts.  

The approach used fo r  obtaining air- 
. 

blast  measurements  w a s  to establish 
three  l ines  of gages radiating f rom the 
test blast  a r e a .  Two l ines  were  approxi- 

a 

mately on the spillway centerline (eas t  
and west), and one w a s  perpendicular to 
the centerline (south). Gage locations 
w i l l  be described in more  detail  l a t e r  in 
this chapter.  
severa l  l ines  of gages to measu re  the 
effect of te r ra in  features  that modified 
a i rb las t  pulses, and a l so  to determine 
the effect on a i rb las t  signals of millisecond 
delays in a blast  pattern.  

It was necessary  to have 

EQUIPMENT 

The a i rb las t  gages used for  this 
project  were variable reluctance differ-  
ential p re s su re  t ransducers .  
the differential gage w a s  open to the 
atmosphere,while the other  w a s  equipped 
with a damping tube designed to allow only 
low-frequency changes in the ambient 
a tmospheric  p r e s s u r e  to be equalized on 
both s ides  of the gage ( s e e  Fig. 73). 

One side of 

Eight gages were deployed a s  shown in 
Fig. 74. Topographic profiles in Fig. 75 
show te r ra in  features  between the blast  
a r e a  and the gages.  

S i x  of the gages were connected by 

corder .  The records  included zero- t ime 
marks  fo r  each millisecond delay f i red.  

cable to an oscillograph and a tape re- 

Fig. 73. Airblast  gage. 
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These marks  were produced by break- 
wires attached direct ly  to the delay caps  
or detonating cord. 
oscillograph and tape r e c o r d e r  provided 
a means  of using different sensit ivit ies in 
recording a data channel and a l so  giving 
backup recording protection. A paper  
record provided the initial field-reduced 
data, and the t.ape record was digitized 
and analyzed by computer.  
maining gages were remote  units. 
f rom these gages were not recorded on 
magnetic tape, but paper  r e c o r d s  were 
produced by an oscillograph and a pen 
recorder .  N o  zero- t ime m a r k s  were  
available for  these two stations.  

The use of both an 

The two r e -  
Data 

The a i r -  

1 

blast  gages were originally located so  that 
they would have a c l ea r  view of the blast  
a r e a .  A s  t he  experimental  excavation 
progressed,  how ever, i t  became neces-  
s a r y  to re locate  s o m e  of the gages. A i r -  
b las t  gage locations a r e  described inTable  9. 

DA TA 

The r e su l t s  of the a i rb l a s t  data 
collection program a re  listed in Table 10. 
The data recovery r a t e  f o r  the a i rb l a s t  
p rogram was 97% (132 successfully re- 
corded data channels out of 136  total). 
Records f rom a i rb l a s t  gage E-2 a r e  in 
Appendix D. 

1/ 
Justice 

\ Pilot excavat ion7 E-1 

I 
point I 

I 

LFu+ure intake structure 
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I I - - I 
Scale - f t  
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F i g .  7 5. T o p o g r a p h i c  p r o f i l e s  t h r o u g h  a i r b l a s t  g a g e  l o c a t i o n s .  

T a b l e  9. A i r b l a s t  g a g e  l o c a t i o n s .  

C o o r d i n a t e s  R e f e r e n c e d  t o  s p i l l w a y  c e n t e r  l i n e  
N o r t h  E a s t  ‘ E l e v a t i o n  O f f s e t  

1 2  + 2 9  2 l e f t  w-1 220 ,506  1 ,761 ,196  1 3 7 3  
1 9  + 1 3  233  l e f t  w - 2  220 ,080  1 ,7  60 ,613  1 3 3 8  

W-2A 220 ,079  1 ,760 ,608  1 3 4 3  1 9  + 1 8  232 l e f t  

4090  l e f t  w - 3  215 ,122  1,7 57,7 1 9  8 90 6 1  + 6 5  
E-1 220,915 1 ,761 ,915  1 2 5 5  4 + 2 0  1 7 2  r i g h t  

Gag  e ( f t )  (f t)  ( f t )  S t a t i o n  (f t)  

E-1A 220,912 1,7 61 ,908  1 2 4 3  4 + 2 8  

E-2 220,982 1 ,762 ,737  1 2 6 9  -3  + 84 

E - 3  221 ,625  1 ,764 ,586  1 3 4 9  -23  + 4 1  

s-1 220,4  67 1 ,761 ,602  1304  8 + 53 

1 7 1  r i g h t  

1 2  l e f t  

4 5  r i g h t  

1 6 1  l e f t  

2 18 ,525  1,7 62,859 1 4 1 3  2 + 3 9  2392 l e f t  

219 ,164  1,7 62,8 84 910  0 + 2 3  1790  l e f t  

2 1 9 , 5 5 5  1 ,762 ,700  920 0 + 8 1  1 3 6 1  l e f t  

s -2 

S-2A 

S - 2 B  
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Table 10. Summary of peak positive 
H o r i z o n t a l  T i m e  of P e a k  

d i s t a n c e  first p u l s e  p o s i t i v e  
Test from b l a s t  a r r i v a l  ( T O A )  o v e r p r e s s u r e  
b l a s t  G a g e  ( f t )  (sec) (PSI) 

PB-1 

PB-2  
P r e s p l i t  

P B - 3  
B u f f e r  
Z o n e  

P B - 3  

PB-4  
P r e s p l i t  

P B - 4  

PB-4A 

PB-4B,  C 

P B - 4 D  

overpressure  measurement and t ime of a r r iva l .  
T i m e  of P e a k  l l o r i z o n t a l  

w-1 
w - 2  
W-3a 
s-1 
s - 2 a  
E-1 
E - 2  
E - 3  

w-1 
w - 2  
W-3a 
s-1 
S-23 
E-1 
E-2  
E - 3  
w-1 
W-2A 
W-3a 
s-1 
S-2a 
E-1 
E-2 
E - 3  
w-1 
W-2A 
W-3a 
s-1 s-za 
E-1 
E - 2  
E - 3  
w-1 
W-2A 
W-3a 
s - 1  
s-2a 
E-1  
E-2  
E - 3  
w-1 
W-2A 
W-3a 
s-1 
S-2a 
E - 1  
E-2  
E - 3  
W - l  
W-2A 
W-3a 
s - 1  
s-za 
E - 1  
E-2 
E - 3  
w - 1  
W-2A 
W-3a 
s-1 
s - 2 a  
E-1  
E - 2  
E - 3  
w-1 
W-2A 
w - 3 a  
s-1 
s-za 
E-1 
E-2  
E-3  

aRernote  

300 
1050  
6000 

1 GO 
1500  

500 
1350  
3300  

300 
1100  
5940 

100 
2000 

500 
1300  
3300 

368 
1087 
6000 

150  
2300 

4 6 5  
1244 
3300 

408  
1127 
6000 

1 GO 
2300 

4 2 5  
1204  
3200 

480 
1200 
6000 

150  
2300 

370 
1200  
3220 

480  
1200  
6000 

150  
2300 

370 
1200  
3220  

54 0 
1290  
6000 

240 
2300 

325  
1090  
27 50 

480  
1240  
6000 

200 
2300 

380 
1134 
2800 

480  
1240  
6000 

200 
2300 

380 
1134  
2800 

0.273 
0.905 

0.113 

0.433 
1.124 
2.878 
0.298 
0.930 

0.086 

0.444 
1 .165  
2.928 
0 .342  
0.970 

0 .115  

0.407 
1.090 
2.812 
0.388 
1.042 

0.158 

0.377 
1 .066  
2.781 
0.360 
0.981 

0.085 

0.317 
0.941 
2.687 
0.459 
1 .075  

0.180 

0.263 
0.862 
2.588 

0.577 
1.107 , 

0.196 

0.245 

2.622 
0.3‘37 
1 . 0 0 5  

0 .125  

0.249 
0.867 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 
- 

- 
- 

- 
0.403 
1.034 

0.176 

0.288 
0.964 
2.683 

- 
- 

0.187 
0.0038 
0.0013 
0.0668 
0.0026 
0.0386 
0.0368 
0.0200 
0.138 
0 .0155  

0.152 
0.0035 
0.0316 
0.0616 
0.0182 
0.0247 
0.00236 
0.00063 
0.0315 
0.00107 
0.0190 
0.0164 
0.0042 
0.0428 
0.0116 
0.0026 
0 .0995  
0.0061 
0 .0845  
0.0220 
0.00755 
0.0443 
0.00406 
0.00036 
0.110 
0 ,0069 
0.061 
0.0571 
0.0168 
0.059 
0.0107 
0.00108 
0 .0935  
0.0087 
0.121 
0.0302 
0,0060 

0.0266 
0.0094 
0.00217 
0.238 
0.0070 
0.145 

0.00388 
0.102 
0.032 
0.0024 
0.17’3 
0.0149 
0.165 
0.0175 

- 

- 

- 
0.0252 
0.00477 
0.00123 
0 .0915  
0.00695 
0.113 
0.0220 
0.00431 

f i r s t  p u l s e  p o s t t i v e  d i s t a n c e  
T e s t  f r o m  b l a s t  a r r i v a l  ( T O A )  o v e r p r e s s u r e  
b l a s t  G a g e  ( f t )  ( s e d  

P B - 4 E  

P B - 5  

P B  - 6A 
P r e s p l i t  

P B  - 6A 

’B-6B 

’B-6C 

>B-7 

’B-8 

W-1 
W-2A 
s - 1  
s - 2 ~ ~  
s - 2 ”  
E-1A 
E-2 
E-3  

w- 1 
MI-SA 
W-3a 
s - 1  
s - 2 a  
E - 1  
E-2  
E - 3  
w-1 
W-2A 
w - 3 a  
s - 1  
S-2” 
E-1 
E-2 
E -3 

w - 1  
W-2A 
s-1 
S-2Ad 
s - 2 a  
E - 1  
E-2 
E - 3  
w-1 
W-2A 
s-1 
S-2Aa 
s - 2 a  
E-1A 
E-2 
E - 3  
w - 1  
W-2A 
s-1 
S-2Aa 
s-za 
E-1A 
E-2 
E-3  
w-1 
W-2A 
w - 3 a  
s-1 
s-2a 
E-1A 
E-2 
E - 3  
w - l  
W-2A 
W-3a 
s-1 
S-2a 
E-1A 
E-2  
E-3  

440  
1200  

220 
1700  
2500 

370  
1180  
3000 

6 5 5  
1400  
GO00 

300 
2300 

260  
960 

3000  
620 

1360 
6000 

260 
2300 

300. 
1000 
2800 

GOO 
1330 

2 50 
1800 
2400 

300  
1020  
3000 
520 

1270  
200  

1800  
2400 

340  
1100 
3000  

520 
1270  

200 
1800  
2400 

340 
1100  
3000  

53 0 
1290  
6000 

250 
2480 

300 
1080  
3000  

450  
1200 
6000 

180 
2450 

390 
1160  
3110  

0.401 
1.032 
0.216 - 
- 

0.306 
1.019 
2.736 
0.633 
1 .251  

0.316 

0.206 
0 .735  
2.522 
0.499 
1.110 

0.167 

0.230 
0.856 
2.578 
0.521 
1.135 
0.217 

- 
- 

- 

- 

- 
- 

0.224 
0.827 
2.553 
0.400 
1.016 
0.050 - - 
0.188 
0.853 
2.576 
0.443 
1.057 
0.172 - 
- 

0.245 
0.909 
2 .635  
0.467 
1.101 

0.207 

0.170 
0.858 
2.583 
0.403 
1.024 

0.130 

0.300 
1.004 
2.743 

- 
- 

- 

- 

0.00434 
0,005’30 
0.096 
0.0086 
0.0070 
0.0887 
0.0278 
0 ,00688  

0.0212 
0.00346 
0.000891 
0.0324 
0.00572 
0 .2205  
0.0386 
0.00649 

0.0382 
0.00596 

0.0448 
0 .00285  
0 .0855  
0 .0299  
0.00451 
0 . 0 5 9  
0.0102 
0.161 
0.0067 
0 .0153  
0.37 
0.058 
0 ,0121  
0,0662 
0.0125 
0.104 
0.0231 
0.0279 
0.182 
0.0738 
0.0154 
0.0271 
0.00123 
0.0410 
0.00734 
0.00378 
0.128 
0.0196 
0.00304 
0.0402 
0.0123 
0.00187 
0.0959 
0.0114 
0.171 
0 .0615  
0.0133 
0.0107 
0.00905 
0.00512 
0.306 
0.0188 
0.336 
0.113 
0.0222 

- 
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ANALYSES 

Several  types of analyses  were per -  
formed on the a i rb las t  data in an effort to 
identify the origin of recorded a i rb las t  
waveforms and peaks. 
analyses  a i rb las t  measurements  f rom 
severa l  additional tes t s  were recorded, 
including a single-charge blast  and a blast  
of detonating cord alone. Airblast  

r eco rds  from gage E-2 for  PB-1, PB-3, 
and PB-6A a r e  presented as examples. 
Gage E-2 was selected because i t  had a 
c l e a r  "line-of-sight" for  all blasts .  
Other investigations included a study of 
the variation in peak ove rp res su res  and 
impulses  as a function of explosive weight 
as well as the influence of topography on 
a i rb las t  pulses ( see  Figs .  7 6  through 80). 

To a s s i s t  in these 

Waveform Analysis 
If each charge in a blasting pattern 

were to produce a c lass ica l  waveform as 
shown in Fig. 72,  one would expect the 
peak ove rp res su re  to be due to a combina- 
tion of pulses f rom individual charges .  
The record from PB-3, shown in Fig. 76, 
is a good example. This, however, was 
not the case  fo r  the majori ty  of the tes t  
blasts .  Usually the peak overpressure  
was found to be due to surface detonating 
cord o r  ear ly  venting through weak s tem-  
ming. 
quency than the combination of pulses seen 
in Fig. 7 6 .  

These peaks were of higher  f r e -  

A s  an example, consider  the a i rb las t  
record f rom PB-1, shown in Fig. 77 .  

Knowing the relat ive a r r iva l  t imes  of 
d i scre te  a i rb las t  pulses, the dis tances  

Time - msec 

Fig. 7 6 .  Overpressure  a t  Gage E-2 from Tes t  Blast  PB-3. 
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Fig. 77 .  Overp res su re  a t  Gage E-2 f rom Tes t  Blast  PB-1. 

Fig. 78. Overp res su re  a t  Gage E-2 f rom 200 ft of detonating cord lying perpendicular 
to spillway centerline.  
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Fig. 79 .  Overpressure  a t  Gage E-2 from typical single charge.  

Fig.  80 .  Overp res su re  a t  Gage E-2 from Test  Blast  P B - 6 A .  
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between charges  (or the dis tance between 
lengths of sur face  detonating cord),  and 
the delays used in the blasting pattern, 
i t  is possible to  deduce the origin of s o m e  
of the prominant spikes in the record .  
Referring to  the PB-1 charge layout in 
Fig.  8 and the a i rb las t  record a t  gage E-2 
(Fig.  77) ,  the f i r s t  th ree  prominant 
spikes  can be attributed to  sur face  
detonating cord connecting charges  on the 

delay, the detonating cord for  the "1" 
delay, and the detonating cord f o r  the 
presp l i t  line, which w a s  fired on the " 0 "  

delay but was fa r ther  f rom the gage. 
F igu res  78 and 79 show reco rds  for two 
additional tes ts ,  one of a 200-ft length of 
50-grain detonating cord lying per- 
pendicular t o  the centerline, and the 
other  of a single charge that happened 
t o  misfire during the t e s t  blast  and 
was  later detonated separately.  This  
s ingle  charge  may  b e  considered typical 
of the production charges  in PB-1. 
The peaks recorded  during these  two 
tests a re  marked  in Fig. 77 €or 
comparison.  

1 1  I I  0 

The record  f rom gage E-2 fo r  tes t  , 

blast  PB-6A (shown in Fig.  8 0 )  is an  
example of two sp ikes  (A and B) attr ibuted 
to  the venting a t  relatively ea r ly  t ime of 
h igh-pressure  gases  through s temming 
mater ia l .  At first it w a s  suspected that 
the peaks were  due to  surface detonating 
cord, but a f te r  viewing high-speed movies 
of the b las t  and comparing the r eco rds  
f rom gages  E-2 and W-1 i t  was confirmed 
that the spikes  w e r e  due to the ea r ly  venting 
of two charges.  
vented w a s  on the left  end of the second 
row f rom the front  of the pattern, and the 
o ther  w a s  on the right end of the rear  row 
( see  Fig. 30). 

One of the charges  that 

-72-  

Peak Overp res su re  and Peak Impulse 
a s  a Function of Explosive Weight 

In o r d e r  to  compare  the a i rb las t  data 
f r o m  various tes t  blasts  i t  w a s  necessa ry  
to  establish an equivalent basis  f o r  the 
data.  
plotting the peak ove rp res su res  and the 
peak impulses  a t  gages E-1, E-2, and 
E-3 as  a function of distance f r o m  each 
blast, and then ( 2 )  by interpolating the 
values of peak ove rp res su re  and peak 
impulse a t  a distance of 1000 ft f rom the 
blast .  These interpolated values were 
designated AP-ElOo0 ( for  peak over-  
p r e s s u r e )  and I-E looo ( for  peak impulse).  
Impulses were calculated by a computer 
program that integrated the ove rp res su re  
data with respec t  to t ime. Table  11 sum- 
m a r i z e s  this information along with 
attenuation exponents and explosive 
weights. 

This was accomplished (1) by 

The attenuation exponents, b, in an 
eas te r ly  direction were determined by 
measuring the slope of the l ines  connecting 
data points on plots of peak ove rp res su re  
vs  range, r, and peak impulse vs  range. 
Therefore,  AP-ElOo0 and I-ElOo0 r -b . 
These exponents varied f rom 0.7 to 1.7, 
but mos t  were  about 1.5. 
decay r a t e  is typical of small charges  that 
prod u c e sho r t  -d u r a  ti on pul s e s . 
overp res su re  r eco rds  f o r  gage E-2 a r e  
included in Appendix D. 

This rapid 

A i rbla  s t 

The AP-ElOo0 and I-ElOo0 values fo r  
each blast, l isted in Table 11, were 
plotted against  the total weight of explosive 
and the l a rges t  simultaneous weight of 
explosive on log-log paper.  Although 
AP-ElOo0 and I-ElOo0 tended to increase  
with increasing weight of explosive, the 
points were scat tered enough so  that no 
definite conclusions could be  drawn fo r  use 



Table 11. .Peak ove rp res su re  and impulse data. 

Impulse Total La rges t  simul- Overpre s s u r e 

1000 I-E 1000 Attenuation AP-E weight of taneous weight 
Tes t  explosive of explosive Attenuation 
blast  ( lb) (lb) exponent, ba (psi)  exponent, ba (psi-sec)  

I 
0 PB-8 

L' 

PB-1 1,150 2 6 0  0.7 0.044 0.718 0.00035 
PB-3 3,380 3,380 1.1 0.027 1 .29  0.0017 
PB-4 Prespl i t  1.3 0.075 
P B  -4 20,000 4,000 1.5 0.036 
PB-4A 803 8 03 1 . 6  0.021 
PB-4B & C 4,811 
PB-4D 1,581 
PB-4E 550 
PB-5 1,188 2 58 
PB-6A Presp l i t  
PB-6A 15,350 2,868 
PB-6B 8,600 3,993 
PB-7 19,950 3,700 
PB-8 32,100 10,990 

1.7 
1.6 
1.4 
1.5 
1.5 
1.5 
1.5 
1.2 
1.4 

0.023 
0.026 
0.032 
0.037 1.35 0.0001 9 
0.030 
0.050 1.26 0.0016 
0.082 1.06 0.0024 
0.067 0.907 0.0025 
0.14 1.56 0.0070 

a -b -b AP-E1OOO CK range , I-ElOo0 range . 

in developing an a i rb las t  prediction sys tem 
on the bas i s  of explosive weight. 
s c a t t e r  may be explained by the fact  that 
a i rb l a s t  is produced by severa l  different 
mechanisms,  a s  discussed e a r l i e r  in  this 
chapter,  any one of which may be  pre-  
dominant in any par t icular  blast. 
that e x h i b i t e d  the most l i n e a r i t y  w a s  that 

The 

The plot 

vs  the l a rges t  simultaneous 
weight of explosive, shown in Fig.  81. 
Of I -E 1000 

1.000 10,000 l00,000 
0.0001 

100 
Largest simultaneous charge weight - Ib 

Fig. 81. Impulse at  100  ft eas t  vs  
l a rges t  simultaneous weight of 
ex pl o s i v e. 

The improved l inear i ty  of the impulse 
plot compared to the ove rp res su re  plot 
may  be attr ibuted to the fact  that  shor t -  
duration a i rb las t  spikes  contribute less 
to the peak value of impulse than to the 
peak value of overpressure .  

SLID Dres s ion Fac to r s  
For the purpose of th i s  analysis,  sup- 

pression fac tors  a r e  defined a s  dimension- 
less numbers  that a r e  ra t ios  of the a i rb las t  
ove rp res su re  (or impulse)  f rom gages in 
a wester ly  and southerly direction to the 
signal f rom gages in an eas te r ly  direction. 
The eas te r ly  gages were used as a datum 
because each had an unobstructed line-of- 
sight to  the blast  area (see  Fig. 75) .  The 
suppression fac tors  l isted in Table 12  
were  calculated by determining the rat io  
of the peak ove rp res su re  a t  any gage to 
the peak ove rp res su re  in the eas t e r ly  
direction a t  a comparable  distance.  

-7 3- 



Several  observations may be made  
based on the suppression fac tors  in 
Table 1 2 .  
in the wester ly  and southerly direct ions 
general ly  increased (indicated by a de-  
c r e a s e  in suppression factor)  a s  the blast-  
ing progressed deeper  into the excavation, 
and high, s teep  w a l l s  were  developed on 
the wester ly  and southerly s ides  of the cut. 
Notice also, that for  blasts  n e a r  the west 
wall, such as  PB-4E and PB-8, the air-  
blast  was significantly m o r e  suppressed 
a t  the n e a r  gage, W-1, than a t  the f a r  
gage, W-2. This  suggests  that  the west 
w a l l  d i rected the a i rb las t  upwards to the 
top of the w a l l  where it w a s  refracted to 
points horizontally distant, so  that points 
f a r the r  f r o m  the w a l l  experienced a higher  
proportion of refracted a i rb las t  than did 
the close-in points. 

Note that a i rb las t  suppression 

Another interest ing observation is that 
the impulse suppression fac tors  a re  gen- 

a eral ly  higher  than comparable  peak ove r -  
p r e s s u r e  suppression factors .  Topographic 
features ,  therefore ,  were l e s s  effective 
in reducing peak impulse than in reducing 
peak overpressure .  

Predict ions 
Peak a i rb las t  ove rp res su res  w e r e  

predicted a t  the E-2 gage (unobstructed 
line-of-sight) using the technique descr ibed 
in Ref. 26 ( see  Table 13). 

The detai ls  of the prediction method 
used a r e  beyond the scope of this  report;  
however, the technique essentially pre-  
dicts  ground-shock-induced a i rb l a s t  
ove rp res su res  due to a "typical" single 
charge in the blasting pattern. Appro- 
pr ia te  re inforcement  fac tors  a r e  then 
applied to account f o r  the multiple-charge 
configurations. This technique w a s  
developed fo r  l a rge  c ra te r ing  charges,  so 
that  a cer ta in  number  of assumptions had 

Table 1 2 .  Ai rb las t  suppression factors .  

Blast  

Ov e r p  r e s  s u r  e s uppr es s ion Impulse suppression 
fac tors  fac tors  

Gage Gage Gage Gage Gage Gage 
w-1 w-2 w - 3  s-2 w-1 w-2 

PB-1 2.0 
PB-3 0.60 

PB-4 Presp l i t  0.20 
PB -4 0.67 
PB-4A - 
PB-4B 8~ C - 
PB-4E 0.31 
PB-4E 0.06 
PB-5 0.39 
PB-6A Presp l i t  0.80 
PB - 6A 0.45 
PB-6B 0.51 
PB -7 0.36 
PB-8 0.045 

0.75 
0.48 
0.07 
0.37 
- 
- 

0.26 
0.22 
0.16 
0.33 
0.26 
0.50 
0.26 
0.11 

0.7 
0.7 
0.045 
0.44 
2.0 
- 

1 .o 
- 

0.39 
- 
- 
- 

0.32 
0.58 

0.7 
0.55 

0.28 
0.85 
1.4 
- 

1.1 
0.78 
0.6 
0.44 
0.9 
1 .2  
0.7 5 
0.58 

1.15 
0.218 
- 
- 
- 
- 
- 
- 

0.647 
- 

0.468 
0.583 
0.68 
- 

0.3 
0.357 
- 

- 
0.333 

0.53 0.421 e 
0.120 
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Table 13. Comparison of predicted and measured peak a i rb l a s t  o v e r p r e s s u r e s  a t  
Gage E-2. 

Predicted 
T e s t  value Probable value Measured 
blast  ( P S l )  due to main chargesa value 

PB-1 0.007 59 0.0080 0.0410 

0.0240 PB-3 0.0438 0.0240 
PB -4 0.0260 0.0302 0.0302 

0.0310 PB-5 0.0152 0.0120 
0.0570 PB - 6A 0.0360 0.0240 
0.0740 PB-6B 0.0237 0.0260 

0.0340 0.0590 PB-7 0.0523 
PB-8 0.104 0.112 0.112 

Neglects short-duration spikes due to detonating cord and ear ly- t ime g a s  venting. a 

to be made in o r d e r  to apply i t  to the 
types of blasts  detonated a t  R.  D. 
BAILEY." The peak measured value of 
the o v e r p r e s s u r e  and the probable value 
of the o v e r p r e s s u r e  due to the main 
charges  (obtained by eliminating the sho r t  
duration spikes f rom the detonating cord 
and ea r ly  time venting) a r e  a l so  shown in 
Table 13. 

CON CL US I ON S 

It is possible to predict  within a factor 
of two the peak a i rb l a s t  o v e r p r e s s u r e  to 
a point with an unobstructed line-of-sight 
f rom the main production charges.  How- 
ever, much work remains  to be done to 
account f o r  the effects of topography and 
exposed detonating cord.  

Chapter 8.  Test Fills 

INTRODUCTION 

A portion of the rock removed.during 
the experimental  excavation was used to 
construct 17 t e s t  fills. 
these t e s t  fills was to determine the best  
procedure f o r  placing in the dam em- 

. 

The purpose of 

bankment the rock excavated f rom the 
spillway . 

stringent limitations on sett lement.  The 
test fill program, therefore,  experimented 
with various lift thicknesses and seve ra l  
types of spreading and compacting equip- 

The design of the dam called for. 

ment in o r d e r  to de te rmine  which factors  
would maximize compaction, and thus 
minimize l a t e r  settlement. Table 14 
shows pertinent data on each of the t e s t  
fills. 

EQUIPMENT 

The rock was spread on the t e s t  fills 
with Caterpi l lar  Models D6, D8, and D9 
t r a c t o r s  with dozers .  Compaction equip- 
ment  used consisted of a double-drum 
tamping ro l l e r  shown in Fig. 82 and a 
Buffalo-B omag 10 -ton vibratory ro l le r ,  
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Table 14. Tes t  F i l l  data. 
T e s t  pi t  s i z e  Lif t  

6 Fi l l  F i l l  s i z e  Diam Depth th l ckness  Number  of D r y  d e  s i ty  Spreadin 
S o u r c e  numbera  Mate r i a l  (ft) ( f t )  ( i n . )  ( in.)  Type  ro l l e ra  p a s s e s  ( lb / f J )  equipment  

PB-3 
PB-4 
PB-4 
PB-4 
PB-4 
PB-4 
P B  - 6A 
PB-6B 
PB-6B 
PB-7 
PB-7 
PB-8 
PB-8  
PB-8  
PB-8 
PB-8  
PB-8  

1 
2 

A-VR-4 
B-SFR-4 
C-SRTR-4 
D-VR-4 
E -VR-6Ae 
F-24VR-6B 
F-36VR-6B 
G-24VR-7e 
G-36VR-7e 
H-24VR-8 
H-36VR-8 
I-24D8-8 
I- 24D 9 - 8 
J-48VR-8 
J-60VR-8 

Ripped s h a l e  
Ripped s h a l e  
Shale  
Shale  
Sha le  
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandston e 
Sandstone 
Sandstone 
Sandstone 

C - 0.92 x 12 8 
0.96 X 3 5  8 

2OX 5 0 X  5 4 x 12 12 
2 O X 5 O X 5  4 X 36 8 

2OX 5 0 X  5 4 x 3 5  12 
2 0 X 4 0 X 1 0  6 x 3 9  24 
20  X 40  X 10 6 x 3 9  24 
2 0 X 4 0 X 1 0  6 X 28 24 
20 X 40 X 10  6 x 3 9  36 
20 X 40 X 10 6 X 24 24 
2 0 X 4 0 X 1 0  6 X 33 36  
20 X 40 X 10  6 X 27 24 
20 X 40 X 10  6 x 3 9  36 
20  X 40 X 10 6 X 29 24 
2 0 X 4 0 X 1 0  6 X 29 24 
20 X 40  X 10 6 X 47 48 
20 X 40 X 10 6 X 60 60 

d - 
Modified SFR 
SFR 
10t  VR 
SFR 
SRTR 
10 t  VR 
10t  VR 
10 t  VR 
10 t  V R  

10t  VR 
10t  VR 
10t  VR 
10 t  VR 
None 
None 
10 t  VR 
10 t  VR 

6 
6 

6 
6 
6 
4 
4 
4 
4 
4 
4 
4 
4 
0 
0 
4 
4 

121.7 
123.5 
124.3 
116.3 
125.6 
134.7 
125.8 
137.6 
126.5 
127.9 
130.6 
129.1 
131.7 
129.9 
132.8 
122.8 
108.0 

- 
- 
- 
- 
- 
D9 

DE w/rf  
D9 
D9 

D8 w/ r  
D8 w / r  

D8 
D8 
DE 
DQ 
D8 
DE 

aSFR = Sheepsfoot  ro l l e r .  
10 t  VR = 10-ton v ib ra to ry  r o l l e r .  
SRTR = Simulated rubbe r - t i r ed  r o l l e r  ( loaded Ca t  769B end-dump t r u c k )  

bData not  ava i l ab le  f o r  f i r s t  f ive t e s t  f i l ls .  
'20 f t  X 50 f t  X 32  in. 
d20 f t  X 50 f t  X 32 in. 
eSet t lement  m e a s u r e m e n t s  made. 
'w/r = with r ippe r .  

Fig. 82.  Double-drum tamping ro l le r .  

Fig. 83. Buffalo-Bomag 10-ton vibratory 
ro l le r .  

shown in Fig. 83. 
foot tamper  with rectangular s teel  pads on 
the ends of the feet  (not shown) was used 
on the first t e s t  f i l l .  A loaded 35-ton haul t ruck  
was used to  s imulate  a rubber- t i red roller. 

A "modified" sheeps- 

PROCEDURE 

The tes t  fills were  constructed on f i rm 
foundations in configurations generally 
s i m i l a r  to that shown in Fig. 84. Usually 
two fills were  constructed s ide by side. 
When rock fo r  the tes t  fills w a s  excavated, 
an effort w a s  made to select  rock that 
w a s  typical of that produced by each 
par t icular  blast .  ,Oversize rocks were 
pushed to the s ides  of the Fills ( see  
Fig. 85). The tes t  fill was compacted a t  
natural  mois ture  content, and a thin layer  
of l ime  w a s  spread over  the sur face  of 
each lift. These l ime  l aye r s  served a s  
m a r k e r s  between lif ts  when observation 
t renches were l a t e r  cut through the fills. 
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Fig. 84. Two typical tes t  fills. 

Three  of the t e s t  fills were selected for  
set t lement  measurements .  After  the fills 
had been rolled in the usual manner, a 
5-ft-square grid was established on the 
surface of the f i l l ,  and the elevation of 
each intersection was measured.  Two 
additional passes  with the vibratory ro l l e r  
were  then made, and elevations on the 
grid points were  remeasured.  This 
procedure w a s  repeated a f te r  an additional 
four and six passes  ( s e e  Table 15). 

3 al 
> .- 
B 
Lu 

Fig. 85. Dumping and spreading tes t  
f i l l  mater ia l .  

Table 15. Summary of tes t  fill set t lement  data. 

Density a f te r  Ayerage additional set t lement  a f te r  
4 passes  6 passes  8 passes  10 passes  Total 

E -24 VR - 6A 125.8 0.037 0.024 0.015 0.076 

G-24VR-7 127.9 0.025 0.026 0.012 0.063 

G-3 6VR-7 130.6 0.039 0.017 0.017 0.073 

Tes t  f i l l  (lb/ft3) (ft) ( f t )  ( f t )  ( f t )  
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Fig. 86. Digging t e s t  pit. 

Test  pits were dug in a l l  of the fills 
The rock removed w a s  ( see  Fig. 86). 

screened,  sieved, and weighed in o r d e r  to 
establish gradation curves.  The volume 
of the tes t  pit was measured by lining i t  
with plastic and filling i t  with a measured 
quantity of water.  With this  volume and 
the weight of rock removed, the density 
was computed fo r  the mater ia l  in the tes t  
pit. Qualitative percolation t e s t s  were 
performed on all tes t  pits by filling them 
up with water  and measuring the r a t e  a t  
which the water level dropped a s  the water 
drained through the f i l l .  

RESULTS A N D  CONCLUSIONS 

Several  conclusions may be drawn from 
the resu l t s  of the t e s t  f i l l  program: 

1. The use of a Caterpi l lar  D9 t r ac to r  
to spread rock on the 24-in. fills generally 
resulted in higher tes t  pit densi t ies  than 
spreading with a D8 model t rac tor .  

2. N o  significant reduction in tes t  pit 
densit ies w a s  observed in the sandstone 
fills placed in 36-in. l i f ts  compared to 
those placed in 24-in. lifts. The fills 
constructed with 48- and 60-in.-thick l if ts  
were  significantly l e s s  dense, how- 
ever .  

~~ 

3. Percolation tes t s  indicated that the 
f i l ls  constructed with sandstone were 
generally free-draining, while those 
constructed with shale were generally 
not free-draining. 27 

4. Most compaction of the sandstone 
fills occurred during spreading and the 
f i r s t  four passes  of the vibratory ro l le r .  
Measured sett lement a f te r  an additional 
six passes  with the vibratory ro l le r  
averaged only 0.07 ft. 

It should be noted that several  of these 
conclusions a r e  drawn from tes t  pit 
densit ies.  
fill; therefore,  i f  the pit happened to be in 
an anomalous a r e a  of the f i l l ,  the resu l t s  
could be misleading. In o rde r  to increase  
confidence in the tes t  pit findings, i t  would 
be necessary  to dig severa l  t es t  pits in 
each fill and average the resul ts .  

Only one pit was dug in each 

The specifications developed by Hunt- 
ington Distr ic t  for  embankment construc- 
tion cal l  for  placing most  of the mater ia l  
in two zones - a  rolled random rock zone, 
which is the co re  of the dam, and a rolled 
rock zone to form the outer  shell .  A l l  
mater ia l  in these zones is to be spread 
with a Caterpi l lar  D-9 t r ac to r  o r  equiva- 
lent, and no moisture  control is required.  

The rolled random rock includes 
weathered and unweathered shale, and 
severely weathered sandstone taken f rom 
the spillway excavation. The mater ia l  is 
to be placed in 12-in. lifts, shall  be 
quarry-run,  and must  pass  a 12-in. 
opening; the thickness of individual pieces 
shall  not be l e s s  than one-half the length. 
The rock w i l l  be compacted by two passes  
with a tamping ro l l e r  (sheepsfoot) followed 
by four passes  with a rubber-t ired ro l le r .  
Both ro l l e r s  will be towed by a Caterpi l lar  
D-9 t r ac to r  o r  equivalent. 
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The rolled rock zone w i l l  consist  of 18- X 24-in. opening. Compaction will be 
tough, durable,  free-draining sandstone 
f rom the required spillway excavation. with a 10-ton vibratory ro l l e r  towed 
The mater ia l  i s  to be placed in 24-in. lifts, 
shall  be quarry-run,  and must  pass  an alent. 

accomplished by not l e s s  than six pas ses  

by a Caterpi l lar  D-9 t r ac to r  or equiv- 

Chapter 9. Recommendations For Improved Blast Design 

GENERAL 

The information in this chapter i s  
based on observations and technical data 
gathered during the experimental  excava- 
tion program. 
design the experimental  blasts  and the 
constraints  under which the program was 
ca r r i ed  out a r e  discussed below. 
second pa r t  of this presentation descr ibes  
two blast  design techniques, one based on 
breaking to a ver t ical  face and the other  
on breaking to the ground surface.  The 
third par t  of this presentation covers  
b las t  design considerations; these con- 
s iderat ions include geological conditions, 
stemming design, fragmentation, fiyrock, 
presplitting, buffer zones, and separation 
dis tances  between prespl i t  sur faces  and 
main charges.  

The approach used to 

The 

Finally, a cr i t ique of the 
t e s t  blasts  is presented, and possible 
design refinements a r e  discussed. 

Approach 
A s  mentioned a t  the beginning of this  

report ,  the p r imary  objective of the 
experimental  excavation program was to 
investigate the feasibility of using l a r g e r  
blastholes than normally used in s t ruc tura l  
excavations to reduce the cost  of dril l ing 
and blasting. In o r d e r  to c a r r y  out this 
investigation, a s e r i e s  of tes t  blasts  were 
planned,-starting with a 3 -in.-diameter 
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blasthole pattern and working up to pat terns  
with blast  hole d iameters  of 6-314, 9, and 
1 2  in. These blasts  were to be conducted 
in both the Eagle shale  and the Upper 
Gilbert  sandstone. Also, two types of 
explosives were to be tested in the sand- 
stone. 

Considering the l a rge  number of var i -  
ables  involved in blast  design, i t  i s  obvious 
that the scope of the experimental  program 
could not include the optimization of b las t  
designs fo r  each of the four blast  hole 
d iameters  in two mater ia l  types. 
erally,  one blast  was planned fo r  each 
hole s i z e  (in each of the two mater ia l  
types 1 without ex t reme modification of 
design procedure so that comparisons 
could be made of rock fragmentation a s  a 
function of blasthole diameter .  The next 
logical s tep  was to select  a blasthole 
diameter ,  based on the resu l t s  of the 
comparative tes ts ,  and to optimize a 
pat tern using that hole diameter .  
selection of a blasthole d iameter  would 
probably depend on the fragmentation r e -  
quired, bench height l imitations,  the type 
of dr i l l  r igs  available, and a complete 
cost  analysis  . 

Gen- 

The 

Constraints 
The principal constraint  on blast  

designs during the tes t  p rogram was the 
l imited amount of space  available. 



Because the experimental  p rogram was 
budgeted on a specific estimated volume 
of rock to be excavated, the rock pro- 
duced by the experimental  blasts  could 
not appreciably exceed that volume. The 
number of tes t  blasts  w a s  l imited,  there-  
fore,  a s  was the a r e a  in which to conduct 
them. 

The geometry of the excavation called 
for  a cut into a very s teep  hillside. F o r  
this reason some of the blasts  were  na r -  
row and were confined on three  sides,  o r  
had one sloping side. 
which a r e  not optimum for  bench blasting, 
w i l l  not exist  once benches a r e  established 
and blasting for  the spillway begins on a 
prod u c ti on bas  i s . 

These conditions, 

BLAST DESIGN TECHNIQUES 

In designing a quarry-type blast  the 
objective is usually to produce rock that 
f a l l s  within specified gradation l imits .  
Sometimes i t  i s  desired to produce l a rge  
s i z e  rocks, such as used fo r  a r m o r  stone, 
and a t  other  t imes  i t  i s  essential  to 
minimize the amount of fines produced, 
but usually the problem requi res  that the 
number of l a rge  rocks produced by a 
blast  be minimized. 
optimum fragmentation from a par t icular  
blast, the rock m a s s  must  not be over- 
confined, and must  be allowed to break 
towards a f r ee  surface.  Other factors  
a r e  also important; however, only these 
two a r e  considered here .  

In o r d e r  to achieve 

Breaking to Horizontal F r e e  Surface 
In 1956, Livingston published h is  

"Cra te r  Theory."28 This theory w a s  
developed fo r  the blasting of a constant 
weight of explosive a t  various depths 

below the rock surface.  
which a maximum c r a t e r  volume is 

The depth a t  

created by a given weight of explosive is 
called the "optimum depth." The depth a t  
which su r face  fa i lure  f i r s t  occurs  is known 
a s  "cr i t ical  depth.'' This theory w a s  
adapted by Charles  Grant  for  designing 
b las t s  in open-pit mines.  29 

The PB-3 experimental  blast  w a s  
designed to break to the horizontal f r ee  
surface,  as was the lower par t  of PB-GB. 
Both did a sat isfactory job of f ractur ing 
the rock. No delays were used. 

Breaking to Vertical  F r e e  Surface 
The most  common way to design qua r ry  

blasts  is to plan on breaking to a ver t ical  
f r ee  sur face  (bench blasting). This tech- 
nique usually depends on the use of a s e r i e s  
of increasing time-delay caps in o rde r  to 
provide for  displacement of blasted rock. 
Ash has  established design s tandards fo r  
this technique based on empir ical  data 
gathered on many rock excavation pro- 
jects .  30 

A l l  of the experimental  blasts,  except 

for  PB-3 and the lower par t  of PB-GB, 
were designed to break to a ver t ical  f r ee  
sur face  through the use of various delay 
pat terns .  

ComDarison of Two Techniaues 
A l imitation on the maximum useful 

depth of charge is inherent in a blast  
designed to break to the horizontal f r ee  
surface.  Rigorous experiments have not 
been conducted to establish a "cr i t ical  
depth" for  long columnar  charges .  Gen- 
erally,  cr i t ical  depth is determined fo r  a 
given segment of charge (say 6 X  the 
blasthole diameter) ,  and this is used to 
establish the maximum blasthole depth. 
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Explosive placed below this depth w i l l  not 
f ragment  the rock enough for  i t  to be 
excavated. 

A blast  designed to break to a vertical  
f r ee  surface,  a s  in bench blasting, 
theoretically does not have any depth 
limitation. In practice,  however, as a 
blast  with sequential delays proceeds 
from the row nea res t  the bench face to the 
r e a r  of the blast, the depth of excavatable, 
fragmented rock decreases .  This l imits  
the number of pract ical  rows, o r  delays, 
in a blasting pattern.  

Bench blasting i s  by f a r  the most  com- 
monly used blasting technique. The use  
of deep blastholes has  the economic ad- 
vantage that a sma l l e r  percentage of 
d r i l l  r i g  t ime  i s  devoted to  moving 
f rom hole to  hole. Also, the s tem- 
ming depth is independent of the blast-  
hole depth, and theref6re  stemming 
compr ises  a sma l l e r  percentage of 
the total  footage dril led €or deep blast-  
holes than for  shallow blastholes.  
This  means that m o r e  explosive p e r  
foot of dril l ing i s  emplaced when deep 
blastholes a r e  used. 

A blast  designed to break to the hori-  
zontal f r e e  su r face  has  the advantage of 
not relying on delays between rows to 
prevent overconfinement of the rock to be 
blasted.  This design technique might 
a l so  be advantageous in cer ta in  excava- 
tion geometr ies .  Opening up an excava- 
tion in which no ver t ical  f r ee  face ex is t s  
is one example.  Another i s  a long, 
narrow excavation; such a s  a ra i l road  
cut, where bench b las t s  would have 
t o  be  ve ry  small ,  but blasts  designed 
to  break  to  the horizontal  f r ee  surfade 
could extend the full length of the 
excavation. 

BLAST DESIGN CONSIDERATIONS 

During the course  of the experimental  
excavation many problems were  encoun- 
tered that required special  consideration 
when the tes t  blasts  were being designed. 
These a r e  discussed in the following 
paragraphs,  and recommendations a r e  
made concerning the handling of s imi l a r  
problems in the future. 

G e olog i cal  C ond i ti on s 
Certain types of geological conditions 

exist  in the spillway a r e a  that pose 
potential problems to efficient blast  
design. These include the presence of 
joints, groundwater, variations in rock 
hardness ,  and coal layers .  

Joints  
The joint system, described in detail 

in Chapter 2, generally consisted of two 
perpendicular s e t s  of sheet  joints spaced 
f rom 6 to 30 ft apar t .  
the immediate vicinity of these joints was 
m o r e  weathered than the surrounding rock. 
When a blast  is being designed, i t  i s  best  
to avoid locating blastholes within these 
joints. Explosive energy f rom blastholes 
in joints is wasted in compacting weathered 
mater ia l  r a the r  than fracturing f r e sh  rock. 
Also if a charge i s  located in a sheet  joint 
n e a r  tlie front of a bench, energy might be 
lost  due to premature  venting of high p res -  
s u r e  gases  along the joint. 

The mater ia l  in 

Another problem with these joints is 
that they ac t  l ike prespl i t  sur faces  and 
tend to inhibit f ractur ing of rock beyond 
the joint. This condition w a s  observed in 
the l e f t - r ea r  (southwest)  co rne r  of PB-8, 
where a roughly cubicle block of rock, 
bounded by two intersecting joints, was 
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not sufficiently f ractured by the main 
charges  and had to be dril led and blasted 
l a t e r  ( s ee  Fig. 4 7 ) .  This situation could 
be improved by locating satel l i te  holes, 
of a sma l l e r  diameter  than the main 
charges,  between the per ipheral  production 
holes and the prespl i t  sur faces .  

Groundwater 
The only major  problem encountered 

with groundwater was in PB-4. 
seeped into blastholes f rom a coal layer  
at about the middle of the PB-4 lift, 
filling blastholes with up to 18 ft of water.  
Immediately p r io r  to loading the blast-  
holes, the water was bailed out and plastic 
s leeves were inser ted to  protect the ANFO 
f rom moisture  ( A N F O  w i l l  not detonate i f  

i t  ge ts  wet). 

Water 

The PB-4 prespl i t  holes a l so  contained 
18 to  20 ft of water .  N o  attempt was made 
to remove this water,  and no degradation 
of the prespl i t  sur face  was evident when i t  
was compared to the surface created by 
prespli t t ing in the dry.  
been reported,  however, where damage 
to finished sur faces  has  been attributed to 
presplitting in saturated rock. 

Other cases  have 

Variation in Rock Hardness  
Another problem encountered in PB-4 

was the variation of rock hardness  with 
depth. Approximately the top half of the 
lift consisted of weathered shale  below 
which came the water-bearing coal l aye r  
followed by hard,  predominantly un- 
weathered shale  and sandstone. Because 
the blast  was designed for  the weathered 
shale, the blastholes were  consequently 
too f a r  apar t  to satisfactorily f rac ture  the 
hard shale  and sandstone. The bottom of 
PB-4 remained 6 to 1 2  ft above the 

planned grade a f te r  all  the loose rock had 
been excavated ( see  Fig. 2 1 ) .  Generally 
the a r e a  between the main charges  and 
the prespl i t  was left about 1 2  ft above 
grade while the in te r ior  portion, where 
interaction between charges occurred,  
was only 6 ft above grade. 

Common practice,  when a g r o s s  mis-  
match in rock hardness  i s  discovered a s  
in PB-4, i s  to adjust  the blast  design to 
break to the contact instead of attempting 
to blast  through the contact. 
necessary  to blast  through the contact, i t  
may be possible to use a more  powerful 
explosive in the ha rde r  rock. 
in the hardness  of rock s t r a t a  can often 
be detected by watching the dril l ing 
operation and by measuring penetration 
ra tes .  

If i t  i s  

Variations 

Coal Laye r s  
P r i o r  to the detonation of PB-4 there  

w a s  some speculation that there  might be 
a problem in blasting through coal l aye r s  
with l a rge  d iameter  charges.  
believed that the coal  l aye r s  might pre-  
sent an avenue for  high-pressure gases  
to  force  the i r  way behind the prespl i t  
sur face  and cause damage to  the s t ruc-  
t u ra l  face.  Examination of the PB-4 
walls revealed no evidence of this type 
of damage. 

It was 

A coal layer  might influence blast  
design in another way i f  the l aye r  were 
sufficiently thick to contaminate rock that 
is necessary  for  the dam embankment 
construction. The best  design procedure 
in this ca se  would be to excavate down to 
the top of the coal layer ,  and then to re- 
move the coal layer  mechanically 
before the continuation of blasting op- 
erations.  

o 
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F ragmen tat  ion 
The program f o r  determining rock 

fragmentation was discussed in Chapter 4,  
and the economic implications of frag- 
mentation control a r e  discussed in Chapter 
10. This  sec t ion is  concerned pr imar i ly  with 
the effect that var ious patterns,  delays, and 
charge configurations have on fragmentation. 

Pa t te rns  and Delavs 
All of the patterns used for  the tes t  

b las t s  were basically square,  with the 
delay system establishing the effective 
burden and the effective spacing. The 
effective spacing was generally twice the 
burden. F o r  example, PB-6A and PB-6B 
were delayed to produce a "staggered row" 
effect. PB-7 w a s  delayed diagonally, 
while PB-1, PB-4, and PB-8 were de- 
layed in a vee pattern.  Because of the 
variation in blasthole d iameters ,  mate-  
r ia l  types, and explosive types, i t  is dif- 
ficult to conclude that one delay pattern 
did a be t te r  job of fragmenting the rock 
than an other  pattern.  
however, that rock fragments  produced 
by PB-4C, in which no delays were used, 
were  c o a r s e r  than those produced by 
s imi l a r  pat terns  with delays ( see  Fig. 52) .  

It is apparent, 

It w a s  noted that, when the rock 
fractured by the staggered row pattern of 
PB-6A was excavated, humps were  lef t  
between the main charges  around the 
per imeter  of the pattern. 
be t te r  distribution of explosive around 
the per imeter  of the blast  a r ea ,  these 
humps d id  not occur  when the pattern w a s  
oriented as in PB-7 o r  PB-8. It was 
believed that the block of rock blasted by 
PB-6A w a s  too long and narrow for  a vee 
pattern to be effective; therefore  a 
staggered row pattern was selected.  

Because of the 
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The pattern used for  PB-7 (delayed 
diagonally) worked quite well in this 
situation where the rock pr i sm to be 
blasted was confined on only two s ides .  
Several  l a rge  blocks (10 to 15 ft a c r o s s )  
remained, however, in the lower left 
side of the blast  a r e a  between the f i r s t  
row of production charges  and the f r ee  
surface.  This a r e a  was not subject to 
shock wave interaction between charges,  
and it appeared that many of the blocks 
were  bounded by joints. 

In general ,  the vee delay used for  
PB-8 pulled the rock away from the side 
walls and piled it in the middle of the 
blast  a r ea .  
of a 10-ft wide bench planned for  the r e a r  
of PB-8 was completely destroyed, about 
3 ft of rock adhered to most  of the r e -  
maining prespl i t  surface and was difficult 
to dislodge with the front-end loader.  
This may have been due to the fact  that 
rock adjacent to the r e a r  wall below a 
depth of 10 o r  15 ft remained confined at 
both ends during the blast. 
subjected pr imari ly  to compressional 
forces  during the blast, and i t  w a s  con- 
s t ra ined from moving horizontally. The 
rock adjacent to the s ide walls, however, 
fell away f rom the prespl i t  surface with no 
difficulty. This mater ia l  was f r ee  to move 
towards the front of the blast  a r e a  a s  the 
delays progressed sequentially towards 
,the r e a r .  

Even though the top portion 

This rock was 

Charge Configurations 
A s  mentioned in this chapter, the tes t  

blast  design c r i t e r i a  were not drast ical ly  
modified as blasthole d iameters  were  in- 
c reased  so  that a relationship could be 
determined for  fragmentation as a function 
of charge spacing and blasthole diameter .  



In Chapter 4 it was concluded that the 
degree of rock fragmentation generally 
dec reases  with the g rea t e r  charge sep- 
aration associated with l a r g e r  blasthole 
d iameters .  It may, however, be possible 
to counteract this trend by the use of 
modified charge configurations. 

The rock in the col lar  region (that zone 
between the ground surface and the top of 
the explosive column) contained no explo- 
s ive in the designs tested at  R .  D. BAILEY. 
When closely spaced 3 -in.-diameter blast-  
holes a r e  being used, the fact  that there  
is no explosive in the co l la r  region is of 
l i t t le  consequence with respect  to the 
production of oversized blocks because 
only 3 o r  4 ft of stemming a r e  used. When 
12-1/4-in.-diameter blastholes a r e  being 
used, however, say  in a 30- by 32-ft 
pattern with 15  ft of stemming ( a s  in 
PB-81, the co l la r  region compr ises  a 
l a rge  volume of rock containing no explo- 
sive.  Therefore,  one re l ies  a lmost  
ent i re ly  on displacement (tearing and 
wrenching) a s  a fracturing mechanism. 
Surface spalling due to shock wave r e -  
flection i s  generally believed to be of 
minor  importance to sur face  rock break-  
age in normal  blast  designs.  

. 

' 

One way to reduce the number of 
oversize  rocks produced in the col lar  
region is to reduce the stemming in the 
main charge holes.  L e s s  stemming, 
however, tends to increase  the amount of 
flyrock. Another requirement  of the 
stemming is to contain the high-pressure 
gases  long enough so  that most  of the 
energy is used to  f r ac tu re  the rock  
mass ,  and not vented into the atmos- 
phere.  This requirement  prevents 
an excessive reduction of stemming 
depth. 

Another way to improve the distribution 
of explosive in the col lar  region is by the 
use of decking charges and satel l i te  
charges .  
of explosive located in the stemming 
column of the main blastholes. 
charges  a r e  contained in holes that a r e  
usually of a sma l l e r  d iameter  than the 
main charge holes. 
a r e  generally located midway between 
main charge holes, and a r e  dril led to 
approximately the same  depth a s  the 
stemming in  the main charge holes. 

A decking charge is a quantity 

Satell i te 

The satel l i te  holes 

Flv rock 
Flyrock may or may not be a constraint  

on blast  design, depending on the location 
of the excavation. 
the flyrock almost  completely by keeping 
the s ize  of the blast  small  and using 
blasting mats .  However, this procedure 
is very expensive, and is usually used only 
when blasting in urban a r e a s .  At remote  
construction s i t e s  the usual procedure is 
to move all  personnel well out of the range 
of possible flyrock. 

It is possible to control 

The amount of flyrock produced by a 
blast  depends on the geological s t ruc tu re  
of the rock, the stemming depth, and the 
burden. A br i t t le  rock that has  many 
incipient planes of weakness (joints, 
f rac tures ,  bedding planes) usually r e -  
qu i res  a small  powder factor  to achieve 
acceptable fragmentation, and flyrock can 
be kept a t  a minimum without too much 
difficulty. In a massive tough rock, such 
a s  the Upper Gilber t  sandstone, however, 
a higher powder factor  is required to 
achieve sat isfactory fragmentation, and 
a l a r g e r  amount of flyrock is to be ex- 
pected. 
fragmentation and flyrock in this situation. 

There  is a tradeoff between 
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Flyrock can be reduced by increasing the 
stemming depth and burden, but i f  this i s  
done the percentage of overs ize  rock r e -  
quiring secondary blasting is also in- 
creased.  
of economics, weighing the cost  of dealing 
with the hazards  of flyrock against  the 
cost  of additional secondary blasting. 

The problem then becomes one 

Prespl i t t ing 
During the course  of the experimental  

excavation severa l  different presplitting 
designs were tested in both the shale  and 
the sandstone. Spacings, loadings, and 
stemming depths were varied.  

Good resu l t s  were consistently obtained 
in the shale  using " 7 0 %  Trimtex" (1/4 lb/ft) 
in 3-in.- d iameter  holes spaced 30 in. 
apa r t  and s temmed to a depth of 4 ft. The 
maximum hole depth w a s  about 50 ft. Good 
resu l t s  were  a l so  obtained in the sandstone 
a t  spacings of 3-1/2 and 4 ft. 
hole depth in the sandstone was about 50 ft. 

The experience a t  R .  D. BAILEY a lso  
pointed out the r i sk  of damage to production 
blastholes i f  they have been dril led p r io r  
to detonation of the prespl i t  charges .  This 
occurred on PB-GA, and prevented loading 
of the main charge holes to f u l l  depth. 
The recommended procedure is to f i r e  
the prespl i t  charges  p r io r  to drjl l ing the 
production holes, or to f i r e  them on a 
millisecond delay just  before detonation 

Maximum 

of the production charges.  

Trimming 
Details of the t r imming procedure used  

in PB-2 and PB-3 a r e  presented in Chapter 3.  
The technique worked well and allowed con- 
s iderable  flexibility in scheduling of exca- 
vation operations.  The technique was 
tested only in the weathered shale,  however. 

- 
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Buffer Zones 
The t e r m  "buffer zone" has  severa l  

meanings in the blasting vernacular .  In 
one case,  a buffer zone i s  defined a s  the 
zone of rock between the prespl i t  surface 
(or neat l ine)  and the f i r s t  row of pro- 
duction charges.  
sufficiently wide such that the production 
charges  do not damage the presp l i t  surface.  
The buffer zone may contain small-  
d iameter  charges  that a r e  detonated along 
with the production charges,  o r  i t  might 
be dril led and blasted with smal l -  
diameter  charges  subsequent to detonation 
of the production charges.  

The t e r m  "buffer zone," a s  used in this 
report ,  refers to a zone of relatively 
crushed or f ractured rock between the 
prespl i t  plane and the production charges 
that attenuates s t r e s s  and provides an 
escape vent f o r  gases  produced by the 
blast .  
wave would be attenuated by the buffer 
zone because of i t s  decreased density and 
shea r  strength relat ive to the intact  rock, 
thus limiting fracturing beyond that zone. 

A s  discussed in Chapter 5, techniques 
for creating b u f f e r  zones with small diam- 

e t e r  charges  a r e  s t i l l  under investigation. 
N o  conclusions could be drawn f rom the 
.R. D. BAILEY data regarding the effective- 
n e s s  of buffer zones in protecting prespl i t  
planes f rom overbreak. 

This zone is made 

It is hypothesized that the shock 

. .* 

Separation Distances Between Presp l i t  
Surfaces and Production Charges 

When a s t ruc tura l  excavation is being 
.' blasted, i t  is imperat ive that blast  dam- 

age to the walls of the excavation be 
minimized. A smooth, intact wall i s  m o r e  
res i s tan t  to weathering than one that has  
been fractured by overbreak during 



production blasting: moreover ,  a smooth, 
intact  wall cos ts  l e s s  to maintain, and i s  
sa fer .  

The blast  designer should not be overly 
conservative,  however, in establishing 
separation distances between production 
holes and the prespl i t  surface,  because 
the resu l t  may be that the production 
b las t  does not f rac ture  a l l  the way to the 
prespl i t  surface.  
use sma l l e r  diameter  blastholes around 
the blast per imeter ;  i.e., between the 
production holes and the prespl i t  surface.  
This, however, can become very costly 
i f  the separation distance i s  excessive, 
and c a r e  must  be taken to a s s u r e  that the 
bottoms of the sma l l e r  d iameter  charges  
do not encroach upon or penetrate  prespl i t  
surfaces .  

Common pract ice  is to 

After  completing the experimental  
excavation, EERL furnished the Huntington 
Dis t r ic t ' s  res ident  engineer on the R .  D. 
BAILEY project a s e t  of blasting guidelines 
to a s s i s t  him in evaluating blasting pro- 
cedures  proposed by the contractor .  
following procedure fo r  determining safe  
separation dis tances  between prespl i t  
sur faces  and main charges  has  been 
extracted f rom those guidelines. 

The 

A sketch of the typical geometry of the 
problem is shown in Fig. 87. The param-  
e t e r  of p r imary  concern is the cr i t ical  
distance,  x, necessa ry  to p re se rve  the 
bench shown in the figure. It should be 
noted that if no bench is required (dashed 
l ine) the overlying rock but t resses  the 
rock opposite the blast  so that "x" can be 
decreased.  
distance a t  the bottom of hole, b, i s  l e s s  
than at the top for  sloping prespl i t  s u r &  
faces.  
the rock a t  depth is well confined. 

Notice a l so  that the separation 

This is usually acceptable because 
Re- 

o sul ts  of the experimental  excavation were 
inconclusive with respect  to determining 
a safe  b distance, but the c r i t i ca l  
distance,  x, is usually controlling fo r  
s teep prespl i t  surfaces .  

F igures  88 through 90 a r e  a s e t  of 
graphs for  determining the separation 
dis tances  between main production charges  
and prespl i t  surfaces  based on data 
collected during the experimental  pro- 
g ram.  Separation distances were tabulated 
for  each of the experimental  blasts  (PB-1 
through PB-8), and the postshot condition 
of the prespl i t  surface was noted fo r  each. 
In those cases  in which overbreak occurred,  

Definitions: 

x =Cr i t i ca l  distance ( f t )  

h = Stemming depth ( f t )  

b = Distance from bottom of blasthole to 

I =Charge length 

presplit plane ( f t )  

- x  

Fig. 87. Typical geometr ical  relation- 
ships and notations for  blast- 
holes and prespli t  planes. 
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Fig. 88. Nomograph fo r  computing relat ive energy density. 
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the separation dis tances  were  revised to 
a g r e a t e r  value, which seemed reasonable  
based on visual observation of the damage. 
A generalized prediction equation f o r  the 
cr i t ical  dis tance w a s  then developed and 
used to plot the families of curves  shown 
in Figs .  89 and 90. 

The explosives used fo r  the experi-  
mental  excavation were A N F O  and 
MS 80-25 aluminized ammonium ni t ra te  
s lur ry .  
es t  a r e  l isted in Table 16. The t e r m  

The physical propert ies  of in te r -  

"average loading density" refers to the 
average  density of the explosive in the 
blasthole as determined by actual loading 
r eco rds  during the R .  D. B A I L E Y  t e s t  
program. 
can usually be obtained f rom the manu- 
fac turer .  

The total energy of the explosive 

The relat ive energy density may be 
determined f o r  any explosive by using the 
nomograph in Fig. 88. This value may 
then be used in Figs.  89 and 90 to  de te r -  
mine c r i t i ca l  distances €or charge 

c Lc 

I 

Relative energy density of explosive 

Fig. 89. Crit ical  distance as a function of re la t ive energy density and charge 
d i ame te r  for  weathered shale.  
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Relative energy density of explosive 

Fig. 90. Cri t ical  distance. a s  a function of re la t ive energy density and charge 
diam et e r f o r  Upper Gilb e r t  sand stone. 

Table 16.  Physical propert ies  of explo- 
s ives .  

Average loading Total 
density, pa 'energy b 

Explosive (g/cm 3 ) (cal/g) 

ANFO 0.85 890 
MS 80-25 1.15 1330 

aBased on R.  D. BAILEY experimental  
blasts.  

bBased on manufacturers '  t es t s .  

d iameters  of 3, 6,  9 o r  12  in. The curves 
in Fig. 89 a r e  based on the shale ob- 
served in t e s t  b las t s  PB-1, PB-3, and 
P B - 4 . ,  The  curves  in Fig. 90 a r e  
based on the Upper Gilbert  sandstone 
observed in PB-5 through PB-8 tes t  
b las t s .  The dashed l ines show how to 
determine c r i t i ca l  distances For ANFO 
and MS 80-25 in 6-in. -d iameter  
charges .  
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Stemminp Desipn 
A new procedure for  designing s tem-  

ming depths has  been proposed by 
J. La t t e ry  of EERL.31 Although the pro-  
cedure w a s  not used for  all of the test 
blasts,  the s temming depths that i t  pre-  
d ic t s  a r e  consistent with observations of 
s temming performance made during the 
t e s t  blast  s e r i e s .  

The approach is based on the concept 
of a depth of burial, DOB, which i s  the 
dis tance f rom the horizontal  ground sur- 
face to the center  of m a s s  of the buried 
charge.  The DOB can be divided by the 
cube root of the weight of the explosive 
and is then te rmed the scaled depth of 

burial, dob. It has  been noted that a plot 
of dob vs the charge length h a s  a definite 
minimum value fo r  a fixed depth of s tem-  
ming. It is assumed that a charge length 
having the minimum scaled depth of burial  
should be  used fo r  predicting sur face  
effects of that charge  (i.e., no permanent  
effect, s o m e  fractur ing or mounding, or 
cra te r ing  1. 

The scaled depth of burial  is computed 
by : 

1 h +;; 
= p + 3  (8)  

where: 
h and 1 a r e  defined in Fig. 87 

w is the charge  weight p e r  unit 
length of the explosive column. 

Plots  of dob vs  the blasthole depth (h + 1) 
a r e  shown in Fig. 91. The minimum of 
the function, fo r  a fixed h and w, is com- 
puted by setting the derivative of dob with 
respec t  to 1 equal to ze ro  and solving f o r  
1.. This  value of the charge length sub- 
stituted in Eq. (8 )  gives the minimum dob: 

-90- 

-& (dob) = 

Solving fo r  1 gives:  

l = h  

It is evident, therefore,  that the minimum 
dob occurs  for  a column of explosive 
equal in length to the depth of stemming. 
This relationship is substituted into 
Eq. ( 8 )  to  give: 

3 h2I3 
= 3 - ( 9 )  

Equation ( 9 )  can now be  solved fo r  the 
s temming depth, h, 

h =[2/3 dob w i/3]3i2 1 

Equation (10) is the basic  equation fo r  
computing s temming depth. 

6-3/4-in. diam > 2.5 b l a s t h o l e .  

m 
\ 
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a 

1 . 7 .  
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B l a s t h o l e  d e p t h ,  d - ft 
Fig. 91. Scaled depth of burial  vs  blast-  

hole depth for  stemming depths 
of 4 and 6 f t .  



The best  way to determine what value 
of dob to use in Eq. (10) i s  to develop a 
I '  c r a  tering curve" fo r  the par t icular  
explosive in the par t icular  rock to be 
blasted.  18,28 This c ra te r ing  curve may 
be developed by detonating explosive 
charges  of identical weight a t  various 
depths below the ground sur face  and ob- 
serving the sur face  effect . .  If the charge 
is too shallow, excessive c ra te r ing  and 
flyrock w i l l  resul t ,  and if the charge i s  
too deep, poor sur face  breakage will occur .  
Previous experience with ANFO in sand- 
stone has  shown that the best  dob for  
mounding ranges f rom 2.4 to 2.7 fthb 1/3 

(Ref. 29). If experimental  data a r e  not 
available for  the rock of interest ,  a dob 
in this range can be used a s - a  f i r s t  
approximation fo r  stemming design. If 
an explosive other  than ANFO i s  to be 
used, an equivalent w te rm,  w must  
be  substituted for  w.  The w t e r m  can 

eq' 
eq 

be  computed by: 

eq 
2 w = 0.34pvk , (11) 

where 
w = equivalent weight of explosive 

eq 
p e r  foot of blasthole (lb/ft) 

p = average loading density of 
explosive (g/cm ) 

divided by the total energy of 
ANFO 

3 

v = total energy of the explosive 

k = blasthole d iameter  (in.) 
The product pv may be obtained f rom the 
nomograph in Fig. 88. Note that the 
equivalent weight of explosive calculated 
by this expression is not the actual weight 
of an explosive other  than ANFO. 

A s  an example, consider using this  tech- 
nique to  calculate a s temming depth €or the 

Rock type: Upper Gilber t  sandstone 
Explosive type: Dow MS 80-25 alumi- 

Average loading density: 1.15 g/cm 
Total energy: 1330 cal/g 
dob: 2.5 ft/lb1/3 ANFO (assumed 
Blasthole d iameter :  12-1/4 in. 

nized ammonium ni t ra te  s l u r r y  
3 

Solving Eq. (11) for  w we g.et: eq 

3 w = 0.34 X 1.15 g/cm 
eq 

2 X (12-1/4 in.) 

w = 87.7 lb/ft. 
eq 

Substitute this into Eq. (10) to solve for  
the stemming depth, h: 

3/2 
h = 0.544 (2.5 ft/lb1l3) (87.7 lb/ft)ll2 

h = 20.1 ft. 

The stemming depth actually used on 
PB-8 was 15 ft, and a considerable 
amount of flyrock resulted.  
of stemming calculated above been used 
for  PB-8, the amount of flyrock may well 
have been substantially reduced. 

ming depths vs blasthole d iameters  for  
the four combinations of explosive and 
mater ia l  types encountered a t  the s i te  of 
the R .  D. BAILEY experimental  excava- 
tion. Equation (10 )  was used to develop 
these  curves  for  assumed dob's of 
2.5. ft/lb1l3 (ANFO) in the Upper Gilbert  
sandstone and 3.0 ft/lb1l3 (ANFO) in the 
weathered shale.  

Had the 20 f t  

F igure  92 shows recommended s tem-  

CRITIQUE OF TEST BLASTS 

This section d iscusses  each of the tes t  
PB-8 tes t  blast  given the following information: blasts ,  some of the problems encountered, 

- 91- 



PB-1 Tes t  Blast  

4 16,000 I I 1 I 
1 

I 

4 Ideal rate Lc 15,000- - 

24 28E-----z 

x 
-2 1 4,000. 
0" - 
$ 13,000. 

= 12,000. 
0' ; 11,000. 

0 10,000~ 

C 
0 

0 

-0 

LL 

0 2  4 6  8 10 12 
Blasthole diameter, k - in. 

Fig. 92. Recommended stemming depths 
for  ANFO and Dow MS 80-25 
s l u r r y  in weathered shale  and 
Upper Gilber t  sandstone for  
various blas thole d iameters .  

and possible ways to avoid these problems 
in the future.  Detailed information on the 
design of each blast  is presented in 
Chapter 3. 
gested f o r  severa l  of the tes t  blasts.  

Improved designs a r e  sug- 

One indicator of the blasting charac te r -  
i s t i c s  of a par t icu lar  rock type i s  the 
weight of explosive required to f ragment  
a given volume of the rock. 
known as the "powder factor." The 
powder fac tors  re fer red  to in the follow- 
ing paragraphs were determined by using 
the average loading density and computing 
the number of theoretical  cubic ya rds  
f ractured pe r  production blasthole. The 
explosives used f o r  prespli t t ing and other  
blasting around the per imeter  of the t e s t  
b las t s  were not included in the powder 
factors .  Powder fac tors  fo r  different 
explosives cannot be compared direct ly  
because of differences in density and total 
en e rgy . 

This is often 

Although the mater ia l  in PB-1 could 
not be efficiently excavated with a D-8 
bulldozer blade, i t  could have been readi ly  
ripped. This is t rue  for  the mater ia l  in 
PB-2, PB-3, and the top half of PB-4. 
The ANFO powder factor  for  PB-1 was 
relatively low, 0.55 lb/yd . It was s u f -  
ficient, however, to break up the mate-  
r i a l  enough to be excavated with the front- 
end loader ,  and no change in this quantity 
is recommended. 
ANFO does not develop f u l l  detonation 
velocity in blastholes l e s s  than about 
11 in. in diameter .  The efficiency of 
ANFO, therefore,  i nc reases  with in- 
creasing blasthole diameter ,  up to about 
11 in., because more  energy per  unit 
weight is delivered as the detonation 
velocity increases .  Figure 93 depicts 
the influence of charge d iameter  on the 
detonation velocity of ANFO. 

3 

It should be noted that 

PB-2 Tes t  Blast  
The blast  that t r immed the walls of 

PB-2 was very successful.  Trimming 

Notes: 

- 
Steady state rates 

Notes: 

density = 0.85 
1-lb cast HE primer 
Steady state rates 

- 
g/cmj 

- 
9 , O O O j  

1 3  5 7 9 1 1 1 3 1 5  
Blasthole diameter, in. 

Q 

Fig. 93. Change in detonation velocity of 
ANFO a s  a function of blasthole 
diameter .32 
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was desirable  in lieu of prespli t t ing 
because it allowed ripping and d r i l l -  
ing to  proceed concurrently and avoid- 
ed possible  damage to  the finished 
sur face  f rom the ripping operation. 
The re  i s  no apparent need to  change 
the design used for the t r imming 
blast .  

PB-3 Tes t  Blast  
A l l  of the production charges  in the 

PB-3 blasts  were designed to break to the 
horizontal  ground sur face  instead of 
breaking to a ver t ical  f r ee  face as in 
conventional bench blasting design. There-  
fore, delays were not required between 
blastholes.  The powder factor  w a s  
0.79 lb/yd . 
evidence of excessive c ra te r ing  in the 
vicinity of some of the charges .  This 
excess  could be remedied by increasing 
the stemming depth f rom 6 to 10 ft. The 
rationale fo r  stemming adjustments r e c -  
ommended h e r e  has  been discussed e a r l i e r  
in the chapter  ( s ee  Fig. 92 ) .  If the s tem- 
ming depth were  increased to 10 ft, the 
powder factor  would be reduced to 
0.52 lb/yd . Based upon the observed 
r e su l t s  of the PB-1 blast, this ,powder 
factor  would be satisfactory.  

3 Postshot  observations showed 

3 

With a stemming depth of 10 ft there  
might be some la rge  fragments  produced 
in the col lar  region (the region between 
the top of the explosive charge and the 
ground sur face) .  Experience in the 
weathered shale, however, demonstrated 
that a lmost  any l a rge  block could be 
mechanically broken down without much 
difficulty. 
charges  or satel l i te  holes would be war- 
ranted f o r  any blast  in the weathered 
shale.  

It is doubtful that decking 

PB-4 Test Blast  
The powder factor  (ANFO) for  the 

3 PB-4 blast  was 0.82 lb/yd . 
was excessive for  the weathered shale, 
but inadequate f o r  the hard shale  in the 
bottom half of the 43-ft bench. 
stemming depth was adequate for  
weathered shale .  To improve the design 
of this blast, assuming that i t  i s  desired 
to blast  the full depth, the pattern could 
be closed up  to increase  the powder factor  

3 .  to 1.16 lb/yd ( s imi l a r  to PB-6A in sand- 
stone), which would call  for  a 20-ft 

2 pattern instead of one 24-ft . A second 
option would be to use a more  powerful 
explosive, such a s  MS 80-25 s lur ry ,  in a 
23-ft 
This would give a powder factor  of 1.05, 
s imi l a r  to that used fo r  PB-7. 
approach would be to use s l u r r y  explosive 
in the bottoms of the emplacement holes 
and ANFO f o r  the upper sections.  This 
option might permit  a wider hole spacing 
than would be possible with ANFO alone, 
result ing in a lower dril l ing and blasting 
cost .  

This value 

The 

2 

2 pattern with 1 9  ft of stemming. 

A third 

P B - 4 A  Through PB-4E Test Blas t s  
This s e r i e s  consisted of severa l  b las t s  

using 3-in.-diameter blastholes, and 
various pat terns  and delay sequences to 
remove mater ia l  left in the bottom by the 
PB-4 blast .  The powder fac tors  were a s  
follows: PB-4A, 1.12 lb/yd3 (ANFO); 
PB-4B, 0.90 lb/yd3 (ANFO); PB-4C, 
2.03 lb/yd3 (ANFO); PB-4D, 1 .12  lb/yd3 
(ANFO); and PB-4E, 2.30 lb/yd 
A l l  of these blasts,  with the exception of 
PB-4C, produced s imi l a r  resu l t s .  PB-4C, 
the only blast  that did not contain any 
delays,  produced la rge  blocks and did not 
break to the depth intended. 

3 ( s lu r ry ) .  

The rock 
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that remained intact in the bot tom-rear  
c o r n e r  of PB-4C was hard sandstone with 
a joint on one s ide and shale-sandstone 
contact on the top. 
redesignated PB-4E and blasted again 
( s e e  Fig. 2 7 ) .  There  w a s  a l so  a r tes ian  
water flowing in this a r ea .  These con- 
ditions obviously present  difficult blast-  
ing problems. There  w a s  evidence that 
some of the ANFO in PB-4C had become 
damp and did not detonate. 
design of PB-4C had called for  s l u r r y  
explosive (for  i t s  high water - res i s tance)  
and the use of delays to improve frag- 
mentation, the resu l t s  would probably 
have been great ly  improved. 

This ledge of rock was 

If the original 

PB-5 Tes t  Blast  
PB-5 was another difficult blasting 

situation. 
the edge of the haul road, and the rock 
had been fractured by blasting fo r  road 
construction. This caused difficulty in 
dril l ing and loading the holes. 
were  often blocked due to rock shifting 
while adjacent holes were being dril led.  
Some holes intersected open f rac tures ,  
and ANFO poured into the f r ac tu res  
during loading. 
would have been to prespl i t  behind the 
e a r l i e r  haul road b las t s  to prevent damage 
to rock that must be blasted la te r .  

The blast  a r e a  was located on 

Blastholes 

One way to  alleviate this 

PB-6A Tes t  Blast  
In an attempt to acce lera te  the t e s t  

excavation construction schedule, some of 
the production holes for  the PB-6A t e s t  
blast  wer'e dril led p r io r  to detonation of 
the prespl i t  charges  that encompassed the 
blast  a r e a  on three  sides.  It was a l so  
des i red  to accomplish the prespli t t ing 
before the t e s t  blast  s o  that par t ic le  

velocit ies could be recorded seDaratelv u 

for  each. 
a m a s s  shifting of the rock in the blast  

During the prespli t  detonation, 

a r e a  blocked most  of the production holes 
a t  a bedding plane about 42 ft below the 
surface.  This procedure is not recom- 
mended unless one i s  willing to accept a 
high r i sk  of damage to predril led pro- 
duction holes by the prespli t  detonation. 

was 1.16 lb/yd . 
pr i sm to be blasted seemed to lend itself 
bes t  to a staggered row pattern.  This 
led to a poor distribution of explosive 
around the per imeter  of the blast, how- 
ever,  which left humps between the pro-  
duction charges a t  the toes of the side 
w a l l s  a f te r  blasting. Although these 

were removed by the loading equipment 
they were difficult to excavate. A pos- 
s ible  solution to the problem would be to 
locate smal l  diameter  charges  between 
the production charges and the walls of 
the excavation. 

The powder factor  for  PB-6A ( A N F O )  
3 The shape of the rock 

PB-6B Tes t  Blast  
Difficulties were encountered in load- 

ing packaged s l u r r y  explosive into the 
blastholes.  The problems were due 
pr imar i ly  to improper  packaging of the 
s l u r r y  for  the s i ze  of blasthole being 
loaded. The s l u r r y  that was packaged in 
4-in.-diameter sausages loaded well into 
the 6-1/4-in.-diameter blastholes. S lur ry  
in l a r g e r  d iameter  bags (8-in.-diameter) 
had to be sliced with a knife and dropped 
in piece-by-piece, a very time-consuming 
process .  
a l so  had a tendency to  bridge the hole 

S lur ry  loaded in this manner  

before reaching the bottom, sometimes 
causing blockages that could not be d is -  - 
lodged. The a i r  gaps thus created were 



obviously very detr imental  to blasting The pattern called fo r  row-by- 
efficiency. Two blastholes in the front row delays, so when the f i r s t  row did not 
row of the pattern were blocked in this adequately f r ac tu re  and move the rock a t  

manner.  

I I l O - f t  bench 
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Fig. 94. Improved design fo r  PB-8 t e s t  blast  - s lu r ry .  
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the f ront  of the pattern, the following rows  
w e r e  overconfined, and poor breakage 
resulted.  The rock could not be excavated PB-GA, so  i t  w a s  decided to use s l u r r y  
below about half the bench height. 

blasted rock f rom the top half of the bench 
seemed to  be a s  well broken up as that in 

The explosive on the remainder  of the blasts.  

\ 2 3 f t 7  7 A 

/ I  110-ft bench 

T T ., T - A' 
= 12-1/4-in.-diam production charge 

O =  6-1/4-in.-diam satell i te charge 
Plan 

S ca I e-f t 
0 20 40 - 

Decking charge (27 Ib ANFO) f rSateIIite charge (79 Ib ANFO 

/ 

-32-ft 
spa c i ng 

16-ft burden 

1 
Ib ANFO)  

t2-ft subdrill 16-ft burden 

Section A-A' 

Fig. 95. Improved design fo r  PB-8 tes t  blast  - ANFO. 
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PB-6C Tes t  Blast  
This blast  was designed to remove the 

rock that remained af te r  excavation of the 
broken mater ia l  f rom the PB-6B t e s t  
blast .  
the blastholes was shattered, new 
6-3/4-in.-diameter holes were dril led 
between the old hole locations. 
powder factor  was 0.78 lb/yd . 

- 
Because the rock in the vicinity of 

The 
3 

PB-7 Test Blast  

1.05 lb/yd3. 
could probably have been increased f rom 
1 2  to 15 ft to help ' reduce flyrock. Deck- 
ing charges  and satel l i te  holes could a l so  
have been used to improve fragmentation 
in the col lar  region. 

The powder factor  for  PB-7 was 
The stemming in this design 

PB-8 Tes t  Blas t  
In o r d e r  to fit a sufficient number of 

1 2 -  1/4 -in.-diameter blastholes to observe 
the interaction between charges  in the 
pattern,  i t  was necessa ry  to use sma l l e r  

Chapter 10. 

Cost Savings for  the R. D. BAILEY 
Projec t  

After completion of the field work at 
the R, D. DAILEY si te ,  EERL and the 
Huntington Distr ic t  made an evaluation of 
the impact the t e s t  excavation had on the 
R. D. BAILEY Lake Project .  Although 
i t  i s  not possible to identify in a quantita- 
tive manner  those aspects  of the experi-  
mental  excavation program that led to the 
cost  savings, the following qualitative 
benefits of the program undoubtedly 
contributed: 

separation distances between the produc- 
tion charges  and prespl i t  sur faces  than 
would normally be desired.  
dis tances  resulted in damage to the bench 
a t  the r e a r  of the blast  and possible dam- 
age to the s ide walls. The burden on the 
f i r s t  row of production charges  was also 
l e s s  than desirable ,  which probably was 
the cause of the l a rge  amount of flyrock 
seen in PB-8. 
blast  ( s l u r r y )  was 1.20 lb/yd . 

These sma l l e r  

The powder factor  for  this 
3 

An improved design for  PB-8, using 
M S  80-25 s lur ry ,  is shown in Fig. 94. 
The design includes satel l i te  holes and 
decking charges and has  a s lu r ry  powder 

3 factor  of 1.15 lb/yd . Another improved 
PB-8 design using ANFO instead of s l u r r y  
is presented in Fig. 95. This design 
resu l t s  in an ANFO powder factor  of 
1 . 7 3  lb/yd3.  
eliminate the decking charges and add 
the i r  explosive to  the main charge 
holes.  This  option should be  consid- 
e red  a s  well. 

It may be  possible to  

Cost Analyses 

1. The t e s t  excavation provided 
potential bidders  with a visual inspection 
capability for  rock to be excavated in the 
spillway. 
1 2 )  of the bidders surveyed (including 
Guy F. Atkinson, Morrison-Knudsen, 
S. J. Groves and Sons, Lravo, and Nello 
L .  T e e r )  said that observation of the 
ma te r i a l s  in the pilot excavation helped 
them to make a be t te r  evaluation of 
appropriate excavation techniques than 
could have been done by observing co re  
boring resu l t s  alone. 

Ninety-two percent (11 out of 
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Table 1 7 .  Estimated reduction in project cost  attr ibutable to tes t  excavation. 
~~ ~~ ~ ~ 

Estimated cost  of spillway excavation p r io r  to tes t  

As-bid cost  - 5,844,305 
2,311,190 

Useful work accomplished + 252,363 
2,563,553 

Test  excavation contract  cost  - 353,895 

$8,155,495 
ex cava t i on 

Net reduction in project cost  $2,20 9,658 

2. The Data Report furnished to 
potential bidders provided contractors  with 
information on methods of performing the 
excavation, and a l so  information that might 
eliminate f rom the contractor’s  consider- 
ation some potentially unworkable methods. 

The qualitative benefits mentioned 
above, an extension of information over  
that normally furnished bidders,  probably 
led to reduced bid contingency costs .  
addition there  were  the following tangential 
benefits to the government: 

In 

1. It i s  believed that because of in- 
formation obtained during performance of 
the t e s t  excavation, the plans and specifi- 

cations were  be t te r  contract  documents. 

t e s t  f i l ls  f rom which placement techniques 
were developed. 

2 .  Material  was provided for  use in 

3. Government construction personnel 
were  provided valuable background in- 
formation on mater ia l s  and appropriate  
ex cava tion t e chniq u e s . 

A government es t imate  of spillway 
excavation cost  made before the tes t  
excavation (December 1 9 7 2 )  was updated 
and compared to  the successful  bidder’s 
pr ice .  The value of useful work accom- 
plished during the t e s t  excavation, and 
the cost  of the t es t  excavation itself, were 
a l so  considered in arr iving at  an estimated 

reduction in project cost of about $2.2 
million ( s e e  Table 17). 

One of the most  likely i tems  for  a 
significant additional cost  savings a t  the 
R .  D. BAILEY Lake Pro jec t  is in the 
drilling and blasting of the 882,000 yd 
Upper Gilber t  sandstone in the spillway.. 

3 of 

In o r d e r  to es t imate  these possible savings, 
a comparison has  been made between the 
government es t imate  fo r  dril l ing and 
blasting the Upper Gilbert  sandstone, and 
an est imate  based upon a blast  design 
developed and tested during the experi-  
mental  excavation program. 

The government es t imate  was based on 
using 3-in. d iameter  blastholes 10 ft deep 
in an 8- by 8-ft pattern.  
was assumed to be gelatin dynamite with 
a powder factor  of 1 lb/yd . 
of dril l ing and blasting with this design is 

The explosive 

3 The unit cost  

$l.OO/yd 3 + 6% profit,  o r  $1.06/yd 3 . 
The est imate  result ing f rom experience 

gained during the experimental  excavation 
is based on using 9-in. diameter  charges  
50 ft deep in a 19- by 19-ft pattern. The 
explosive i s  assumed to be A N F O  with a 
powder factor  of 1.4 lb/yd . The unit cost  
of dril l ing and blasting with this design is 

3 

- 
$0.37/ydY, including 6% profit.  This 
es t imate  a l so  includes secondary blasting 
for  1570 oversize rocks.  
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By comparing these two unit cos t s  i t  
may be  seen that t he re  is a possible 
savings of $1.06/yd3 - $0.37/yd3 
= $0.69/yd . When this f igure is applied 3 

n 

to the 882,000 yd" of Upper Gilbert  sand- 
stone, the total possible' additional 
savings is $608,580. Although these 
estimated additional savings may not be 
realized on the R .  D. BAILEY Lake 
Project ,  the $0.69/yd savings possible 
f rom the use of l a r g e r  charges  should be 
considered in the planning and design of 
future  projects with l a r g e  excavations re- 
quiring dril l ing and blasting. 

3 

Effect of Charge Diameter  and Bench 
Height on Blasting Costs  

Another analysis was made to de t e r -  
mine the effect  of charge d iameter  and 
bench height on the unit cost  of drilling 

and blasting in the Upper Gilbert  sand- 
stone. Calculations w e r e  made for  using 
ANFO and s l u r r y  a s  bulk explosives. The 
r e su l t s  a r e  shown in Figs.  96 and 97. The 
curve  for  each charge d iameter  extends 
for  i t s  maximum useful range fo r  blast  
patterns with m o r e  than two o r  three rows 
of holes. 
that t he re  is a definite trend towards lower 
unit cos t s  a s  the bench height is increased.  
This is pr imari ly  due to more  efficient 
use of the blast  holes - t h a t  is, the s tem-  
ming being constant regard less  of bench 
height, occupies a s m a l l e r  percentage of 
a hole drilled on a higher bench than a 
hole dril led on a low bench. It should be  

noted that these curves  do not include 
secondary blasting costs .  
Fig. 53, there  is  a slight d e c r e a s e  in 
fragmentation fo r  the l a r g e r  charge 

It is apparent f rom the graphs 

A s  shown in 

A sump t ions: 
Material - Upper Gilbert sandstone 
Explosive - ANFO ( P = 0.88) 
Powder factor - 1.4 Ib/yd 

3411. diameter Explosive cost - $0. 1O/lb - 
Dri I I ing costs: 

- 

3 

3 in. - $1.15/lf 
6-3/4 in. - $3.55/1f 

9 in. - $4.58/1f 
12 in, - $7.00/lf 

- 

6-3/4-in. diameter - 

9-in. diameter 

12-in. diameter 

+ 

.- 
C 

90 100 

3 

0.30, 
0 10 20 30 40 50 60 70 80 

Bench height - f t  

Fig. 96. Unit cost  f o r  dril l ing and blastlng v s  bench height f o r  various blast  
hole d iameters  - A N F O .  
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Ass urn pt ions: 
Material - Upper Gilbert sandstone 
Explosive - AI /AN slurry ( P  = 1.25) 
Powder factor - 1 .O  Ib/yd 3 

?,-in. diameter Explosive cost - $0.23/ib 
Dril I ing costs: 

3 in. - $1.15/lf 
6-3/4 in. - $3.55/1f 

9 in. - $4.58/1f 
12 in. - $7.00/lf 

6-3/4-in. diameter \ I  r 6-3/4-in. diameter 

12-in. diameter 12-in. diameter 

- 
Bench height - ft 

Fig. 97. Unit cost  for  dril l ing and blasting vs bench height for various blast  
hole d iameters  - s lu r ry .  

d iameters .  The cost  of additional 
secondary blasting fo r  l a rge  d iameter  
charges  mus t  therefore  be taken into 

account on projects where there  is an 
upper l imit  specified for  the s i ze  of 
blasted rock. 

Chapter 11. Summary and Conclusions 

Much valuable information w a s  ob- 
tained during the course of the experi-  
mental  excavation program. 
information was of a basic  scientific 
nature,  and some was of immediate 
pract ical  engineering interest .  

Some of this 

The R .  D. B A I L E Y  experimental  
excavation included a program for  
collecting data on rock fragmentation, 
using the point counting technique. This 
was the f i r s t  t ime that the technique has  
been used on a l a rge  sca le  in an attempt 
to  make quantitative es t imates  of f rag-  
mentation result ing from various pro- 

duction blasting patterns.  The point 
count data were a l so  used to quantify the 
general  shape of the blasted rocks 
according to the Zingg Classification 
System. 

The close-in subsurface ground shock 
was successfully measured using piezo- 
e lec t r ic  c rys ta l  velocity t ransducers  
grouted into dr i l l  holes. 
re la te  peak par t ic le  velocity to blast-  
induced fracturing, however, w a s  not 
ent i re ly  successful due to the fa i lure  of 
the permeabili ty t e s t  apparatus  designed 
to detect  i nc reases  in fracturing. 

The effort to 

The 
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double-packer system does not appear  to 
b e  a very promising approach to  this 
problem because of the difficulty of post- 
shot reent ry  into dr i l l  holes  in the im- 
mediate  b las t  vicinity. 
made  to de te rmine  the effect of buffer 
zones on peak par t ic le  velocit ies in rock 
m a s s e s  to be protected f rom production 
blasting, but the resu l t s  were inconclusive. 
The buffer zone concept, therefore,  should 
s t i l l  be  considered experimental .  

An attempt w a s  

Seismic motion measurements  made 
during the tes t  blasts  were used to develop 
a se i smic  motion prediction equation fo r  
the spillway site.  This  equation w a s  used 
to establish the maximum weight of explo- 
s ive that can be detonated in the spillway 
without endangering a 3 00-ft-high water  
intake s t ruc tu re  under construction nearby. 

Extensive a i rb las t  measurements  were 
made  in an at tempt  to develop an a i rb las t  
prediction technique applicable to quar ry-  
type blasts.  Previous prediction tech- 
niques developed for  c ra te r ing  charges  
were  used as  a bas is  for  predictions, but 
due to the many differences in the two 
blasting techniques, i t  w a s  necessary  to 
make  many simplifying assumptions in 
o r d e r  to apply the prediction technique f o r  
c ra te r ing  to qua r ry  blasting. 
demonstrated,  however, that a i rb las t  
ove rp res su res  can be predicted within a 
factor  of two i f  the effects of surface 
detonating cord and venting through weak 
s temming mater ia l  a r e  eliminated. The 
a i rb l a s t  f rom these two fac tors  can be 
great ly  reduced by burying the detonating 
cord and by taking par t icular  c a r e  with 
s temming design and procedure.  

It  w a s  

Seventeen tes t  fills were  constructed 
by Huntington Dis t r ic t  with shale  and sand- 
stone f rom the experimental  excavation. 

~ 
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The fills were placed in l if ts  of var ious 
thicknesses with severa l  different types of 

spreading and compacting equipment. A 
t e s t  pit was dug in each f i l l  to measu re  
density, gradation, and percolation 
character is t ics .  The information gained 
f rom this program w a s  useful fo r  verifying 
the accuracy of design assumptions,  and 
aided in the preparation of specifications 
f o r  construction of the dam embankment. 

The scope of the experimental  excava- 
tion program did not allow fo r  optimization 
of a blasting pattern fo r  any par t icu lar  
s i ze  of blasthole, rock type, or explosive 
type. It did, however, provide a s tar t ing 
point fo r  fur ther  development of blasting 
patterns,  and recommendations a r e  made 
on how to improve upon the blasts  in the 
experimental  s e r i e s .  

After  completion of the experimental  
excavation program, EERL and Huntington 
Distr ic t  made an evaluation of the economic 
impact  the program had on construction 
cos ts  fo r  the R. D. BAILEY Lake  Project .  
It w a s  estimated that the result ing reduc- 
tion in project  cost  w a s  about $2.2 million. 

An independent analysis  of dril l ing and 
blasting costs ,  as a function of blasthole 
diameter ,  was made using data f rom the 
experimental  excavation program. There  
appears  to be a substantial  reduction in 
dril l ing and blasting cos ts  with increasing 
blasthole d iameter .  

Another product of the experimental  
excavation w a s  a Data Report, which con- 
tained information of a noninterpretive 
na ture  on the experience gained during 
the t e s t  program. This  w a s  made  avail-  
able to potential bidders  on the dam con- 
t r ac t  to allow them to make  a m o r e  in- 
formed bid fo r  the unclassified excavation 
contract  i tem than would normally be 



possible i f  only co re  borings were avail-  
able. 

blasting operations in the spillway of the 
R. D. BAILEY Lake Project.  

Also, a s e t  of blasting guidelines, In the light of the above accomplish- 
ments,  it  may be concluded that the based on the experience gained during the 

experimental  excavation program, was experimental  excavation was very success-  
furnished to Huntington Distr ic t  personnel 
for  use in the review and monitoring of 

ful, and provided much useful scientific 
and engineering data. 
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Appendix A 
Grada t ion  Curves  

The gradation curves  in this appendix 
a r e  based on point count data obtained 
during the cour se  of the experimental  
excavation program. Take, f o r  example, 
the data f rom PB-3. Measured rock 
dimensions were tabulated a s  shown in 
Table A l .  
rock fragments  were separated into s ize  
groups as  shown in Table A2 .  The 9570 
confidence interval  w a s  determined f o r  
eacg s i z e  group by use  of the following 
relationship. 

The measured  breadths of the 

N + 1.96 

where: 
- 
X = the proportion of rocks in the 

sample  that a r e  less than the 
maximum s i ze  of the specified 
interval 

P = the percentage of rocks in a 0 
sample  within a specified s ize  
interval 

N = the total number  of rocks  in 
the sample  

P = the population proportion. 
The computations of the 9570 confidence 

band f o r  PB-3 a r e  shown in Table A 3 .  The 
upper and lower limits of the band w e r e  
then plotted fo r  each s i z e  group and the 
points connected with smooth curves.  
There  is a 95% probability that the actual 
gradation curve  will fall  within the in -  
dicated band. 
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Table A l .  PB- 3 fragmentation data. 

Length B r e a d t h  Width 
a b C 

No. (in.) (in.) ( in . )  b/a c/'b 

1 

2 
3 

4 
5 
6 
7 

8 
9 

10 
1 1  

1 2  
1 3  

14  

1 5  
1 6  
17  
18 
1 9  
2 0  
2 1  
2 2  

2 3  

24 
2 5  
2 6  
27 
2 8  
2 9  
3 0  

31  
32  

33  
34  

3 5  
3 6  
37  

3 8  
3 9  

4 0  
4 1  

4 2  
4 3  
44  

4 5  
4 6  
47 
4 8  

4 9  
50  
51 
52 
53 
54 
55  
56 
57 

5 8  
59 

2 
5 
6 

12  
2 
6-112 
5 
2-112 

2 0  

4-112 
1-112 

2-112 

l O - l / Z  

2 

1 

5-112 

1 0  
6 
7 

1-112 
2 
3 

5-11?. 
2 

2-112 
10-112 

3 
30  

4-112 
5 

1 5  
6-112 

4 
3 
3 
5 
3 

1 1  
5 
2-112 
5 
3 
6 
3 

3 
1-112 
3 

4-112 

2-112 

12  
24 
2 2  

8 
6 
2-112 

3 
2-114 

5 
24 

1-112 
3-112 

4 
9-112 
1 
3-112 
4 
2-1/2 

14  

2 
1 
1 

1-112 

5-112 
1 

2-112 
8 
4-112 
3-112 
1 '  
1-112 
2-112 
3 

1 
1-112 

1-112 

2-112 

0 

20  

4 

1 0  
4-112 

3 
1-112 

2 
3 
2 

8 
4 
1-112 

1-112 
2-112 

1-112 

1 12 

4 

2 

2-114 
1-114 

1-112 
12  
1 8  
1 3  

5 
3 
1-112 
3 
1-314 
2-112 

14 

1 
1 

3 
5 
1 

2-112 

2-112 
3 

6 
2 
1 

1 12 
1-112 

1 12 

4-112 

1 
5 
1-112 

1 12 

3 

1 
2 

1-112 

1 12 

1 

3-112 

1 
1 6  

1-112 
3 

5 
2 

2 

1 12 
I - l / Z  
2-112 

1 

4 
2 
1 
3 
1 
2-112 

1-112 

1 

1 14 
2-114 

3 14 
1-112 
9 

11  
7 

4 
2 

1 12 
2 

3 14 
1-112 

12 

0 .75  
0.70 
0.70 
0.79 
0.50 

0.54 
0.80 
1 .oo 
0.70 
0.44 
0.67 

0.50 
0.60 

0.52 
1 .oo 
0.45 
0.80 
0 . 7 5  
0.50 
0.67 

0 .75  
0.83 
0 .55  
0.50 
0.60 
0.76 
0.50 

0.67 
0.56 
0.80 

0.67 

0.69 
0 .75  
0.50 

0.67 
0.60 

0.67 

0.73 
0.80 
0.60 
0.80 
0.50 
0.42 

0.67 
0.50 
0.33 
0.75 
0.28 

0.60 

1 .oo 
0 .75  
0.59 
0.63 
0.50 
0.60 
1 .oo 
0.78 
0.50 

0.58 

0.70 

0.30 
0.70 

0.53 
1.00 
0.7 1 
0.7 5 
1 .oo 
0.43 
1 .oo 
1 .oo 
0.50 

1 .oo 
0.82 
0.50 

0.40 
0.63 
0.33 
0.86 
0.50 
0.67 
0.80 

0.50 

1.00 
0.33 
0.44 
0.67 
0.80 
0.60 
0 .75  
0.50 

0.44 
0.67 
0.33 

0 .75  
0.83 
0.50 

0.50 
0.50 
0.67 
0 .75  
0.67 
1 .oo 
0 . 5 0  

1.00 
0.50 
1 .oo 
0.60 
1 .oo 
0 .75  
0.61 
0.54 
0.80 
0.67 
0.33 

0.67 
0.43 
0.60 
0.86 

L e n g t h  B r e a d t h  Width 
a b C 

No. ( in . )  ( in . )  ( i n . )  b/a c/b 

60 
61 

62 
63 
64 
6 5  
66 
67 

68 
69  

70 

71  
72  

7 3  
74 

7 5  
7 6  
77  
78  
7 9  
8 0  
81 

8 2  
8 3  
84 
8 5  
8 6  
87 
8 8  
89  
90 

91 
92 
93 

94 
9 5  
96 

97 
98 
99 

100  
101 
102 
103  
104 

1 0 5  
106  
107 
108 

109 
110 
111 
112 
113 
114 

115  
116 
117 

2 

2-112 
2-314 

1 3  
20  

2 

1 0  
7 

3 

5 
4-112 
6 

4 

3-114 
3 

2 
4 

20  

12  
8 
5 
7-112 

3 

5-112 
3-112 
5 

6 
5 
6 
2-112 

1 2  

11  
D 

12 

14 
24 

12  
6-112 
3 

2 - 1 p  
2-112 
6 
3 
3-112 
2 
5 

13  
3 
3 

1-112 

2-112 
2 

6 
11  

1-112 
3 
3-112 

12 

1 

1-314 
2 

12  
1 1  

1-114 
7 
3-112 

1-112 
4 

4 
3 
3 

1-1/4 
2-112 

1-114 
2 

18 
8 

5-112 
5 
4 

2-112 
4 
1-314 
3 

4 
2-112 

1-112 
5-112 

11  
4 
3-112 
8 

11  
2 2  

8 

5 
2 
2 
1-112 
3 
2 

2-112 
1-112 
2 

11 
1-112 
1-314 

1-114 
2 
2 

2-112 
2 - 1  12 

1-112 

1 

3-112 
10 

1 12 
1-112 
1-112 
6 

6 

3 14 
7 

2 
1 

2 - l j 2  

2-112 
2-114 

1-114 

1 
1 - 1 p  

1 - 1 p  
1-114 

6 
4 
2 
2 
2-112 

1 

2-114 
1 
2 
2-112 
2-114 
2 

3 14 
2-112 

3-112 
2 
4 

4-112 
9 
4 

2-112 

3 14 

2 

1-114 
2 
2 
1-114 

3 14 
1 

4 

3 14 
1 

1 
1-112 
1 

2 

2-112 
1 

1 
2 

8 

0.50 

0.70 

0.73 
0.92 

0.55 
0.63 
0.70 
0.50 
0.50 

0.80 
0.89 
0.50 

0 .75  

0.38 
0.83 

0.63 
0 .50  

0.90 
0.67 
0.69 
1 .oo 
0.53 
0.83 

0.73 
0.50 
0.60 

0.67 
0.50 
0.92 
0.60 
0.92 

0.36 

0.39 
0.67 

0.79 
0.92 

0.67 
0.77 
0.67 

0.80 
0.60 

0.50 

0.67 
0.71 
0 .75  
0.40 
0.85 
0.50 
0.58 

0.83 
1.00 
0.80 
0.42 
0.23 
0.67 

0.50 
1 .oo 
0.83 

0.50 
0.86 

0 .75  
0.50 
0 .55  
0.60 
1 .oo 
0.57 
0.67 
0.63 
0.56 
0.83 

0.42 

0.80 
0.60 

1 .oo 
0 .75  
0 .33  
0.50 
0.36 
0.40 
0.63 

0.40 

0.56 

0.57 
0.67 

0.63 
0 . 9 0  
0.36 
0.50 
0.23 

0.88 

0.57 
0.50 

0.41 
0.41 
0.50 

0.50 
1 .oo 
0.38 
0.83 
0.67 
1 .oo 
0.50 
0.50 
0.50 
0.36 
0.50 
0.57 
0.80 
0 .75  
0 .50  
0.80 
1 .oo 
1 .oo 
0.67 
0.57 
0.80 

e 

e 



Table A2. Breadths  f r o m  PB-3 fragmentation data.  

Relative Cumulative 
frequency 

(70) 
Breadth frequency, 

(in.) Frequency ( 7 0 )  

0-1 9 7.69 7.69 

1-2 38 32.48 40.17 

2 -4 39 33.33 73.50 

4-8 
8-16 

16-32 
Totals ' 

1 5  
12 
4 

117 
- 

12.82 
10.26 

3.42 

86.32 
96.58 

100.00 

100.00 

Table A3. Computations fo r  PB-3 95% confidence band. 

Cumulative Lower  Upper 
l imi t  l imi t  

N 2) (70 1 (70) 

7.69 2.87 12.51 0-1 7.69 0.0482 
1-2 32.48 0.0849 40.17 31.68 48.66 

(in. 1 ( 7 0 )  1.96 7 Breadth 

2 -4 33.33 0.0854 
4-8 ,12.82 0.0606 

73.50 64.96 82.04 
86.32 80.26 92.38 

8-16 10.26 0.0550 96.58 91.08 102.08 
103.29 16-32 3.42 0.0329 100.00 96.71 

100 10 
Rock size (breadth) - in .  

Fig.  A l .  Par t ic le  s i ze  distribution curve  fo r  PB-3 (based on point count of 
117 par t ic les) .  
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Rock size (breadth) - in. 

Fig. A 2 .  Par t ic le  s i ze  distribution curve for  PB-4 (based on point count of 
1064 par t ic les) .  
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Fig. A 3 .  Par t ic le  s i ze  distribution curve fo r  PB-4A (based on point count of 
100 par t ic les) .  
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Fig. A 4 .  Pa r t i c l e  s i z e  distribution curve  for  PB-4B (based on point count of 
98 par t ic les) .  
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Rock size (breadth) - in. 

Fig. A5 .  Particle s i ze  distribution curve  for P B - 4 C  (based on point count of 
1 2 6  par t ic les) .  
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Rock size (breadth) - in, 

Fig. A6 .  Pa r t i c l e  s i ze  distribution curve for  PB-4D (based on point count of 
1 2 6  particles).  
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A7.  Pa r t i c l e  s i z e  distribution curve  fo r  PB4E (based on point count of 
80 par t ic les) .  
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Fig. A8. Par t ic le  s i ze  distribution curve for  PB-5 (based on point count of 
87 par t ic les) .  

95% confidence band 
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Fig. A9. Par t ic le  s i ze  distribution curve  for  PB-6A (based on point count of 
341 par t ic les) .  
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Fig. A10 .  Par t ic le  s i z e  distribution curve  for  PB-GB (based on point count 
of 2 6 2  par t ic les) .  
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Fig. A l l .  Par t ic le  s i z e  distribution cu rve  for  PB-GC (based on point count 
of 174 par t ic les) .  
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Fig. A12 .  Par t ic le  s i ze  distribution curve  for  PB-7 (based on point count of 
391 par t ic les) .  
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Fig. A13 .  Par t ic le  s i ze  distribution curve  f o r  PB-8 (based on point count of 
879 par t ic les) .  
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The following pages contain facsimiles  
of the original velocity recordings taken 
during the blasting of the pilot excavation 
of the R .  D. BAILEY spillway. However, 
before the r eade r  begins to look over  the 
t races ,  he should read the notes below. 
These notations explain various codes and 
symbols used in the t r aces  a s  well a s  help 
to clarify the sca les  presented. 

1. The l e t t e r s  PV used in identifying 
the vertical  sca les  r e fe r  to par t ic le  
velocity. 

2.  The ver t ical  sca les  presented in 
each case  should be used in a manner  
analogous to that of a map scale .  
d u e  to the fact  that the ze ro  l ine dr i f t s  
somewhat a f te r  a pulse comes  through. 
Subsequently, l a t e r  pulses should be 
measured  from the i r  point of initiation to  
the i r  peak r a the r  than f rom the original 
ze ro  l ine of the gage. 

This is 

3 .  The t r a c e s  a r e  identified by a s e r i e s  
of l e t t e r s  and numbers  a s  in the example, 
PB-5 prespl i t  15 HNB 22 .  

a. PB-5 r e f e r s  to the b las t  designa- 
tion. 

b. Presp l i t  differentiates between 
the records  taken during a separa te  fir ing 
of the prespl i t  l ine a s  opposed to the main 
production blast .  This t e r m  is omitted in 
the main blast  cases .  

c. 15 r e fe r s  to the depth of gage 
emplacement in feet. 

d. H r e f e r s  to the gage orientation; 
H signifies a radially horizontal orienta- 
tion while V is vertical .  

e. N B  r e fe r s  to a gage unprotected 
by an intervening buffer zone; B r e f e r s  to 
the opposite condition where a buffer zone 
is present.  This t e r m  is omitted in blasts  
in which buffer zones were not used. 

f .  2 2  r e f e r s  to the horizontal 
separation between the gage and the nea r -  
es t  main charge hole. 

4. The arrow pointing to the t ime sca le  
indicates the t ime of initial signal a r r iva l .  

sca le  is labeled "time scale ' '  r a the r  than 
" t ime af te r  detonation," z e r o  t ime was not 
successfully recorded. The t ime scale,  
however, can be used to calculate re la t ive 
t ime between two events on the t race .  

5. In cases  in which the horizontal 
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Fig. C1. Peak par t ic le  velocity vs  
dis tance from blast ,  PB-1. 

u 
W 
m 

5 
I 1  
h 
c, 

V 
0 

W > 
W 

V 

c, 

ro 
0. 

Y 
ro 
W 

.- 
P 

P 

.- 
L O  

n 

000 
Distance from blast  - f t  
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distance from blast, PB-3. 
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Fig. D1. Overpressure  a t  Gage E-2 f rom Tes t  Blast  PB-1. 
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Fig. D2. Overpressure  a t  Gage E-2 from Tes t  Blast  PB-3. 
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Fig. D4. Overpressure  a t  Gage E-2 f rom Tes t  Blast  PB-5. 
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Fig. D6. Overpressure  a t  Gage E-2 from Tes t  Blast  PB-6B. 
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