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BLASTING VIBRATIONS
AND THEIR EFFECTS ON STRUCTURES

by
Harry R, Nicholls,! Charles F. Johnson,? and Wilbur I. Duyall?
ABSTRACT

"This report presents the vesults of the Bureau of Mines 10-year program to
study the problem of air blast and ground vibraljons generated by blasting, The
program included an extensive field study ol ground vibrations: a considerition
of air blast eflfects; an evaluation of instrumentation to measure vibrations;
cstablishment of damage criterin {or residential structures; determination of
blasting purameters which grossly affected vibrations; empirical safe blasting
limits; and the problem of human response. While values of 2.0 infseec particle
velocity and 0.5 psi air blust overpressure are recommended as safe blasting limits
not to be exceeded to preclude damage to residentinl structures, lower limits are
suggested to minimire complaints, Millisecond-deiny blasting is shown to reduce
vibration Ievels as compared to instantaneous blasting, and electric eap delay
hlasts offer a slight reduction in vibration levels as compared to Primacord delay
blasts, Vibration levels of different blasts may be compared at common scaled
distances, where scaled distance is the distance divided by the square root of the
maximum charge weight per delay. Geology, rock type, and direction allect
vibration level within jimits, Empirically, a safe blasting limit based on a scaled
distance of 50 {t/1b% may he used without instrumentation, However, i knowledge
of the particle velocity propagation eharacteristics of a blasting site determined
from instramented biasts at that site are recommended 1o insure that the safe
blasting limic of 2.0 infsec is not exceeded.

CHAPTER 1 —GENERAL INTRODUCTION

LI—INTRODUCTION

Using explosives to break rock generates air-
and ground-borne vibrations which may have
detrimental effects on nearby structures, A
variety of compluints attributable to vilrations
from biasting have always been received by the
quarrying industry, producing stone or aggregite
from surface excavations, the mining industry
producing ore from open-pit mines, and the con-
struction industry producing road cuts, pipe line,
and foundation excavations, Blasting opetations
associated with underground mining and excava-
tion work are relatively immune 1o these com-

3 Supervisary geaphyslele.

1 Gmnh?lcht.
2 Superviory cesearch plisical scientist, ALl authors are with the
Denver Mining Rescarch Center, Bireau of Mines, Denver, Culo.

plaints, but if large-scale nuclear devices are used
for mining purposes, comphints from under
ground hlasting operations will hecome a major
probiem, This problem is currently being in-
vestigated by the Atomie Energy Commission
{AEC).

Some complaints registered are legitimate
claims of damage from vibrations generated by
blasting. Mowever, other complaints are not
valid, and the reported damage hins resulted from
natural setding of building, poar construction, et
ceterst, In general, compluints have been suf-
ficiently numerous to constitute a major problem
for operators engaged in blasting and emphasize
the need for technological data to evaluate vibra-
tion problems associated with blasting, Both the

1



2 BLASTING YIDBRATIONS AND THEIR EFFECTS ON STRUCTURLS

operators and the general public need adequate
safeguards based upon factual dawx ta protect
their specific interests, Industry needs a veliable
basis ont which to plan and conduct Dlasting
operations to minimize or nabolish legitimate
damage claims and  climinate the nuisance
variety ol complaint, The public would benefit by
the absence of conditions which would create
damage, The problem has been of major concern
to Federal, State, and local governments, indus-
tries engaged in Dblasting, explosive manufuc-
turers, insurance companies, and scientists,

During the post World War II periad, the
growth in population, wrbanizuion, new high.
wity programs, and the need [or more con-
struction materials inereaser! the problem of
compliints from hlasting. In addition, the need
for quarries anul construction near urban centers
and the simultanceus urban sprawl acted 1o bring
operators engaged in blasting and the public into
a closer physical contact. In many cases, housing
and public buildings were actuaily built on
property adjoining quarries. Naturally, the num-
ber of complaints increased drastically. During
the same time period, rapid advancements and
impravements were made in upplicable instru-
mentstion, primarily seismic gages, amplifiers,
and recording equipment, There was also ex-
tensive research in closely related fields, The
Defense Department amd other groups studied
danuge to structuves from explasive and ather
impulse-type loading. The Bureau of Mines and
other investigators stidied both empirically and
theoretically, the generation and propagation of
sejsmic waves in rack and other media,

In 1958 the Bureau of Mines decided w0 rein-
vestigale blasting vibration phenomena beeause
of the pressing need for additional blasting vibra-
tion information, the availability of improved
seismic instrumentation, and the availability of
applicable seismic information from investigators
in other disciplines, ‘To assure that (he research
eifort was directed toward the solution al the
most urgent prablems, industry support was
solicited and obtained to establish a cooperative
research program,

1.2 INDUSTRY MEETING

In 1959 representatives of the cooperating
groups, quarry aperators, scientists from industry
and educational institutions, and members of
the Bureau of Mines technical staff engaged in
blasting research attended a conference, held ac
the Burenn of Mines facility at College Park,
Marylend, As a result, a comprehensive research

program on blasting vibrations and their effects
on structures was developed and initizted by the
Bureau, The major objectives of this program
were

1. To establish relinble damage eriteria, i,
the relationship between the magniwde of the
ground vibrations and the damage produced in a
structure and

2. To estahlish a propagation kv for ground-
borne surface vibrations that could .+ red to
predice the relationship between the  Lagnimde
of the ground vibration and the size of the ex-
plosive charge, the effect of ° st-to-measurement
peint distance, and the oti: r variables which
have a major effect on the magnitude or char-
acter of the ground vibrations, ‘The other vari-
ables might include explosive type, method of
initiation, peolopy, and directional effects.

Additional objectives were to evaluate the
vibration measuring equipment currently used
and to develop specifications for new instru-
mentation, il warranted. The degree of signifi-
eance of air blast in causing damage to structures
wis also to be established,

1.3 HISTORY

Many investigntions had been conducted hath
in the U.S, and other conntries on the elfects of
air and grownd vibrations from blasting on
residential and other type structures. One of the
first such studies reparted in this country was
made in 1027 by Rockwell (8).4 From blast-ciTect
studies instrumented with displicement seismo-
graphs and falling-pin gauges, Rockwell con-
cluded  that quarry blasting, as  normally
contucted, woull noi produce damage to resi-
dential structures if they were more than 200 o
300 feer distant lvom the quarry, He alse pointed
aut the need for “securing accurate quantitative
measurements ol the vibrations produced by
blasting™,

The Bureaw of Mines conducted an extensive
investigation of the problem of seismic effects of
quarry blasting during the period 1930 to 1940,
This study represented the first major effort 10
establish dawage eriweria for residendnl strue-
tures andd to develop a generalized propagation
law for pround vibrations (f1). The recom-
mended criterin of damage were based upon the
resultant acceleration experienced by the struc-
tures. Consideration of all data indicated an ac-
celeration of LU g was the hest index of damage,
Accelerations ranging hetween .1 g and 10 g

$Tialle nombers In parcoilieses refer to references at the end
of cach chapier,
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resnlied in stight damge, Accelerations of less
than 0.1 g resulied in no damage. A propagi-
tion fvw rvelating displacentent amplitude, charge
weight, and disrance was developed empiricaily
fram data from wany quarry blasis, hut jts use
was recommended only within specified distances
and charge weights,

In 1943 the Burcau published the results of a
study on cheeifect of air blase waves on structures
(12). The results indicated that windows were
always the fivst portion of a structure to he
damaged. An overpressure of 0.7 psi or less would
result in no window damige, while overpressures
of L6 psi or more would definitely produce diom-
age, The main conclusion of this study was that
damage From atr blast was not a major problem
in normal quarry operatians,

Damage criterin Tor structures subjected io
vihration were advanced by Crandel) in Y49 {1
andd were based! upon measured vibition levels in
the ground near the structure, A considertion of
the energy transmitted through the ground re-
sulted in his use of the quinity identified as En-
ergy Ratio (ER.) and delned as the radio of the
squarg of the acceleration in feet per second
squared and the square of the Irequency in cyecles
per second, His tests showed that when the
Enctgy Ratio in the ground was less than 5,0,
8.0 to 6.0, and greater than G.0, neaby structures
were in damage zones considered safe, caution,
and danger, respectively. Crandell poimted onut
thau displacement and {requency could also be
nsed to determine the Energy Ratio.

In 1950 Sutherland reported (9) the results
of i study of vibrntions produced in stroctures
by passing velicles. No harmful eflects on the
structives were associated with vibrations [rom
the nearhy movement of heavy vehicles, It was
shiown that peaple perceived vibrations at much
lower levels than would cause any damage to
structures aned that vibrations causing extreme
discomfort to a person woukld barely cause plaster
damage in a structure, Two additiona] published
papers (3, ) discussed the velationship of seis-
inic ampditede and explosive charge size, Both
established & propagation law for & specific site
with liule application elsewhere, In 1956 Jenkins
(f) discussing the datn of Reiher and Meister
{7) on human rcsllmnse to vibratory motion amd
the response to hlasting vibrations, stated that
the public should be made aware of the fact that
the average person can feel vibrations [rom one-
hundredth 1o one-thousandth of the magnitude
necessary to damage structures,

Several states and organizations adepted dam-
age criteria cduring the peried 1949 to 1960, For

example, New Jersey and Massachusetts specified
an Energy Ratio of L0 as the allowithle limit far
hlasting operadons, Pennsylvania adopted o dis-
placement amplitude of 0.08 inch as a safe
hlasting limit, Blasting operations conducted by
or for the U.S, Corps of Enginecrs and the New
York State Power Authority specify a damage
criterion hased on an Encrgy Ratio of 1.0,

In 1957 Teichmann and Westwater (/0)
presented a el hut inforinative stue-ol-thesant
sunumary on the subject of blasting vibrations,
inclucling ground movement, gir hlast, human
susceptibility, legal aspects, atid other Lopics,

In 1058, as the result of an extensive series of
tests to study vibrations from blasting, Langefors,
Kihlstrisen, and Westerberg proposed  damage
criteria based on particle velocity in the ground
near a structure (). A particle velocity of 2.8
infsec was cited as a dimage threshold above
which damage might begin to occur. In 19G0
Edwards and Neorthwood presented the results of
their stucly in which six sirnciures were subjected
to damage from vibrations due to blasting (2).
TFrom the evaluation of data ebtiined from an
assortment  of insirumentation, including ac-
celeration, pirticle velocity, and displacement
measurenients, they concluded that  particle
velocity was the most reliable quantity on which
to base damage criteria, and they proposed a safe
limit of 2 infsec particle velocity,

1.4 GENERAL APPROACH TO THE
PROBLEM

The available ¢lata as discussed in section 1.3
anul the general state of the art of the blasting
vibration wchnology represented the starting
point for the Bureitu stuely, The first objective of
the program was the development of reliable
dinmage criteria, Since the acquisition of suflicient
and reliable vibrion damage data would he a
long and costly process and since a consiclerable
cffore had been expended on this subject by the
Burean and other investigators, it was believed
that the most profitable approach would be w
conduct a comprehensive stwely to evaluate the
published experimental data pertaining to dam-
age. This study would determine il published
daea reliting vibration amplitudes and frequen-
cies to damage could be pooled to establish one
set of reliable danage criteria, I the data could
not he poaled, results would indicate the direc-
tion of further investigation o establish relinhle
damage criteria, Additional data involving dam-
age from blasting vibrations would he obtained if
passible, The determination of which guantity
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(displacement, particle velocity, or acceleration)
was most closely associated with damage to struc-
tures would provide optimum selection of gages
aud instrumentation,

The use of three-component seisniograpls or
gage stations enabling the recording of motion
in three mutually perpendicular divections was
considered a necessity, beeause seisinic quantities,
such as displacement, particle velocity, and ac
celeration are vector gquantities, Exammination of
published vibration data from blasting revealed
the serfous limitation in the data that results
when only one or two three-companent stations
were employed to record seismic datz rom any
one shot, It was decided to use six to eight three-
component gage stations as an amay to record
data from each quarry biast to overcome this
limitatjon,

In the determination of a propagation law
that would be wseful at any site ad to avoid
considering the nearly infinite variety of struc
tures, damage criteria were based on the vibra
tion levels observed in the ground near the
structure rather than on exposed rock or in strue
tures, A comprehensive program to evaluate
existing instrumentation was planned  which
included shaking table tests ta study linearity,
useful amplitade ancd frequency range, and #
sensitivity calibration as a [unction of frequency
and amplitude,

Most published data indicated thar damage
from air blast was insignificant in rontine blasi-
ing operations, Evaluation of air blast effects was
to be initiated alter the major [actors con-
tributing to ground vibrations had been swadied,
rather than divide the recorcding capabilities to
study the two phenomena simultancously,

This report reviews and summarizes the
Bureau program to restudy the prablent of vibra-
tions from quarry blasting. Data from 171 blasts
at 26 cifferent sites are presented, Published data
from many other investigators have heen con-
sidered In the analysis, The resules include an
evaluation of instrumentation, recommended in-
strumentation specifications, and gage plrcement
procedures.

Recommendations for safe levels of vibratdon
permissible in structures, safe levels of airblast
overpressure, and human response and the re-
sulting prablems are discussed in Chapter 8, The
generation and propagation ol air biast and
ground vibrations and the varinbles which grossly
affect them are discussed in Chapters 4 and 5 and
a general propagation law derived, Chapter 6 js
devoted to the prablem of estimating sale vibra-
tion levels,
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CHAPTER 2.—INSTRUMENTATION

2 1—-INTRODUCTION

The Bureau of Mines program of research in
the field ol vibrations from quarry Masting in-
cluded abjectives to evaluate awrrently  used
vibration-measuting equipment and to develop
instrumentation for use i the researeh program,
The instrumentation then widely used Lo moni.
tor blast vibrations was of the portable scismo-
graph type with three adjustable feet, These
instruments were designed to measure displace.
ment ar acceleration and to record the compo-
aents of motion along with timing lines on a
moving strip of light sensitive paper. The wripad.
like feer permiuted easy leveling of the machines,
Howevet, some instability of the machines was
noted, and a theoreiical shudy of the stability of
three-point mounted poriable seismographs was
made by Duvall (7). Calibration studivs of three
portable displacement seismographs and o port-
able acceleration seismograph were made (4, 8).

The instrumentation developed by the Burean
of Mines for measuring Vlasting vibrations was
housed in it mobile van-ype laboratory and con-
sistedd of particle velocity gages, mnplifiers, and &
direct wring oscillograph  ta record  either
particle velocity or displacement by integrating
the particle velacity, Because airhorne vibrations
were recognired s a omajor factor in the com.
plaints presented to agencies involved in blast-
ing, gages to measure the airborne vibrations
were included in the instromentation, Mounting

ol particle velocity gages was subjected to eritical
examination, and a standard  technique  for
coupling the gages to soil was devised (6) .

The dynmmic response of a seismic transducer
is presented to provide the mathematical hasis
for o briel description of the three types of seis-
mapraphs, The stability of three-paint mounted
seismographs and calibration siaelies of two types
of portable seismographs are inchuded ta
complete the olijective of evaluating vibration
mesuring  equipment.  The  instrumentation
developed for use in the rescarch program and
the technique for coupling gages to the soil are
Lriefly described.

2.2—THE DYNAMIC RESPONSE OF A
SEISMIC TRANSDUCER

The typical portable seismograph consists of o
seismic tansducer, a 1imer, and i recording sys-
tem. The recording system may be a peake-reading
volt meter, & phatographic paper recorder, or 2
direct-writing paper recoerder, The timer is an
accurate frequency generiator which puts timing
lines on the paper record. The scismic transducer
is a device far converting ground motion to a
varying valtage or to a similar motion of a spot
of light which is recorded on & moving strip of
light sensitive paper. Seismic transducers can he
designed to respond linearly to either particle
displacement, velocity, or acceleraion,

A seismic transducer can be modeled by a
mass-spring-cashpot system as shown in figure
2.1. The differential equation for such a system
uncler forced vibration conditions js

dx dx
Myt rgpt o= Feoswt (1)

where L = time
x = instantanvous amplitde of  indi-
cated displacement

{r)

—_
o
I
¥
»

Mass {m)

Feoswt
Figure 2,L.—Mass-spring-dashpot model of a
seistnic transduocer,
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m = inertial mass

r = damping factor

s = restoring {orce ar spring constant

F = driving force acting on the system

a = Sl = angular frequency

[ = frequency.

A solution to - cquation 21 is

X F cos {wt ~ ¢) @2)

2[‘_3:2'_'_ (.‘i - mm‘.‘):t] va

where the phase angle 4 {s given by

Tir
=tan—! 2.3
T (28)
The resonant frequency of the undamped system

{r=0) s

wy =2l = /5. (2.4
The critice!l damping factor r, is given by
Te= 2T (2.5)

From equations 24 and 2.5, equations 2,2 and
2.9 become
F cos (ut—d)

Xx= A
it () 2 (22) S (S - 1)) 26)
and
2y (L
-I-“—"tan—l.__"'w Ly . (2'7)
- (ﬂ'.. ye

iy
For a sinusoldal driving force the peak ac-
celeration, a, is related to the peak velocity, v,
and the peak displacement, u, by

i =av=u11 (2.8)
and the force required 1o drive the system s
T=ma, (2.9

Seismic ransducers can be designed to measure
the particle displacement, velocity, or accelera-
tion of the driving force, Therefare, three basic
transducer types are of interest.

2.2 1—Displacement Transducer

For a displacement transducer the driving
lovce Is represented by the peak displacement, w,
and the wace deflection, A, on the record is pro-
portional to the indicated displacement, x. Thus,

A=kx (2.10)
where k, is the proportionality constant. From
equations 2.6, 2.8, and 2.9, equation 2,10 hecomes

. k,ut cos (ml-—"rll) (@11
q (g2 ey (B ek
[ 2t G-y
From equation 2,11, it is evident that as the
driving frequency decreases from w, to 0, that the

Au‘:

trace anplitude decreases toward zero and that
for driving frequencies large compared to w
that the race amplitude is proportonal to the
driving displacement itnd the constant k, becomes
the magniflication constant for the transducer,
Thus, an ideal displacement transducer shoulid!
have it low resenant frequency which reguires &
low restoring force or spring constant and a large
mass, and the uselul operating frequency range
is above the resonant frequency of the sysiem.
Typical theoretical vesponse curves for a dis-
placement transcucer are shawn in figure 2.2,
2.2 2—Velocity Transducer

For a velocity transducer the driving loree is
represenied by the peak velocity, v, and the trace
deflection is praportional to the rate of change
of the indicated displacement, Thus,

;\,:k,:}_:. (2.12)
where k, is the proportionality constant. From
equations 2.6, 2.8, and 2.9, equation 2,13 becomes
kevsin (m[”:d’) .(@13)
(G 4+ (5 - g

Te w w?

Equation 2.13 shows that ns the driving [re-
quency decreases from w, to 0, the trace deflection
decreases toward zero, and a3 the driving
frequency becomes large compared to  the
resonant frequency, the trace amplitude becomes
proportional to the driving velocity and the pro-
portionality constant k, becomes the magni-
fication constant for the transducer. Thus, the
thearetical response curves for a velocity trans-
ducer are identical in shape to those for a dis-
Placement transducer as piven in figure 2.2,

A= —

T T U T T
104 -
o ~
5
4
]
il __‘
w
&
5
&
C 4 -
e
rl= . -
heot
[
-3 1 1
o ] 0 4 )

FLI

Figure 2,2 ~Theoretical response curves for a
typical displacement or veloeity transducer,
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Therefare, an ideal velocity tansducer should
have a low resonant frequency, which implies a
low spring constant and @ large miss, and the
useful operating frequency range Hes above the

The magnification of the transducer is (k,m) /s,
Typleal theoretical response curves far an ac-
celeration transducer are shown in figure 2.8,

, Thus, an ideal acceleration transducer should
P resonant frequency of the system. have a high resonant frequency which implies a
; 2.9 4 _Acceleration Transducer large spring canstant and a small mass, and the
P For an acceleration transducer. the drivin useful operating [frequency range is below the
P . : ' WWIRE  resanant frequency of the system,
i force is represented by the peak uceeleration, &,

i 'y ection i ortion: ,

g the e dflcion | progioml 10 U8 3;5_prsGRIPTIONS OF TYPICAL

i - ) ! SEISMOGRAPHS

A=k (2.1

SR, L ek e T R

L e

where k, is the proportionality constant. From
equations 24, 25, 2.8, and 29, equation 2,14
becomes

ki Zeos (wt—2)

- 2 - . (215)
FTAIY ¥ LTI BT [
[+ A~ 05)]
Equation 2,15 shows that as o increases above w,
the trace dellection decrenses 1o zero and as o
decreases from o, to 0, the trace dellection be-
comes proportional to the driving acceleration,

A=

The typical portable displacement seismo-
graph consists of a rigid case, with a threepaint
mount and leveling screws, which houses a
timing mechanism, a recording mechanism, and
three inertial pendulums having axes that are
mutually perpendicular and oriented so that the
motion of one is vertical and the other two are
herizontal, Motions with respect to the inertial
masses of the pendulums are indicated by the
dellection of light beams on a strip ol photo-
graphic paper, The beams of light are deflected
by mivrors auached w the arms of the pen-



B BLASTING VIBRATIONS AND THEIR EFFECTS ON STRUCTURES

dulums. The displacement of the case is magni-
fieel optieally and mechanieally so that the
defiection of the light heam on the sirip chart is
25 to 150 times greper than the case motion. The
response of the displacement seismopraph is de-
scribed by equation 2,11, The resonant frequency
is low (1= cps), and the trace dellection is
proportional to the displacement. The dynamic
range of the instrument is define? as the ratio of
the largest usable dellection of the trace to the
smallest that can be meaningfully measured. The
dynamic range is limited by the slipping or
tilting of the instrument and the width of the
wrace on the strip chart, Because the mapnifica-
tion of these instruments is fixed, the dynamic
range is limited to abour 20, Thus, 1 seismograph
with a minimum trace deflection of (.) inch and
a magnificaion of 150 wonkl be capable of
measuring displacements ranging from 0.000667
inch to 0,0133 inch at frequencies mnging from
i to 40 cps,

The sypical portable velocity seismograph sys-
tem consists of two units, Three orthogonal gages
are contained in a case. Electronic amplificrs,
batteries, a light source, a timing device, galva.
nometers, arcd a reconding camern are contained
in a separate case, The case contining the gages
is designed to match the soil density so it can he
coupled firmly to the seil (6). Thus, it does not
have the same limitation of dynamie range as do
the three points or wipod-mounted displacement
seismographs, The three pages measure the verti-
cal and harizontal components of  pardcle
velacity, Lach gage can be represented by o masss
spring-tlashipot system  whose response is  de-
scribed by equation 2,13, The resonant {requency
of the gage is low, typically between 2 and 5 ¢ps.
Thus, the mass of the system is large, and the
spring is soft. Because the magnification of the
scismograph is variable and is dependent upon
the electronic civeuits, the dynamic range of the
seismograph is large, Through the use of stable
electronic cirenits, the particle velocity output of
the gages can be recerded directly or integrated
to record displacement or differentiated to record
acceleration. 'Ihe camera records the light traces
from the galvanometers on o moving strip of
light sensitive paper along with timing marks
generated by the timing device, These seismo-
graphs have a nearlinear [requency response
from about 2 10 250 ¢ps,

The typical portable acceleration scismograph
nses three external gages that can be paositioned
to measure the verical and horizontal com-
ponents  of acceleration, LEach pgage can be

modeled by a massspring-dashpot system, and
its output is proportional to the gage displace-
ment as shown by equation 2,15, The resonant
frequency of the gage is high, usually 10 to 100
times the mensured Irequency, Thus, the mass
is small, and the spring constant is lirge,

There are two general types of indicating and
recorcing  systems, Suitable electronic circuits
may be employed to either cause a meter to de-
fiect and indleate the peak vector output of the
gages relative to standard gravity, or a light
source and a galvanometer may be used to expose
a maeving strip of light sensitive paper, The latter
system preserves the wave form, witile the former
indicates only the peak acceleration, Because the
gages are not physically located in the case of the
instrument, they ean be attached to a type of
mount that is not subject to the same Himitations
of aceeleration as the three-point-tnount displace.
ment seismographs, As the magnification of this
kind of seismograph is variable, the dynamic
range is broad and is limited by the linear re-
sportse of the electronics and indicating circuits,
cables, and components, These seismographs
have a useful opernting (requency range from
about 2 to 250 ¢ps.

24—SEISMOGRAPH STABILITY

A scismograph which sits on the ground or
the floor of a building can give filse records if
the instrument slips or tilts, The vibration level
at which instabjlity oceurs is determined by the
[riction hetween the feet and the surface, the
spacing of the feet, and the distribution of mass
above them,

The rigid body motions ol portable seismo-
graphs were theoretically investigated by Duvall
€1y . The rigid body mations of a portable seis.
mograph are completely deseribed when the
translational and rotational mations are speci-
fied. The first condition for dynamic equilibrinm
is that there must be no rotation ol the scismo-
graph abowut a vertical axis, assuming that the
three feet are frictionless, Figure 24 shows a
cartesian coordinale system containing a lamina
with three equal forces, F, acting at points (x,,
Yide (X Yoh ol (Xg, yad ot an angle 8 from the
axis, The center of gravity is at point (x. Y.}-
If there is to he no rotation about a vertical
axis, the sum of the moments ahout the center
of gravity must be zero, Thus: {y, — v} T cos
0 4+ {Ye — Yy Foeos ¢ 4 (Yo — yu) F cos @
+ (X —x)) Fsin 80 4 (x, —xa) F sin g
+ (%, —xy) Fsind =0, (2.16)
I equation 2.16 is to be wue for all values of 4,
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Tigure 24.—Horizontal location of center of
gravity of a lamina,

the sum of the coefficients of cos ¢ and sin § must
be zero.

Therefare,
Rg= X +?‘2+xa
and (2.17)
. 2.1[.
you B

Thus, the conditiont for no rotation about a
vertical axis is that the center of gravity of the
seismogaph must be located at the centroid of
the feet.

If the center of gravity of the seismograph were
located at the centraid and in the plane of the
feet, the same type of solution would held for
rotation about a horizontal axis. However, all
portable seismograplts have a centwr of gravity
that is located some distance above the plane of
the feet, This configuration is shown in figure
2.5,

The feet of the scismograph are located at
points A, B, and G, Point 0 is the centroid of the
triangle ABC, Because tilling will normally occur
by the raising of one of the feet, the rotation axis
will lie along the lines between two af the {eet.
For convenience, line AB has been selected for a
rotation axis. The center of gravity of the seismo-
graph is located above the plane of the feet at
point G,

A motion of the surlace in a direction normal
to the line AB will eause i force to be gencerated
to accelerate the mass. This force will be dis-
tributed among he feet so that each foot will

Figure 2.5.~Vertical location of center of gravity
ol a Scismograph.

contribute one-third of the total horizental ac-
celerating force ma,, where m is the mass of the
instrument and ay, is the horizental acceleration,
The incrtial force resisting the driving force is
then equal to it and opposite in direction, A
secand force mg due to gravity acting on the mass
is directed downward.

The condition of no rotation about the axis
AB is that the moment of the force ma, be less
than the moment of the force mg. Thus,

BG ma, cos p=DE mgsin
or (2.18}
W, S gtan Q.

"The sliding of a seismograph is resisted by the
[riction between the fecet and the surface, This
Irictional force is dependent upon the cocificient
ol friction, g, and the mass of the machine, m.
The condition of no slippage is that the inertial
foree must not exceed the frictional force, Thus,

muy, = omg. (2,19

Beeause the cocfficient of friction is usually less
than unity, slipping may occur at less than I g
When the seismograph is subjected 1o vibratory
mation, the vertjcal force, Ty, may be thought ol
as oscillating abont some steady value,

F,=mg-+ma, sin et
where a, is the vertical acceleration.
Therefore, the minimum vertical force is

F; min=m{g—a,). (2.20
Thus, from equations 2,19 and 2,20, the maxi-
mum horizontal acceleration before slipping oc-
curs is

Ay MAX S p (—ar). (2.21)
Equation 2,21 shows that horizontal accelerations
of | g cannot be measured with a seismograph
simply resting on a surface when it js subjected
to vibratory motion. Il the seismograph is spring
forded to the ground with an additional vertical
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fovce, accelerations preater than 1 g can he
measured (7).

25—SEISMOGRAPH CALIBRATION

Three partable displacement seismographs and
one acceleration  measwring  seismmopraph were
calibrated in accordance with the ebjectives of
the research program. The Jour seismographs
that were tested were the Seismolog? Sprengne-
ther, Leet, and Blasicorder instrumentss (4, 8)
The calibrations were performed by subjecting
each component of measarement of each in-
strument 1o a sinusoidal motion on a shaking
table,

Tests of the displacement seismographs were
performed with two conditions o] coupling:

1, The iastrienents were vibrated while simply
sitting on emery cloth cemented to & driven
plate.

2. The insruments were vibrated while bolted
by the leet to the driven plate,

Each component of motion was studied sepa-
rately, The frequency and amplitude of mation
were independently varied ta test the frequency
response and the linearity of each instrument far
botly coupling conditions, The usable frequency
range for the seismographs tested was found to
lie between § and 40 c¢ps, None of the instru-
ments exhibited a linear response above 04 g
for the unbalted coupling condition,

Magnilications for the displacement seismo-
graphs are summarized in tabie 2,1 which shows

Table 21~Average magnificition of displacement

achimngraph
Dynamie Static
Seismoegraph magnifieation ' magnification ?
Beismolag ... e B4 210 50
Sprengnether B0+ 10 i

axnl iy

b Average dor all components meanired.
3 Manuflacturer's value,

€eL i

the average dynamic magnification measured for
sl companents for euch achine, as well as the
static magnifieation lsted by each manulacturer,
Throughout the operating frequency range the
mignifieiion of the iustruments tended o in-
crease with frequency, Within the limits of
relinbility of the measurements, the dynanic
magnification of the Seismolog showed good
agreement with the static magnification for all
companents and both coupling canditions, The

' Referrnce 10 aperific mluilanv or hrand names v e 1o
faciline wnderstupding and does nnt imply endarsemcnt by the
Hureau of Mines,

dynamic magnification of the Sprengnether and
Leet instruments tended to depart from the
static magnification values,

All three displacement seismographs displayed
an ohjectionable (20 percent) amount of cross
talk (that is, measured motion in the nondriven
tlirections after suliraction of the table motion
in the nondriven directions), This crosstalk in-
creased with frequency in the saime manner as
dynamie magnification increased with frequency.

The centers of mass of the three displacement
seismographs tested were found 1o be consider-
aly removed from the centraids of the wiangles
formed by the feet of the three point mounts.
This resulted in instability of the machines at
low vihration levels and scverely lintited the
dynamic range of the recordings,

The Blastcorder made use of external pgages
which were calibrated separately. Double-back
tape was usedd to affix each gage o the shaking
tahle. The results of the calibration showed that
the usable frequency range was 12 to 30 eps. In
this range, the average accuracy of measnrement
was == 0.1 g The internal calibration gave con-
sistent results with a standard deviation of 1
percent, The three gages exhibited different
sensitivity and varied as much as 9 percent,
Becanse the ouput of the Blastcorder indicaed
the outpur directly in terms of standard gravity,
no derermination of magnificarion was made,

The calibration studies of portable seisimo-
praphs disclosed inherent dynamic instability of
the machines as the vibration levels approached
(4 g To provide guidelines lor the improve-
ment of the stahility of portable seismographs
and o update the machines, design requirements
for a portable seismograph to measure particle
velocity were presenied by Duvall (2}, At least
two manwlacturers have remodeled their dis
placement seismographs, amd at least one manu-
factirer has built and warketed a portable
sefsmograph ro measure particle velocity,

26—INSTRUMENTATION USED BY THE
BUREAU OF MINES

The instrumemation requirements for the
Bureaun program were determined by a study of
the variables invelved in the mensurement of
blast-induced vibration in the ground, in the air,
and in structwres, A preliminary suuly of vibra-
tion canmge to structnres showed that the de-
gree of damage 10 a structure was more closely
related to particle velocity than to the displace-
ment or aceeleration of the ground vibration that
eaused the damage (3). Also as particle velocity
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could be recorded directly or converted (o either
displacenient or accelerution by u single integra-
tion or differentiation, particle velocity was
selected as the muantity (o measure i the
ground,

The measurement of air-ast waves hy the
Bureau of Mines was initiadly done with micro-
phone-type devices {5, 11), During World War
I, these studies were wken over by the armeel
forces, and their results showed that dynamic
pressure was the best quantity to measuve in the
air and to correlate with damage 0 strue
tures {9y,

Using these goidelines, instrumentation was
developed for use with a mobile laboratory
housed in & 284-ton vaebody wruck. To provide
sufficient instrumentation for te sudy of proga-
gation of seismic waves il their loss of ampli-
tudde with distanee, a S6-channel direcewriting
oscillograph, 24 lincardnicgrating amplifiers, and
12 carrier-type amplifiers, along with velocity
pages and accelerometers, were provided, The
carrier-type amplifiers were repliced later with
linearintegrating amplifiers, Power to operate
the equipment was provided by o gasoling-driven
AC power plant housed in a trailer,

Six pressure gages with mounting mechanisms,
wripods, and preamplificrs were provided for the
mensurement of air waves resulting from the
Llasts, The pressure gages were calibrated at the
Naval Ordnance Labmatory, White Oak, Md,
An auxilinry [2-channel divect-writing oscillo-
graph was usedd to augment the recording capa-
hility and to allow portable operation when used
in conjunctien with a small auxiliary power
plant, Two-conductor shiclded cables on reels
were provided with waterprool connectors 1o con-
nect the gages to the amplifiers through an input
panel located in the side of the van-hody,

The 30-channel divect-writing oscillograph con-
tiined fuid damped galvanometers that directed
light heams on a 12:nch wide light sensirive re-
cording paper which was driven at the rvate of
1714 inches per second, Ten-millisecond timing
lines were produced on the paper by a light
heam passing through a slotted rotating cylinder.
Because the accuriey of these timing lines was de-
pendent upon the frequency of the portable
pawer plant, a secondary means of tme control
was maintained by recording the output of &
100-cps tuning fork contralled oscillator, This
provided a timing accuracy of ahout 1 percent.
The fluid damped galvanometers had a resonant
frequency of 3,500 eps and maintained a flat

Ireqquencey response (within & 5 percent) from 0
to 2,100 cps,

The linear-integrating amplifiers were selected
for ruggedness and sinplicity of operation. Veloc
ity ouiput from the gages could be recorded
directly or integrated 1o furnish displacement
datp, Acceleration could be recorded dirvectly or
integrated 10 provide veloeity datr. The fre-
quency response of the mmplifiers was fliet (within
% 5 pereent) from 5 to 5,000 ¢ps as shown in
figare 2.6, Step attenuators on euch amplifier
provided conwrol of the output signal level, Cali-
hiration of the amplifiers for exch recorded hlast
was performed by using a variable frequency
ascillator and a microvolter to provide a known
inpur signal which was then recorded by the
syseem with the controls set for the blast re.
carcling,

The velocity gages were adjustable to operate
in either vertical or horizontal positions, The
resonant frequency of the gages was 4.75 eps, ancl
they were damped at 65 per cent eritical. The
requency response of the gages is shown in
figure 2,7, The gages were periodically calibrated
on i shaking table to maintain them within 2
percent of the manufacturer's specifications, De-
lective gages were returned to the manufacturer
for repalr,

The prohbiem of coupling the gages to the soil
for making measurements at or near the soil
sarface was studied. Several different coupling
methods were compared  (6). The following
criterin were established for a satisfactory gage
motnt:

I, There shonld be no evidence of “ringing”
ar resonance in the ouiput of a velocity gage
from the vibration produced by a sharp hammer
blow to the surface of the soil at a distance of
10 feet,

2, The velocity record shoull resemble the
velocity wavelet shapes that are predicted by
Ricker's theory (40).

3. Good reproducibility shouid be abtained
from repeatec hammer hlow tests,

4. Good repraducibility should be obiained
fram repeated meunting of the gage.

Four types of gage mounts were tested:

1. A single gage was attached to @ steel plate
welded to a sieel pin which could be driven into
the bottom or the sides of a square hole in the
soil, One moint was required for each com-
ponent of the vibration,

2, Three gages were attached to the sides of a
enbe of metal welded to a steel pin driven into
the soil.
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Figure 2.6,~Frequency response curve of linear
amplificr.

3. Three gages at right angles were attached 1o
an angle bracket wekded to a steel pin driven
into the soil,

4, Three guges were attached to the inside of
an aluminum box at right angles o one an-
other, The box was buried in the soil, The hox
mount was designed to approximatety match the
soil density,

A designed test randomized the varinbles that
could not he controlled, The test results showed
that the mounts carrying three gages on a cube
or an angle bracker resonated or “rang” with
cach hammer blow. The single gage mounts and
the box mounts produced identical wave forms
it satisfied the four gage criteria fov a satis-
factory gage mount, However, because it is not
possible to drive pins fivmly into all types of soil,
the hox mount was selected for use in the re
search program,

The gage system used by the Dureaw and other
investigators consists of three mutually perpen-
diculiv gages represeiting two horizantal and
one vertical component which are commonly ve.
ferredl to as radial, vertical, antd transvense,
Radial signifies o horizontal gage, oriented radial
to the source if the source is projected vertically
ta the hovizontal plane of the gage

200 T T 7

&

&

£

=

-

]

a -

E 100 .
.- 8O- ]
=

=

E eoL- -
[

F-4

(")

vt

40 ) [ 1
1 o 100 008 10,000
FREQUENCY,¢ps

Figure 2.7,—Frequency response curve of veloclty
gage.
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CHAPTER 5. —SAFE VIBRATION LEVELS FOR RESIDENTIAL STRUCTURES

3.1—=INTRODUCTION

One of the primary objectives of this research
program was to estallish relinble damage criterin
for structures subjected to blasting vibrations,
Of the literature reviewed, only five papers can-
tined specific data on the amiplitude and fre-
quency of vibrations associated with damage
evaluation of structures (3, 7, 13-14). The
data from these investigations have been compre-
hensively studied to provide o set of damage
criterin and ro establish a safe vibration level for
residentinl structures, The analysis shows that
particle velocity is more directly related to strue-
tural damage than displacement or acceleration,
The effect of air Llast waves and their effects on
structures does not generally create 1 damage
problem in normal blasting operations, The mag-
nitudes of safe and damaging overpressures for
strugtures are discussed and methods of reducing
overpressures are considered in this chapter, This
chapter also discusses Ute human respanse to
blasting operations, its psychologleal aspects, and

its relation 1o vibration levels,

3.2-—8TATISTICAL STUDY OF PUBLISHED
DATA ON GROUND VIBRATIONS AND
DAMAGE

A statistical stucly has been made of the data
presented by Thoeenen and Windes (13}, Lange-
fors, Kihlstridm and Westerberg (7), and Ld-
wards and Northwood (7). These three papers
provide sufficient amplitude and frequency data
[rom blasting vibrations and an assessment of
damuge to structures for detailed analysis, In
addition, the instrumentation in these theee
investigations was adequate to record the ampli-
twiles and frequencies ohserved, Test conditions,
while not ideal, were ndequate, and the proce-
dures used were goad,

3.2, l—Investigations by the Bureau of Mines

From 1980 to 1942, the Bureau of Mines con-
ducted an extensive research program to study
the seismic effects of quarry blasting, The first 5
years were spent in developing instrumentation
and techniques needed Tor ficld measurements,
Field tests were conducted from 1935 to 1940,

Assembly and analysis of data was completed,
and a summary bulietin published in 1042 (13),
Vibration amplitudes were mensured  with
variable capacitance displacement seismometers.
Harjzontal and vertical seismometers were used
so that motion in three arthogonal directions
could be measured at each station, The cutputs
of up to 12 seismometers were recorded simul-
taneously on a 12-channel oscillograph.

Vibration amplitudes were recorded from
many guarry blasts, A major difficulty was en-
countered in locating buildings suitable in all
respects for determining blast-incduced damage.
Structures available for damage tests generally
fell into two eategories: 1. those in such a sale
of disrepair as o be useless for testing, 2. thase
acjacent to other buildings which precluded
testing, These same conditions prevailed in the
Bureatt's current test series.

On Durean-operated property, one house was
available for testing, Blasts were set aoff in a
mine adit some 75 feet beneath the structure
with instrumentation near and in the structure,
Successively larger shors (from 10 to 195 pounds)
were fired until damage (cracking of plaster)
was observed. A review of previous recordings
made in houses during quarry hlazting which re-
sulted in no damage indicated that displacements
at damage were 5 to 20 times those experienced
in normal blasting operations with explosive
charges ranging from 1 to 17,000 pounds.

Because these tests indicated that damape oc-
curred at greater displacements than those oc
curring from ordinary quarry blasts, a renewed
attempt was made to abtain structures ta be
blast-loaded to damage, Again, no suitable struc-
tures were Incated. Therefore, damage was in-
duced by meehanical means, The mechanieal
vibrator was ol the unbalanced rotor type driven
by an electric motor, Both force and [requency
were adjustable with upper limits of 1,000
pounds and 40 cps, respectively. A total of 14

structures near quarries were tested to determine
building response, damage indices, and compara-
tive cffect of quarry blasting, Construction was
Irame, brick, or stone, and the height ranged
from one to three stories, Recordings ol vibra-
tions were made from vibrating the building as a

18
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whole, vibrating individual wall or floor pancls,
and from cuarry shots, As the buildings or build.
ing wmembers were taken to damage, examina-
tions Tor damige were made as well as recordings
of vibrations in and near the huaildings. Apart
from the dat included in the present analysis,
two very interesting feawures were pointed ont by
the results, First, for ordinary residential strue-
tures, the vibrmion level necessary to produce
damage Is much greater than that resulting from
mast quarry Blasts, Second, vibrating structures
at resonnce, in the amplitude and frequency
range of Thoenen and Windes® tests, is no more
destructive than at any ather frequency.

In six of the 14 buildings tested, 160 me-
chanical vibrator tests were made about the dam-
age point as defined by the faflure of plaster,
Amplitudes ranged from 1 to 500 mils and fre-
quencies from 4 to 40 ¢ps. To relate vibration
amplitudes and frequencies to damage, three
classifications of damage were proposed based
upon the degree of failure of plasier, These in-
dices of damage were:

1. Major damage (fall of plster, serious
cracking)

2, Minor damage (fine plaster cracks, opening
af nld eracks)

8. No damage,

In madern dry wall construction similar evidence
wounld prabahly be observed in the spackling at
joints and corners, It should be noted that any
index of damage is gracdational between degrees
af severity of damage. There is no sharp distinc-
tion heeween classifications, It should alse he
noted that many ather factors, incuding aging,
settling, and shrinkage, result in similar [ailure,
The amplitude, {frequency, and damage data are
shown in figure 8.1, The Dureau repart of these
oty (13} recommended an index of damage
biseel upon acceleration. JI accelerations were
less than 0.1 g, no damage was expected; {rom
0.1 to 1.0 g, minor damage; and greater than 1.0
g major dismage, Duvall and Fopelson showed
statistieally (2) thae these data gave contradic-
tory tesults, hecause major damage correlated
with particle velocity, while minor damage cor-
related with acceleration,

1.22—Investigations by Langefors, Kihlstrtim,
and Westerberg

A repore (7} by Langefors, Kihlstrim, and
Westerherg, published in 1958, described exten-
sive studies of the relationship between damage
and ground vibrions from nearhy blasting, The
data were abtalned during a reconsiruciion proj-

ect in Stockhalm which required the wse of
explosives near Buillings, The amplitude of vi-
Lrations attenviated very little with distance from
the blast since hoth the charge location and the
buililings were set in rock. This seemed to dicate
the use of small explosive charges. However,
Llarger blasts were desirable 1o Improve the
cconomy ol the operation. The principle of using
larger blasts vesuling in minar damage which
could be repaired at moderite cost was therefore
adepted. This procedure enabled the investiga-
tors Lo record and analyze a large mnount of data
on danage to buildings from blasting,

A Cambridge vibrograph was used 1o record
vibrations in and near the buildings. This in-
strument is @ massspring displacement seismo-
graph system that records on celluloid strips, The
instrument was weighted or climped to the sup-
porting surface whenever accelerations greater
than 1 g were expected to prevent the base of the
instrument from leaving the surface at high ac-
celerations. Beciuse early tests indicated that the
level of vibrations in horizonta] and vertical di-
rections were of similar magnitude, later tests
involved only vertical mensurements,

Resulis from move than 100 tests were ana-
lyred, Vertical ground displacements ranged from
0.8 to 20 mils; frequencies, from 50 to 500 cps.
The investigatars were aware that the frequencies
observed were generally higher than those re-
ported elseswhere, After studying the instrumenta-
tion anl test conditions, they concluded that the
higher lrequencies were veal and not & conse-
quence of instrumental diificolties,

A damage severity classification based upon
Failure of plaster similar to that used by the
Bureaw of Mines Lut with four degrees of severity
wis proposed, However, they concluded that
particle velocity was the hest erjterion of dam-
age and related paviicle velocity and damage as
follows:

1. 2.8 in/sec, no noticeable dumage

3, 1.8 infsec, fine cracking and fall of plaster

4. 6.3 in/sec, cracking

4, 0.1 in/sec, serious cracking.

Far purposes of comparison these data have
been divided into three classes—major, minar,
and no damage—and are shown in figure 3.2,
Seatistical analyses of these data show that the
degree of damage, both major and miner, cor-
relates with particle velacity.

3.2.9—Investigitions by Edwards and Narthwood

Edwards amd Northwood (f) conducted a
series of controlled blasting tests on six resi-
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Figure 3.2.~Displiacement versus frequency for observed damage, Langefors and athers.

dential structures slated for removal at the St
Lawrence Power Project, The huildings selected
were old but in good condition with [rame aor
brick construction on leavy stone masonry
{foundations. In contrast to the buildings in the
Swedish ests whicly were located on rock, three
of the huildings were on a soft sand-clay mate-

rial, and three were on a well-consolidated glacial
till,

To determine which quantity was mest useful
in indienting damage risk, acceleration, particle
velocity, and displacement were all measured.
The instrumenuition included: unbomded strain
gage-type accelerometers, Willmore-Watt velocity
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Figure $.3.~Displacement versus frequency for observed damage, Edwards and Northwood,

seismometers, and Leet and Sprengnether seismo.
graphs, Precautions were 1ken to insure that
true ground metion was measured. The dis-
placement seismographs were secured to their
bearing surface with chains to insure reliable
operation when accelerations exceeded 1.0 g,
Records from velocity gages and accelerometers
were abtained on photographic or direct-writing
oscillographs, Gages were installed in ot near the
structures, Some difficulty was experienced in
recording particle velocity, hecause the particle
mations often exceeded the limit of the seismom-
eters, Therefore, most of the observations were
displicements or accelerations,

Charges, buried at depths of 15 10 80 feet, were
detonated progressively closer to the buildings
uttil damage occurred, Charge sizes ranged from
47 to 750 pounds. Special precautions insured

that the soil between individual charges and the
strocwire heing tested was undisturbed. Record-
ings from 22 blasts showed displacements ranging
from 10 to 8350  mils and frequencies, from 3 10 30
eps. The data are presenied in figure 8.9,

Fdwards and Northwood classified damage
into three categories:

1. Threshold—opening of old cracks and for
mation of new plastic cracks.

2, Minor—superficial, not affecting the
strength of the structure,

4. Major—resulting in serious weakening of
the structure,
They concluded that damage was more closely
related to particle velocity than to displacement
or acceleration and that damage was likely to
accur with a particle velocity of 4 10 & in/sec. A
safe vibration limit of 2 in/sec was recommended.
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As in section 8.2.2, these data have heen divided
into three classes—major, minor, and no dam-
age—and are shown in figure 3.3,

Statistical analyses of their data showed that
particle velocity correlated with major damage
dati. For minor damage data, the statistical
amalyses were inconclusive,

8.84—Statistical Study of Damage Dain

Figwe 8.4 shows a composite plot of displace-

20 40
FREQUENCY, cps

bined data with recommended sale blasting criterion,

ment amplitude versus [requency data, Three
degrees of damage severity are considered; no
damage, minor damape, and major damage.
Minor damage is clssified as the formation of
new fine cracks cither in plaster or dry wall
joints or the opening of old eracks, Major dam-
age is serious cracking of plaster or dry wall and
fall of material, and it may indicate structural
damage, The data presented individually in the
three previously discussed papers have all been
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converted to displacement and plotted versus
frequency,

Stavistical tests on the individual sews of data
related to major damage indicate thae a slope of
—1 on a displacement-requency plot on log-log
coordinates must be accepted. A slope of —1
correspends to a constint particle velocity, Using
standard  statisticnl analysis techniques, these
data can be pooled, mud a single regression line
used to represent @l the major damage data.
Moreover, it can be shown that the slope of the
regression line must be —1, rather than 0, or
—2, This result indicates that the regression line,
representing all major damage data considered,
corresponds to a constant particle veloeity rather
than constant displacement or acceleration, re-
spectively. The magnitude of this particle veloe-
ity is 7.6 injsec and is shown as a dashed line in
figure 5.4,

Statistical tests of the individual sets of minor
damage data are inconclusive, Only the daty of

Langelors show that a slope of —1, indicating

a constant particle velocity, is acceptable while
rejecting hypothetical slopes of O and —2 repre-
senting constant displicement or acceleration.
However, statistical tests show that the three sets
of data can be pooled and represented by a
single regression line. Statistical tests of the
poaled minor damage data indicate that a
slope of --1, representing a constant particle
veloeity, cannot be rejected and that slopes of
0 and —2 can be rejected. Thus, the pooled
minor damage data correspondd to a constant
particle velocity with a value of 54 infsec as
shown in figure 3.4,

Analysis ol the pooled major and minor dam-
age data show that both sets of data are statis-
tically correlated with constant particle velocity,
Tuis significant that these data were obtained by
different investigators using dilferent instrumen-
tation, procedares, and sources and a wide va-
viety of house swuctures on different types of
foundation material, Therefore, a damage
criterion based on particle velocity should be ap-
plicable to o wide variety of physical conditions,

Other investigators have proposed damage cri-
teria and defined three or more zanes of dam-
age. Because the data did not have homogeneous
variance when pooled, the outer limits of the
damage zones could not be determined statisti-
cally, Therefore, Duvall and Fogelson (2) recom-
mended a safe zone amd 2 damage zone, A
particle velocity of 2 infsec was propoesed as a
reasonable sepirration hetween the safe and dam-
age zones,

3.9—DATA FROM OTHER
INVESTIGATTORS

In HM9 Crandell (2} reporied resulis from a
study of damage to structures, Insufficient dita
were published to permit inclusion of these re-
sults i the analysis of section 3,24, Vibrations
fram hlasting, pile driving, and industrial ma.
chinary were recorded on aceclerographs. Cran.
dell introduced a quantity which he ealled
Energy Ratio, or E. R, which is defined as:

_ad
ER = 2
E R, = 16x1#u? {3.1)

E R, == dg¥y®

where it = peak acceleration, ft/sec?,

u = peak displacement, [,

v = peak velocity, ftfsec,
and [ = [requency associated with peak am-
plitude, cps,
The first two terins he derived from a considera-
tion of kinetic energy, and the relationship be-
tween 3, u, and v if simple harmonic motions are
assumed (see equation 2.8, where 4 s equal to
2¢0) . Although net used by Crandel], the third
equation of 3.1 is presented to illustrate that
Energy Ratio is proportional to particle velocity
squared, e concluded that « value of E, R,
equal to 8.0 was the threshold limit of damage
ta structures, helow 8.0 was a safe zone, hetween
8.0 and 6.0 was a caution zone, and an E, R, of
6,0 or greater was defined as the danger zone, An
E, R, of 8.0 is equivalent to a particle velocity of
3.8 infsee, and G0 is equivalent to 4.7 in/sec.
These zones are in good ngreement with Bureau
resitles,

In 1962 Dverak (3) published results from
stuclies of damage caused by the seismic effects
of Dasting. Explosive churges ranging from 2 to
40 pomndds were detonated at distances of 16 to
100 feat from the buildings, The ground was a
semihardened clay containing lenses of sand,
usually water-bearing, The buildings were one to
two stories of ordinary brick construction.

The shots were instrinnented with mechanical-
opticil displacement seismographs of three types:
Cambridge, Somet, and Geiger, These were
placed in or near the structures. The natural
[requencies of these instrinents were within the
range of the observed [requencies. The Cam-
bridge system with natural frequencies of 8.5
cps for the horizontal and 5.5 eps Tor the vertieal
elirection presented the most serious problem,
The observed (requencies of the selsmic data
were in the range of 1.5 to 15 cps. An additional
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source of trouble, not discussed by Dvarak, may
have been the tendency of these instruments to
leave their supporting surface at aceelerations of
1.0 g or more, Edwards and Northweood () and
Langelors and others (7) recognized this prob-
lem and weighied or clamped their insauments,

Displacements of 6 to 260 mils were measured
at frequencies ranging from L5 to 15 ¢ps. The
four degrees of severity of damage, considered
and correlated with plaster or structural damage,
were

1. No damage,

2, Tireshold—minor plaster eracking,

3, Minor—loosening and [alling of plaster,
minor eracking in masonry, and

1. Major—serious  structural  cracking  and
weakening,

Dvorak correlated damage with particle veloc-
ity; threshold damage accurring at particle veloc-
ities between 0.4 to 1.2 in/sec, minor damage
from 1.2 10 24 infsec, and major damage above
2.4 infsec. He stated that these limits are con-
servative compared to other investigators,

The abserved frequency range is lower than
woull Le expected from the charge sizes and
distances involved, This may have been a result
of the instrumentation problem previously
pointed out, Consequently, hecause of the in-
strumentation problem and the low Irequencies
reported, the results have not been included by
pooling with other data,

In 1967 Wall (I} reported on selsmic-induced
damage to masonry structures at Mercury, Nev,
Two of the abjectives of the study were (o
determine the validity of pariicle velacity as @
damage criterion and the level of velocity at
damage. The buildings were generally of con.
crete block construction and less than 3 years
old, The buildings were inspected for cracking
before and after nuclear detonations at the
Nevada Test Site, Charge sizes ave not listed but
must he assumed to be greater than normally
encountered in other blasting operitions. The
detonations were at distances ranging from 100,
000 to 200,000 feer from the huildings.

The instrumentation consisted of three-com-
ponent moving cail seisimometers, responsive to
particle velocity, and accessory recording equip-
ment {not described), The scismometers were
placed on the ground near the buildings, The
particle velocity used was the vector sum of the
three components,

The buildings were experiencing cracks due to
natural reasens {use, settling, shrinkage, temper-
ature cycling, ere.). Therefore, the damage study

consisted of examining cracks, establishing natu-
ral cracking rates, and correlating any increase in
rates afier a nuclear detonation with observed
particle velacitics, The peak particle velocities ne
selected sites within the complex of 43 buildings
under study were within a [actor of 2, No fre-
quencies were reported, The particle velocities
observed when the rate of cacking was above
normal were in the range of 004 to 0.12 in/sec.
Wall nated that the cracks at these low levels
were no mare severe than these occurring natu-
rally and may represent an acceleration of nor-
mal cracking. He concluded that it appears that
this cracking would have occwred naturally in a
matter of time."”

The size of explosion, distance, and assessment
of damage (incrense in rwe of cracking) may
place these results in a domin different from the
usual Dblasting operations. The results may he
valid bue only applicable to very large blasts,

34—ADDITIONAL BUREAU OF
MINES DATA

In October 1969, the Burcau participated in a
test program, sponsored hy the American Society
of Civil Engineers (ASGE), to study the response
of u residential structure to blast loading, Previ-
ously deseribed instrumentation {see section 2.6}
wils used to recard ground and house vibrations
from « series of 10 explosive hiasts detonated in
glacial till. Shot-to-house distances ranged from
200 to 85 feet. Charge weights ranged {rom 1
to 85 pounds. Particle velacities in the ground
varied from L0891 to 11.6 in/sec, Particle velocities
in and on the house at ground or floor level
agreed generally with those measured jn the
ground outside the house, Measurements at the
roof leve] of the house show an amplification of
up to a factor of 2.4 compared to ground re-
sponse, Frequencies ranged from 5 to 40 eps and
were higher in the vertical component than in
the radial and transverse component,

The structure investigated was more sub-
stantial than most presentday residences due to
a massive field-sione foundation and to l-inch
planking on the studs vider the dry wall in some
rooms, Through the eighth blast in the series
there had been no observable damage, Maximum
particle velocities recorded at the house in the
ground tlirough test 8 were: radial, 5.86 in/fsee;
vertical, 680 in/sce; and transverse, 1,71 in/sec,
The vibrations [rom test 9 opened new cracks in
the walls and ceiling of an upstairs room, Maxi-
mum particle velocities in the ground at the edge
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Particle velocity In room

Pnrtiele velocity in adjoeent
room

Activity Radinl Vertical Transverse Radiul Vertieal  Transverso
in/sac in/sec in/see in/asce in/sec in/sec
Walking vvvivvcnmrsnanmmen, 0,187 0,372 0.00180 e 0.00102
. 0678 0166 A0167 0.0281 00227
oaTIn 00210 00229 L0626 00462
120 0800
0600 O0T s s enmmerenan
0110 00400
,0200 00700
Doar closing ..., 0558 L0149 .0n170 00153
L] DO600 U126 00963
D10 00ano
JUMPINE i, 4,03 1.656 120 210 Ab1
219 hol 01563 0239 0101
2.600 170 00450 0100 0045
00 1,10
Automatic wansher 00400 00340
Clothes dryer .. L00R00 00500
Heel draps .. L0100 0100
500 L300
200 L0200 B06 {100 Rilil
3.600 400
BN 0700 009 014 008
200 00000

of the house {from test & were radial, 127 In/sec;
vertien), 22.2 infsec; and transverse, 3.0 infsec.
Although particle velocities were in excess of
the 2.0 in/sec safe blasting limit, no damage was
observed through test 8, The vertical velecity in
the ground from test 9 was 11 times the safe
blasting limit, The fact that particle velocitjes
generated prior to damage exceeded the safe

blasting limit is probably attributable to the

substantial construction of the house, Althougl
the 20 in/sec particle velocity criterion is ob-
vionsly conservative for construction of this type,
it is a sarisfactory and velinble criterion that
can be used lor all types of residential structures.

5.5—BUILDING VIBRATIONS FROM
NORMAL ACTIVITIES

The normal activities associated with living in
and maintaining a home give rise to vibrations
that are, in some instances, capable of csing
minor damage to plaster walls and ceilings in
localized sections of the structure, To complete
the study of vibrations frem quarry blasting and
their effects on structures, instrumentation was
placed in several homes te record the vibrations
from walking, door closing, jumping, and oper-
ating mechanical devices, such as an autemarie
washing machine and a clothes dryer. The vibra-

tion levels of some of these activities are listed
in table 3.1,

The data in table 3.1 indicate that walking,
door closing, anc the operation of an automatic
clothes washing machine and dryer do not nor-
mally generate vibratiens that approach a dam-
aging level, It is interesting to note that the
vibrations from these sources are approximately
the same us those generated by a quarry blast
and felt at a scaled distance of 100 [t/1h% (see
sections 4.3 and 64d),

Jumping in a room generates vibrations that
are potentinlly damaging. “Heel drops,” made by
standing on the toes and suddenly dropping full
weight on the heels, can also he potentially
damaging, However, the large amplitude vibra-
tions resulting from these more violent activities
are localized and do not affect the entire struc-
ture as do ground vibrations. Thus, although the
potentia] for causing damage is present, it is con-
fined to a small specific aren within the structure,
wied the prohability of damage is thereby re-
duced,

8.6—RELIABILITY OF PARTICLE
MOTION CALCULATIONS

Analysts of particle motion  amplitudes,
whether in terms of displacement, particle veloe-
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ity, or acceleration, oflten leads investigators to
aileulate one or more of these quantities from
the others. The mathematical relationships are

w o= fvdt or v=dufdt 3.2)

v o=fadt or aede/dt (3.5
where

= displacement,

v = particle velacity,

a = acceleration, and

1 = time,
The integration or differentiation can he done
cither elecronically or mathematically, Neither
ol these wechniques could le applied to the pub-
lished data, because the original records were not
available,

An alternative procedure permits caleulation
of the other quuntities from a given recorded
quantity using the relationships of equation 2.8;

u=v/2f or v==2zu (3.4)

v=a/2] or a=2lv {8.5)
where { is the frequency of the scismic trace,
where the peak amplitude is obscrved. Equations
3.4 and 8.5 may be used il the motion is simple
harmonic. This is not the case with seismic mo-
tion which is generally aperiadic, The authors of
the published papers used these relationships
either directly or indirectly, Duvall and Togelson

2) used this veatment divectly or indireculy
when analyzing the data from the three pub-
lished papers, The need 1o establish the reliabil-
ity of using equutions 3.4 and 3.5 on aperiodic
data was pressing, particularly when the data
were being used to establish damage criterin,

Particle velocity records obtained during the
current test scries were used 1o evaluate the use
of equations 8.4 and 3.5. Data from several shots
of different clharge size aned distibution were
selected for analysis, The dar used included
radial, vertical, andd transverse components and
represented u cross section ol the data available,
The peak amplitude and its associated {requency
were readd for the selected velocity-time records,
Equation 8.4 was used to ealenlate the displace.
ment for these data, The same velocity-time
recards were digitized, input to a computer, and
the veloeity amplitude speetra caleulated. These
specwra were integrated in the frequency domain
to provide displacement wmplitnde specuri from
which  displacement-time  records  were syn-
thesized. "The peak displacement could then be
determined for each recording. This is the same
as applying equation 3.2 to the original data o
determine displacement, except that the integra-

tion is done in the [requency domain. Figure 3.5
shows the plot of displacement integrated {rom
velocity versus  displacement computed  {rom
velocity antl frequeney, as the abscissa and ordi-
nate, respectively, ‘The line with slope of 1,0
indicates the locus of points which would result
il the displacements calculated by the two
methods were identieal. The hulk of the points
falling helow the line indicates that displace-
ments calenlated by assuming simple harmonic
mation are gencrally less than displacements
from integrated velocities which are mathematl-
eally correct,

Because most caleultions trealing the pub-
lished data were from displacement or accelera-
tion to particle velocity, the next step was to
take the synthesized displicementtime records,
reacl the peak amplitude and associated (re-
quency. These values were used to caleulate
particle velocities assuming simple harmonic me-
tion. The calculated particle velocities were
plotted versus recorded partcle velocities for the
siime traces as shown in figure 8.6, Again, the line
with i slope of 1,0 shows the relationship of eal-
culated and recorded values if they have a 1:1
ritio, Since most of the points f2ll below the
line, ealeulated values are penerally less than
recorded velocities.

It should be nated that the caleulation of dis-
placements as shown in figure 85 is directly
analogous to the ealenlation of particle velocity
data from recorded acceleration data, The re-
sults, shown in figures 8.5 and 3,6, indicate that
particle velocities caleulated from cither displace.
ment or acceleration datk assuming simple har-
menic motion will generilly he less than particle
velocities recarded directly, It is obvious that a
damage criterion of particle velocity calenlated
from displacement and accelerition has a built-in
sufety factor, If the data of figures 8.5 and 3.6
fell above the lines, a risk factor would have
resulted,

3, 7—RECOMMENDED SATE GROUND
VIBRATION LEVELS

On the basis of the statistica] study of pub-
lished data and the recommendations of the
investigators, Edwards and Northwood, and
Langefors and others, particle velocity is more
elosely associnted with damage to structures thin
cither displacement or acceleration, Figure 3.7
shows particle velocity versus lrequency on a log-
log plot. These have generally been converied to
particle velocity from displacement or accelera-
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Figure 3.5.~Comparison of displacements Irom integration and simple harmonic motion
calculations,

tion by the Bureau or the original investigators
assuming simple harmonie motion, This, of
course, builds in a safety [actor (see section 3.5) .
The particle velocity at damage {rom the recent
ASCE-Bureau of Mines test is shown in figure 8.7.

Figure 3.7 shows the major and minor damage
data with constnt velocity lines of 7.6 infsec and
54 infsec drawn through their average points.
The damage criteria suggested by other investiga-
tors are shown also.

The Bureau recommends that only twe zones

be considered—a sale zone and a damage zone,
Based upon the data of figure 8.7, a reasonable
separation between the safe and damage zones
appears 1o be a particle velocity of 2.0 in/fsec,
All of the major damage points and 94 percent
of the minor damage points lic above this line,
The only data peints below the 2.0 infsec line
are from the early Bureau data which have the
largese standard deviatlon,

The recommended safe vibration criterion of
2,0 in/sec purticle veloeily is a probability type
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PARTICLE VELOCITY,v=2=fu,in/sec
in
|
.

| I
0 Of 02 03 04 05 08 07

08 09 10 Wl 2 13 14 15

RECORDED PARTICLE VELOCITY,v,in/sac

Figure 8.6.~-Comparison of particle vclocities as recorded and from displacements.

criterion. If the observed particle velocity exceeds
2.0 infsec in any of the three erthogonal com.
penents, there is a reasonable probability that
dumage will occur to residential structures, The
safe vibration criterion is not a value bhelow
which damage will not oecur nnd above which
damage will occur, Many structures can experi-
ence vibration levels greatly in excess of 2.0
infsec with no observable damage, For example,
figure 3.8 presents velocity data from tests in
which damage was not observed. Ifowever, the
probability of damage to a residential structure
increases or decreases as the vibration level in-
crenses or decreases [rom 2.0 infsec,

Having ascertained a safe vibration criterion,
the next legical step is to qualily the conditions
under wlich the best assessment of vibration
levels cun be made, Obviously, particle velocity
should be measured directly with instrumenta-
tion which responds to particle velocity and with
an adequate frequency response, If displacement

ar acceleration are measured, particle velocity
should be calculated only by integration or
differentiation, either electronicnlly or mathe-
matically. Caleulations which assume simple har-
monic motion yield particle velocities which are
in general too small. The velacity gages should
preferably be mounted on or in the ground
rather than in the structure, becpuse most of
the data used in establishing the damage
criterion were obtained in thls manner, Mount-
ing of gages in the ground alleviates the necessity
of considering the responses of a large variety of
structures, Purticle velocity should e observed
in three mutually perpendicular directiens; a
vertical component, u haorizontal component
radin] to the source projected on a harizontal
plane, and i horizontal component transverse to
the source, The safe vibration criterion is based
upon the measurement of individual com-
ponents, anct if the particle velocity of any com-
ponent exceeds 2.0 in/sec, damage is likely to
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Figute 3.7.—Particle velocity versus frequency with recommended safe blasting criterion,

occur, Since seismic motion is i vector quantity,
individual components must be considered,

3.8—PUBLISHED DATA ON AIR
VIBRATIONS AND DAMAGE

Windes ({5, 16) reported on the Bureau of
Mines' 1940 study in the early 1840'% of the air
blast problem associnted with quarry and mine
blasting. He concluded that window glass [ailure
occurred before any ather type of structure
failure due to air blast. Explosive charges were
detonated in air to induce sufficient air blast

overpressures to break window paues, Some
panes were broken by an overpressure of 1.0 psi,
and all panes failed and plaster walls experienced
minor damage at overpressures of 2.0 psi or
more, Higher overpressures caused more serious
failures, such as masonry eracks, Plaster cracks
were generally found to be caused by flexing of
wall panels by building vibrations induced by air
blast, The condition of the glass in the windows
contributed direaly to the damage experience,
Poorly mounted panes which have been pre-
stressed by improperly inserted glazier's points
or other causes, may [ail when subjected to over-
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Figure 8.8.—Particle velocity yersus frequency for no damage dain.

pressures as low as 0,1 psi. Charges of explosives
detonated in horeholes at similar explosive-to.
vindow distances as used in the open air blasts
dit not produce failure of window panes due o
alr blast overpressure, On the basis of these
Bureau studies, Windes concluded that under
normal Dblasting conditions the problem of dam-
age from air blast was insignifieant,

The results of an extensive study of the air
binst overpressure problem made by the Ballistic

Research Laboratories (9, 10) were similar to
those of Windes. Glass panes {orced into [rames
s0 as to be under constant strain were found to
crack when subjected to overpressures of 0.1 psi,
I'roperly mounted panes were subjeet to cracking
at overpressures of 0.75 psi or greater, Air blast
pressures of onty 0,08 to 0,05 psi could vibrate
lonse windosw sash which migiit be a source ol
complzints but would not represent damage,

As a routine procedure, Edwards and North-
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wood (#) measured air hlast pressure dining
their vibration studies, The measured overpres
sures ranged from 0.01 to (.2 psi e Jociiions out-
side the six swructures heing blast londed. These
pressures were considerably helow the levels ex-
pected 1o cause damage, None ol the damage that
occurred in any of the six structures was at
wibuted to air blast,

Air biast is nol considered to be a significant
[actor in cansing damage to residential siructures
in most blasting operations, However, air biast
and the attendant transmission of noise may be a
major factor in nuisance type complaings,

3H4—RECOMMENDED SAFE AIR BLAST
PRESSURE LEVELS

The recommended safe air hlast pressure level
of 0.5 psi is based on a consideration of the re.
sults veported in section 88, If some punes of
glass will fai) ae overpressures of 0.75 psi and all
would be expected wo fail an 2.0 psi or mare, 0.5
psi provides a reasonable margin of salety, Dam-
age to plaster walls ar overpressures greater than
L0 psi would thereby he precluded, The recom-
mended Jevel would not alleviate the problem of
prestressed glass panes failing at 0.1 psi or loose
sash vibration, These two conditions would con-
tinue to resuit in compiazints. However, most
routine blasting operations designed to limit
vilyrations to less thin 2.0 in/sec do not generate
air blast overpressures that are significant factors
in cansing damage to residential structures. The
air blast pressures fram burjed explosive clirges
and from chirges properly stemmed in horcholes
are an order of magnitude or more below the
pressures required for damage, Sadwin and
Duvall {2 pointed out that optimum use of
explosives ta hreak rock results in less energy
available to generate air hlast overpressures,

3. 10—HUMAN RESPONSE AND ITS EFFECT
ON SAFE VIBRATION LEVELS

Legitimate damage claims result when per-
sonal or property damage is caused by selsmic
or itir blast waves [rom blasts, The advances
in blasting technology during the past 25 years,
including blasting procedures, dmmage criieria,
knowledge of seismic wave propagation, moni-
toring instrumentation, and a more knowledge-
able blasting profession hive minimized claims
resulting from real structural damage, More
and more blasting operatoys instrument their
own blists or subscribe to u consulting service
to insure vibration levels below those necessary

e couse damage. The occasional  legitimate
damage claim ean result from many unknown
causes perhaps the best being that any chunage
criterion is a probabiliy-type criterion,

Vibration levels that are completely sale for
structures are annoying and even uncomiortable
when viewed subjectively by people. Tigure 3.9
has been adapied from Goldman (5) to show the
subjective response of the human body ta vibra-
tory motion. These limits are based on the re-
sults for sinusoidal vibration, Similar results have
not heen determined for nonsinuseidal vibra-
tions, Predominant frequencies generated by
blasting are commeonly in the range from 6 to 40
eps. If a building is being vibrated to a particle
velocity of L} infsec, the building is considersd
safe, but the vibration level as viewed sub-
jectively by people is intolerable, At a particle
velocity af (b2 in/see, the probability of damage
o i building is nil, and yet the vibration level is
viewed ns quite unpleasant or annoying by some
people,

The superposition of the perceptibie, unpleas-
ant, and intolerable limits on the case history
plot of particle velocity versus percentage of

10

PARTICLE VELOCITY, ia/sec

.04 Parceptible -

ol 1 L [ | 1 L
T H 4 & 10 20 4D &0 109
FREQUENCY, ¢ps

Figure 3.9.—-Subjective response of the human
body ta vibratary motion (after Goldman).
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Figure 3.10,—Complaint history, Salmon Nuclear Event, with superposed subjuctive response,

an antomatic punch press, Tt is completely under-
seandlable that the public reacts to blasting opera-
tions. Kringel (6) describes a quarry operation
where adequate precautions were tken to insure
that seismic vibrations and air blast pressures
gencrated were o small fraction of the levels re-
quired to cause physical damage. A fulltime
public relutions siaff devoted their efforts to ac-
quainting the community with the company's
elforts to minimize seismic vibrations, air blast,
and noise. The complaints continued. It was
concluded from an analysis of the complaines
that the prablem is one ol subjective response,

compliints Tor the Salmon nuclear event near
Hatuieshurg, Miss, is shown in figure 8,10 (1),
More than 85 percent of the families [ocuted in
the zone where the 2 in/sec was exceeded filed
compliaints, This is the intolerable subjective re-
sponse zone and should have been anticipated,
In the perceptible zone, less than 8 percent of the
families complained. Thus, the Salmon data in-
dicates that o vibration level of 0.4 in/see should
not be exceeded if complaints and claims are
ta he kept helow B percent,

A similine velationship exists with the noise
associited with air blasy pressures. The sir blast
pressure [rom most blasts is considerably less  No amaunt of objective data will convince a
than tiat which couses glass damage, However,  person who “lecls” strang vibrations that the
the sound level at an overpressuve of 0.01 psi is  vibimion level as meastred was bavely pereepti-
comparable to the maximum sound in a boiler  hle—similarly with noises and air blusts, Personal
shop or the sound level 4 feet from a large  contaee and strong efforts in public relations help
preuntatic riveter (8). The sound level ac 0.001  alleviate the problem but convinee few. An un-
psi compares with the sound generated at a derstanding of the overall human response to
distance of 8 feet from a trumpet, auto horn, o such stimuli may be achieved some day hut will

i
i
|
|
1
|
f
i
i
i
|
1
1
]
i
'
i



T

ST —

SAFE VIBRATION LEVELS FOR RESIDENTIAL STRUCTURES 24

not veally solve the problem, The only possibie
solution is 1o keep vibration levels and air blast
pressures well helow the safe vibration criteria
and concentritte on naise abatement,

=
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CHAPTER 4—GENERATION AND PROPAGATION OF
GROUND VIBRATIONS FROM BLASTING

1L1—INTRODUCTHIN

A major objective of the program was to de-
termine a propagation law for pround-borne
surface vibrations, OF primary interest were the
relationships among the size of the explosive
charge, shot-to-gage distance, and the magnitde
of the ground vibwation, Othey variables con-
sideved were explosive type, method of indtintion,
geology, sl divectionnd effects,

The effect of distance wnd charge weight on
the vilieation level is basic to ull blasting vifiea-
tan studies, Many types of propagation laws or
cquations have been proposed, The most widely
accepied form Iy

A = kWtDn, .1
where A is the peak amplitude, W is the charge
weight, D is the distanee, and k, b, and n are
constants asecimied with a given siie or shooling
procedure, Both  theorezical and  empivical
methads have heen used to estimate values of b
and n. Typical wilues found in the literature for
b range rom 0.4 to L0 and for v from —1 to
—2 (4,4, 5, 9-12, M~17). The quantity, A, may
he the peak amplitnde of particie displacement,
velacity, or accelerstion, andd k amd n will vary
corvespondingly. For purposes of the present
study, particle velocity only was recorded and
analyzed, because it correlated most directly with
damunge (see Chapter 8).

A reasonalble gim in any scientific research is to
abtain relizble data with a minimum expendi-
ture ol experimental effort. Tls requires that
the variables 1o he studied be conolled in a

- known manner and that other contributing

factors be held constant or randomiwd, The de-
sived degree of contrel was not always atinined
in the stidy of quarry Dlasting vibrations, Quarry
aperators, justifiably, were often reluctant to vary
factors, such as methad of initiation, hiole size,
hurden, spacing, ete,, because such changes could
result in additional operating costs, Therefore, it
wils necessary to visit o lurge number of quarries
and with he close cooperation of the qiunry
operators select the necessary conditions of ex-
Plosive placement and initiation, terrin, over
hurden, ete. Mast of the quarries selecled were in
relatively flin terrain, with more or less uniform

40

averburden extending back Jrom a working face
{or 1,000 {eet or more,

Among the gross Iactors studied were a com-
parison of vibration levels Trom  milliscconds
delayed blasts and  instantineous  Masts, the
proper charge weight ro be used in sealing data
from different blasts, and the scaling factar 1o he
wsed (6, 7). In addition, the elfect of the method
ol blust initiation on vibration amplitudes was
investigated, as well as such variables as direction
of propagation, overburden thickness, site, and
rock 1ype, Most quarries or blasting eperations
use a1 particular type or types of explosive that
best suit their nceds, Explosive type varied
within and among quarries and could not he con-
tralledd, Therefore, the site effect includes the
cllect of using dilerent explosives at different
sires,

Faurier spectra analysis methads were wsed on
a limited amount of the data where pariicular
results were desived, such as those wrrived ac in
section 8.6, The technique was not used ex-
tensively in a routine manner hut only as a de-
vice to provide specific resuits,

The basic instrumentation used in these tests
(described Fully in Chapter 2) consisted of up to
86 particle velocity gages and amplifiers and two
diregi-writing oscillographs, The gages were gen-
crally mounted in or on the overburden, on steel
pins driven in the sides of square haley in the
sail, or in hoxes buried in square holes in the
soil. Occasionally the gage boxes were atached
direcily to the rock surfuce with cement, The
normal gage array consisted of several stations,
each it o successively greater shot-to-station
distinee and each with 8 gages orjentect in three
mutually perpendicutar divections from the shot.
At some quaries, extended arrays with oniy
vertically orfented gages were used. At ather
quarries, the aaimuth between arrays or parts
of an array was changed either to study direc-
tional elffects or becanse of difficelty in maintaine
ing a single azimuth due to terrain or pliysical
ahstructions.

Refraction tests were conducted in some of the
quinries to determine overhurden depths and
seismic propagation velacities, Arrival times on
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the recordings from quarry blasts were also ana-
lyzed 1o determine velocities through the rock
heneath the overburden,

A total of 171 blasts were recorded at 26 sites,
The charge size ranged from 70 to 180,550
poumds per blast and fram 25 to 19,625 pounds
per delay, The number of holes per shot ranged
from 1 1o 490. The rack types included lime-
stane, dolomite, diorite, basalt, sericite schist,
weap rock, granite, granitegneiss, and sandstone,

Z—MILLISECOND-DELAYED BLASTS
VERSUS INSTANTANEOUS BLASTS

In che 1940 and 150', millisecond-delny
Dasting hecame an accepted lechnique for re-
ducing vibrations from blasting and as a better
method for brenking rock. 'The main varinhfes
associated with a millisecond-delayed blast in a
given rock are the delay interval, the number
ol delny intervals, and the number of holes
per delay interval, Although previous work by
other jovestigntors had shown that milllsecontd-
delayed blasts produce smaller vibration ampli-
tnles  than those produced by instanumeous
blasts employing the same total charge weight,
the effeet of these variahles on the vibrations pro-
duced Dby millisecond-cdlelayed  blasts was not
tharoughly understood,

For the first phase of the field progran:, the
fallowing prohlems were selected for studyr (1)
to determine the propagation law for the mnpli-
nule of vibrations procluced hy Dbath instan-
taneous aml millisecond-delayed quarry hlass,
(2) to determine il the level of vibration at
arions distances lrom the blast aves is controlled
by either the length of the delay interval or the
number of delay periods in o millisecond-delayed
quarry blast, and (3} 1o compire vilration levels
from instantuneous quarry blasts with those from
millisccond-delayed blasts,

4.2.1—Experimental Procedure
The factorial design and shooting order used
to study vilration levels from instmtancous and
millisecond-delayed blusts is given in wble 4.1,
For these 12 tests, only o single row of holes sway

Table Li=Factorind design and shiomting order
by test namber

Delay interval, msee,

No. of
holes i [ i7 34
3 . 2 19 3 [
7. B8 H} b 7
12 2 11 13

used. Detonating fuse between holes connected
the charges together in series for the instantancous
blasts, Delay intervals were achieved by placing a
% 17, or two 17 millisecond-delay connectors in
series with the etonating fuse between adjacent
holes of the round, Only ane hole per delay was
used.

The stedy also included five single-hale and
two multiple-row millisceond-lelayed blasts. For
the two multiple-row blasts, the maximum mnn-
her of hales per delay was four for one round and
six for the other,

An attempt was nude to randoniize the shoot-
ing order and position along the face for these
blusts to remove bins due to these variables, The
necessity to efficiently miine the fuce prevented
complete randomization. In addition, the tests
invalving multiple-rows and 9 millisecond-
delay intervals were added to the program alter
the ather tests had heen completed,

Hole dinmeter, depth, spacing, burden, and
loadding procedure were held constant Ter these
tests, Spacing and burden were 15 and 10 [eet,
respectively, Al holes were 6 inches jn diameter
andd 36 feer in depth, Stemming was about 15
feer. A 200-pound charge of explosives in 5-inch
ciameter sticks was loaded into each bhole,

A plan view of the test aren at the Weaver
Quarry senr Alden, Towa, is shown in Appendix
A, figure A1, The location of each quearry blast
is fdentified by test number, snd the area of rock
breakage is indicated by broken lines. The in-
stroment areays were placed along the siraight
Ynes shhown on the map and arve identified by a
nuniber sipnifying the corresponding blast and
area, In general, ench instrument array was di-
vectly behind the blase area and approximately
perpendicnlar te the face, The main exception
was the arvay wsed for Shot 14, The gaps shown
between the Dblast wreas represent the rock
quarried when vibration studies were not con-
ducted, The distance to the gage stations slong
each arry was mensured from the center of the
blast arei,

Up to 21 particle velocity versus time records
were obtained fram each of the 19 quarry blasts.
Typical recordings are shown in figures 4,1
through 4.4, The verdenl lines represent 10-
millisecond intervals. Ench record trace is identi-
fied as to component of particle velocity and
the distance from blust to gage, R, V, and T
represent the radinl, vervieal and transverse com-
ponents, The center trace of each record is the
100 ¢ps relerence timing signal lrom a standard
nscillator,
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Table 4.2 summarizes the quarry blasts in-
Strumented in this test, For more complete shat
information on these nnd other tests see Appen.
dix B, table B-1, Table G-t in Appendix C
presents the particle velocity and frequency data
for the shots in this series,

The time durition of the seismic vibration for
the instantaneous blusts averaged 200 millisce-
ands  and for the millisecond-delayed  blasts
averaged 200 milliscconds plus the product of
the length of the delay interval and the number
of delays,

The analysis of the date was conducted in a
sequential manner: first, to determine propig-
tion Iaws for data frem each blast; second, to de-

n records for 1-hole Blast,

termine the effect of charge weight; thire, ta
determine the relation between instantancous
and milliseccond-delayed blasts, These three steps
are, of course, interdepenilent, The appraach
wed did not include fmposing preconceived
ideas based wpon existent empirical or theo-
retical vesults but was hased upon a statistical
analysis of the data.
4.2, 2—DPrapagation Law

Plots of peak particle velocity versus distance
were made on loglog coordinates, The data, as
shown in figures 4.5 10 4.7, are grouped by test,
number of holes per blast, and by radial, vertical,
and transverse components, The dinear grouping
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of the data permits their representation hy an
equation of the form:

v = kDn (1.2)
v = peak particle velocity, in/sec;

I = shat-to-gage distance, 100 feet;

L 2= intercept, velocity ar D = unity;
n o= exponent or slope,

The values of k and n were determined for
cach set of datta by the method of least squares,
Suuistical tests showed that a common slope, n,
coultd be used for all daca of a given component
mid that the values of k were significantly difs
ferent at a confidence level of 95 percent, The
avernge values of n, for cach component were
sigmificantly different, and a grind comnion slope
for all components couldd not be used. The aver-
age values of n for each component, the standard

where

errar of n, the standard deviation about regres-
sion, and the average standard error of intercepts
are given in table 1.3, The average vajue of n
for coch component was used to cidculine o new
particle velocity intercept for each set of data,
The individual values for these intercepts are
given in table 4.4 for each component, These
intercepts are the values of k from the {ollowing
cejuations:

v, = kD=t (4.8)
v, = kD14 (1.1)
v = kDt (4.5)

where v is the particle velocity in in/see, D is
the distance from Dblast to gage expressed in
lhundreds of feet, and r, v, and t denote the com-

*ponent,
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4.2.8—ZMect of Charge Weight lor Instantaneous
Blasis

The duta from the instantancous hlists were
studied to determine the effect of charge weight
on the level of vibration, ‘The partice velocity
intercepts (table 4.4) were plotted as a Tunction
of charge weighe (figure 48). The resultant
linear grouping of the data indicated that each
group could he represented by an equation of
the form;

k = KWr, (4.6)
where k = velocity intercept at 100 feet, infsec;

K = intercept of regression line at W =1
poud, in/sec;
and W = charge weight, pounds;
b = slope of regression line and exponent
of W,
The determiination of b and K by the method
af Ieast squares results in the following equa-
tions:

kp = 0,052 W08, L7
k. = 0.07]1 Wos, (1.8
k¢ = 0.035 o8t (4.9)



[

A

Fen SR RIS

GENERATION AND FROI'AGATION OF GROUND VIBRATIONS FROM HLASTING 35

RPN TR
= Al O e T
e RS — L
e TN 1 T
=iy T
LA e LT
= TV i
i i
Hiy RIIEE
=) [y o | .
— MAMMANAMAMANMAANMANAAN v{m
. L AEHI ]
Msﬂ.: |‘v |!| il Jill !-
— ]| i
— bt Lt P
R LTI |
avoit| v “Wﬂ.‘ “‘ H I :
— TR T T T T [
[t I Mbawilheilbai Aot v
s I AR N [
LT",:-'-QJ- }JE*...[!'I!ahTTUrI |:: LT
HE Pl . L DT T
s\ v W%.LI. It f s
Tt ] NS "/—"."' sty -
= T, o T T T T,
R Rodial
vV Vertical Scale, milliseconds

T Transverse

Figure 4.1.—Vibration records for 7-hole, 34-millisecond-delayed biast.

Table 4.2~Sunmary of guarry-blasting twats

Number of Holes per Deluy, Charge/delny, Total

Test holes deluy msee pounds charge,

pounds
2. - 3 3 1 6040 60D
3. . 3 1 17 200 GO0
4. A | 1 0 a0 200
[ LT 1 17 200 1,400

a . .4 1 RE] 200 [

7. 7 1 K1 200 1,400
8. q 7 0 1,100 1400
g . 1 1 0 200 200
10 . 1 i3 )] 200 200
11 15 l 17 200 3,000
12 ©. 16 1h 0 3,000 3,000
13 . . 1B 1 34 0 3,000
14 . .1 1 0 100 100
18 .. 1 1 0 200 200
19 1 g 200 600
20 1 9 200 1400
21 1 i} a0on 3,000
27 1 " 800 D600
a2 . G 17 1,218 4,263
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Table 43,~Averuge n und standard deviations The substitution ol cqunlions 4.7 to 4.9 into
Standard  Average equations -3 (0 4.5 provides equations difficult to
devigtion  standard handle, because charge weight and distance

Component Averige n . ahout - error of would then have different exponents. If chirge

regression, intercepts,

weight, riised to some power is considered to be

pereent pereent
Radial oo, 10282 0.048 %27 90 a scaling factor, the substitution of equations
Vartleul ... -L74ls 040 =il %27 4.7, 1.8, and 4.9 into equations 4.8, 4.4, and 4.5
Trapsverse ... 1279+ 063  =db =40 and simplification of terms gives:
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Table 4A-Lartlcle veloeity interceprs at 100 feet

Particla velocily

Tost intercepts
Railial Vertienl  Triansverse
in/sec in/see in/aee
L16 L. .
9,88 94
4,70 na
€48 2,44
314 1.02
7,76 228
B 3.74
ol 8,09
w2 1.9
4.0 236
(.33 $.60
3.16 LA6
704 2,42
4.61 2,14
300 Ldh
3,06 140
Jl 1.61
124 3,74
12,7 4.83
D
—] he .y —hLW A
v, = (1,052 (W"-““ s (1.10)
D
, = )y =1 g
v, = 0,071 (wu.-wl . 1.1
D
)= B (e} — 1AL RE
v, = 0.085 (wu..-s;-l } (112)

Although the exponent of W varies only from
04421 1o 0.521 indicating e square root of W
may he the proper sealing factar, there are in
suflicienc data from this one site to statistically
support such a conclusion,

4.2 4—Effect of Delay Interval and Number
of Holes

The nine quarry blasts employing delays of 4,
17, and 8t milliseconds :Il]l{ three, seven, and
15 holes were used 1o study the ellect of delay
imterval and mamber of holes on the vibration
level, Inspection of figures L5 ad LG incliciies
that the vibradon levels vom millisecond-delyed
blasts are generaliy lower than those fromy in-
stantaneous blasts employing the sune numhber
ol holes. Data from these figures also shows that
the relutive vibration levels appear o he ran-
domly distributed with respect to delay interval
or number of hales, Analyses of variance tests on
the particle yelocity intercepts  (table 4.0) Tor
these blasts showed no significant dilferences due
to delay interval or number af holes, Thervelore,
it can he conchuled that the level of vibrations
from millisecond-delay blasts employing only one
hole per delay is not comralied significantly
gither by the delay interval or the number of
delay periods,

4.25—Comparisan of Millisecond-Delayed
BBlasts with Instantaieous Blasts

The level of vibeation from instantaneons
blasts depends upon the number of holes in the
round or the total charge weight (see equutions
+10t0 112), If the level of vibration [rom milli-
second-clelayed blusts is independent of the num-
her of delays or the length of delay interval (us
sltown in section 4,24), then the vibration level
from these blasts must depend muinly upon the
charge size per delay or the number of holes per
delay, Therefore, the vibration levels lrom in-
stanneous  and - millisecomd-delayed  blasts
should correspond closely providing the same
number of hales are used in the instantaneous
hlast as are used in each delay.

The results (intercepts, k, and standard devia-
tion, ¢} from Shots 1, 9, 10, and 18, one-hole
instantancous blasts are compared with the milli-
secomdlelayed blasts using ane hole per delay in
table 15, Subscript i stands for instantancous,
ind subscript « stands for delayed. Millisecand-
delayed blosts with one hole per delay produce,
on the average, # vilration level 42 percent
greater with 2.5 times the dara spread than single
hole hlasis. However, these differences are not
statistieally significant ar the 95 percent con-
fidence level, The trend does show some construc-
tive interference for single hole per delay blasts,

Quarry blasts 27 and 32 were millisceonid-
delayed blasts with a maximum of Teur and six
heles per  delay, respectively, The particle
velocity intercepts av 10 feet from chese blasts
were plotred as o Tunction of chinge size per delay
on the same graph as the instantaneous blasts
(figure 4.8) . Examination of these data shows
it the vibration levels from millisecond-delayed
hiasts’ (multiple hole per delay) are about the
same as those from instantancous blasts, Ap.
pavently millisecond-delayed blasts with muliple
holes per delay produce n more aniform vibra-
tion level than similar blasts with one hole per
delay.

Therelore, it can be concluded that no sig-
nificant error is introduced if comparisons of
vibration Ievels mmong Dlasts are muude on the
basis of equivalent charge weights per delay or
tatal ehirge for the case of instantaneous blasts,
Any scaling or normalizing must be accomplished
by using the charge weight per delay becanse this
is the effective charge weight, Furthermaore, if
the charge weight per deluy varies for o given
blast due to unequal loading per hole or unequal
number of holes per delay, then it is the maxi-

[ ——
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Table 45.~Average particle velocity intercepts for single hinle and milliseconblelayed Dilasts

Single hole Millisecond- ]

blusts delayed hlasts Ralias

Comhonent

o ka Y ka/ka oul oy
Radinl . S e 0,688 B.T4 1,780 134 2,606
Vertieal .3.38 A 4.0m 14616 1.4 3,381
Tranaversg .. L1306 801 2,16 08 1.6 1.024
Average . rvreme veaereen [ 142 2,602

mum charge weight initiated at any particalar
delay interval which must be considered,

4.3—W2 AS A SCALING FACTOR

Three hasic conclusions were made from an
analysis of the data from millisecond-delayed and
instantaneous blasts, First, the three components
af peak particle velocity of ground vibration at i
site can e represented by equations of the form:

w=H, (%;) ﬁ. (1.13)
where
r = particle velocity,
H = particle velocity intercept,
D = shot-to-gage distance,
W = charge weighs,
a = exponent,
/! = slope or decay exponent,
amtd 1 = denotes component, radial, vertical, or

Lransverse,
Second, W is the chrge per delay or the tol
charge for an instantanecus biast, and third, that
e may be about 0.5 or that square root seading
exists for these data,

Equation 4.13 for any one component im-
plics that H and 8 are constants that have 10 be
determined for each quarry site and possibly lor
cich shooting procedure, To determine the ap-
plicability of this equadon to particle velocity-
distance data required a large amount of data
from different sites with dillerent propagation
parameters, H and B, Statistical methods could
then be used to determine the appropriateness of
We as a sealing Inctor and che value of

Data used in this study were from five guarries
or construction sites near Alden, lown; in Wash-
ington, D.C.; near Poughkeepsie, N.Y.; near Flat
Rock, Ohio; and near Strashurg, Va, A deserip-
tion of each site is given in Appendix D, Vibri-
tions from 39 blasts were recorded, Among the
Llasts were 12 instantaneous: 5 single hole per
delay, using millisecond-delayed caps; and 22
muliiple hole per delay, using millisecond-delay
detonuting fuse eonnectors, Charge weights per
hole ranged from 7.8 to 1,522 pounds, and charge

weights per delay, including the instantaneous
hlases, ranged fram 25 w G20 pounds.

4.8.1—Experimental Procedure

Plan views ol the test sites are shown in Ap-
pendix A, figures A-1, <7, <10, -1, and .16, As
shown, the gage array was oriented towards the
blast avea and divectly behind it where feasible,
At the Strasburg site, the data from lines 1 and 2
could not be combined, Therefore, the data from
the 1wo lines are treated as il [rom wwo separate
sites and are denoted as Strasburgl and Stras-
burg2,

The blasting pattern and method of blast
initation varied considerably from quarry to
quarry. Among patterns used were single-hele
shots, single-hole per delay shots, multiple-holes
per delay shots with all holes in a delay group
connected with detonating fuse, and instaiine.
ous multiple-hole shots with all holes connected
with detonating fuse, Often each site used more
than one of these procedures, Table 4.6 sum.
marizes the pertinent hlast data,

For the millisecond-delayed blasts, the delay
interval ranged from 5 o 26 milliseconds, Sec-
tion L2 shows thae the vibration tevel was in-
dependent of delay interval Jor intervals ranging
from 9 to 34 milliseconds. The vibration levels
from blasts using 5 millisecond delays did not
differ appreciably wilh those from shots with
longer delays and were inchided in the analysis,
As the result of conclusions in section 4.2.5, the
maximum charge weight per delay was con-
sidered as the charge weight for each shet,

The peak particle velocities, associated fre
rpuencies, and shot-to-gage distances are given in
Appendix G, tables C-1, .7, -10, =11, and -1

£.8.2—Dat Analysis

Plats of peak particle velocity versus shot-to-
gage distance were made for cach site, test, and
component. Goad linear grouping of the data
indicatect that straight lines could be fitted to the
data by a general propagation vquation of the
form:
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Table 4,6, » Quarey blaar data by wite

Tetal Holo Faca Togal Max, chitge Chargu Ha, of Learth
Tunt ra, of depth, helght, clirge, por dalay, per hole, dulay of delag, b | Bupden, Spacing,
holes ft It 1h Lh Ih inrervals haee it £t
Wenver
FI 1 b 30 600 600 00 o ] 10 15
biys 1 *% i 200 200 200 a | 10 -
8., 7 36 Jo 1,400 1,400 200 ] 0 il 15
LI 1 16 n oo 00 200 q a 0 -
in, .. 1 36 30 209 200 200 Q 0 10 -
12,., | 153 16 10 3,000 3,000 200 [} o 10 15
18,,, 1 k1] 0 200 200 200 a o la -
.| 13 J6 3 2,600 800 200 k] 17 10 15
2., 21 36 10 A,26] [, 218 0% 3 11 10 14
b. ¢,
4544, i 0 ] 110 a7 ki 2 25(cap) L] (1]
L1 13 20 20 403 il a] 12 25(cup) ] 6y 3
50... 9 20 - 70 70 1.8 0 a - 2,5
s1.,.| 13 0 20 503 k]| al 12 25 (cap) 4 3
52,..] 13 0 20 125 s 15 12 25(cap) 4 [}
Sy 13 18 at 04 25 24 avp 12 25{cap) 4 fi
Poughkavpale
35.,. 15 - 28+ 54 21,578 920 920 3% 17,26 2 20
56,.. 13 . H3-104 18,471 1,522 1,100-1,522 12 16 21 20
BIE.. la - 7= 13 19,913 1,249 1,039-1,249 17 26 23 20
6ISE. - - - - - - - - - -
11 [ - - 1,200 100 200 5 26 10-1% 210
G4E, . - . - - - - - - . -
311 FL 5500 50- 55 28,810 1,405 700+1,405 27 26 21 0
65E.. - - - - - - . - - -
67aa. 12 16-82 0. 16 44,576 1,355 1, 100-1, 355 11 26 22 32
Flat_jtack
ven | 36 - 2 6,430 1,072 160 9 9 ] o
TReus 6 1] 3 16,520 4,620 459 12 9 14 1
.. ! 56 84 AR 46H 468 [1] 1] 10 -
Straabury-]
U6e,, | B4 0 8 3,350 1,1:a 40 avg 2 5 a 5
%ay, | A9 n 18 1,950 264 40 avp 1 5 & 5
10340 78 i 18 3,300 1,600 40 avy 3 3 ] 5
103... | 59 0 18 2,150 589 45 avg 3 5 8 3
104... | 60 15-20 15+ 20 2,425 1,310 40 avg 1 9 a &
10644 a1 ] 18 2,350 1,180 40 avp 1 9 8 5
108,.. | 60 20 18 1,950 1,600 20-3% | 5 o &
109,.. | 3l W t2- 14 1,700 465 13 avg 1 5 ] 5.7
110,., | 51 b} 18 1,750 160 32 avg & 5 8 [
11t... | 48 20 1 1,600 167 A1 avy b 3 [:] [
Straaburg=2
9,4 k] n 18 1,259 1] 40,1 avyg H 5 8 5
100,,, | 16 22-12 20- 1o Ars 475 25-3§ [ 0 a 5
102, | 16 t0-20 B« 18 %50 143 25.3% L 5 8 5
105,.. 42 G=20 4= 20 b, 1,335 25-35 [ [+] 1o 5
107.:. 42 6220 b= 20 1,250 1,250 25-15 a a 8 5

* The longth of tha detay (a constdered to be zera L the sho

t canslaced af a wengle hole, of one hole per delay, or af

muleiple holes pop delay cied together with dutenating {nae,

v = IK,;DAy, {(4.14)
where v = peak particle velocity,
D = travel distaince,
fiy = exponent ol D or the slope of the
straight line through the jth set of
datit at the ith site,
andd Ky = velocity intercept at unic travel dis-
tance for the jeh set ol data at the ith
site.

e subscript | denotes the site and varies from
I to 6, whereas the subscript j denotes a lest at o
specific site and varles from | to k), where ky
is the total number of tests at a she. Since euch

test is treated separately at this point, there is no
charge weight term needed,

The method of least squares wos used to
determine the slope, intercept, and standard
deviation of the data about the straight line rep-
restnting the data, Because of the large nmount
of data, enly the leastsquared lines are shown in
figures 4.9 to 4,11 with the standard deviation
shown as a vertical line through the midpoint of
the data.

An analysis ol variance was performed on the
datit to determine if sets of data, either by com-
pouent at each site or among sites, could be
poeled, The vesults showed that significant dif-

[ S
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ferences existed and no pooling could be done,
The results ulso showed that there were no
significant differences in the slopes for different
tests at each site for ench component, Thus an
average slope, A, was used [or each component at
cach site, These average slopes are given in
tahle 4.9.

Table 7=Average slopey, [,

Site Component
Radinl Vortlesl Transverse

Wenver ... .~ 1.070 ~1.766 —1,180

L & - 1,184 - 1.048 - 1,285
Poughkeepsio .,.,—1.431 =1475 —_
Flat Rock .. 0206 -1407 -1.083
Strasburg- —1 -1.048 - 1,380
Strasburg-2 ....—2.148 ~2.040 — 2,040

An analysis af varipnce test was performed on
data from all sites grouped together by com-
ponent to determine if significint differences in
slope existed beeause of site effects, There was a
significant difference in slope with site for radial
and vertical components but not for the trans-
verse component, Examination of the standard
deviations on figures 4.9 to 4.1 indicates a
greater spread in the data for the transverse
component.

No attempt was made to combine these data
beyond an average slape, g The intercepts, K,),
for cach test were ealeulated using the average
slope, @, for each component at each site, Dis-
tances were determined in units of 100 feet to
reduce the variance in the intercept and to re-
duce extrapolation, Therefore, the values of Ky
represent the particle velocity at 100 feet and
are sumiitrized in table 4.8, This wble and
figures 1.9 to 4,11 show that the level of vibra-
tion generally increases as charge weight per
delay increases, Equation 4,14 can now be writ-
wn as

v= KuDﬂl (4.]5)
where DD is now in units of 100 feet and A, is the
average slope of the j sets of data ot the ith site,

Generalizing equation 4,13 gives

v = H, (I/W," (1.16)
where D = distance in units of 100 ft,
Wy = maximum charge weight per delay
for each test in units of 100 pounds,
amdl  Hy = velocity intereept at D/We =1 for
all the 1osts at the ith sie.

A comparison of equation 4.15 and 4.16 shows
that the following relationship must exist:
Ku = I‘Il‘\ru'""ﬂ:. (‘I.I’I‘)

The relationship of equation 4,17 indicates
that o log-log plot of the K, intercept values
versus Wy, charge weight per delay, should give a
linewr grouping of the data by site and com-
ponent. Plots of these data, Ky versus Wy, from
tahle 4.8, are shown in figures 4,124, 4,134, and
4.14A. Linear grouping ol the data is obtained,
and [urthermore, the data from each site group
independenuy indicating that the slope, of3, and
the intercept, Hy, are functions of site and com-
ponent. The values of oy aned H,; as determined
by the method of least squares are given in
table 4.8,

100 =TT e
d -
4 - "
£ F E
£ o 3
» F ‘ ]
= I “r - 1
[ > _{
e
"13}/! e
10 |- h E
E o E
‘_1" e e aatul bt et e Lty
¥ | 10 100
CHARGE WEIGHT PER DELAY, 100 Ib
20 T L Illll| T T 'l'lll|| T T 1 F 1A
10 = !
B ?
K
s ]
.}.{ B 1
5
10 = =
5: PRI B ST B SPI RIS
ol ! 10 00

CHARGE WEIGHT PER DELAY, 10C 1a

8.0 T T T =TTy
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k3 a Waaver

~ o D.C,

5‘._, & Poughksaptin
- a Fiol Roed
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CHARGE WEIGHT PER DELAY, {CO Ib

Figure 4.12~Pariicle velocity intercepts versus
charge weight per delay, radial component.
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Table &.4, = Sunmary ol K ap, ,and I, data_hy quarey

H'm(lmum Radial Vorrfeal Tragtvarin
chargu LI [ Ri1e
Tust per dolay, n/Boc ad 14 ln.fa::c afh H ln}:uc o8y thy
1h
Wunvnr
., &00 9,48 4,810 2,2 7.61 0.753 2,13 1,99 0,710 0,675
. 200 1,72 - - EH - - a7 - -
iy 1,400 I - - 18.4 . . 135 - -
[ 200 3,34 - - 3.71 - - BT - -
1 00 1.95 - - 251 - - 993 - -
13,4 3,000 35,2 - - 3.3 . - T 9% - -
J1: T 100 4,84 - " 3,60 - - 1,07 - .
9P o0 11,3 - - 2.9 - - h.27 - -
.. 1,218 16,9 . - 13,2 - - 5,19 - -
b, T,
kr) 1.28 0,774 2,52 1.92 0,741 .90 1.1l6 0,525 1.22
k1S 947 - - 997 - - 603 - -
T0 1.1l - - .17 - - LH75 - -
3 l.08 - . () - - .624 . -
26 4586 - = H97 . . 13 - -
a5 1,15 - - 1,37 - - (637 - =
Faughkespsie
-} 9220 - 0,73 1,00 6,59 0,802 g,Bal - . -
ey 1,522 6,73 - . 6,94 - - - . -
&3E, , 1,249 2,80 - - 11,4 . - - - -
6Ise, - 7,66 - - 8,76 . - - . -
&M, , 200 .19 - . .00 - - - . -
648, - L3 - - 1.00 - - - - -
6k, 1,408 5,01 - . .60 - - . . .
85L, , - 8,90 - - 6,81 . - - . -
87, 1,355 6,58 - . 5,0 - . . . .
Fint Rock
B Lom Lo 0,709 1.3 10,1 0,785 | 1,23 5,77 | 0.816 ()
Tleew &, 620 18.8 - - 23,2 - - 10,1 - -
9., '468 1,53 . . 15 - . 125 . -
Strashurg-l
Ghyry l,lgﬂ 2.37 4,696 n.906 10,4 0,742 1.45 2.37 0,762 1. 54
5g, 068 B9 - - 12,1 - - 1.2 - -
et | 1,600 .58 . - 127 - - 13,1 . -
103,,, 58% .23 - - 6,13 - . 7,90 - -
104,,, t,330 4,06 - - 8,08 - - 11,9 - -
by, 1,380 3,46 - - 9,40 - - 12,6 - -
108,,, 1,600 4,91 - - 8.7l - - 2,21 - -
109,,. H65 3,54 - - 3,89 - - 1,90 - -
11044, 360 1,99 . - 1,14 - - l.26 - -
i, 167 2,28 . - 3,75 - - 1 35 - -
Sfrasburg=2
198... 605 1.8 121 he 04 36,3 149 2,10 29.2 1,05 3,82
00444 413 3.7 - - 2%, 4 - - .6 - -
102, 343 15,7 . - 11,8 - - 1.0 - -
105,14 1,225 106 - . 120 - - 8.1 - -
107, 1,250 1.7 . - B1,9 - - 48,8 - -

The value of o can be determined empirically
from the data il equation 4.17 is rewritten as:
(Ky) —¥R= (FL) =VEW, 2 {1.18)
11 We is a sealing factor, then a plot ol (K,)) =4/,
versits Wy on lop-log coordinates should result in
the sata grouping about a series of straight lines
having a slope of a Il x can be shown o have
a single unique value, then these lines would be
parallel, but a separate line wounld exist for each
site and component, The average values of 3 lor
each site and component, from table 4.7, werc
used 1o cuiculate the values of (Ky) =178, These
vilues are shown plotted as a funaion of W), in
figures 4,121, 4,188, and 4.J4B8. The values of

the slopes, m, were determined by the method of
least squares and are given in table 4.9. An
analysis of variance test performed on these data
showed that all the data for each componens can-
not he pooled as a single set, but that an average
w for each component eant be used for ail sites.
These average values ol « one for each com-
ponent, are given in table 4.9, Statistical ¢ tests
showed that there was no significant difference
between each of these average slopes and a theo-
ret value of 0.6, Therefore, using standard
statistical procedures and o slope of 0.5, straight
lines were fitted ta the data given in figures
4.12B, 4,188, and 4.14B. These straight lines hav-
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Figure 4.13,—Particle velocity intercepts versus
charge weight per delay, vertical component.

ing i slape of 0.5 are paradlel, and their separa-
tion is a function of test site,

Il the site effect can be removed by normal-
izing the data, then a value of & can be calculated
using the data for a1l sites Tor each component,
Dividing each side of equation 118 by (H,) =14,
gives:

(Kp) =V (H) ~vBi=We, (4119
The vavintion in intercepts associated with a site
effect no langer exists hecause af the normalizing
procedure as all intercepts naw are unity, Figures
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Figure {.14.—Pariicle velocity intercepts versus
charge weight per delay, transverse component.

412G, 413G, and 4,140 show log-log plots af the
() ~VAS(E) =1 values versis vy, chinge
weight per delny, These data were treated by
component, and the results of analysis of vari-
ance tests indicated that ene line could be used
to represent all the date for one component, The
statistieally determined slopes and intercepts are
given in rable 4.10, The slopes in wble 4,10 are
claser to the theoretical value 0.5 1than the aver-
age slopes given in tble 4.9, A more accurate
slope is obtined by using all the data than by

P}
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grouping the data by site, Additionally, the in-
tercents (table L10Y of the stsight lines in figeres
112G, L18C, and 4,140 are close to the theo-
retical vatue of 1.0 predicted by equation +1.19,

Table 1 8-Valnes of

Compenent
Site
Raudial Verticnl Transverse
Wenver .. . 0627 0,437 0.508
K o Nl A7 A12
Poughkeepsie HilG B0 rernans
Tlat Rock .. LB 5 b6
Strashurg-1 . A87 A Ritili)
Strasburg-2 67 A3y S10
Average a ... Gdh A8l Nijit]

“alile 4. 1=Slopes and intercepts from combined datn

Component Slope, a Intercept
Radial ...... L 0LGg 0,098
Vertical A97 1,01
Transverse R 416

Statisticul analysis of the unscaled particle
velocity-distance data as presented in fligures 1.9
to 1,11 showed that none of the data could be
grouped by site or component, Moreover, the
standard deviations of these daw abour the re-
gression line, assmning they could be grouped by
site, varied from 42 to 1586 percent, 1 these data
are scaled by W% which is the square root of
the chirge per delay and similar amlyses ave
performed, u significant reduction in the spread
of the data is achieved, The smne basic data
plottee in figures 1.9 to -L11 as particle velocity,
v, versus disuince, D, have Deen replotted in
figures L15, to 417 as particle velocity, v, versus
scited distance, 1D/WS, Comparing these Rgures
shows that the total spread in the dita has heen
reduced considerably, Analysis of varinnce rests
after sealing shows that of the 17 possible group-
ings ol data hy site and component, no significant
differences existed in eight of the groups. The
standard deviations now varied from 28 to 53
pereent, a significant reduction in the spread ol
the data, The fact that ane ling cantot be used
to represent all the daty from one component is
probably a result of such variables as burden,
spacing, charge geometry, and soil and rock
properties,

The peak paniicle velocity of each component
of ground motien can be related to distance and
charge weight per delay interval by an equation
of the form:

D
v=H, (W-—H') A, {1.20)
Thus, when particle velocity is plotted on log-log
coordinates as a function of scaled distanee,
D/WH, straight lines with o slope of g, can he
placed through the dati from each site and
component,

The method of sealing distance by the square
roat of the charge weight per delay as determined
cmpirically is a sutisfactory procedure for re-
moving the effect of chirge weight on the ampli-
tuele of peak particle velocity, Other investigators
have suggested that cube root sealing be used, be
cianse itocan be supported by dimensional ana.
lysis. Cube voot scaling can be derived from
dimensional analysis il n spherical charge s s
sumed or if a cylindrical charge is assumed whose
height changes in i specificdd manner with o
change in wdius. Taking the ease of & sphere,
i change in radius results in o volume increase
praportional 1o the change in radins cubed,
Weight is usually substituted for volume. The
relationships result in enbe root sealing. Blasting,
a5 penerally conducted, does not provide o seated
esperiment. Charges are usnally cylindrienl. The
height of the face or deph of Lift are wsually
fised, Therefore, the charpe length Is constant,
Churge size is varicd by changing hole diameter
or the number of holes, The fixed length of the
charge presents prohlems in dimensional analysis
and prevents a complete solution, However, a
change in racdius, while holding the length con-
stant results in o valume increase proportional to
the radius squared, This indicates thae scaling
should he done by the square roat of the volume
or weight as customarily used, It is the geometry
involved, cylindrieal charges, and the manner in
which charge size is chanpged by changing the
diameter or nimher of heles which results in
square root sealing heing more applicable than
cube root scaling to most hlasting aperations,
The Burenu data, if analyzed using cube root
scaling, does net show a reduction in the spread
of the dita which would ocenr if cobe yoot sealing
were more approjwiate, In smnury, the em-
pirvical results nod s consideration of the geometry,
including the procedure used to change chirge
sz, feud dimensional analysis indicate thae data
of the type from mose hiasting should he sealed
by the square root of the cliuge weight per
delay.
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44--EFFECT OF METIOD OF INITIATION

A previous Burean report (8) discussed the
cifect on particle velocity amplitude of delay
shooting initiated by tluee methods, Methed 1
consisted of connecting all holes in one delay
period in series with Primacord, The groups of
holes for each delay period were connected in
series with Primacord delay conneciors, Method
2 consisted of holes in a row connected in series
with Primacord, Rows were connected n series

with Primacord delay connectars with initintion
originaling at the center row, The difference be-
tween methads | and 2 was that in method 2
pairs of rows were parallel eonnected with Iri-
macard delay conneetors, Method § consisted of
priming the charge in each hole with un electric
millisecond-clelay cap. Figure 4.18 illustraces the
three methaods of initiation,

It was concluded [rom the analysis of these
dagit that method | produced a higher and more

-



GENERATION AND PROPAGATION OF GROUND VIBRATIONS FROM BLASTING 51

’g-ngTI T T T T T T T T T
! - L 4 = Symbol Test
ol WEAVER B FLAT ROCK ] [sTraseure" oF ]
a 99
4.0 - “r LI |
4 103
e |04
20 - - A 106
LR
v 109
. i _ o
e . i a
& - g -—
4 - g -
a
a4 _‘
u 2k o @8 < -
» v 9
s s o
™ - e - _ -
> A 18
E vy
2 1 0! |wl 1 L Ty L ] ]
w .04
5 2.0 L - T T 1T P2} T 1 T ¥ T T
o p.e POUGHKEEPSIE
= .C.
E Lo - 4 F
£ 8F - JF
- 6F L d |
o
w4l - 1 F
I 11
A - . -4t
08~ sympal Test T a 17T
L6 ; :2 B 2 ggE M I:, ] 7] Symbab Teyl
L4 & g0 - 4 e3sE s 1 e
o 5 S G4N a
s = s e :
- - _ 85N - -
oar a4 5o . 4
L] (13
Of bl 11 ! L1 I ] b1 1 1t : 1

34 5810 20 4D & J00 2006 BIO

20 40 €0 [OD 2006 B 1O 20 A0 60 100

b
SCALED DISTANCE, {11

Figure 4.16,—Peak particle velocity versus scaled distance, vertieal component.

consistent vibration level at a given scated dis
tance than either method 2 or 3. The burden
and spacing in thest tests were generally less than
10 feet. The high detonation rate of Primacord
permitted the vibratons radiating from each hole
in n row in methads I and 2 10 add together
at a distance from the blast, The vibrations ap-
pirently resulted from the simultancous detona-
tion of the total charge for all the holes of the
row. The scatter in the firing time of Primacord
connectors or electric delay caps used to connect
rows Is grexter than the detonation time of the

P'rimacord connecting holes in a row. For initia-
tion methods 2 and §, the scutter in delay in-
terval connectors did not appear to result in
apprecialile nddition of vibrations radiating from
each hole. The vibration levels from methods 2
amnd 8 were approximately the same,

As an adjunct to these results, data were ol-
tained to directly compare the vibration levels
from instantancous blasts, Primacord connector
delayed blasts, and for electric cap delayed blasts
in selected quarries, Data were obmined {rom
five quarriess Weaver, Flat Rock, Bloomville,
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Shawnee, and Jack. A description of cacly site is
given in Appendix D, Data fram 32 hlasts are
included, The munber of delays varied from @ to
14, and charge weight per delay vanged from 86
to 4,620 pouns,

44 l—Esperimental Trocecdure
Plan views ol the test sites are shown in Ap-

pendix A, figures A, W5, -7, <9, and -21,
Additional vilration di were recorded in these
quarries, but only those data directly applicable
to this study were included, Only ditta recorded
over a similar or parallel propagation pith were
usedd to insure exclusion of dircctional effects.
Data are not compared among quarries, only
within quarries, so that geologic elfects could be
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Figure 4.18.~Three methods of initiating blasts,

ignored. The Weaver quarry offered a compari-
son among instantancous, Primacord delay, and
electric cap delay initinted blasts, At the other
quarries, Primacord or electric cap delay inid-
ated blasts are compared with instantancous
Blists, Table 4.1 summarizes the blast data, The
square root of the maximum charge weight per
telay was used to scale the dawm. The peak
particle velocities, associated [requencies, and
shot-to.gage distances are given in Appendix C,
tables C.1, -5, -7, -9, and 21,
4.4.2—Data Analysis

Plots of peak particle velocity versus scaled

shot-to-gagre distance were made’ for each shot,

Straight lines were fitted to the data using »
propagition equation of the farm:

v = H(D/WH) R, (1.21)
Analysis of variunce indicated that the data from
the several shots a a given quarry could not he
grouped, but an average slope B, By, or B was
acceptable for each component (radial, vertical,
or transverse) at cach quarry, These average
slopes are given in wble 4.11. The appropriate
average slope was then used to calculute the
ralue of v at a scaled distance of 1.0 for each
component, for each blast at & given quarry.
This results i a value, Hyy, Fige or Hy,,
within the range of the abserved field dat,
while H would have been an extrapolated value.
These values are tabulated in table 4.11.

Inspection of these Hy, values indicated that
vibration levels from Primacord delayed blastes
were generally higher than the levels from in-
stantancous blasts, while the vibration levels
from electric cap delayed blasts were generally
less than the levels from instantaneous hlasts,
Therefore, the vibration levels from Primacord
delayed blasts were higher than those from elec
tric cap delayed hlasts, Apparently the inherent
scatter in time of Primacord delay connectors was
less than the inherent scatter in the time delay of
electric delay caps, Primacord delay conneclors
appear to tesult in constructive interference or
addition of the seismic waves, and electric caps
with greater scatter result in destructive inter-
ference or a decrease in vibration levels, The
data from the Weaver quarry where all three
methods were ohserved appears to hear out this
conclusion,

The results were not obtained from a rigorous
analysis but do indicate a trend whereby some
recduction in vibration level can be attained if
necessary, There are unexplained differences,
sueh as the high Jevel from test 18 at Weaver or
test 36 from Bloomville, These may reflect the
normal variation to be expected in such data,
The trend is believed to be both valid and sig-
nificant,

L5—EFFECT OF GEOLOGY, INCLUDING
DIRECTION OF PROPAGATION
AND} OVERBURDEN
The data presented in section 4.8 is indicative
of geologic eflects which give rise to differences in
propagation which are apparently due fo direc-
tion ol propagatian, If a site is horfzontally
stratified or of massive rock with horizenwl
isatropy and uniform overburden, little differ-
enice In wive propagation would be expected
with direction, Conversely, if theve is structurs
{lip, geolagic complexity, anisotrapy, or any type



oyt

54 BLASTING VIDRATIONS AND THEIR EFFECTS ON STRUGTURES
Table 4,11 = Supmary = method of initjaelon tusts by guatev
Hartiely volocity Average
No, No, Typo Balay Max.chg/ Total N g
Tunt of of of intorvat, delay, chorge, | Intoecepes, in/dve slopus
holos dolays dalny® maue h 1 Ihar Thav I e
Hunver
15,,,| 291 & ENC 23 1,100 6,600 - 0,733 - -
18,.. 147 [} ERC 23 4HB4 3,234 ae 1,7% — -
17,,.] 6o b Enc 25 40 1,680 -- 1463 -- -
19,,, k] 2 whe @ 200 600 3.97 L6 0,961 -
20,,, ? & rc 9 200 1,400 2,66 2,18 L.45 bl
S5ues 7 [] Ihe 17 200 1,400 4,85 1,593 1,52 -
.., 15 1 roc 17 2400 3,000 2,9 2,27 1,31 -
b,,, 3 2 roc 34 200 (i) 3,00 2.05 L34 A, = -1,66
Teua 7 ] PR 34 200 1,400 2,48 1,57 1819 8 »-1.60
13,.. 13 14 e 34 200 3,000 2,78 2,12 200 8, = =124
7., 11 1 roc 17 g00 2,600 3,63 1,92 1.09 -
LTS 1 q INST 1] 200 200 2,10 1.86 613 -
10,.. L ] 1HST 0 200 200 2,48 1,75 VB3 -
Buve 1 Q INST [+] 200 200 .13 1,72 1446 -
oo k] 0 TNST 0 400 600 1.56 1.46 W2 -
a,.. 7 [} INST 0 1,400 1,400 2,83 Lo 698 e
12... 15 n INST 0 3,000 3,000 2,41 .16 1.04 -
Flat Rock
36 9 Pbe 9 1,072 6,430 1,97 167 1,52 3 -0
36 12z voc 9 4,620 16,520 1,72 1,18 1,21 8, ~ ~1,45
1 0 INET 0 468 468 1.4H8 1.05 .ha! B = ~ .99
Bloomullle
I, b 12 2 EDG 25 840 L6680 [ 2,77 | 1,48 L02 B = 117
5., a1 2 ERC 25 1,218 2,519 2.04 1.26 T4l 4, = -1.46
bt I 1 4] INST a [:[4] Ag 2,71 2,08 1.19 8 » -1.20
Shawnse
Blo,, 12 3 EDC 25 612 1,224 L998 89 463 B w197
s 13 3 e as 660 1,6% | 1,15 644 L.507 3, = s1,65
8., 1 0 43T a 132 132 1,67 1,51 1,40 8 = -1.40
Jack
1485,,, | 122 7 EDC 25 3,007 16,650 910 .923 kL] B - el.34
166,,, | 125 7 EpC 25 2,565 16,950 .923 .81 R T . -\‘\7
162,,. | 128 7 EDC 25 3,124 18,200 1.6 L7 1.00 ‘5-" - -1'14
168, L o INST [ 150 150 Py 52 1,75 (6] v .

! EDC » Electric delay cup, 'DC e Primacord delay conncetor, INST = loacantanvous,

of lineation, such s gneissic, schistose, or joint
systein, propagation may differ with direciion, In
several quarries, gage lines were laid out 1o study
this effect.

Investigations were similarly conducted in the
sime rock type over a large region to determine
if amplitudes and attenuption rates were com-
parable. Investigations were conducted in sev-
ernl rack types to determine what correlations, if
any, exist among rock types. Appemdix D de-
seribes briefly the geology at each site,

An earlier Bwvean bulletin (#6) indicuted
that thickness of overburden had a direct effect
on the amplitnde and frequency of displacement
recordings, For equal explosive charges and dis-
tances, gages on rock outcrops gave lower ampli-
tudes and higher {requencies than gages on
overburden, Because overhurden thickness varies
from quarry to quarry and within some quarries,
bricf, simple tests were conducted to determine

whether or not similir effects were present in
particle velocity recordings,

In this section, no attempt has been made to
present o rigorous analysis of the data, For
example, no correlation has Deen attempted
between rock properties and amplitude of vibra-
tions. The results presented are intended to
illustrate in a gross manner what correlations,
or lack thereof, and what range of vibrations
should and can he expected under certain condi-
tions and to summarize the propagstion char-
acteristics of the quarries visited,

1.5.1-—Geology and Direction

As stated previously, little dilference in propa-
gation characteristics due to direction should he
expected for thoese quarries with simple geology
whether bedded or massive. At the Jack quarry

(geology as noted in Appendix D), two in-
strumentation arrays, as shown in figure 4.19,

P PRURRAN RV UV R
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were located 50 apart. 1n the inset, vertieally up
is north, Regression lines through the data for
arrays | and 2 are shown. The heavy line indi-
cites a pooled regression line representing all the
data, The vertical lines represent the standard
deviation of the data about the line. The varia-
tion in amplitude and attenuvation (slope) be-
tween arrays ) and 2 is small and can be ignored,
Similar results would be expected in the data
from the Hmestone and dolomite guarries in
Iowa and Ohio, At Bellevue and at Ferguson, no
appreciable difference in the data {rom goge
arrays in iwoe or more orientations was noted.

At Culpeper and at Webster City, there was i
distinet diflerence in amplitude but not in at-
tenwation with direction, The data from Cul-
peper ave shown in figure 4.20, Although the
geology is less complex at Webster City, data
obtained in two directions there resemable those
it Culpeper,

Data [rom the Strasburg and Centreville quar-
ries displayed the most variztion with direction.
Strasburg daty, treated separately in section 4.9,
represent differences which are probably at-
tributable to orientation with respect to swrike
and dip of dipping beds, In a diabase at Centre-
ville, variation in the radial component (figure
4,21) was as great as at Strasburg, Less variation
was noted in the vertical and transverse com-

ponents in the diabase, Directional effects in a
diabuse mass are probably due to anisetropy
andfor jointing. In the diabase at the Manassas
angl West Nyack quarries, diti from three dirvec-
tions show little variation. Therefore, variation
with direction is not necessarily expected in
diabuse quarries. However, a fourth line at West
Nyick, intermediate in direction with the other
three lines, was of considerably lower amplitude,
possibly being separated from the blast by major
faulting or joints.

Variation with direction due to geology may he
large ar stnall, Such variation is net predictable;
West Nyack, with little, and Centreville, with
large variations, are both dinbases. Ferguson, in a
flaelying limestone showed relatively large varia-
tion. The primary conclusion that can be drawn
is that generalizuions cannot be made with
reference 1o the effect of geology in the grossest
sehse on propagation variations with direction
either within or among quarries.

4.52—Efect of Rock Type on Vibration Levels

Investigations were canducted in the following
rack types: limestone, dolomite, diabase, granite-
type, sandstone, and a quartzsericite schist. Data
from similar rock types have been combined,
The limestones and dolomites have been gronped
together.  The pgranitetype  rocks  included
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granitegneisses, a graniwe-diorite, and a gneissic
ciorite, "Uhe dutr from the guartesericite schist
were grouped with the dat [rom the granite-type

rocks,

The data lrom tests in 12 limestone or dolo-
mite quarries are shown combined in figure 4.22,

[) [ 20

|
40 B0
SCALED OISTANCE, 117102

daolomites,

1

|

}

00

The data collectively show o seatter of almost &
fuctar of 3. In figures 422 to 4.25 the dashed
lines represent the envelape of data points from
all quarries instrumented, Both lowest and high-
est amplitudes were observed in limestone and
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Figure 4.28,—~Combined data, diabase quarries, peak particle velocity versus sealed distance,

Figure 4.28 gives the data from 4 quarries in
diabase where there was a greater variation in
slope than for the limestones, but this greater
variation may be fortuitous due to the limied
number of guarries investigated in dinbase, It
should e noted that the diabase data span the
limits of all rock types,

The dati fram the graniteype rocks are com-
bined in figwe 4.24. Frem quarty to quarry,
these data show less spread than the other rock

types. These data are also of lower amplitude
thin the compasite of all rock types shown with
dushed lines,

Fipure 4.25 shows the data from sandstone at
the Culpeper quarry, Data from one quarry are
not representative of the range from a rock type,
It can only he stated that again the data fall
within the dashed lines representing all rock
Lypes.

Two facts need stressing. First, the data from
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each quarry for each component has been repre-
sented by n single line, with the exception of
Strasburg, This may or may not be the best
method (see figures 4.19 to 4,21y, However, us-
ing stasistical methads, 67 percent of the data

will lie within plus or minus 1 standard devia-
tion (vertical lines) of the regression line; 95
percent will fall within plus or minus 2 standard
deviations. On this basis, the presentation of the
datn is believed valid, Second, the composite lines
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for all rack types as shown by the dashed lines in
figures 4.22 o 4.25 represent more than 99 per-
cenl of the data obtained, This dees not mean
that all data from all quarries woukl fall be.
tween these lines, bhur most daty would be ex-
pectedd to lie within these limits,

4.5.8—0verbwrden

Several tests were conducted o determine the
effect of overburden on puticle velodity ampli-
tude, The results in all cases showed no ellect on
amplitnde, Figure 4,26 is typical of the results.
The filled-in symbols represent gage stations on
bedrock or with less overburden, “The open sym-
bols represent gage stations on overburden. At
the Webster City quarry, stations 5 and 6 were
placed at the bottom of a valley and had 34 feet
less overburden, At the Bellevue quarry, seations
1, 2, andl 8§ were on bedrock, and the balance
of the stations were on 14 feet of overburden. In
both cases, regression lines were fitted to the data
omitting the siations with less or no overburden,
1t is concluded for the tests shown that no
amplification of particle velocity amplitude oc-
curs due to presence or absence of everburden,
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Figure 4.26,~Effcct of overburden, peak particle
velocity versus scaled distunce.

However, aother effects are ohserved. The
initial particle velocity pulse arrives proportion-
ately earlier at stations en little or no bedrock
by #n amount attributable to the missing over-
hurden, The frequency of vibration with less
overhurden is two or three tmes that recorded
on thicker overburden, Displacements obtained
by integration of particle velocity are one-hall to
one-third the level expected if the overburden
thickness had been uniform, These results are in
penern!  agreement  with  the conclusions of
Thoenen and Windes (/6), Displacements are
higher and Irequencies are lower on thick over-
hurden. These changes are such that the result
ing particle velocity is not appreciably affecied.

4.6—APPLICATION OF FOURIER
ANALYSIS TECHNIQUES TGO
VIBRATION DATA

The development and wiilization of high-speed
elecironie digital computers has brought about
the widespread application of Fourier techniques
to all types of seismic data. The Fourier integral
representation of » function, [ (t), may be simply
given by

f (l) =F (u:) ('1.22)
where [ {1} s the function in the time domain,
and F{u) is the transform of [(t) and represents
the functien in the frequeney demain, The
process is reversible, so that if either §{1) or
I {w) is known, the ether function may be de-
termined (2, 3},

The authors feel that there s a hidden fallacy
in the use of Fourier techniques; that is, il the
end product of the process is to determine the
frequency content of the signal, nothing s
gained, Familiarity with seismic-type recards and
their transforms leads one to conclude that there
is little il anything (perhaps phase information)
contained in the transiorm that cannot be dis
cerned {rom the original records. However, if the
purpose is to determine ground response spectra,
to filier, to determine cnergies, to integrte or
differentiate, or to study absorption ar many
other phenomena, then Fourier analysis provides
a strong and uselul tool,

The primary use of Fourier techniques was to
determine displacements and accelerations from
particle velacity records aned 10 examine the rela-
tionship of instantanecus and  delayed-type
hlasts. While the details of the mathematics are
available (2, 3) and are not presented here, the
general procedures ave described,”
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Figure 4.27,—~Comparison of particle velacity and displacement in the time and frequency domains,

1,6, 1—Displacement and Acceleralion from
Particle Velocities

Many unalyses, including integration and dii-
ferentiation, are performed more easily in the
frequency domain than en the original time
series data, The bulk of the data recorded in the
field progran were particle velocity-time records,
Using standard procedures, the particle velociry
records were converted to dipital forni with one
three-digit number representing each sample at
approximately 1 millisecond intervals, Thesc
data with 3 computer program were input to a
computer, The coeflicients, phase, and amplitude
were calculuted for selected frequencies, This
output is the amplitude spectrum or transform of
the original time function. By taking the inverse
transform of the spectrum, we synthesize or re-
generate the original time Iunction.

If the velocity spectrum obtained from the
velocity record is integrated or differentiated, the
resultant is the displacement or acceleration
spectrum, respectively, Base line shifts or digi-
tizing errors may be corrected more easily and
more adequately in the frequency domain than
in the time domain, If aiter application of ap-

proprime corrections, the inverse mansform of
the displacement or acceleration spectrum s
taken, the result is the synthesized displitcement.
or acceleration-time record, Figure 4.27 shows
tracings of a typical purticle velacity-time record,
the velocity spectrum, the displacement spectrum
integrated from the velocity spectrum, and the
displacement-time record synthesized from the
displacement spectram, This procedure was used
i section 3.6 1o evaluate the reliability of cal-
culating particle velocity from displacement or
accelermion,

4.6.2—Comparison of Instantineous and Delay.
Type Blasting Through Fourier Techniques
During the study of millisecond-delayed blasts,
it was noted that the effect of delays was not only
present in the amplitude but also in the wave
shape. Figures 4.1 and 4.2 from one- and seven-
hole instantancous blasts, vespectively, are gen-
erplly smooth low-frequency records. Figure 4.3
is from a seven-hole blast with a 9-millisecond
delay between holes, The traces in this figure
show a high frequency wave train of about 8 to
9.uillisecond period, This is most noticeable on
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Figure 4.28,—Spectral amplitudes, radial and vertical componeats, from a 8-hole, 9.millisccond-delayed

the vertical components, Figure 4.4 shows a simi-
lar phenomenon from a 7-hole, 34-millisecond
delayed blast. A longer duration as expected is
apparent from the longer delayed blast,

The higher (requencies generated by the de-
layed blast are a function of the interval delay
time, IE o number of identical amplitedeime
sighals, each delayed from the previous by a de-
lay time, are summed, it can be shown mathe-
matically that a periodicity comparable to the
delay time results (13). Figure 4.28 shows the

{ast,

spectra for radinl and vertical components at
various distances [rom a 3-hole, 9millisecond de-
lay blast. The spectral amplitudes have been nor-
malized to about 1.0 at the peak frequency, In
these and enswing plots, the spectra have been
truncated at a point where all higher frequencies
have amplitudes less than 5 percent of the peak
amplitnde, The spectra Irom an instantancous
shot are not shown, sintce the radial, vertical, and
transverse spectra would all resemble the radial
spectra of figure 4,28, Similarly, transverse spectra
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Figure 429.—Spectral amplitudes, radial and verucal components, from a 7-hale, S-miilisccond-delayed
blast.

are not given in figure 1.28, becuuse they would
resemble the radial spectra, In figure 4,28, there
is littde evidence of the delay interval on the
radial spectra, while there is u general increase in
amplitude on the vertical spectra in (ke 100-
120 Hz range as expected fram Y-millisecond de-
lays., The radial and vertical spectra from a 7
hole 9-millisecond delay blast are shown in figure
1,29, As the number of delays increases, there
should be a proportionately greater amplitude in
the spectra for the frequency reliated to the delay
interval, This is shown in figure 4.29 as the radial
spectra has some high frequency content, and the
vertical spectra contains much high Irequency
energy. Figure 4.8 which is the velocity-time
record for the same blast shows the sime fre-
quency content.

By inwegrating the velocity spectra and syn-
thesizing, the displacement-time record may be

obtained for each velocitytime record. If the
displacement at commion successive times is
plotted by pairs {radinlvertical, verticabtrans
verse, or ridialransverse), the trajectory of the
particle is mapped out in a plane, Figure 4,80
shows the R-V and R-T particle mation trajecte-
ries for one station from an instantancous biast.
The wrrows denote a 10.-millisccond sampling in-
terval, For an instantancous blast, these curves
are generally smooth, Figure 4.31 shows R-V
particle mation trajectories for a 3-hole, 9-milli-
secondl blust and a 7-hole, 9-millisecond blast,
Although it is difficult to pick the instant of
arrival of the energy (rom successive holes, the
trajectory becames more erratic as the number of
delays increases.

The apparent fack of high-frequency signal in
the spectra and the velocity-time records for
radial and transverse motion (as compared to
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vertical motion) may be a consequence of the
free half-space in the vertical direction, The
carth is more free to vibrate in the vertical diree-
tion and may carry higher frequency vibrations.
However, the presence of lugher frequencies
should cruse greater attenuation with distance
for the vertical companent. This was true for al-
most every guarry hlast recorded,

A similar and perhaps carresponding phe-
nomenon was apparent in the velocily-time rec-
ords (figures 4.1 to 44), The radial and trans-
verse component traces tend to oscillate for a
much longer time than the vertical traces. This
maty he the consequence of some type of trapped
wive in the horizental plane or the result of the
generation of Love waves at the surface, These
lower Irequency oscillations often being sustained
tend to mask higher frequency encrgies on the
radial and transverse compenents in both the
time and frequency domains,
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CHAPTER 5—CENERATION AND PROPAGATION OF
AIR VIBRATIONS FROM BLASTING

51—INTRODUCTION

Noise is an undesirahle by-product of blasting,
Air vibrations are generated by the blast and are
propagated outward through the air under the
influence of the existing topographic and atmos-
pheric conditions, Three mechanisims are usually
responsible for the generation of air blast vibra-
tions: The venting of gasses to the armasphere
Irom hlown-om uncanfined explosive charges, re-
lease of gasses to the atmoesphere from exposed
detonating Iuse, and ground motions rvesulting
fram the blast. The detonation of unconfined ex-
plosives results in the rapid release of all the
gasses, heat, and light generated 1o he dissipated
in the atmosphere. The expanding pgasses do
little wseful work in this type of blast, and large
amplitncde shock waves are generated in the air.
Unstemmed explosive charges in open borelioles
still allows vemting of the gasses to the atmos
phere, However, the partial confinement allows
some usefnl work to he done and results in some
reduction of the amplitude of the air biast,
Furither confinement of the blast in the horeholes
by the addition of siemming reduces the alr
blast by allowing & more gradual release of the
grasses by pushing out the stemming and thvough
the broken buriden, The air vibrations generated
by ground motion resulting from the blast are
small. The surface acts as a pistan moving the
air above the point of detonation. Thus, the
quantity of air displaced by the ground maotion Is
small compared to the volume of gas released
during a blast, Because the greatest amount of
naojse is gencrated by venting gasses, the use of
stemmed charges with huried detonating fuse is
a logical procedure to follow to reduce blast
noise. A concise presentation of the theory of
generation and propagation of shock waves in
air can be found in standard text and reference
boaks (3).

Early stusdies by che Bureau of Mines (7, &)
established that pressure attenuation with dis
tance greater than the inverse square might he
observed from blasts set off in the air and that
doubling the weight of the charge increased the
maximum pressure by abowt 50 percent.

Other investigators have studied the decay of

amplitude of air waves with distance and the
depth of burial of charges as a factor in the
reduction of air vibrations from blasting, The
Ballistic  Research Laboratories at  Aberdeen
Proving Ground, Maryland, have published in.
formation concerning the decay of amplitude of
blast-generated air waves with distance, the ef-
fects of depth of burinl of the charges, and the
prediction of focusing of blast waves due to
meteorological effects (/-6). Under certain con-
ditiens loeul regions of high overpressure can
develop as a result of changes in the propagation
velarity of blast waves, The propagation velacity
muy increase with ahitude due to the existence
of temperature inversion ot inereased wind
velocity at higher altiwnde, causing the blast
waves to he refracted downward to focal areas
some listance [rom the blast.

Grant and others (2) investigated blast wave
generation and propagation for a noise abate-
ment program and established that wind velocity
and divection, barometric pressure, and aimos-
pheric temperture had the most profound effect
on the propagation of blast waves,

Previous air blast stndies dealt with peint
source generation and ammuniton disposal and
did not include data from mining rounds de-
signed to break and move rock, Consequenily,
Bureau of Mines personnel made additional ob-
servations of air blust overpressures from mining
rounds at eight diflerent crushed stone quarrtes.
The biasts were recorded withont regard to
seasan, weather, atmospheric temperature condi-
tions, o wind in order to cover the range of
conditions under which these blasts are normally
detonated, These overpressure data are presented
for comparison with the published curves and
observed data from other investigators,

52—PREVIOUSLY PUBLISHED DATA

A program of resexrch of air hlast damage was
started by the Burean of Mines in the carly
1940's, These carly stdies were concerned with
the decay of amplitude of air blast with distance
and damage to structures from uir blast (7, &),

The decay of amplitude of air blast with
distance was studied by detonating explosive

65



(i BLASTING VIIRATIONS AND THEIR LEFFECTS ON STRUCTURES

charges in air and measuring the increase in air
pressure due to the passage of the blast wave at
varions distunces from the point of detonation.
The explosive charges were detonated far enough
above the gronnd to minimize the effects of
ground rellection on the pressure envelope. The
distances andd the charge sizes were varied in a
controlled iest program, The damaging elTects
of air blast were studdied by placing a lrame of
mounted glass window panes in the vicinity of
the blasts detonated in the air, Thus, the dis-
tances from the charge to the [rame were varied,
us well as the charge weight, The weight of the
charge detonated in the air varied between 0.5
anel 1,800 pounds, and the shot-to-gage distances
varied from I0 to 17,100 feer, The distance from
the window irame positions to the charges was
viried to derermine how far from various size
Liasts damage oecurred,

Figure 5.1 is a combined data plot of overpres-
sure versus scaled distance, where sealed distance
is defined here as distance in feet divided hy
the cube root of the charge weight in pounds,
The air blast data from GO tests conducted by
Windes (7, 8} are represented by 16 data points.
The scaled distarice representative of these dat
runge (ram about 12,5 to 3,400 {t/lb%, Average
overpressure values for these tests range irom
1006 psi to 3.4 psi. No detailed meteoralogical
data were recorded during these tests. Thus, no
corrections can be made for the cflects of atmos.
pheric conditions,

The author did not deduce a propagation law
from these data, hut noteed only that, in general,
pressure attenuation with distance was greater
than the inverse square und that doubling the
charge weight increpsed the overpressure by
about 50 percent.

It was noted that the main air blast wave
consisted of a positive pressure pulse of a few
milliseconds duration which rose quickly 1o jts
maximum value and dropped off more slowly,
The positive phase is fellowed by a negative
phase of longer duration but less pressure
change. The failura of window glass due te air
blist ean, in most instances, be distinguished
from Dbreakage due to missiles, Fragmentation
due to air blast in mast instances will be out-
ward from the huilding with some picces left in
the frame, However, this will not be rue if the
glass is close to the blast source, Thus, at a dis-
tance from the blast the projection and penetra-
tion of glass fragments is of no great importanee.
It was found that window glass failure from air
blast did not occor when the blasts were con-

T T

USHM goha after wingen
MShY gty wibratian &t
HAl  worfgcw BI3BI curae &
HHL dcaleg aepirs V3 0

ARL sealed aupth +

BEL scaled qepthe ) by
Scaled 19 rube roor af chgige -
waign

oLl

=

DTFFFEATLPE myi

2

oo [-

o001 L
) 100 a0 1500 10600

|
SCALED DISTANCE, Diw'!

Figure 5.1.—Combined data plot, overpressure
versus scaled distance,

fined in wells or drill heles in blocks of rock.
In general, this study cencluded that damage
from air blast from actual quarry blasts was ine
significant,

The decay of amplitude of air blast with dis.
tance was measured by the Ballistic Research
Laboratories (BRL), and these results were com-
pared to theoretical values for a lurge number of
tests conducted over a period ol years, These
studies led to observations of damage generated)
by air Blast (#-6), During the course of BRL's
investigation, metearological data were coliccted
concerning wemiperiture as a function of altitude
ancl wind direction and velocity both at the
surface and aloft. The velocity of sound increases
2 feet per second for each | degree centigrade
temperature increase and §s increpsed in the
downwind direction, Thus, in the case of a
temperature inversion or an increase of wind
velocity with altitude, the blast waves are re-
fracted downwird and may cenverge at some
focal point at a large distance from the blast
Increases of blast overpressure in such cases can
e as much as & hundredfold,

The decay of amplitude with distance was
determined from a large number of tests that in-
cluded datn from very large blasts. The solid
sloping lines on figure 51 show the decay of
amplitude with distance for surface blasts and



i
t
)

et

H
[
it
i
p

)3
¢
i

Fuddana uATTY, CrrrRitiry

GENERATION AND PROPAGATION OF AIR VIBRATIONS FROM BLASTING 67
Tabls 81, - n-,u_M-_m-.. pofata ot ot gul 1m 0d_Kops Tl o (4G anl ssetpsetyre da)8 [0 B0S T A1 e tomping,

Kanaqran Yparpy, Ha

YRDA TR et z 1
Brcta, | R ihie " ! T ) - LT Xl e LT
Toae | Cfetupy | noden | atuerar, | atomg, [ S0 7 ateteges e | | i, | stter, [ roomi, | e Frosserny
Y 1 1n £ oy’ e I . i b o Tl Lidd
120040 1Ray i3 L] G b RN oy, hes 2] o by [N} L o,0r
[N TS
| 118 wa i Lo . sph NP
FEEN TGl
FEIIPN BT 186,5 b 0,0 I EEn) u17 Teblw 506, =+ (harar anfovsplessags dets ey buperiop Siopg Company
ot ot Hizpane Gestiz Ciroethugs, Koty
T} iy
PRI T[T - "
Ponorhgs | e T B
Tt Fuaeiny, h.. to, | diwneter, | timmlng, ""”"';' “‘“““(' preiare,
Ih W I i it [k
wasure dats ur m;..-u i Tushed LT 10 Hant £ [ty (] ng.\ n.a‘u:h
FErRITIT 144 s
I T TN Bro) e
v PN s |, N . e
[ Juta [l AR there m ! i " e 1 Eeii
et | gy, | frabe, [ anssete, | gcceng, | TR | Stelrae | sresues, R
1 W 1 e rife [ i ¥
Lrfe, e [ 214 [) L.y 148 Quiihe e LEY 110 L0 oo pan "':“‘"‘1‘1
RUS
PL% Bt 3o a e . 2e a,
1 1 b o2 1k w i, [ERTIN SIS L | oo fast T e
i ety !z R
ok} ity 3 jaord
[T [&]] el el 8 Laadt i AL — -
FRUM I TE) 143 Nt B 1y R i)
o Juf.
. . Takba 37, « Obyrge ol eyerpres Aif 0L Sl bets !'_nl.rlLJ.- Sufpsdatjan,
1Hee ifu 8,4 LR 10 Lo} ::: n:.‘tﬂ', I = tparey, frirraalg,
Korka Lok
FE T (%] Tuft 1.0 ey L 1L [ Taled (ATTT) Tere
1l i W el | e, hIr e Vo e
! il Taat felapy [ dwdee | diaereny [oani | B0 | ettres | et
n . in e | et ¥
T YT 3.0 [FE] e 1t Sk T
ek s
Tuble Nod, o tfiaipn and Seepptespre dary,lag Olearifly Fruahe B wiuty
o i Vi v
Ayl ompzny ransg, STannd Ly, Yo, e 10 s To (e 2t Bl
AT ] i o 8 on N
PRARYS  Ea T wene aas I A
Tray pdedey, | oinade, ataeeter, | Gl -~ ,‘
2 i 1n r £1 Al Wi tow e 5 16 108 '(».
Lifiaes Al JLV IS 't 0 beh TR L)
Lag2 fers
HET fui AR b ol 1.9 WAL
[0S
[

Table S0, - Chargs and wvvipgsosdr diga jup b Yorb Jrap
St ek, S0

Mk Luyoeal pog pear
- (AT
Hunochas | Cn e
facing, | fale, | atigetern, | dteekiig, | 9T pravare,
n i n I Firann G
ig It [ 1,0 akly LG
ey
am P €3 Yk 5,17
sted 0y G e 2
5 *) % 1.0 a1t SRTTTE
Tty

Tor scalec depths of burial of 14, 1, and 114
ih/ I, respectively. Both the depth of burial and
the distance have been scaled to che cube roat of
the charge weight. The overpressures are hased
upon standard sea level conditions and can be
corrected for harometric pressure by a multiplier
that is the ratio of the pressures,

Studies of air blast in relation to noise abate-
ment were onducted by Grant, Murphy, and
Bowser (2). The objective of the study was to
determine the effect of weather varinbles on the
propagution of sound through the atmosphere,
The significant variables in the order of their
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importance were wind velocity and direction,
baremetric pressure, and temperature, respec
tively, The sound intensity and duration were
found to he enhanced in the downwind direction.
High baromeiric pressure and temperature were
faund to relate to low intensity and duration,
The duration of the sound was found to increase
with increasing distance from the source uncer
all conditions,

53—BUREAU OF MINES DATA

One of the objectives of the quarry vibration
study by the Bureau of Mines was 1o measure the
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amplitucle  of airblast overpressures resulting
from detanation of mining rounds in operating
quarrles. Accordingly, measurements were made
ol the air blast amplingdes from 26 mining blasts
detonated in eight crushed stone quarries. The
dain were collected during the routine mining
operations without vegard to atmospheric con-
ditions, time of day, rack type, or explosives used.
The burden and spacing were controlled by the
operators to achieve desived rock breakage, wod
the blasts were stemmed in accordance with the
hlasting  procedure practiced at cach quarry,
Thus, the data obtained are representative of
actual operating conditions,

The use of cube root scaling implies spherical
propagation from a point source, The configura.
tion of a normal mining round does not conform
ta a point source model, and burizl of the
charges in long boreholes behind a shallow
burden precludes either true spherieal or hiemis-
pherical propagation in the air over distances of
a [ew thousands of feet, However, it has been
common practice to scale air blast data to the
cube root of the charge weight, Therefore, the
Burean ol Mines air blast datr  (shot-to-gage
distances) lhave been scaled to the cube root of
the maximum charge weight per delay, These
data are presented in tables 5,1 through 5.8 and
are shown in figure 5.1 by 66 clata points on the
overpressure versus scaled distance plot.

The confinement af an adequately stemmed
chargte in a borehale it a mining round is the
distance from the borehole to the [ree face, which
is the burden, Therelore, the burden scaled to
the cube roat of the charge weight per hole
would be expected to correspond to the scaled
depth of burial of the charge as determined hy
the Ballistic Research Laboratories (5, 6).

A careful study of the Bureau of Mines air
Dlast data was made, and it was determined that
adequate stemming might be achieved by main.

trining a ratio of stemming height in feet to
hole diameter in inches of 2.6 [tfin or greater,
Under this condition, the hurden, scaled to the
cube root of the charge weight per hole, will
compure [avorably with the scaled depth of
burinl of the charge as used by the Ballistic Re-
search Laborataries (3, 6), Also, the value of 2.6
ft/in for the stemming height to hole diameter
ratio agrees with published data of Ash (1),

It is interesting to note that enly one point
from the quarry blast data on fgure 51 lies
above a scaled depth of 1. The maximum over-
pressures measured «id not exceed 0.16 psi, and
mast of the overpressures are at least an order of
magnitade lower, Thus, it is reasonable ta as-
sume that a properly stemmed mining round de-
signed to break and move rock efficiently will not
generate air blast overpressures of a damaging
level under average opersving conditions,
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CHAPTER 6—ESTIMATING SAFE AIR AND GROUND
VIBRATION LEVELS FOR BLASTING

G.1—=INTRODUCTION

Blasting aperytors are often faced with the
necessity of limiting vibratien levels to minimize
ar climinpte the possibility of damage o nearby
residential structures or to reduce complaints
from neighbors, As discussed in Chapter 3, the
Bureau recommends a safee blasting limit of 2,0
infsec peak particle velocity that should tot be
exceeded if domage is to be precluded, I com-
plaints are a majer problem, the operator may
wish to further limit the particle velacity leve] 1o
rectuce the number of complaints which he leels
are attributable to vibration Jevel, Again, as
discussed in Chapter 3, from the case history of
the Salmon event, n particle velocity limit of 0,4
infsec could be established by the eperator il
complaints ave to be kept below 8 percent of the
potentizl number of complitinants. 1n a densecly
populated area, or where the history of com-
plaints has been a serious problem, an operator
may find it desirable to still further limit the
vibration level to minimize complaints. Tt should
be clearly understood that the authors are not
advacating a limit helow the 2.0 in/sec criterion
which will preclude damage hut are sugpesting
that an aperator may, by choice, find it desivable
to impose a mote restrictive litit to minimize
complaints,

The two variables which appear to affect viba-
tion level the most at a glven distance are the
charge weight per delay and, to a lesser extent, the
metliod of initiation, The same total charge
weight which would result in damnge can aften
be shot in a series of delays with no damage,
Electric delay caps can often be used with a net
decrense in vibration level as opposed to the
levels from Primacord delay connectors or in-
stantancous blasts, The operator has a design
problem to obtain the proper procedure for
best breakage, proper throw from the working
face, the best economy, and other considerations,
Conversion to delay shooting, increasing the
number of delays, or electric delay caps. may not
provide the best salution or even any solution ta
many Masting problems. IHowever, where the
vibration problem is urgent, changes in the two

variables citedd will provide the greatest change
in vibration level at a given distance,

There are twa approiaches to the problem ol
how to estimate charge size so that siafe vibration
Ievel limits will not be exceeded at o given dis.
tatice, ‘The first and best is to use instromenti-
tion on blasts to determine within a quarry what
tire specific constunts are in equation 421 f[or the
actual blasting conditions. The second approach
is to use general daea taken tnder varying condi-
tions (such us the data in figures 4.22 through
1.25) to determine empirical rules of thumb
which must inherently have Jarger safety faetors
than those where 1 specific quarry maonitors its
owi blusts,

Alithough air blast is rarely a problem in nor-
mal blasting operations, a discussion of estimat-
ing procedures for the control ol averpressures
is included in section 6.5, As pointed cut in
section 5.8, this report continucs the general
practice of scaling air biast data to the cube root
of the charge weight per delay.

6.2—ESTIMATING VIBRATION LIMITS
WITH INSTRUMENTATION

Obviously, the best way to control vibration
levels is to determine and know these levels,
Many blasting operations record the particie
velocity from enclt blast on o routine basis either
with owned or leased equipment or through
consultant services. Data from one station may be
used to accumulate suflicient data 10 make plots
similar to thaose shown in figures 4.15 through
£.17. Fhis can be done in either of two ways: by
recording at a fixed gage location from several
shots at different scaled distances; or by locating
the gage station at successively [urther scaled
distances [rom successive shots at the working
face. The second method is recommended, be-
cause it only requires a gage station at pre-
selected scaled distances from several routine
blasts,

As an illusiration, one data point was selecled
from each of the tests at the Weaver quarry
shown in figure 4.15. Eiglt data points were
chosen at randam but at various scaled distances,
A ninth point, from Weaver test 9, was chosen to

69
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provide the largest scatter possible within the
data of figure 4,15, These nine data points,
shown in figure 6.1, represent a single data paint
from erch of nine blasts and illustrate the use
ol u single guge station for several blasts at a
quarry, The single point selected to have the
Iargest deviation is shown with a different sym-
bal, Three regression lines have been placed
through the data, Line A represents all the daa
from the Weaver quarry in figure 4,15, Line B
represents the 8 data points selected at random
bug ar various sealed distances, Line C represents
those 8 data peints plus the data point from
figure 4.15 with the most deviation, It is ohvious
thut these 8 or 9 points are representative of the
approximately 0 points used in figure 4.15.°
From these data, shown in figure 6.1, an operator
might select a sealed distance of 15.0 to insure
that 2,0 in/scc peak particle velocity is not ex-
ceeded at o particular distanee or a sealed
distance of 20.0 to be more conservative. While
the illustration is only for the radial component
data from Weaver, similar results could have
been obtained for the vertical and transverse
component data,
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Figure 6.1.—~Comparison of particle velocity data
from diflerent shots within a quarry,

A single three-component gage station would
he the minimum unsed in determining propaga-
tion data for a blasting aperation, Data should
e taken in more than one direction to insure
that directional effects, such as those discussed in
section L5 are determined if present, Establish:
ment of a propaguion law, sich as shown in
figure 6.1 removes all questions and permits de-
sign of blasts and maintenance of contrels on
Dlasting limits which will preclude exceeding
safe blasting criteria,

6.5—ESTIMATING VIBRATION LIMITS
WITHOUT INSTRUMENTATION

For many quirries or blasting operations, it is
not possihle 1o obtain data as suggested in section
6.2, In such cases, it is advisable to use empirical
dara derived from investigations In various quar
ries, Figure 6.2 represents the combined particle
velocity versus scaled distance data from Buregu
tests in many quarries. The heavy line is the
upper limit envelope of all the data points col-
lected, If it is assumed that these data repre-
sent  sulliciently random sample of all possible
blasting sites, then these data can be used to esti-
mate a safe scaled distance for any blasting site,
At o scaled distance of 50 ft/1b% the probability
is small of finding a site that produces a vibration
level that exceeds the safe blasting limit of 2.0
in/see, Therefore, it is concluded that a sealed
distance of 50 {tflb% can be used as a control
limit with a rensonable margin of sufety where
instrumentation is not wsed or is not available.
For cases where a sealed distance of 50 ft/1b'
appears to be too reswictive, a controlicd ex-
periment with instrumentation should be con-
ducted to determine what sealed distances can be
used to insure that vibration levels do not exceed
2.0 in/sec particle velocity,

6.4—USE OF SCALED DISTANCE AS A
BLASTING CONTROL

The sighificance of scaled distance and its
proper use has raised many questions and is often
misunderstaotl, As discussed in section 4.3, the
peak particle velocily of each component of
ground motion cin be expressed as 4 Tunction of
distance from the blast and the maximum charge
weight per delay by the equation:

8]
v=H (WT)” (6.1)
where v = particle velocity,
H = intercept at /W% = 1,0,
D = distance,
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Figure 6,2.~Combined velocity data from all quarries in Bureau of Mines studies.

W = maximum charge weight per delay,

D/W4 = scaled distance,
ancl g = regression exponent or slope.

The values of both H and 2 will vary with site
and component,

After plotting values of penk particle velocity
versus scaled distance, D/W% on loglog co-
ordinate paper from instrumented shots  (as
shown in figure 6.1) , the sealed distance at which
2.0 infsec particle velocity Is not exceeded, can
readily be picked [rom the graph, For illustra
tive purposes, a scaled distance of 20 fiflb'
has been chosen. Similarly, in the absence of data
from instrumented blasts, the data ol figure 6.2
can be used empirically. A scaled distance of 50
[t/1b% has been chosen from these data and is
recommended for use where instrumentition has
not been used, This will insure that vibration
levels will not exceed 2.0 in/sec particle velocity,
Two examples have thus been set up: one, where
instrumented data has been available and a sec-
ond, where no data was available, The two
hypothesized scaled distances for the two situa-
tions are 20 and 50 ft/1', respectively,

Naormally, the distance [rom_ the blast to 2
potential dnmage point will be ixed, The charge
per delay must then be varied to provide the

proper scaled distance limit. Since D/W% is the
sealed distance, one may determine the proper
charge weight per delay from he equation:
W =D (5D.)3, (6.2)
The quantity, 8., in equation 6,2 is the selectec
scaled clistance to preclude damage, For the ex-
amples, 5D, has the value of 20 /1% and
50 1t/1b%. Assuming the potentinl dmnage point
is 500 feet from the blast and solving equation
6.2 for the charge weight per delay, 625 and 100
pounds of explosives conld be detonated per de-
{ny without exceeding the safe vibration criterion
if the control limit was a sealed distance of 20
fe /1% ar 50 [t/1bY, respectively. If the distance to
the potentinl damage point is 1,000 feet, the
maximum charge per delay that could be deto-
nated safely would be 2,500 or 400 pounds for
scaled distances of 20 or 50 {t/1b%, respectively,
Figure 6,3 is useful to quickly determine the
maximum charge per delay for scaled distances
of 20 or 50 [y/IbY, The line for a scaled distance
of 50 ft/I% can be used where no data are avail-
able, The line for a senled distance of 20 {t/1b%
is used only to illustrate what might be done if
previous shots hid been instrumented and data
plottedd as shown in figure 6.1. Two of the four
previous numerical examples are shown on
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Figure 6.3,~Nomogram for cstimating sale
charge and distance lmits for sealed dlstances
of 20 aml 50 /1%,

figure 6.3 through the use of dashed lines, At a
distance of 1,000 feet, a vertical line is con-
structed to intersect the scaled distance equal to
20 It/Ib% line, A horizontal line is druwn through
the intersection to the charge weight axis indi-
cating a permissible charge weight per deluy of
2,500 pounds, As an additional exercis, il the
distance is 500 lect and a limiting scaled distance
of 50 t/ib% is used, a vertical line is drawn at
500 feer to intersect the scaled distance equal
to 50 ftflb% line. A horizontal line i drawn
through the intersection indicating th 100
pounds of explosives could be used per delay.
These results determined graphically are, a5 ex-
pected, identical with those ebtained numeri-
cally. After construction, such a nomograph, per-
mits the determination of the permissible diarge
weight using only a straight edge. If dan are
availuble from instrumented shots, and a more
appropriate scaledd distance is selected, o new
nomogreplt can be constructed using equation
6.2,

6.5—ESTIMATING AIR BLAST LIMITS

The control of blasting procedures to maintain
vibration levels below the safe blasting limits ol
2,0 in/see particle velocity generally resulis in air
blast overpressures being much less than re-
quired to produce damage from air blast to
residential structires, Curve C of figure 5.1 can
be used to predict overpressures empirically. This
eurve represents an equition of the type:

D
P=K( W”)ﬂ (6.2
wlere P = peak overpressure,
K = intercept at D W% = 1,0,
D = distance,
W = maximum charge weight per delay,
D/Wh = scaled distance lor air blast con-
siclerations,
and g =slope,

Using similar logic anc a numerical example
[rom section 6.4 and curve G as an appropriate
estimating curve, overpressures may be estimated,
Assuming the potential damage point is 500 feet
from the blast, we had previously determined
that 625 and 100 pounds of explosives could be
detonated ot sealed clistances  (D/W4%) of 20
fifib% and 50 fu/1b%, the hypothetical limits to
limit particle velocity to 2.0 in/sec. Using 500
feet and 625 and 100 pounds for predicting over-
pressure, these values represent scaled distances
{(D/WHY of 585 and 108 [tflh%, respecrively,
Frem curve G, figure 5.1, the overpressures are
0,027 and 00135 psi [or these condidions, These
vilues are considerably helow the 0.5 psi recom-
mended safe air blast limit, Using an ajternate
approach, 0.4 psi from curve G occurs at a scaled
distance (/W% of 4.4 fr/Ib%, This represents
an explosive charge of 784 tons at 500 feet com-
pared to the 525 or 100 pounds permissible under
the safe vibration limit. This comparison illus-
trates the estimation of charpge size for sate air
blast 1imits and also that under normal blusting
conclitions air biast is not a significant problem
in causing dunage. Except in very extreme eases
where it is necessary to detonate relatively un-
confined chaiges, the control of blasting proce-
ures to limit vibration levels below 2,0 infsec
automatically limits overpressures to safe Jevels,
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CHAPTER 7.—SUMMARY AND CONCLUSIONS

7.1-=SUMMARY

This study is based on the 10year Bureau pro-
gram to reexemine the problem of vibrations
from blasting. Included in the program were an
extensive field study of ground vibrations from
IMasting; an evaluation of instrumentation to
measure vibrations; establishment of damage
criteria for residential struetures; i consideration
of luman response; a determination of param-
eters of blasting which grossly affected vibirations;
and empirical safe blasting limits which conld be
used with or without instrumentation for the de-
sign ol safe blasts,

In all scaions of this report, the authors have
drawn heavily on the published work of others.
This is particularly wrue in Chapters 8 and 5.
In additon to the many publications referenced,
all known, available, and pertinent articles pul-
lished through August 1969 were critically re
viewed, Ohviously, many articles have been left
out of the discussion either becanse of duplica
tion ar beciuse they did not present significant
contributions to other discussed data.

The Buwean study included data rom 171
biasts at 26 sites. The sites included many rock
types, such as limestone and dolomite, granite-
type, diabase, schist, and sandstone and covered
simple und complex geology with and without
averburden,

The tests covered the detonation of explosive
chiarges ranging from 25 to 19,625 pounds per
delay at scaled distances ranging from 339 to
369 ft/Ih%, Recorded amplitudes of particle
velocity ranged from (LOOOS0A to 20.9 in/sec.
Frequencies of the seismic waves at peak ampli-
tudes ranged from 7 to 200 cycles per second.

7.2—CONCLUSIONS

Damage 10 residential structwes from ground-
borne vibrations from blasting correlates more
closely with particle velocity than with accelera-
tion or displacement. The sale blasting limit of
240 infsec peak particle velocity as measured
from any of three mutually perpendicular diree-
tions in the ground adjacenmt to a structure
should not he exceeded il the prabability of dam-
age 1o the siructure is to he small (probably less

than 5 percent) . Complaints can be further re.
dueeel il a lower vibration limit is imposed, As
an example, a peak velocity level of 0.4 in/sec
should he imposed if complaints and claims are
to he kept below 8 percent of the potential
number of complainants. In the absence of in-
strumentation, a scaled distance of 50 [t/Ib%
may be used as a safe blasting limit for vibra.
tions,

Air blast does not contribute to the damage
problem in most blasting operations. A safe
blasting limit of 0.5 psi air blast overpressure is
recommended. Except in extreme cases (lack of
standard stemming procedures), the control of
blasting procedures to limit groumd vibration
levels below 2.0 infsee antamatically limits over-
pressures ta safe levels,

Human response levels to ground vibrations,
air blast, and noise are considerably below those
levels necessary to induce damage to residential
structures, The human response level is 1 major
factor contributing to complaints, The ground
and nir vibrations ohserved in this study at
reasonable distances from routine blasts are sig-
nificantly lower than the vibrations necessary to
damage residential structures, However, many of
the abserved vibration levels were at values that
woulll cause people discomfort and, therefare,
result in their filing complaints,

Miilisecond-delay blasting can be used to de.
crease the vibration level from blasting, beeause
it is the maximum charge weight per delry in.
terval rather than the total charge which de-
termines the resultant amplitwde, To relate the
ground vibration effects of different blasts, peak
amplitwdes at common scaled distances should be
compared, The distance is sealed by dividing it
by the square raot of the charge weight per delay
interval. Blasts initiated with eleetric millisec-
and-delay eaps generally produce a lower vibra-
tion level than blasts initiated with Primacord
delay cannectors,

Genlogy and/or direction ean have a major
cffect on both amplitude Tevel and decay of am-
plitude with distance, If # site is instrumented to
provide blasting limirs, these effects should be
examined, partieularly in directions where strue-
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tures mighit e subjected to damage. In an overall
sense, from quarry to quarry, effects of geology
including rock type, could not be determined
from the data, Amplitudes at comparable scaled
distances were similar irrespective of rock type,

The presence or absence of overburden does not
give rise to differences in particle velocity ampli-
tude but does alter the wave {requency giving
rise to changes in displacement and acceleration

amplitades,

X
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EXPLANATION OF APPENDICES

The appendices present the pertinent data
concerning the fiekd studies, Appendix A presents
plan views of the varions sites, Appendix B gives
the shot and leading data for the ground vibra.
tion tests, Appendix G gives the partiele velocity
and frequency data, Appendix D gives a brief
geologic site description, The order of siws is
uniform throughottt the appendices, For ex-
ample, the Chantilly quarry is represented as
figure A-17, tables B and G-17, or site 17,

Two sites have been treated slightly dilferent

because of the limited data obtained there, Only
pressure measurements were obtained at the
Rockville quarry, A plan view of the tests is
given in figure A-25, and the pertinent blast and
loading data are given in table 5.8, The Rock-
ville quarry does not appear clsewhere in the
appendices, Site 26, the location of the Bureau—
ASCE duamage study tests, does not appear in the
appendices, These two sites do not represent the
same type tests as sites 1 through 24 and have
therefore heen excluded from the appendices.

Appendix A~—=Plan Views of Test Sites

The gape station arrays and blast  areas,
mapped by a stadia survey at each site, are
shown in figures A-1 through -25, The lacation of
each blast is dentified by test number, The gage
station locations are shown by z series of circles
along a line and are indicated as station 1, 2, 3,
etc. At the Weaver quarry where gage arrays
were numerous and close together, only a line

76

is shown to represent the gage stations along the
line, Gage arrays are identified with hlasts by the
corresponding test numler as necessary to indi-
cate which blast was recorded along which page
line, Gaps between blast areas on the maps
represent rock quarricd during periods when
vibration studies were not conducted.
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Appendix B.—Shot and Loading Data

A summary of the shot and loading data is
given by site in Appendix B, Included are the
number of holes, dimensiens of holes and blast

a6

patern, and the loading infermation including
charge per hole and delay, type of initiation and
delay interval,
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Appendix C.—Particle Velocity and Frequency Data

A summary of the peak particle velocity and
associated requency data is given by component
and site in Appendix C. The peak particle ve-
locity given is the maximum value recorded,
regardless of where it occurred during the re-
cording, The {requency given is the [requency
associated with the peak particle velocity, When
the peak particle velocity is nssociated with two
[requencies, one superimposed on the ather, both
frequencies are listed in the tables, with the pre-
dominant {requency appearing first, The scaled

H

distance is given for each gage station for each
test. This is the distance [rom blast-to-gage
divided by the square reot of the maximum
charge weight per delay or the total charge
weight for instantancous blasts, The shot-to-
gage distances, rom which the scaled distance
was calculated, were detertnined by measuring
the distance from ench gage to the center of the
blast holes having the maximum charge weight

per delay,
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Appendix D.—Geology Description

A brief description of the geologic condition,
face height, and overburden thickness at each
site follows:

Site L.—Weaver Quarry, Alden, lown. The
quarry is in the Gilmore City Limestone. As
exposed at the face, the vock is light tan,
argiilaceous, and loosely jointed, The floor of the
quarry consists of a massive, odlitic limestone,
There is no structural dip, The face height was
80 feet with 6 feet of overhurden,

Site 2—Webster Gity Quarry, Webster City,
lowi. The quarry is in a light brown, loasely
juinted, dolomitic limestone of the Sperpen
Formation. There is no structural dip. The [ace
height was 10 feet with 56 feet of averburden,

Site 3.—P & M Quarry, Bradgate, JTowa. The
quarry is in the same peological setting as site 1.
The face height was 24 leet with 2 to 12 feet
of overburden,

Site 4,—Ferguson Quarry, Ferguson, lowu.
The quarry is in the same geologic setting ns site
1. The face height ranged from [5 to 20 [eet
with 15 to 20 feet of overburden,

Site §i,—~Shawnee Quarry, Shawnee, Ohijo, The
quarry is in the Columbus Limestone, in the
general arvea of the Columbus Formation-type
section, The Columbus Formation is typically
a hard, flatlying, thickly hedded, gray limestone,
often slightly fractured and weathered in the
upper levels, and hard and unfractured in the
lower levels, The face height was 25 feet with 15
feet of overhurden,

Site 6, —I1amilton Quarry, Marion, Ohio, The
quarry was in both the Columbus and Delaware
Formations (see site 5}, The Delaware varies
from an argillaceous, cherty, blue limestone ta a
very pure limestone and is flat-lying. The face
height was 20 feet with 10 [eet of overburden,

Site 7.—Ilat Rock Quarry, Flat Rock, Ohio,
The quarry in the Columbus Limestone (see site
5) had a face height of 50 ta 55 feet with 9 feet
of averburden,

Site 8,—Bellevue Quarry, Bellevie, Ohio, The
quarty in the Columbys Limestone (see site 5)
had a face height of 18 feet with 2 to 12 feet of
overburden,

Site 9.—Bloomville Quarry, Bloomville, Ohio.
Operating in both the Columbus and Delaware

104

Formiations, (sce sites 5 and 6), the quarry had a
face height ranging from 18 to 32 feet with 17
feet of overburden,

Site 10,—Washington, D.C.—The rock at the
east approich of the Theadore Roosevelt Biridge
over the Potomac River was a dark, greenish-
gray, goeissoid diorite. The bedrock dips east-
ward away from the site. The overhurden
thickens from 5 [eet at the working area to 50
feet at the end of the gage array.

Site 11.—Poughkeepsie Quarry, Paughkeepsie,
N.Y. "The quarry was in the Stockbridge Group,
a tilted, jointed dolomite, The face heighe varied
from 28 1o 104 feet with overburden thickness
ranging lrom 2 1o 50 feet.

Site 12,—West Nyick Quarry, West Nyack,
N.Y. The quarry is in the Palisade Diabase of
Upper Triwssic age, The fuce height varied from
20 to 45 feet with litile or no overburden as the
result of stripping.

Site 18, —Liuwleville Dam Site, Huntington,
Mass. This test was the sinking of a 1614 by
21 foot shaft to a depth of 50 feet. The rock
was a quartz-sericite schist with a pronounced
[olintion that dipped 60° to the west, The surface
was irregular aned ranged from exposed bedrock
to 5 [eet of glacial il

Site LL—Centreville Quarry, Centreville, Va,
The quarry is on dizhase of Triassic age and had
a face height of 30 to 30 feet with 10 feet of
averburden,

Site 15.—Manassas Quarry, Manassas, Va, In
the Triassic dinbase, the quarry had a face height
of 22 1o 45 feet with 6 feet of overburden,

Site 16—S8trasburg Quarry, Strasburg, Va, The
quarry is in the New Market Limestone overlying
the Beekmantown Formation which is quarried
elsewhere but not utilized in this quarry, The
New Market consists of thick-bedded, bluish-
gray, fine- to  medium-grained, crystalline
dulomite, and compacdy textured, blue- or dove-
colored, coarsely fassiliferous limestone, The beds
strike N, 75° E, and dip 50° to the southeast.
The [ace height varied from 4 to 20 [eet with
G feet of averburden,

Site 17.—Chantilly Quarry, Chantilly, Va.
This quarry in the Trinssic dliabase, had a face
height of 34 to 45 feet with 4 feet of averburden,
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Site 18.—Culpeper Quarry, Gulpeper, Va, This
quinty is in the Manassas Sandstone of Triassic
age. The rock is a mediumebedded, finegraingd,
red and pray smdstone composed mainly of
quartz and Teldspar and dips G° to 8° to the
northwest, There nre thice distinet sets of vertj.
cal joints that sirike N 450 E, N 150 E, and eust,
The face height varies from 30 10 45 feet with
! to 5 icet of overburden,

Site 18~—Doswell Quarry, Doswell, Va, This
quarry is in the Baltimore granite-gneiss which
is a fine- to medinm-grained, light- to dark-gray
gneiss, In places, the gneiss is course-grained with
large phenocrysts, The gneissic strueture strikes
N 459 E and dips 450 1o the sautheast. The rock
is highly jointed with the most prominent joint
set striking N 559 W and dipping 70° NE, "The
height af the working fuce is 50 fect with 20 1o
40 feet of overburden,

Site 20.—Riverton Quarry, Riverton, Va, This
quarry is in the Beekmantown Formation and
consists of mediun Lo thick-bedded, fine-grained,
gray dolomites, interbecdded with thick-bedded,
fine-grained, gray Nmestones with caleite-filfed
[ractures, The Leds dip from 252 (0 45° jn an
easterly divection, The only shot recorded was 3
tae shat with littke or no overburclen,

Site 2L —Jack Quarry, Petersburg, Va, This
quarry is in the Baltimore granite-gneiss and is

similar to the rock at site 19. Details on the
struclure and jointing were not available, The
face height varied from 40 co 80 feet with 30
feet of overburden,

Site 22.—Buchanan Quarry, Greensboro, N,C,
This quarry is in 2 granite diorite complex show-
ing moderate to strong gneissic structure, Grain
size varies from fine to course, The rock {5 meder-
ately jointed and deeply weathered, The height
of the working face varied from 27 to 50 fect
with 80 feet of overburden,

Site 28.—Hi-Cane Quarry, Greensbora, N.C.
This quarry is in granite-gneiss similar to the
rock at site 22, The height of the warking face
Is 50 feet with 30 fect of overburden,

Site 24,—Union Furnace Quarry, Union Fur-
nace, Pa, This quarry jy operating in the Beek.
mantown Formation and the averlying strata, in
the Radman, Lowville, and Carlin, The Beek-
mantown contains thick-bedded dolomites with
chert and thin-bedded, blue limestones, The
overlying heds are dark, finegrained, nearly pure
limesiones, The limestones have been folded and
[aulted with individual beds overturned, Joints
are numerous and closely spaced, Only ene large
shot is fired annwitlly with a face height of 185
o 200 lect, Overburden thickness ranges fron

2 to 10 [eet,
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