Ti ght Construction Bl asting:
Ground Vi bration Basics, Mnitoring, and Prediction
By: Frank J. Lucca, Terra Dinamca LLC

| nt roducti on

This is the first white paper in a series that is being
prepared for close-in or tight blasting situations. These
papers are basic and should be used as an introduction to

bl asting in municipal environnments and other |ocations where
close-in blasting is needed for rock excavati on.

Ef fective bl ast design and optim zation requires that a
mul ti tude of variabl es be choreographed into a single event.
These variables include but are not limted to safety,
borehol e di aneter, borehole depth, stiffness ratio, stemm ng
hei ght, stenmm ng type, burden, spacing, subdrill, explosive
type, explosive energy, explosive quantity, initiations
systens, delay pattern, and the geol ogy nust be taken into
account .

In close-in or tight construction blasting (1 foot to 20
feet), there is less margin for error because of the
proximty of structures affected by flyrock and vibration
effects.

There has been consi derable study fromthe US Bureau of

M nes and ot her government agencies on vibration and

ai rblast effects fromsurface mning operations. But, there
has been little research conducted on construction blasting
and even less on the effects of close-in blasting. Due to
this, the current municipal regulations do not reflect the
type of blasting and blasting effects generated by tight

bl asting. These regulations are extrenely conservative and
becom ng nore so on a daily basis.

The current trend for engineers witing construction
specifications is that if a 2-inches/second Iimt is good, a
lower limt nmust be nuch better. They do not take into
account the different type of blast geonetry, explosive
energy, Vvibration wave frequencies, building construction,

or geol ogy encount er ed.

Bl asting is an engineering science, but since it is not an
exact science, it is also an art. |In construction blasting,
especially tight blasting, this is even truer.

Anybody with an engi neering or geol ogi ¢ background through
ei t her education or experience can read basic handbooks and
under stand the concepts and nethods of blasting, but even
the nost educated will not truly understand or be able to do
bl ast design, specification witing, nonitoring in tight

bl asting situations w thout actual hands-on experience.
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Sound bl ast designs are based on the follow ng 4 factors:
1. Expl osi ve Energy Confinenent.
2. Expl osive Energy Distribution.
3. Expl osive Energy Level.
4. Expl osives Application Experience.

Expl osi ve energy confinenent, distribution, and | evel can be
cal cul at ed usi ng basi c expl osi ve engi neering fornulas found
i n nost handbooks. Expl osives Application Experience is
devel oped over tinme using different techni ques and products
in different types of applications and geol ogi es.

The foll ow ng docunent has been prepared using sound
expl osi ves engi neering principles and the extensive
experience of the author gathered during tight construction
bl asting projects, regular construction blasting, quarry

bl asting, and m ni ng operations around the worl d.

This is a basic priner for the expl osives engi neer and
bl asters who have to perform bl asting operations in tight
quarters and nunicipalities.

Bl ast i nduced G ound Vi bration

In a sinplified version of what happens when expl osives are
detonated in a blasthole, the chem cal reaction of the
expl osi ves produces a high pressure, high tenperature gas.
This gas pressure (detonation pressure) crushes the rock
adj acent to the blasthole. The detonation pressure decays
or dissipates quickly. The second phase, which inmediately
follows or is in conjunction with detonation phase, is the
shock and stress wave propagation phase. Wen the wave
front noves forward, it will encounter discontinuities
and/or interfaces. At these points, sonme energy is
transferred across and sonme is reflected back.

During and after the stress wave propagation, high pressure,
hi gh tenperature gases extend radial cracks and any

di scontinuity, fracture, or joint. The explosive energy
will always take the path of |east resistance. Once the

bl asted rock is separated fromthe bedrock, no further
fracturing occurs because the gas pressure escapes. This
entire process occurs within a fewmlliseconds from
detonati on of the expl osives.

In basic ternms, the energy not utilized in the breakage
process is wasted energy. This energy is dissipated in
the formof vibration, airblast, and watershock (charges in
open wat er).

Vibration is a wave notion created froman energy source, in
the case of rock blasting; the source is explosive energy
and rock novenent. Vibration wave notion is normal and
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caused by many things including wal king, running, cars,
hamreri ng, door slamm ng, and natural seismc events.

Primarily, blast induced ground vibrations are the result of
the detonation pressure pushing the blasted rock away from
the bedrock. This large force against the bedrock or

unbr oken portion causes the bedrock to vibrate. Wen the
vibration is transmtted through the ground, this is called
propagati on. The propagation velocity is the speed at which
the vibration waves travel. As vibration waves travel away
fromthe energy source the vibration is reduced or decays,
this is called seismc attenuation.

Properly designed blasts utilize the magjority of expl osive
energy to break the rock. Poor designed blasts will have
hi gher vibration |l evels due to wasted energy.

To understand bl ast-i nduced vi bration, one nust understand
the foll ow ng vibration conponents and term nol ogy. A good
exanple that is seen in many texts as an expl anation of
vibration is the foll ow ng exanpl e.

The ground vibration caused fromblasting is simlar to the
notion of a floating object placed in the water near the
energy source. The distance between the wave crests that
nove the object is the wavel ength. The speed at which they
travel outward fromthe energy source and noves past the
object is the propagation velocity, the particle velocity is
the speed at which the object bops up and down, and the
frequency is the nunber of times the object bops up and down
in one second.

In blasting, ground particles oscillate in response to a

vi bration wave. This oscillation is nmeasured in particle
velocity. The maximumrate is the Peak Particle Velocity
(PPV). In blasting this is measured in inches per second or
mllinmeters per second.

Velocity is a neasure of the distance that could be travel ed
by particles in 1 second, neasured in inches/sec (ips) (also
known as speed in layman’s ternms). e.g. 60nph neans
something will travel 60 miles in 1 hr, 1 ips neans a
particle would nmove 1 inch in 1 second. The actual tinme
that particles are noving is nmuch | ess than 1 second, so
even if we nmeasure 2 ips, the ground may only actually nove
0.2 inches if ground novenent only occurred for one 10th of
a second.

Particle notion is defined as ground particles oscillating
in response to the arrival of the vibration wave. There are
basically 2 types of vibration waves, Body Waves and Surface
Waves.
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Peak Particle Velocity is the maxi numrate of particle
novenent; displacenent is the distance the particle noves
back and forth or the distance a particle or object noves
fromits position of rest. The change in displacenent over
a unit of distance is called strain.

Besi des Peak Particle Velocity, the frequency is one of the
nmost inportant factors controlling the response of

struct ures. Frequency is the nunber of tines the
particles nove back and forth in one second. This back and
forth notion can also be referred to as oscillations. The
nunber of oscillations/second or cycl es/second that a
particle nakes under influence fromthe vibration wave is
nmeasured in Hertz (Hz).

Frequency is dependent on site geol ogy, distance to the
bl ast, and del ay sequencing (hole firing tinmne).

The nature of the effect of frequency allows tight blasting
wi t hout damage and al so can all ow hi gher peak particle
velocities. Wthin 1-2 neters or 3 to 7 feet, blast
frequenci es can be many thousands of hertz. Although, they
attenuate or decay quickly, the frequency can still be
extrenely high at a nonitoring point under 20 feet. These
frequenci es can be so high that normal equi prment cannot
neasure the | evel

Structural dynam cs research has shown the inportance of

vi bration wave frequency in tight blasting situations. |In
many cases, blast limts and specifications are based on

bl asting situations in mning and quarrying. Frequency,

al t hough | ooked at in regards to standard blasting limts is
hardly ever taken into account when designing specifications
for tight blasting.

When structures are excited by blast vibrations, that nay be
equal in all variables, except frequency, the structure in
guestion will respond much differently to a ground notion
with a principal frequency of 20 hertz as opposed to a
ground notion with a principle frequency of 150 hertz.

To conpl ete tight construction blasting projects in a cost
effective, tinmely manner, and with mniml inpact on
surroundi ng structures, it is inperative that the expl osives
engi neer understands the inportance of frequency in
specification witing, blast design, and interpretation of
results.

Also, it is inportant for the explosives engineer to have a
firmgrasp of other nmethods to define vibration wave peak.
During the nonitoring of a blasting project, the term

accel erati on maybe used to define the vibration wave peak or
intensity. Acceleration should always be examned in terns
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of the principal frequency and should not be used as a
stand-alone limt.

Accel eration (a) is defined as the velocity per unit of
time. As an exanple would be the car commercial that states
“0-60 in 10 seconds”. The car is accelerating to 60

m | es/hour in 10 seconds, which neans there is a speed
(velocity) that is calculated over time. The acceleration
woul d be 6 nph/second.

The conbi nation of vibration wave peak particle velocity
(the peak speed the particle noves fromrest to highest

di spl acenent and back down |ike the bobbing cork exanple
stated earlier), and the frequency (nunber of novenents in 1
second) are used to cal cul ate acceleration. The
gravitational acceleration on the earth’s surface (constant
of 386.4 inches/second?2 = 1 gravity (g)) is used to convert
t he accel erati on neasurenent (which is neasured in

i nches/ second?) to gravity.

The formula used is for approxi mate maxi mum accel eration is:

2¥ pi*¥V* f
386.4

Accel. =

Where: Units of acceleration = gravity, V= PPV (ips), f =
frequency (Hz).

We can cal cul ate acceleration or neasure it with the

sei snmograph. Wen acceleration is cal cul ated instead of
nmeasured, the nunber is usually nmuch | ower then the actua
result because the vibration wave is not a true sinusoidal
curve. This is also the reason when using accel eration and
frequency to convert to peak particle velocity in

i nches/ second that it too is an approximation. But, this
can give us a good approxi mati on of what’s happeni ng.

In close-in blasting situations, high accel erations can make
the perceived vibration seemnore intense and can al so make
the seism c data unreliable.

Sei snogr aphs

To neasure blast vibration, we use instrunents called

sei snmogr aphs. The geophone is the part of the instrunent
that contains sensors. The geophone nmust be firmy attached
to the material that is being nonitored. |f the geophone
noves nore than the material, it has decoupled. Wen
nmonitoring close-in construction, this can readily occur
especially if vibration wave acceleration is exceeding 1 g.
When accel eration exceeds 1 g, it is nmuch nore likely that

t he sei snograph sensor or geophone will experience
decoupl i ng.

Terra Dinamica L.L.C - Effective Blast Design and Optim zation 5
Copyright 2003
Aut hor: Frank J. Lucca



As an exanple, if a board is sitting on top of a table, and
the tabl e experiences sone type of force, the board wll
nmove nuch nore than the table. 1In this exanple, the board
is equivalent to the geophone. When a blast occurs, the
rock is barely shaking or vibrating, but the geophone noves.
The vi brations being recorded are actually the geophone

novi ng, not what the rock i s experiencing.

There are other problens that may occur to sei snographs when
used for close-in nonitoring. These include exceeding the
operational limts of the transducer and/or aliasing.

I nsi de of the geophone are the instrunents that neasure the
vibration. In nost comrercial seisnographs, these
instrunments are called Seismc Velocity Transducers. A coi
nmovi ng through a magnetic field nmeasures the output of the
t ransducer.

In cases where the vibration frequency is high (over 250
Hz), the peak particle velocity approaches four

i nches/ second, acceleration is over 1 g, or the geophone is
placed in an area that will experience a multitude of
different wave types at the sane tinme, transducer decoupling
may occur. This happens when the coil inside of the
magnetic field noves enough to disrupt the magnetic field.
This is exceeding the operational limts of the transducers.

Accel eration transducers or accel eroneter seisnograph units
can be enployed for close-in nonitoring in the near field,
but do not function well for mdfield or far field
monitoring. Again, if setup in the wong location, it too
can generate anonal ous readi ngs.

Usi ng the sane table and board exanple: If someone pounds on
the table, the board will junp or bounce up. |If a bag of
sand is placed on the board, it will be held down.

Al t hough, a | arge enough force applied to the table wll
still nmove the board and sand bag. Because the instrunents
are being set up so close to the blast, no anmount of cover
wi |l keep the geophone from noving nore than the rock.

Al so, as first exanple denonstrates, even if the geophone is
not decoupling, the transducer can be stressed beyond the
operational limts.

Aliasing is a phenonenon, which can occur whenever a signal
is not sanpled at greater than twi ce the maxi mum frequency
of the signal. Thi s causes high frequency signals to
appear at |low frequencies. Also, to nmeasure the anplitude
correctly in high frequency situations, the sanple rate nust
be at least 4-5 tines of the actual frequency being
noni t or ed.
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Frequencies in the extrene near field can be as high as 6000
Hz. Although, this signal attenuates quickly, it can still

be many hundreds of hertz within 20 feet of a bl ast. Thi s
wi || exceed nost commercial blasting seisnograph operational
limts and will generate erroneous data.

In other words, if an attenpt is made to use nor nal
commerci al seisnmographs in the extrene near field to nonitor

bl asting, the operational Iimts of the seism c transducers
or data collectors will be exceeded in the particle velocity
and frequency neasurenents, which will generate incorrect

dat a.

Vi brati on Waves

To understand vibration control in tight blasting, the
expl osi ves engi neer must understand vi bration wave
construction and phenonenon.

Bl ast i nduced vibration waves can be divided into three main
categories: conpressive, shear, and surface. To neasure the
noti ons, three perpendicul ar conponents of vibration notion

nmust be neasured. They are as foll ows:

Ground vibration direction
1. Transverse- horizontal notion at right angles to the
bl ast .
2. Vertical — Up and down novenent
3. Longi tudinal (Radial)_- Horizontal novenent along a
line between the recorder and the bl ast.

The three main vibration wave types can be divided into body
waves and surface waves.

Body waves propagate through the body of the rock or soil.
One type of body wave is known as P-Waves (Conpression and
Tensi on Waves). P-Waves are Push/Pull waves and they are
the conpression/dilatation in the direction of wave travel.
They travel in the follow ng nmediuns: solids, liquid, gas.
The conpression creates a change in volunme of the nedi um
An exanpl e of these types of waves occurs when a rope or
string is stretched and vi brat es.

The other type of body wave is the S-Wave. This is a
transverse wave that noves at right angles to the direction
of wave travel. These waves can only travel in a solid
nmedium S-Waves create a change in shape of the nedium An
exanple would the flexing a rope. The rope noves up and
down, but the wave travels to the other end.

At small distances as those seen in close-in blasting,
bl asts produce predom nantly body waves. These body waves
propagat e outward sonewhat spherically until they contact
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any boundary. These boundaries can include another |ayer of
rock, free face, fracture, joint, surface, or soil. Wen
body waves arrive at these intersections, surface and shear
waves are produced.

Surface Waves travel along the outer surface |ayer of rock.
They do not penetrate into the rock mass. The wave notion
of surface waves decreases with depth. 1 wavelength in
depth is equal to zero notion or no surface wave.

Surface waves are | arger than body waves but travel sl ower
(Frequency). These are the waves, which cause nost of the
vi bration problenms and conplaints. These waves are the

| arge energy carriers and produce the | argest notions.

There are two basic types of surface waves, the Love Wave
and the Rayl ei gh Wave. Love Waves are transverse waves t hat
propagate in a surface |ayer on top of another nedi um ( Soi
overlying rock). Rayleigh waves travel in the free surface
and the particle nmotion is elliptical.

When bl asting in the extrene near field (under 20 feet)

wi thout a soil |ayer, these surface waves are al nbst non-

exi stent. For the devel opment of regul ations, the studies
and research perforned nostly invol ved the neasurenent of
surface waves at large distances. |In tight blasting
situations, the body waves are the dom nant waves and create
surface waves when interacting with structures. Normally
when body waves interact with a free surface, the peak
particle velocity is doubl ed.

If a seisnmograph is setup in an incorrect |ocation such as
near structures, etc, this doubling phenomenon will cause
erroneous dat a.

Transm ssion and reflection of vibration waves al so affect

the peak particle velocities. |In the case of two equal
conpressi on waves colliding, the stresses will add and
double. Once they pass, they will resunme their initial form
and continue. In conditions where two opposite waves
(conpression and tension) collide, the stresses will cancel

one anot her and then continue on and resune their initial
form

| f a seisnmograph is setup in an area where there are a

mul titude of surfaces and structures, the interaction of the
vi brati on waves with each other, surfaces, and structures
may cause the sei snograph readings to be erroneous and not
representative of the actual peak particle velocities
affecting the structure.

Sei snogr aphs shoul d be setup outside of the structure of
concern. |If seisnmographs nmust be setup inside or on the
structure of concern, an analysis should be conpleted that
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i ndi cates the danping and/or the anplification effect of the
structure.

When nonitoring inside of a structure or extrenely close to
the blast, an array of seisnographs should be used in
various locations to insure that the proper readings are
bei ng recorded.

Using vibration prediction formulas, and information from
t he sei snograph array, a good approximtion of the peak
particle velocity can be cal culated at the point or

sei snograph in question.

Many regul ati ons and studi es incorporate the use of scal ed
di stance for sone basic vibration prediction and bl ast
design starting points.

Scal ed Di stance

Scal ed Distance (SD) is a scaling factor that rel ates
simlar blast effects fromvarious charge wei ghts of the
same expl osive at various distances. Scaled distance is

cal cul ated by dividing the distance to the structure of
concern by a fractional power of the weight of the explosive
mat eri al .

There are two excepted scal ed di stance formulas used in
bl asti ng, square root scaling and cube root scaling.

Square root scaling is the general fornula used in nost
regul ati ons and general blasting situations, where the
charge can be considered |inear. Cube root scaling is used
for blasting in the extrenme near field where the charge can
be consi dered a point charge or in explosions involving very
| arge quantities, such as those created by nucl ear

expl osions. Anbraseys and Hendron first suggested cube root
scaling for use in prediction of blast vibrations in the
year 1968.

Square Root Scaling

Many tinmes when construction-blasting specifications are
encountered, designing to a certain square root scal ed

di stance factor is required. This is useful as a beginning
estimate for vibration control and provides a conservative
and safe charge weight for the test blast program Since
expl osi ves confinenent is not taken into consideration,
there can and usually is a large variation in results,
especially in tight blasting situations. It should be noted
that small charges generate vibrations wth higher
frequenci es and snal |l er displ acenents.
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A 1.5-1bs. (.68 kg) charge of explosive will USUALLY
generate nore vibration than 3 - 1/2-1bs. (.2 kg) charges
even when detonated at the sane tine.

Square Root Scal ed D stance Formul a

Scal ed Distance (SD) = Di stance Structure
Wei ght 0. 5

O,

Wight = (D SD)?

Cube Root Scaling

Cube root scaling should be used for vibration prediction in
the extrenme near field (under 20 feet) in construction

bl asting. Cube root scaling can al so be used as the basis
for the prediction of frequency, but that will not be

di scussed here.

Cube Root Scal ed D stance Fornul a

Scal ed Distance (SD) = Distance Structure
Wi ght 0.33

O,
Wight = (D SD) 3
Del ay Sequenci ng

Bl asting regulations usually state that only a certain
anount of expl osives may be detonated per delay, this has
come to be know as the 8 nmillisecond delay wi ndow or 8 s
wi ndow. What this nmeans is that anmount of expl osives being
detonated at a given tine not overlap with other bl asthol es
bei ng detonated within 8 ns. Years ago, researchers realized
t hat charges needed to be separated to achi eve opti nmum
fragnentation and vi bration response. At the tine, the
explosives initiation systens avail able could provide a
separation of at least 8 ns on paper, so, 8 ns was
recommended as the mnimumtine needed for separation of
char ges.

Separation of charges is extrenely geol ogy dependent. Wth
t he advent of nodern el ectronic m crosecond accurate
initiation systens, this author believes that this be viewed
on a case-by-case basis after analysis of the area to be

bl asted is conpl et ed.
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Vi bration Prediction

Basi c prediction of peak particle velocity can be achieved
using Oiard s fornula, which foll ows:

PPV = K x (DDW$A-1.6 = (SD)*-1.6 x K

PPV = Peak Particle Velocity in inches/second (ips)
SD = Scal ed Di stance

N-1.6 =to the -1.6 power

K = Confi nenent Fact or

Lower Bound: 20

Aver age: 150

Upper bound: 242

H ghly confined: 605,

To calculate the “K” factor, use the follow ng
formul a:

K= PPV/(DDW¥A" 1.6

Exanpl e:

PPV = 1.4 ips, Ibs. =
1.4/ (20/ 7"H"-1.6
35. 62

7, D= 20

K

K

1. Calcul ate Scal ed Di stance = SD = Di stance/ Wi ght 2%

2. Calculate SD to the —-1.6 power

3. Multiply by the “K” factor. — Choose the *“K” factor or

cal cul ate from previous bl asts.

4. K x SD*-1.6 equal to your predicted PPV.

5. K factor has huge significance.

6. If this fornula is used well, it can be accurate. This
formula is used in regression curves, but “K” factor and
power are cal cul ated fromthe data.
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Peak Particle Velocity Prediction Table for various SD & K
Tabl e: SD = Scal ed Di stance, K = confinenent factor

Lower Bound Aver age Upper Bound
SD/K 20 75 150 160 205 242 605

10 0.50 1.88 3.77 4.02 5.15 6.08 15.20
15 0.26 0.98 1.97 210 2.69 3.18 7.94
20 0.17 0.62 1.24 1.33 1.70 2.01 5.01

25 0.12 0.43 0.87 0.93 1.19 1.40 3.51

30 0.09 0.32 0.65 0.69 0.89 1.05 2.62

35 0.07 0.25 0.51 0.54 0.69 0.82 2.05
40 0.05 0.21 0.41 0.44 0.56 0.66 1.65
45 0.05 0.17 0.34 0.36 0.46 0.55 1.37
50 0.04 0.14 0.29 0.31 0.39 0.46 1.16
55 0.03 0.12 0.25 0.26 0.34 0.40 0.99
60 0.03 0.11 0.21 0.23 0.29 0.35 0.86
65 0.03 0.09 0.19 0.20 0.26 0.30 0.76
70 0.02 0.08 0.17 0.18 0.23 0.27 0.68
75 0.02 0.07 0.15 0.16 0.20 0.24 0.60

Vibration Prediction with Hendron’s Formul a & Cube Root
Scal i ng

Using the fornula: PPV = K x (Dw*.33)"-1.6, vibration for
very close-in or tight blasts can be predicted in the sane
format as using Oriard s fornul a except substituting cube
root scal ed distance factor for the square root scal ed

di stance factor.

To predict vibration and check the output information
recorded by sei snographs in a seisnograph array, both
formul as can be used to determi ne the correctness of data.

When setting up a seisnograph array, seisnographs are setup
at the closest point of concern to the blast. In tight

bl asting situations, as explained earlier, this can lead to
erroneous data. Special units can be purchased or built
specifically for this type of situation, but this can be
costly and tinme consum ng.

To validate data, other seisnographs should be setup in-line
and behind the closest unit.
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The foll ow ng di agram shows a typical seisnograph array:

- Seis C

Blast Area
Dat a:
4 | bs/ del ay
Sei snmograph A = 15 feet fromblast, PPV = 1.40 ips
Sei snograph B = 35 feet fromblast, PPV = 0.53 1ps
Sei snograph C = 50 feet fromblast, PPV = 0.30 ips

Extrapol ati on of the data foll ows:
First, calculate the K factor for Seisnographs B & C.

Seis B: K = 0.53/(35/4".5)7-1.6 = 51.66, Seis C K =
0.30/ (50/ 4*.5)~-1.6 = 51.73

Second, take the average of the two K factors = (51.66 +
51.73)/2 = 51.69 = 51.70

Third, calculate the expected Peak Particle Velocity for

sei smograph A and conpare the data. Because sei snograph A
is under 20 feet, we can assune the blastholes will act as a
poi nt charge and use Hendron’s formul a, which uses cube root
scal i ng.

Use the average K factor devel oped fromthe array and
replace in Hendron’s formul a:

PPV = K x (DDW.33)"-1.6 = 51.70 x (15/4".33)"-1.6 = 1.41

i ps

The actual reading taken fromthe seisnograph was 1.40 ips.
The calculated reading (1.41 ips) and the seisnograph * A”

reading are basically equal and it can be assuned the
sei snograph is accurate.
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| f the geophone of seisnograph “A” has decoupled or the
readi ngs are above the operational limts of the unit, this
techni que can be used to give an estimate of probabl e peak
particle velocity at seisnograph “A”.

This techni que should only be used after thorough research
and investigation into the response and accuracy of the
sei snograph array.

Anot her techni que used for vibration prediction is the use
of a regression anal ysis.

Regr essi on Anal ysi s

Regression Analysis is the process of estimting peak
particle velocity (dependent variable) statistically from
t he i ndependent vari abl es of expl osive wei ght/delay and

di stance to the structure of concern (scal ed distance).

Peak particle velocities tend to decrease with the increase
of scal ed distance. This neans that the by plotting the
data on a log-log graph will give the appearance of a |inear
rel ati onship. Fromthis data, an equation for the best fit
or nean can be devel oped as:

PV = K x (SD)"s

Where PV = the particle velocity and Kis the y-intercept,
it represents the value of the line when it intercepts the
particle velocity axis at a scaled distance of 1. “S” is
called the slope. The slope represents the decrease in
particle velocity as the scal ed di stance increases.

From the standard devi ati on of the data, confidence
intervals can be determ ned, which are based on an anount of
expl osi ves/ del ay that can be detonated at a certain

di st ance. For exanple, a confidence range of 50% neans
that 50% of the data will fall bel ow the 50% confidence
line. |If the analysis generates data that is interpreted

based on a vibration [imt of 1.0 inch/second, that 8

| bs/ del ay of expl osives can be detonated at 20 feet and
statistically, 50% of the peak particle velocities will be
bel ow 1 i nch/second.

Normal Iy, in blasting, a 95% confidence line is cal cul ated.
To devel op a good analysis, a mininmnumof 30 — 35 data sets
need to be analyzed. |If done properly and enough

sei snmogr aphs are used, this can be acconplished and begun in
the test blast program

Regressi on anal ysis shoul d be conti nued throughout the
proj ect and bl ast design should be adjusted accordingly.
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A typical regression analysis graph using square root scal ed
di stances follows as an exanpl e.

Velocity Attenuation Curve
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Utilizing the techniques of regression analysis and the

vi bration prediction fornulas, blasts can be optim zed and
designed with confidence for close-in or tight blasting.
The added benefit of high frequencies hel ps to reduce the
potential of vibration effects and damage.

DEFI NI TI ONS OF VI BRATI ON EFFECTS AND DANMAGE

Al'l houses crack fromenvironnmental forces. These forces

i ncl ude tenperature change, hum dity change, and settling.
QO her forces interact with structures and al so cause danage.
It is extrenely difficult to distinguish between bl ast -

i nduced damage and normal aging effects.

1. Threshold effects- refers to hairline cracks that may or
may not be seen by the naked eye (75 mcrons or |ess).
Threshol d effects do not damage the structural integrity
of the structure.

2. M nor Damage- Cracks that are visible to the naked eye
but do not effect the structural integrity of the
structure. May or may not be repaired. It usually
depends on the aesthetic appearance. Quarry and
construction blasting wwth PPV as |ow as 2-3 ips (50.8
mMis — 76 nm's) has been known to damage houses, but in a
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normal house, it usually takes between 5.5-6.5 ips (137
mis — 165 mmi's) or higher.

3. Mpaj or Danage- Damage from bl asting usually does not reach
these levels. This type of danage is associated with
eart hquake | evels of vibration. Usually involves
structural damage.

Vari ous governnent agenci es have based regul ati ons and bl ast
[imts on results of studies of large scale blasting
oper at i ons.

The types of blast designs, explosives, and blast pattern
geonetry are nuch different then those encountered in tight
or close-in construction blasting.

Normal Iy, in tight blasting situations, snall dianeter

expl osives (2 inch or less) are used in short blast holes
(12 feet or less). Wuereas, in large-scale long-term

bl asti ng operations, 8-inch dianeter charges (or greater)
over 40 feet deep are enployed. These |arge charges create
| arge surface vibration waves that are |arge energy carriers
and have | ow frequenci es.

In tight blasting situations, it is not uncommon to have

vi bration frequencies as high as 1000 hertz at 15 feet and
many thousands within 5 feet. Also, the propagation
velocity of the wave is so fast at these short distances,
the peak particle velocity only lasts for a short duration.
Wth these high velocities and frequencies, structure damage
potential is low, especially with concrete and brick
structures.

Bel ow are conmmon residential criteria devel oped by vari ous
regul atory agenci es, they should not be applied to close-in
or tight blasting situations.
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Range of Commpn Residential Criteria and Effects

0.5 ips Bureau of M nes recommended guideline to prevent

12.5 mm's threshol d damage in plaster-on-lath construction near
long-term large-scale surface nines with | arge scale
bl asting operations. (R 8507)

0.75 ips Bureau of m nes recomended guideline to prevent

19.1 nmm's t hreshol d damage i n sheetrock construction near |ong-
term large-scale surface nmines with |arge scale blasting
operations. (Rl 8507)

1. 0i ps OSMregulatory Iimts for residences near |long-term

25.4 mm's | arge-scal e surface mnes with large scale blasting

operations at distances of 300 — 5000 feet (9840 m —
16, 400 neters).

2.0i ps Wdely accepted limts for residences near construction
50.8 mm's bl asting and quarry blasting. (BuMn Bull 656, R 8507
various codes, specifications, and regulations). Al so
all oned by OSM for frequenci es above 30 Hz.

5.4 ips Threshol d effects to the average house subjected to

137 mmi's quarry blasting vibrations. (BuMn Bull 656)

9 ips About 90% probability of Threshol d damage from

229 mm' s construction or quarry blasting vibrations. (BuMn Bul
656)

20 1ps For close-in construction blasting, mnor damage to

508 mi' s nearly all houses, structural danmage to sone. For |ow
frequency vibrations, structural danage to npst houses.

NOTE THE ABOVE CRI TERI A APPLY ONLY TO RESI DENCES, NOT TO ANY

OTHER FACI LI TIES OR MATERI ALS

ISEE BLASTERS HANDBOOK- 17" EDITION
Bel ow are recommendati ons based on the author’s experience
for a starting point to develop acceptable |evels or
vibration limts for close-in blasting (under 20 feet).

Saf e and Conservative Blasting Limts

Peak Particle Velocity Structure

2.0ips — 51 m's Resi dential Homes with plaster on lath
construction

2.5ips — 64 mis Resi dential Honmes with sheetrock construction

3.0 ips — 76 mm's Commer ci al Structures/buil di ngs

3.0 ips — 76 mmi's Whoden Bri dge

5.0 ips — 127 mi's Wel | -cured concrete- can vary up to 375ips

5.0 ips — 127 mis Steel/reinforced concrete bridge

5.0 ips — 127 mis Buri ed pipelines- blast out of fracture zone.

15.0 ips — 381 nmi's Cased drill holes

Ti ght bl asting around reinforced concrete structures can be
| ooked at as though the concrete is nmannade rock.

Lews Oiard has done considerable work in researching
effects on these structures. This author has used his basic
recommendations many tinmes w thout a problem The follow ng
is referenced in the International Society of Expl osives
Engi neers Bl asters handbook and books by Oriard (see

bi bl i ogr aphy) .

When bl asting outside the boundaries of concrete the results
are vari able and are dependent on how the concrete was
poured, type of reinforcenent, and raw materials used.
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Tests have shown concrete not to generate cracks until 375
i ps was reached and craters not formng until 600 ips. The
aut hor does not recommend using these as limts, but it
shows the variability of concrete.

In 1976, the Tennessee Valley Authority (TVA) devel oped
l[imts based on Oriard’ s research and investigation. These
are still conservative and can be applied to concrete
footing, walls, danms, bridges, etc.

The limts are based on concrete age and di stance fromthe
blast. A distance factor (DF) was developed to multiply by
accept abl e peak particle velocity limts based on the age of
the concrete in hours and days.

The follow ng charts show the concrete age, allowabl e peak
particle velocity, and distance factor. These are used to
generate all owabl e conservative |imts for blasting.

Concrete Age Al | owabl e PPV- IPS (nms) x Distance Factor
( DF)
0 - 4 hours 4 ips (102 mms) x DF
4 hrs. - 1 day 6 ips (152 mis) x DF
1 - 3 days 9 ips (229 mis) x DF
3 - 7 days 12 ips (305 nms) x DF
7 - 10 days 15 ips (381 nms) x DF
10 days and up 20 ips (508 mis) x DF
Di stance Factor (DF)
Distance = 0 - 50 ft (0 — 15 |DF = 1.0
m
Di stance = 50 — 150 ft (15 - |DF = 0.8
46 m
Di stance = 150 - 250 ft (46 DF = 0.7
76 M
Di stance = >250 ft (76 m DF = 0.6

For exanple, if concrete is 1.5 days old and blasting is 15
feet away, the allowable peak particle velocity would be 9.0

i ps.

Age: 1-3 days = 9 ips
Di stance 15 feet, DF = 1.0
9.0 ips x 1.0 = 9.0 ips

If the structure is above ground (freestanding wall, etc),
this limt can be divided in half for safety. Exanple: 9
ips + 2 = 4.5 1ips

As can be seen, residential and conventional limts should
not be placed on tight or close-in blasting operations,
especially on concrete reinforced structures.
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Thor ough research needs to be conpleted before any limts
and specifications are witten for the blasting operations.
Too often, engineers are hired to wite blasting
specifications that do not have the appropriate experience
to devel op specifications that wll allow safe and efficient
bl asting without undue |limtations.

Many tinmes blasting specifications are devel oped for public
rel ati ons and public perception.

The follow ng graph cones froma study conpleted by the US
Bureau of Mnes in the early 1980's. As can be seen,

i ndividual s are extrenely sensitive to vibration. Wen nost
i ndi vi dual s experience blast-induced vibration, it seens to
be much higher in intensity then actual.

BLASTING COMPLAINTS

Peak Particle Velocity- ips, mm/s % of Complaints

<0.10, 2.54 1.0%
0.10, 2.54 1.5%

0.20, 5 5.0%
0.40, 10.2 10%
0.60, 15.2 15%

1.00, 25.4 20%

1.50, 38 40%
2.00, 50.8 50%
4.00, 101.6 70%

Regul ations are in place to reduce conplaints. As can be
seen fromthe above information, damage normally w Il not
occur in properly functioning and desi gned bl asts.

Damage is normal ly caused by | ong duration vibration waves
wi th high peak particle velocities and | ow frequencies. For
exanpl e, an earthquake can have peak particle velocities of
30 ips or greater with frequencies below 1 hertz and | ast
many seconds.

To a human, a blast vibration wave with a peak of 1.5 ips
and a frequency of 40 Hz and duration of 0.5 seconds may
feel just as intense.
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Sunmmary

When witing

speci fications,
constructing bl ast
desi gns, and

i nvestigating

bl asting rel ated
conplaints in close-
in or tight blasting
situations, it nust
be remenbered that

t he regul ations
devel oped for

bl asting are usually
not based on tight

bl asting situations.

Thor ough and conpl ete

research and investigation needs to be started and kept on-
goi ng throughout the project duration to insure that

bl asti ng can be conpl eted cost effectively and efficiently
wi t hout causi ng damage to surroundi ng structures, equipnment,
personnel , and keepi ng nei ghbor and abutter conplaints to a
m ni mum

The vibration frequency conponent is key in devel opi ng bl ast
designs for tight blasting situations. |If blasting limts
are created that are different then current blasting

regul ations in-place in states and/or mnunicipalities, then
the limts should be based on a conbi nati on of frequency,
peak particle velocity, and the type of structure affected
by the blast induced vibration.

Monitoring tight blasting situations can be difficult. The
proper equi pnmrent needs to be purchased or built specifically
for these types of projects. This should be part of the

bl asting specification. The specification should also take
into account nmonitoring location. |If equipnment cannot be
obt ai ned that can nonitor the blast fromthe proper

| ocations, specifications can be devel oped for nonitoring
froma farther |ocation based on vibration wave attenuati on.
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