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Chapter 4

INFLUERCE OF BLASTING ON SLOPE STABILITY;
STATE-OF~THE-ART

L~ L. Oriarg

Consultant
Huntington Beach, California

ABSTRACT

In order to predict the inilugnce of blasting on slopes, one must
first understand the action of explosives, the panner in which xock
is broken or displaced, and how seismic waves are transmitted, and the
nature of these seiswmic waves. In this paper, the author describes
the action of high explosives on rock masses, beginning at the source
of the explosion, extending through the zone of rupture to a distance
where only elastic waves of low energy persist. The paper describes
the relationships between explosives charge guantities and distances,
including the character and intensity of the seismic waves in variocus
types of terrain,

In looking at the analysis of slopes subjected to seismic waves,
it has been common practice to assume a simplified model in which the
anticipated acceleration is applied horizontally to the slope as an
equivalent static force, or a model in which there is a rigid base
subjected to mechanical shaking. Such models do not accurately por~
tray blasting activity taking place within or near the slope in
guestion. In dealing with blasting effects, it is importast to under—
stand seismic wave types, wave lengths, attenuation and trapnsmisgion
paths, as well as vibration intensity.

In most cases, those slopes that are the least stable under static
loading will alse be the least stable under dynamic loading, althongh
theve may be rare exceptions. Thus, the more that s known about a
slope statically, the better will be the assassment of it dynamically.

UNDERSTANDING BLASTING PHENOMENA

Cne cannot proceed very far with a discussion of blasting effects
on slopes without recognizing the reed for an understanding of the
full range of effects, beginning at the source and extending to such
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44 3RD STABILITY IN SURFACE MINING

distances that only low seismic levels remain. Without an understand-
ing of the various phenomena involved, it is easy to be drawn into
inappropriate assumptions about blasting effects (whether ground rup—
ture or shaking} and/or the use of inappropriate methods of stability
analysis.

At the second conference in this series, the writex presented a
discussion of blasting effects (Oriard, 1971). 'The writer will not
repeat that discussion in detail. However, a brisf overview of a few
of the previous comments will provide the background for a better
wnderstanding of the present paper.

THE BLASTING SOURCE - THE INELASTIC ZONE

It seems useful to discuss the near-source phenomena for at least
two reasons. One is for the purpose of controlling breakage. The
other is to point out the distinction between vibration effegts and
thoge non-vibration, inelastic effects near the source, such as rock
rupture, block motion and gas venting. The latter effects have an
important bearing on the stability of bench faces and the near-surface
portions of excavated slopes.

When an explosive charge is detonated in a borehole in rock, a
high-pressure shock wave is transmitted to the rock, followed by a
longer-acting pressurewder the action of the expanding gases. The
shock wave develops a very high pressure, capable of crushing the
rock for a distance of the order of 1 to 3 charge radii, but is dis-
sipated very guickly. The propagating pressure pulse develops radial
&racks arcund the borehole, and these are further advanced by the
continuing expansion of the explosives gases. Although a larger num-
ber of cracks may begin at the perimeter of the crushed zone, it is
common for a group of some 8 to 12 cracks to become more prominent
and extend to greater distances than the others. According to the
principles of fracture mechanics, less energy is consumed in extend-
ing the more prominent, existing cracks than to develop new ones.
Undexr the action of the initial stress waves, additional cracks also
dewelop at the locations of flaws within the rock mass, because these
flaws provide points of stress concentration.

There was & considerable amount of research done on varlous aspects
of explosives action on rock duxing the 1950's and 1960's. A limited
amount of such research continues at certain universities which have
special interests in the subject,e.u. U. of Maryland (Pourney and Bar~
ker. 1979), others. In general, this on-going research tends to con-
firm the basic concepts developed during earlier investigations and
construction experience, with certain refinements being advanced as
research continues.

The amcunt of rock directly ruptured, fractured or displaced by
the blast is a function of a number of different variables involved
in the blast design. Some of the more important, (in addition to the
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characteristics of the rock mass itself) are:

1. Charge size.
2. Charge concentration or charge spatial distribution.
3. Type of explosive,
4. Depth of burial (distance to any free surface}.
" 5. Coupling to the rogk, ) )
6. Sequence and timing intervals of detonation of multiple
charges.

Trends in Blasting Technology

In recent years, the principal directions of expanding klasting
technology have been found at opposite ends of the spectrum. On the
one hand, there has been an increase in very large blasts and large-
scale operations, including explosive excavation and cratering tech-
nology. Several countries have shown an interest in ejecta dam feasi-
bility {(easting ejecta across a valley by blasting) (Oriard, 1976).

On the other hand, delicate excavaticns are more common; also, incliud~
ing refinements of conventicnal perimeter blasting technology and new
developments in fracture-control blasting {(Oriard, 1881}.

It seems likely that the earliest concepts of blasting were devel-
oped .around cratering principles, then modified for bench blasting as
more sophisticated drilling equipment evolwved. Every few years or so
there seems to be an interest in reviving the cratering concepts, or
expanding on them as they might apply to bench blasting or othexr types
of blasting. 1In their simplest forms, the cratering principles apply
more directly to the case of heavy, concentrated charges {(ideally,
the point~charge concept), whereas bench~blasting concepts were devel~
oped around the use of long cylindrical charges whose lengths are very
great compared to their diameters, The debate is somewhar academic
bacause of the great need to tailor any concept very precisely to the
specific conditions encountersd at the particular site jnvolwed. It
mekes little difference what name is glven to a methed, It is always
impertant to place the right amount of explosive at the right location
to accomplish the work. ‘

The main attraction of a "method" is to simplify the procedures of
blast design, Although this is understandably attractive, it has a
tendency to develop wrong practices. It is a deception to consider
that the geological world is uniform and that formulatéd approaches
are better than site-specific designs. The explosives engineer would
develon better skills if he were constantly honing them to the speecif-
ic conditions of the site. Formulated approaches should be used chief-
ly to prevent the first test of an inexperienced person from being dis—
astreusly designed,

{ratering and Bench Blasting

Slingle, concentrated charges placed below a horizontal ground sur—
face will form a crater if detonated sufficiently close to the sur~
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face, A flat, shallow crater is formed if there is a shallow depth

.of burial. The crater becomes larger in volume as the depth of the

charge burial increases, but beyond the optimum depth of burial, a
decreasingly smaller crater is broken, and the rock is merely frac~
tured, not ejected, At great depth of burial, the surface remains
undisturbed, although there is a zone of crushing and fracturing a-
round the charge location. In order to take charge size into account
in such cratering experiments, it is customary to scale the depth of
burial, and the crater volume, by the cube root of the charge weight,

based on empirical data that tend to show such a correlation. For

example, if we wish to double the radins of a true crater daveloped

by the detonation of a point charge, we will have to increase the
charge weight by the cube of 2, or 8 times. The apparent crater,that is
left open after the blast, does not precisely fit this cube root law
because of ejected material that falls back inte the crater thxough
gravity action. Accerding to the above, then, the “scaled depth of
burial* of a point charge (dob)py is:

DOR
wl/ 3

(doblpe = {by definition).

Cratering principles can be applied to explosives excavation (in
which material is purposely ejected or excavated directly by the
explosives action itself}, or various forms of conventional mining
and excavating cperations in lisu of the more common bench-blasting
principles. ©Of course, typical c¢ratering calculations do not apply
to charges near a vertical free face, unless modified suitably. Fox
example, a long column of explosives near a free face, and parallel
to the face, could be said to represent a linear crater chaxrge with
2 depth of burial equal to the distance to the free face, with the
expectation of little rock breakage beyond the charge {that is,
“below® the cratex).

Using cratering principles, one can expand the concept of a point
charge to two dimenions for line charges, and to three dimensions for
array charges, using simple dimensional analysis. In the case of a

‘line charge, an additional dimension is being added. The unit weight

of the charge now becomes the charge weight (W) divided by the charge
length (S), or {W/S). Similarly, the unit weight of a plane (array)
charge is the charge weight divided by the area of the plane. In a
square array, each side of the plane could be called (S} and the area
of tge plane called {S5)2. Therefore, the unit weight of the charge is
(wW/8<).

Equivalent expressions for scaled depths of burial for point
charges, line {row) charges, and plane {(array) charges are then:

. OB
Point charge: {dob}pt m ——
w1’/3

DCB

Row charge: {dob} 1n W2
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Array charge: (doblpl ____E_’géi?i_
G

Note that as a linear dimension is added to a point charge to pro-
duce a line charge, the equivalent scaling changes from the 1/3 to
the 1/2 power; and as an additional dimension is added to produce a
plane charge, the eguivalent scaling changes from the 1/2 power to
the 1/l power. Therefore, in order to make a line charge egquivalent
to a point charge, we must take the 2/3 power of it. And, in order to
make a plane charge equivalent to a point charge, we must take the
1/3 power of it. If the reader were to manipulate the numbers in
accord with the abowve statements, he would discover a rule that is in
agreement with field experience: for an imcreasing number of simul-
taneously detonating charges (point to row te array), one should in-
crease the depth of burial for an eguivalent mounding of the rock.

The important thing to remembey is that there is no “theory”™ to
determine the correct depth of burial. It is determined empirically,
by trial and error in the field. It is highly site specific. A
scaled depth of burial of 3.0 may produce ideal mounding at one site,
yet he inappropriate at another site. The usefulnees of the abowve
relationships comes in reducing the number of trials needed for the
design of full-scale operations.

gimilar rules of thumd and generxal basic principles apply te hench
blasting. In both concepts, it is a question of acquiring encugh
field experience in different geclogic settings to discover emerging
guide lines, For example, it is common in bench blasting to use a
spacing-to-burden ratio of the order of 2.0. It is common to use a
depth of stemming of the order of 20 to 25 times the hole diameter,
or in the range of .7 to 1.0 times the hole spacing, and it is also
common to drill below the expected depth of excavaticn an amownt: which
is of the order of 0.3 times the hole spacing. However, these “rules™
are highly site specific. At any and all sites, it is esgential to
determine by chservation whether or not these designs produce the
desired results, and to make whatever changes are necessary to meet
the project demands. Such "rules®™ are designed mainly to help the
inexperienced user of sxplosives reduce the number of field trials to
optimize his results.

Direct Damage From Blasting

The primary interest of this paper is that of blasting effects on
excavation perimeters and nearby slopes. From the above commwents,
the reader can appreciate the difficulty in providing a concise rule
to enable him to predict accurately the distance into a slope or .
final excavation perimeter that fractures might extend for any given
size of explosives charge. Too much depends on other features of the
blast design besides charge size, in addivion to the xock character-
isties. As an illustration, let us assume a relatively large charge
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of explosives, say 450 kg in a single hole. Such a charge would have
the capability of mounding perhaps 750 cubic meters of “average"

rock. If the charge were a large~diameter crater charge {(no bench
face), the rock might be broken for about 10 to 15 meters in all &i-
rections. That action would be damaging if the charge were detonated
against a final wall. Bowever, if the charge were detonared as part
of a bench blast, with a free bench face several meters away, the
breakage would be asymmetrical. There would be strong movement to-
ward the free face and reduced breakage into the final wall., It
could be conceived as a linear crater charge turxned 90 degrees, so
that the bottom of the linear crater becomes the final wall, We gan
carry the concept farther by extending the depth of the holes, re-
ducing the charge diametér and trimming a small burden of xock with
very little damage to the final wall. Carried even farther, this plan
evolves into cautious, contrelled perimeter blasting, such as pre-
shearing or smooth blasting. (See Pigure 1.)

Direct rock damage of the type discussed above is not merely the
fragmentation of rock due to passing stress waves. Ope of the most
important physical effects occurring near the blasting source is that
of bleck motion or inelastic ground displacement, just beyond the
zone of fragmentation., Typically, the maximum range of such inelas—
tic displacement will be the result of the venting of explogives
gases beyond the immediate crater zone, and not the result of vibra-
tion. Identifying the true nature of such disturbance is important
for the reason that the methods for aliminating it depend wery strong-
1y on what is causing it. Too often there is an autowmatic conclusion
that ground displacement or block motion beyond the immediate crater
zone is the result of vibration when usually it is not,

Control of Rock Breakage

Contrel of rock breakage usually refers to the control of the per-
imeter of the excavation. Greatexr control means a smoother, less
disturbed final surface. Of course, the word "control" can be used
with other meanings, such as fragmentation control, control of the
movement of displaced or ejected rock, or control.of vibraktion. If
any misunderstanding is possible, a writer should specify his meaning
with additional comment for clarification. .

To achieve control of the limits of a roek excavation, the explos—
ives user must ensure that the spatial distribution of the explos-
ives is proper for the soundness and smoothness of the fipal surface
that is desired. An example of relatively uncontrolled blasting
would be the use of large, concentrated charges, widely spaced. Such
blasting will produce an irregular perimeter. Perhaps the least con-
trolled of all would be a single cratering charge, B2s a general prin-
ciple, one could say that the least control is achieved with the
smallest number of largest concentrated charges; whereas the greatest
control is achieved with the largest number of smallest , spatially
distributed charges {Oriard, 1971). The accompanying graph portrays
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Figure 1 - Illustration of Bffects of Spatial
Distribution of Explosives Charges
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this concept in graphical form. (Figure 2.}

CHARGE PARAMETERS -
DECREASING CONCENTRATION
DECREASING CONFINEMENT ,

INCREASING $PATIAL DISTRIBUTION

INCREASING SMOOTHNESS AND
SOUNDNESS OF ROCK SURFACE
Figure 2 - General Relation of Charge Parameters to Soundness
of Rock Surface
Fre-splitting or pre-shearing is a very cautiocus technique for
the control of blast effects at the perimeter of an excavation. With
rhis technique, small-diameter cartridges are detonated in a larger~
diameter hole to decouple the charge from the rock surface and en-
‘hance the géneration of a prominent fracture between the holes, while
reducing the development of cracks in other directions {(Oriard, op.
sit.} In the pre-splitting method, the perimeter charges are deto-
‘nated first, sometimes as a completely separate operation. If the
perimeter charges aredetonated last in the blasting sequence, the
method is wsually called cushion blasting, smooth blasting, or merely
trim blasting. Pield experiences gained since the time of the last
conference in this series has shown that various medifications of
controlled perimeter blasting hawe proved to be worthwhlle in pre-
serving the integrity of open-pit slopes, and the practice is becom-
ing widespread. It has been standard practice in structural exca~
‘vations for a very long time. ©Of course, the appropriate extent of
such an effort is highly site-specific, depending not only on the
characteristics of the rock but also on the needs of the project. In
general, the writer prefers a blast design which provides a three-
stage approach to slope control. This design includes different de-~
tails for {1} the pattern holes, (2} a buffer zone consisting of at
least one row of holes between the main pattern and the perimeter,
and {3) a line of perimeter holes, with increasing caution in the
blasting design as the perimeter is approached. Such a design will

INFLUENCE OF BLASTING
help to preserve the bench faces in a large excavation.

Normally, the writex prefers that the perimeter row be detor
last in the detonation segquence, rxather than as a pre-split bl
When the perimeter is detonated first, as a pre-splitting oper:
the nearby buffer holes must be placed cleoser to the perimeter
detonated with heavier charges, in order to break and eject all
back to the final perimetér surfaces. Thus, the buffer holes =
be very precisely drilled and loaded, in order to avoid either
break or overbreak. On the other hand, if the perimeter holes
detonated last, their function is not merely to generate a frac
plane, but to displace rock as well. Thus, they perform a work
tion which permits the buffer holes to be farther away and les:s
ically designed. Of course, the work function is a cost saving
wall.

If financial considerations permit the use of highly control
blasting technigues, it is possible to produce complex, "sculpt
structural excavations. For example, the photo (Figure 3 } sh
excavation in which two adjacent openings were blasted in weak
leaving an undisturbed, narrow web between the two zones where
blasting tock place. Although this particular excavation recei
attention for the unpsually precise sculpture blasting that was
it 4id not involve any new theory, - merely a highly site-speeci
application of existing technology. The underlining is added t
emphasize for the reader the importance of fitting explosives t
nology to the specific site conditions involwved.

Perhaps the reader will be interested in some recent develop
that have application to control of perimeter fracturing, as we
other special uses. The method is called fracture-control blas
With this method, the sides of the blast holes are notched long
inally. The notches or grooves provide stress concentrations w
promote fracturing at lower borehole pressures, and control the
rection of fracturing, - being primarily within the plane of th
notches. The experience of the writer in field tests suggests
there can be a reduction in explosives charge guantities of the
of 2 to 5 times {Oriard, 1981). The boreholes can he notched w
either mechanical tools or high~pressure water jets. Of course
either of these notching methods adds time and expense to the p
which must be justified on the basis of improved results, Howe
it appears that at least two additional optiaons are worth inves
ing. One of these would be the development of a drilling tool ¢
nas the capability of drilling and notching im a single pass. R
is currently underway at the University of Maryland regarding t!
development of such a tool (Ravinder et al, 2980).

Another option is to make use of a linear shaped charge of e
ives rather than the grooves along the borehole wall. The effe
ness of either of these methods would be highly dependent on the
jointing characteristics between widely-spaced boreholes. In ol
case of large-diameter boreholes and large—scale blasting operat
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These photos illustrate the
precision that can be
achieved when site-specific
blasting desigms are used

. oy sceylpture blasting in
structural excavations,
even in this poor-gquality
rock.

Mote the undisturbed 40 com
web of rock between the two
deeper excavations in the
top photo.

The bottom photo shows sew—
eral undisturbed complex
rock monoliths on the far
side of a trench which ex-
® tends to a depth of nearly
15 meters.
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in an open-pit mine, the latter option may be more attractive, at
least within the framework of existing technology.

GROUND, VIBRATICHS FROM BLASTING

If our interest were only that of predicting the intensity of
ground vibrations from blasting, it would not be necessary to discuss
wave types and propagation phenamena to any great extent. The sub-
ject may be approached empirically, with the inclusion of prediction
formuelae such as those of the writer, shown later. However, it is
necessary for an understanding of the present topic to include suf-
ficient detail of seismic wave phenomena to demonstrate how these re-
late to slope stability. (A porticn of this discussion will appeaxr
in a forthcoming AIME volume on underground mining, - see Oriard,
19814).

after the primary shock front or pressure pulse has passed beyond
the zone in which shattering oY fracturing of the rock ocours, it
passes through the ropck in the form of elastic waves or vibrations.
As this energy passes through the rock, it takes on different forms
which travel at different velecities and cause different types of
deformation to occur in the rock. The fastest traveling wave was
originally given the name "Primary" or P-wave. This is a compres-
sional wave, sometimes called a radial or longitudinal wave, because
the rock is deformed in the radial directiom from the energy source.
Following the P-wave is a slower traveling wawve which was originally
called a "Secondary" wave or S-wave. This is a shear wave, sometimes
called a transverse wave. Although this wave travels in the same di~
rection as the P-wave, the deformation of the rock is at right angles
{transverse} to the direction cf the wave travel. The P-wave and S~
wave move through the main mass of the rock and have the general name
"body waves”.

When the body waves arrive atr the ground surface, new waves are
generated. Some contihue through the body of the rock mass as new
body waves. Ancther group travels along the surface and given the
name "surface waves”. fTheir motion is quite different from that of
the body waves, being characterized by larger amplitudes, lower fre~
quencies, and a lower propagation veleocity., In most cases, thése
waves contain significantly more energy than the body waves, although
they do not exist in most underground situations.

1f one makes the usual assumption that there is an elastic half
space that is homogeneous and iostropic, elastic wave theory descri-
bes the wave motions that can be antic¢ipated. In practice, it ig
simpler and more reliable to determine particle motions by means of
field measurements rather than through theoretical calculations.
However, it is important to remember that the different wave forms
are characterized by dlfferent particle motions and are propagated at
different velocities. The compressional or dilational wave is propa~
gated with the welocity
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e, = lec-w/ea-2m aan]t/?
= | ow2gysp| M2
where A = £
(L+p} (1=2u)
B
and = T{isny

E is the mwodulus of elasticity, p is mass density, and ¥ is knawn
as Ppisson's ratio. The constants i and G are known as Lame's con~
stants. G is also known as the shear modulus.

Compressional wave transmission (propagation) velocities for most
rock types f£all in the range of about 1500 mps to about 6000 mps, -
correspondingly less for weathered or decomposed xyock. Most soils
fall in the range of about 150 mps to about 1200 mps.

The shear wave propagates at the velocity

c, = YG/D

s

o 12/29(1«;;} }1/2

The ratio of compressional and shear velocities is

_ - - 1/2
::P/cS = J21-w)/{1-21 ]

Poisson's ratio for most rock materials is very nmearly 0.25. Thus,
the velocity ratio cp/cs is often very nearly V1= 1,73,

The Rayleigh wave is named after Lord Rayleigh who was the first
to examine the case of this seismic wave traveling along the boundary
of a free surface. This wave is characterized by particls motion
that is polarized in a vertical plane parallel to the direction of
the wave propagation, and the particlie motion is elliptical retro-
grade. When Polsson's ratio is equal to 0.25, the velocity of the
Rayleigh wave is 0.92 times the velocity of the shear wave.

Yot only do these different wave forms travel at different veloci-
ties, but they have the additional characteristic of attenuating at
different rates. In the case of spherical symmetry in a nondisper—
sive mediwm, such as the outward-zdvancing body wave, elastic theory
shows that the amplitude is inversely proportional to the distance.
In contrast, surface waves have an amplitude that is inversely pro-~
portional to the square root of the distance. Thus, when the point
of cbservation is close to the energy source, there will be a complex
combination of several different wave forms. However, as one moves
farther from the source, the wave forms become separated, arriving at
different times and producing different types of particle motion. The
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more distant the point of cohservation is from the source, the more
prominent will the surface waves be compared to the body waves.
{There are other types of surxface waves in additional to Rayleigh
waves, but Rayleigh waves are usually the most prominent).

Both theory and cobservation suggest that the particle motion trans-
mitted to a free surface is wore prominent than for the same wave
within the body of the solid. For a wave arriving at normal incidence
to a plane surface, the particle amplitude may be doubled. This is
of interest to seismic body waves passing through a hillside to an
opposite slope.

Theoretically, the stress generated by the passage of a seiamic
wave is proportional to the product of the acoustical impedance and
the particle wvelocity. When a plane wave arrives at norwmal incidence
to a plane boundary, the partitioning of energy between transmitted
and reflected stresses takes place according to the relationship
between the acoustical impedances of the two materials, as

O PTG

Kinematics of Particla Motieon

The displacement or amplitude of the ground wave is the distance
from a particle at rest to ilts peak or trough as the wave passes.
Typical displacements for klasting vibrations of interest fall in the
range from zbout 0.025 ta about 2.5 mm. The term amplitude is used
also to refer to the trace amplitude on the seismogram (recording of
the motion}, and can, therefore be somewhat ambiguoys.

The frequency of a vibration is the number of cycles that pass a
given point in uwnit time, usually expressed as cycles per second or
hertz. Freguencies of interest for blasting usually fall in the
range of 1 to 500 Hz, most often being 10 to 100 Hz. Period is the
inverse of frequency, and defines the length of time required for one
complete cycle of vibratian,

Particle velocity is the time rate of change of particle displace-
ment. It is the velocity of the motion of a particle during the
passage of the seismic wave beneath the partiele. Particle velocity
is not the same as propagation velocity, Propagation welocity, or
transwission velocity, is the velocity with which a wave travels
through a given medium. The propagation veleocity varies widely ac-
cording to the elastic properties of the medium, whereas particle
velocity is a function of the vibration itensity. In the following
discussion relative to vibration intensity, we will be discussing
particle velocity.

Acceleration is the time rate of change of particle wvelocity. It
refers to the acceleration of a particle as the seismic wave passes
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beneath this particle. For simple harmonic motion, the following
ralaticniships apply:

pefining: "x” is displacement at time "t”
YAY jc maximum value of x which is egual to the
zero-to-peak amplitude
£ is the freguency
*o" is the particle velocity
"a" is acceleration
Yw" is angular freguency

]

2/ ER

0.1 f2A {approx.}
in gravity units.

Then:

w = 27nf

x = A sin wt

Vo= W oeos WE = W sln wt o+ RS2

a = -wz:& sin wt=w2}& sin {wt + 7)
a=4wzfzh

Predicting the Vibration

In order to predict the intensity of ground vibration from blast~
ing, one must comsider the influgnce of the hlasting parameters and
the influence of the geological setting. If we were always dealing
with simple point charges of a single explosives type, the first
gquestion would be a relatively simple matter of data scaling, and the
second would be a guestion of wave attenuation, though by no means
simple. In reality, the two guestions are often closely intertwined
because of many departures from the ideal assumptions that are often
made to simplify calculations.

In order to compare blasts of different sizes at diffexent dist-
ances, it is customary to Scale the distance by some function of the
explosives charge weight per delay (the amount detonating at any giv-
en instant of time), so that such diverse data can be plotted on a
simple graph. I1f the charges were spherical, thegry would dictate
the use of cube root scaling, because the charge weight would vary

as the cube of the radius of the sphere, Dimensional analysis has
also been used to support the concept of cube root svaling, but di-
mensional analysis does not apply to multi-forp wave propagation
questions. If the charges were long cylinders, vwe would expect that
the use of square root Scaling would apply, because the charge weight
would vary as the square of the radius of the cylinder. However, in
the vast majority of cases inwvslving blasting, neither of these ideal
models is accurately duplicated in the field. #Many times, the charge
weight is increased merely by increasing the nuwber of separate
charges, although they are usnally leng cylinders of explosives. “Thus ,
theye are many geometrical complications involved in the guestion of
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data scaling. Statistical analysis will often show variations in

the best fit for any of the scaling laws. However, the question is
only of academic importance if the decision maker knows where a
particular data point falls in the general range of experiences, and
understands the consequences of scaling up or down the sizes of
charges, or distances, using different scaling laws. There is a con~
siderable amount of scatter in data points relating to blasting vi-
brations. If the investigator recognizes that a particular vibration
were unusually low, he could anticipate that another test of the same
design wmight give a considerably higher valuwe the next time. Also, if
he uses a small charge measured at close range to sexrve as a model for
a much larger blast later, at the game scaled distance, he should be
aware of the influence his selection of data scaling will hawve on his
final prediction. Thexe will be an important difference in his pre-
diction according to his scaling methods. If he is not aware of the
differences, he should try diffexent methods, in accord with his ex~
periences and the conservatism he wishes to incorporate into his pre-—
dictions (Hendron and Oriard, 1972),

The writer has found it convenient to use square root scaling
for prediction of the widest range of blasting conditions, His ex~
perience hds shown this scaling method to more accurately portray a
larger range of field conditions and blasting techniques than cube
root scaling or other scaling. The writer has analyzed several hun—
dred thousand vibrations from blasting, and has found the graph
{Figure 4} of particle velocity versus scaled distance to fairly rep-
resent that experience, The relationships can be expressed mathe~
matically in the form

172, ~-1.6

v R {p/W"") kl' kz, k3. e

It

where = peak particle velocity

v
H = welocity intercept at unity scaled distance
W = charge weight per delay

k factors represent the variations in explaosives,
confinement, spatial distribution, geclogy and other
parameters of interest.

For a typical upper bound prediction line

v = 242 pm’% T 18 n.o

The slope of (~1.6) represents the attenuation. It is not the
same at all sites nor the same for all wave types, but in fact it is
surprising how well this slope accurately represents most situations.
The attenuation of blasting vibrations with distance is a complex
function of the strain lewvel, the varicus wave forms, and the geolog-
ical setting. There are several theoretical reasons why one should
anticipate a two-slope attepuation curve, rather than the straight
line shown in the prediction curves of this writer. For waves which
begin at very high strain levels, we should anticipate a more rapid
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attenuation initially, until low seismic strain levels are reached,

at which time the attenuation should remain relatively constant in
accord with the geological setting. Similarly, waves arriving at
locations near the source are a complex function of several wave
types, all corbined, Because of different transmission velocities,
these waves then separate as they move away from the source, spreading
out between arrival times and generating different types of particle
motions. Thus, there should he a more rapid attenuation near the
source, and later an attenuvation which is determined by the predomi-~
nant wave, usually the Rayleigh wave. The above thecries should hold
for a point source. Some data show agreement with such theories, -
especially those taken from nuclear detonations, where it is clear
that both high strain levels and a point source are correctly moxieled.
However, there is an interesting departure from this type of attenu-
ation for wost blasting operations., Usually, a straight extrapolation
sexrves the purpose. Sometimes it even reverses from theory and forms
a flatter slope near the source, This happens when a large number of
holes detonates simaltaneously. 7There is no such thing as zero dis-
tance in that case, and the attenuation is distorted by the departure

from a point charge. Even in the case of very large blasts, such as
"coyote"” blasts, (a tunnel filled with explosives), the condition de-

parts from thaory by a failure to detonate instantanecusly or from
the center outward, - two theoretical requirements. And in the case
of relatively low energy levels, there is some experience to demon—
strate the validity of the same attenuvation carried very close to the
source. A case in peint is that of small charges detonated in old
concrete at Lock and Dam No. 1, Minneapolis. Tne writer's prediction
curves were found to represent accurately the atteouation extrapo-
lated as close as 8 inches from the source. ({Tart, Oriard and
Plump, 1980; Oriard, 1980). In ordex to measure these very wunusual
vibrations, it was necessary to use accelerometers having a frequency
range up to 30,000 Hz and an accelerxation range to 30,000 g. The
writer’s data cover a distance range from 8 inches to 20 miles and

a charge weight range from 1 gram to nuclear devices, The curves

axe intended to portray that range of experience.

The broad base of experimental data mentioned abowe provides a con-
venient means of making reasonable predictions of vibration intensi~
ty. However, it is helpful for the understanding of slope stability
questions to be aware of some of the factors that influence other
characteristics of the vibration besides intensity, such as frequency
{hence wave length) and displacement. Starting at the source, one
finds an inverse relationship between charge size and frequency, for
any given medium. The larger the charge, the lower the frequency and
the larger the displacement. Similarly, normal wave propagation phe-
nomena bring about a decrease in frequency with distance. ‘The higher

freguencies are more gquickly attenuated. The more predominant factors

relating to the attenuation of seismic waves are (1) geometric spread-
ing, (2) selective scattering, (3) absorption, and (4) dispersion.

as mentioned previcusly, geometric spreading is inversely proportional
to the distance for body waves, and inversely proportional to the
square root of the distance for surface waves. Scattering varies in-
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versely as the fourth power of wave length [therefore directly with
frequency}; absorption increases with the second power of fregquency,
and dispersion varies with the first power of freguency.

“The wave transmitting medium {geoclogical setting] has a strong in-
fluence, also, on the frequency and displacement characteristics of
a seismic wave, For example, hard massive rock will be characterized
by smaller displacements and higher freguencies, whereas soil will be
characterized by larger displacements and lower frequencies. Both
the attenuation and the wave form characteristics are influenced by
such geological factors as layering, jointing and water content, as
well as the small-scale elastic properties of the medium. For exam
ple, in certain regions underlain by prominent horizontal layers of
sedigentary rock, it has been noted that surface waves appear to be
more prominent and persist to greater distances than is typical for
regicna that are more heterxogensous and/or geometrically complex.

VIBRATION EPFFECTS ON SLOPES

The experience of this writer suggests that there is a. frequent
need for a fast, relatively simple evaluation of the stability of
slopes subjected to blasting stresses, Blasting operations themselves
frequenty produce slopes of sufficient height to be in need of avalu-
ation, and they are often found in proximity to other slopes of con-
cern, whether composed of soil or rock or some combination of mater—
ials. In the majoritv of cases when a guestion arises concerning
stability, a judoment must be made rather guickly because of the fi-
nancial and scheduling needs of the project which is underway. Some-
times the evaluation is reguired in advance of project start-wp, for
varying reasons, incloding that where there is a need to provide "doc-
wpentation®™ that the future project will not generate public or pri-
vate hazards. It happerns guite freguently in such cases that there
is a specific demand for a calculation using some "standard” pseudo—
static method of analysis. With such methods, it is often assumed
that the estimated horizontal acceleration of the predicted vibration
will act as a static force in the horizeptal plane in the direction of
the outer slope face. Those who have performed such exercises will
come to realize that they predict dire consequences in nearly every
case invelving blasting vibrations, despite the long history of ex-
periences to the contrary. In spite of this lack of correlation with
blasting experience, the use of such methods remains widespread.

Terzaghits Method

The origin of pseudo~static metheds of analysis of slopes and em—
bankments. subjected to vibration may have developed a very long time
ago. However, the “standardization” of an approach very likely began
with Terzaghi (1950}, (Seed, 1979). Terzaghi descrihed the method
as follows:

“an earthquake with an acceleration equivalent n_ produces a mass
force acting in a horizontal direction of intensity ng per unit
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of weight of the earth. The resultant of this mass force, n W,
passes like the weight, W, through the centre of gravity o 3£ the
slice sbe.* It acts at a lever arm with length F and incredses the
moment. which tends to produce a rotation of the slice abe about the
a%is O by n FW, Hence the earthquake reduces the factor of safety
of the slopg with respect to sliding from G_, egquation (1) to
slR s

Gsﬁm-..‘.......(Z}
“The numerical value of n_ depends on the intensity of the earth-
quake. Independent estimafes (Freeman, 1932) have led to the fol-
lowing approximate values -

Severe earthquakes, Rossi-Forel scale I¥ n = 0,
Violent, destructive, Rossi~Forel scale ¥,n° = (1,25
Catastrophic nd = 0.5

The aé:arthquake of San Prancisco in 1906 was violen and destructive
{Rossi~Forel scale X), corresponding ta n = 0.25.
’ 9

'quuation {2} is based on the simplifying assumptions that the hor~
‘lzcntal acceleration n_g acts permanently on the slope material and
in one direction only.” Therefore the concept it conveys of earth-
guake effects on slopes is very inaccurate, to say the lsast. The~
oretically,a value of 6' = 1 would mean a slide, but in reality a
slope may remain stable $n spite of G' being smaller than unity
and it may fail at a value of G’ >1, d3pending on the character of
the slope-forming material. s

"The most stable materials are clays with a low degree of sensitiv—
ity, in a plastic state {Terzaghi and Feck, 1948, p. 31}, dense
sand either above or below the water table, and loose sand above
the water table. The most sensitive materials ave slightly cement-

ed grain agyregates such as loess and submerged or partly submerged
loose sand . . . , ®

* Terzaghi's figure is not reproduced here because it is not need-
ed fo; the purposes of this paper. Quotation was used to make sure
that there were no misrepresentations of Terzaghi's statements,

In recognition of Terzaghi's eminent status in the field of soil
mechanics, it is not surprising that this concept caught on and became
widely applied. However, there are aspects of the question worth
notingf One is that Terzaghi himself recognized the complexity of the
problem, even as it related to the case of earthquakes, which is rel-
atively simple when compared to blasting phenomena. Paradoxically,
latexr advocates of this method often chose to use seismic coefficients
which were much less conservative than these recommended by Texzaghi;
yet the method normally is so dramatically over-conservative for
blasting phenomena that it is usually quite misleading to use it. The
reason for this appavent paradox is Gue to the differences between
earthquake and blasting vibrations. Most blasting vibrations are
characterized by relatively high frequencies compared to earthquakes.
In turn, acceleration is proportional to the square of the frequency.
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Thus, blasting vibrations generate relatively high accelerations for
whatever particle velocity is inwvolved (hence, strain). At the low
frequencies associated with large earthquakes, an acceleration of 0.1
g is regarded as strong motion, and an acceleration of 1.0 g would ke
regarded as catastrophic. This is not at all true of blasting vibra-
tiens. For small charges at close distances in rock, the correspond-
ing accelerations may be many tens of g's without necessarily being
of concern. For example, the author has measured non-damaging accel-
erations approaching 1000 ¢ in the walls of an operating powerhouse
in Venezuela, and accelerations in the ramge of 20-30,000 g in the
walls of an old concrete lock, as mentioned previously. It is quite
clear that acceleration alone is not a diagnostic feature of the dam-
aging potential of propagating seismic waves, or even of simple mech-
anical shaking. A small displacement at high frequency may have a
higher acceleration than a larger displacement at low frequency, yet
the latter may have more damage potential because of larger strains
generated, The stress generated by a passing seismic wave is pro-
poxtional to the product of the acoustic lmpedance of the material
and the particle welocity. Therefore, there is no theoretical reasoh
why particle acceleration should be used in evaluating straing in
slopes due to passing seismic waves. Using the relationships for
sinusoidal wave forms, the following relaticnships can be seen to
illustrate the above comments:

Displacement Freguency Acceleration  Strain
0.001 in. 100 Hz lyg 1 unit
{base case} {base case)
0.1 in. 10 Hz ig 10 units
{100 times increase}
10.0 in. 1 Hz. lg 100 units

{160,000 times increase)
Newmark's Method

In an affort to improve on earlier pseudo~static models of slopes
subjected to seismic shaking, N. M. Newmark, in his Rankine Lecture
of 1965, proposed a procedure for evaluating the potential deforma-
tions of an embankment subjected to earthquake shaking (Newmark,
1965). In this method, it is assumed that slope failure is initiated
and movements begin when the inmertia forces are large enough to over-
come the yield resistance of the slide mass, and that movements stop
when the inertia forces are reversed. The cycle may ox may not be’
repeated, With this madel, the investigator computes the acceleration
at which the inertia forces tecome sufficiently high to cause yield-
ing, then integrates the effective acceleration on the sliding mass
in excess of the yield acceleration as & function of time to obtain
velocities and displacements. The velocities are shown as functions
of time for both the accelerating force and the resisting force. The
maximum velocity for the accelerating force has the magnitude V given
by the expression V = Agt . After the tinme t is reached, the
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velocity due to the accelerating force remains comstant. The velocity
due to the resisting force has the magnitude Ngt. At a time t , the
two welocities are equal and the net wvelocity becomes zero, or the
body comes to rest relative to the ground. Displacements are made in
distinct, discrete steps if there is sufficient difference in the vel-
ocities of the base and the sliding mass.

Por very long waves, such as those generated by typical earthguakes
the slope motion can be said to be a very crude form of a mechanical
shaking table, and indeed shaking tables have reproduced this type of
step-by-step displacement in scale models of embankments tested in the
laboratory {Seed, 1979, 1980). Such laboratory tests and actual
earthquake experiences have shown that embankments can wnderge sub-~
stantial accumulations of discrete displacements without necessarily
*failing". The Newmark method has been found to be quite useful where
the vield resistance of the exbankment can be reliably determined,
where pore pressures do not change significantly, and where the oa-
terials do not lose more than about 15% of their original strength

‘during the shaking {(many clayey soils, some dense saturated sands and

clayey sands), if the mass can initially tolerate an inertia force of -
the order of about 0.1 to .15 g without yielding, and crest acceler-
ations are less than about 0.75 g (Seed, 197%, op sit.).

The phencmenon of accumuiated displacements is normal for many rock
slopes and soil slopes., For very small dynamic leoads, no effect what-
ever may be noted. For somewhat heavier loads, small displacements
may ke initiated, As thay accumulate, there is often ample opportun-
ity for observation and the development of remedial measures. Most
soil and rock slopes develep sufficient residwal strength aftexr the
initial movements to have a controlling influence on later movements.
Many slapes are not capable of undergeing sudden failure because of
this residual strength. Exceptions are such cases as the first, sud-
den failures of rock wedges subjected for the first time to strong
shaking. There is an increasing sensitivity as we proceed from the
case of previously failed zopes which have come to rest in new stable
positions, to the case of still-moving masses, to those which have
never failed but are potentially very unstable.

tnforrunately, the Newmark metrhod does not model wave propagation
phenomena. It assumes that the slope rests on 2 rigid base subjected
to mechanical shaking., Of course, this is not at all truve for blast-
ing vibrations. There ara different wawe forms involved, and the
wave lengths are often short cowpared to the slope length. Very oft-
en, there is a dramatic attenuaticn within the slope length of inter-
est, There are additional complexities of a geometrical nature that
are not significant in the case of earthquake shaking.

Some of the major differences which normally exist between typical
earthquakes and typical blasting can be summarized as follows:

1. Boundary conditions for blasting are not usually those assumed
for the slope model.  Commonly, only a small portion of the
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slide mass is subjected to a given motion at any given instant
cf time.

2. One cannot assume & single intensity of shaking, sirice the
vibration will attenunate within the slope.

3, Not only will different parts of the slope underge different
intensities of wibration, but there are also different fre-
quencies involved with attenuation, so that the different
sections do not move in phase.

4. Different wave forms are involved, which separate with dis—
tance, so that even the duration of vibration changes, as
well as the intensity and freguency.

5. The surface motion will be different frow that at depth.
Which motion should be considered to act on the slope? Body
waves or surface waves?

&. The direction of travel and angle of incidence are important.
Is the wave arriving at grazing angle of incidence to the
slope surface (in which case there may be very little motion
tending to stimulate sliding)? Or is it coming from an angle
that may generate surface rafiection of long waves? Is it
realistic to consider that all possible angles of incidence
need to be evalunated?

7. Considering not only the low stress lavels usually involwved,
but the small particle displacements as well, small surface
irregularities become more important in resisting slope move~
ments. )

8. Cycle duration ig shorter, just as the wave lengths are short-
er, thus providing less opportunity for displacements to oc-
cur.

4, The combination of small displacement and high frequency ave
quite significant. Mass dilation may okbcur withdut any
slope displacepent. The condition can be compared crudely
tao space tolexances in mechanical equipwent subjected to wi~-
bration: If two party are separated by a distance comparable
to the particle displacement of the vibration, it is not
likely that the wvibration will affect them.

In consideration of the complexities of wave propagation phencmena,
it is not desirable to use pseudo-static methods of analysis for the
more comnon cases of blasting. Of course, it is possible that a his-
tory of experiences in a given geclogical setting, with xepetitions
of a given type of blasting, wmight permit the investigator to develop
a special application of such metheds by detexmining empirically the
appropriate "artificial” seigmic coeffivients. However, such an ap~
proach would fall apart quickly if there were significant changes in
blasting mwethods or site characteristics, including geometric consid-
erations. It is not likely that such an approach would have any ad-
vantage over the simpler experience of comparing observed slope be-
havior to measumddparticle velocities.

e
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Possible New Pseudo-Static Method of Analysis

Considering the attractive, conveniernt simplicity of pseudo-static
methods like the Terzaghi method or Newmark method, it wonuld seem
worthwhile to purste a similar approach that takes into account some
of the physical parameters that ave morg characteristics of wave prop-
agation phenomena than those considered in the former methods. Oriard
and Yen (1977} presented a discussion of such an approach regarding
blasting effects on unstable slopes of the Papnama Canal. It was hoped
that this project might offer an opportimity to gather some meaningful
well-controlled field data during the proposed deepening program
{oriard, 1980A). However, the effort was cut back due to political
changes. Conseguently, the writer has not yet had the opportunity to
gather any field data which could he used to evaluate the suitability
of such a method., A considerable effort would be reguired to develop
such a method and to check its validity against known performance of
jdentified slopas.

As a beginning approach to such a method, the following cencepts
could be pursued initially, - perhaps modified later as needed.

Pgra i5 the static shearing force, primarily the downhill component
of the gravitational force.. It way include pore water pressure, if
any exists. For a generic &lement in the slope, the statie driving
force could be expressed as

?sta‘(pghsinﬁ) { eos B AL}

where mass density

¥

acceleration of gravity

i

vertical dimension of slape element
element length along slope angle

W?‘?’QO
i}

= slope angle

is the dynamic load induced by blasting. The dynamic force is
cransgent, cyclic and varies in direction and magnitude, There is no
known closed-form solution for Pg The dynamic force depends on the
many variables previously ment;onga Blthough the degree of conserva~
tism is not known for actual field conditions, perhaps a reasonable,
though conservative, approximation could be represented by

den=(;)csv)h

where cs = shear wave velocity

v = peak particle velocity

F is the residual force that may exist in the rock slope, such
as that which may be due to tectonic stresses, chemical stresses, and
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the like. For a simplified analysis, Fx‘es may generally be neglected.
Foxr failure,
+ F * > isti Fi
Fsta ayn Fres 2 Resisting Forge

A further reasonable assumption for slope failure would be a re-
guirement for the slope particles to move in unison, that is, an
in-phase valocity field, thus limiting the zone of interest to one
which has a dimension less than 1/2 wave length,

L <A

For the purposes of an initial evaluation of this method, it coculd
be assumed that the rock strength under combiped static and dynamic
stress should be less than its peak static strength. That is, we
could make a begibpning assumption that

R

F.5. =
ayn Foat Féyn ? Pl = O

where R is the peak static shearing resistance

R (pghcoszﬁ)dL‘-tau£¢:r+i)

whexe ¢r = frietion angle

i = equivalent friction angle increase to ac-
count for such factors as joint roughness.

Pursuing this concept, one can prepare families of curves such as
those in Figure 5.

Further research is needed to determine how well field experience
will agree with the predictions. As in all other aspects of explos-
ives engineering, it is anticipated that there will be a need for
judgmental factors or “"coefficients” to relate the calculations to
experience. Depending on the range of such needed coefficients, the
practicebility of the method may then be assessed. Although there are
many obvious theoretical shortcomings to the method, there seems to
be a chance for somswhat better correlation than with previocusly used
pseudo~static methods. And it seems more likely that there would be a
passibility of better correlation with shallow slope failures than
with deeper ¢nes. For deeper failures, the boundary conditions would
surely become increasingly more important. In all cases, it is very
important to study the slope responses to physical stimull apd to de-
termine the time history of repeated responses. If the measured dis-

placements are decelerating the falluxe is regressive and there may be

no need for further action at that time. If, however, the displace-
ments are accelerating, the failure is progressive, and action may be
needed guickly, such as a change in blasting methods, or remedial
work on the slope, such as suggested in Figure 6 which represent
previous actual field experience. (Oriard, 1971}
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Dynamic Methods of Analysis

Dynamic methods of analysis do exist, and have shown significant
improvements in recent years. With the increasing sophistication of
computerized analytioal techniques now available, such as the finite
element method and the finite difference method, it is now possible
to analyze dynamically the simpler vibration models and most types of
slope models. At least two types of vibration input can now be ana-
lyzed guite accurately. One is that of a rigid-base model subjected
to any vibration history of interest. The other iz that of a simple
form of stress wave propagating through a contincum. Unfortunately,
these methods are reltively time-consuming and expensive, and still
face very formidable problems when dealing with blasting phenomena. -
Wave propagation models hecome extremsly complicated, and the range
of possible cases becomes discouragingly large. 2And, of course, the
slope must be accurately modeled If the methods are to have reasonable
validity.

On many projects, there is neither the time nor the financial re-
sources available for the development of an acceptably accurate dy-
namic model. In such cases, judgements must be made without the ben~
efit of such analysis. Two of the most common appreaches to such
cases are {1} program the blasting in order to limit stresses to con~
servative values, and/or {2} monitor slope behavior carefully to ob-
serve the first signs of any adverse reaction.

Blasting is Controllable

One very important distinction between blasting and earthquakes,
in addition to those mentioned previously, is that blasting can be
controlled by design. In most cases, it will be found possible to
limit blagting stresses to acceptable lewels without adding any sig-
nificant financial burden to the project. If, however, a more precar~
ious condition exists, it is normally a simple matter to begin blast-
ing on a limited scale and build up Lo a2 larger scale on a programmed
basis while menltoring slope behaviorx, Of course, this not true of
eaxthquakes. The controllable aspects of blasting, whether the wvi-
bration intensities are rcontrolled by distance or by design parame-~
ters, permit a close scrutiny and detailed instrumental mopitoring of
the slope at low vibration intensities, and at increasing vibration
intensities, in accord with the wishes of the investigator. It is
relatively rare that the question must be answered for the case of a
sirigle, large event, with no opportunity for preliminary cbservation,
although the latter case sometimes arises (Oriard and Jordan, 1280).

Dynamic Stability

The dynamic stability of a slope is very closely related to its
static stability. Those same physical properties (especially in-situ
largexr-scale mass characteristics, and properties of weak planes) that
render a slope unstable under static loading conditions contribute to
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its lack of stability under dynamic loading. That is, the higher the
static factor of safety, the higher the dynamic factor of safety, in
general. However, some of these factors, such as surface irregulari-
ties on rock slopes, have varying relationships to stability in ac-
cord with the type of dynamic loading that ocours, not merely its
pumerical value of acceleration or velocity, as previcusly discussed.

It is anticipated that the state-of-the-art regarding static sta-
bility will be discussed at length in this conference, For the pur~
poses of this paper on blasting effects, only a few genexal commpents
will be made regarding static stability, in order to complete the
discussion of blasting. '

Three of the most important factors relating to stability of rock
slopes are (1) size, location and orientation of critical diseontin-
uities, {2} the shear strength along these discontinuities, and (3)
the pore pressures on these discontinuities, A person wishing to
evaluate dynamic stability would proceed initially in the sawe manner
as an investigator evaluating static stability. He would investigate
such factors as

1. Geologic history, including weathering processes and profiles,
geologic age, rates of steepening or flattening of slopes
through natural processes and/or the activity of man.

2. Stress history and anticipated in-situ stresses,
3. Climatic and hydrologic history, past and presant.

4. All factors relating to the present “mechanical” conditions,
such as type of materials, bedding and jointing (freguency,
orientation, fillings, openness, irregularity, etc. (see
Goodwan, 1981; Barton, 1981, and cothers).

5. Any previous dynamic history, such as earthguake activity,
previous blasting activity, or steady-state vibration sources.

CASE HISTORY ~ PRECARIOUS SOIL SLOPES

The following case histeory will illustrats some of the problems
that are often encountered whern dealing with blasting effacts and
slope stability, and one of the approaches to dealing with such prob-
iems. The case involves certain unstable tailing dams. The slurry
formed by the fines left over from ore milling, mixed with waste wa-
ter, was pumped by pipeline to waste areas. As the slurry began dry-
ing at the perimeter, the dry, fine sand around the perimeter was re-
worked with bulldezers to form dams to contain additional slurry. The
process was continued, simultaneocusly building up the dams and filling
more tailings behind them. One of the dams had a crest height of ap~
proximately 43 m at the time of this investigation. Two or three lo-
ral slope tailures had occurred, and an investigation led to the con-
clusion that the dams were statically precarious and incapable of
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withstanding the shaking action of a moderate sarthguake that might
occur in the region at some time in the future. Consegquantly, a
decision was made to place a rockfill buttress against the steeper,
lower portion of each embankment (Figure 7}, & suitable guarry sit
was found nearby, from which the rockfill material would be obtained
The rockfill was to be high-guality material, requiring blasting.
Thus, a large-scale guarrying operation would be required in the vi-
cinity of statically precarious tailings embankments. A total volum
of about 1,300,000 tons of rockfill would be reguired. In addition,
there was a need to blast drainage trenches immediately in front of
the teoes of the ewbankments. 'Thus, one of the interesting aspects o
this case was the need to consider three different kinds of wibratic
{1} low frequency vibration gemerated by an earthquake, (2) mid-fre-
quency wibration generated by guarry blasting, and (3) high-frequenc
vibration generated by trench blasting.

one would consider the Factor of safety of existing conditions to
be about 1.0 ~. Theoretically, the embankments were incapable of
tolerating any vibration. Even aftex the construction of the buttre
ses, they would be capable, theoretically, of withstanding an accel~
eration of only 0.12 g (the design earthguake). If the usual pseudo
static models were considered wvalid, no remedial work could be done
because the blasting would generate unacceptable vibratioms. Fortu~
nately, experience has demonstrated that certain vibrations can be
tolerated under such circumstances, and that the higher the frequens
of the vibration, the greater the acceleration that can be tolerated
{for equivalent strainj. .

The following table illustrates the particle motion parameters of
interest, showing the range in particle wvelocities and displacements
for varicus frequencies, assufing a constant acceleration of 0.12 g.

Accelemtion‘ Frequency velocity Displacement
0.12 g 0,1 Hz 75 ips 120 in
0.12 g 1.0 Hz 7.5 ips 1.2 in
g.12 g 10 Hz Q.75 ips 0.012 in
0.12 g 100 Hz 0.07% ips 0,00012 in
0.12 ¢ 1000 Hz 0.0075 ips 0.0000012 in

The reader can see from the abowve figures that if we are given a
constant acceleration as a limit, we then find that welocity is in-
versely proportional to the first power of the frequency, and that
displacement is inversely propertional to the sguare of the frequencs

At limiting eguilibrium, if the acceleration is limited to zero,
due to instability, no vibration whatever can be tolerated. Hence,
in theory, no blasting can be tolerated, Even if we assume that the
blasting takes place after -the completion of the work, at which time
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Figure 7 = A rockfill buttress being placed on the lower
slopes of & precariocus tailings embankment. Blasting
was raquired at the toe of the slope and in a nearby
quarxty. .

INFLUENCE OF BLASTING

the embankments can theoretically tolerate an acceleration of 0,12
there is still a serious limitation. There is no possible way that
any trench blasting could be done at the toes of the embankments
without greatly exceeding .12 g. If we were to believe that acce!
eration is 2 valid criterion, the exercise is self-defeating, beca:
there is a rapid increase in freguency with reduction in charge si:
Ewen though particle velocities and displacements might be reduced
reducing charge size at close distances, we might kegin to pick up
high frequencies that do not exist at greater distances. Charges ¢
only several ounces of high explosives may generate accelerations <
the order of 10,000 g to 20,000 g within the first several feet, as
mentioned previously {Oriard, 1980). If we seriocusly believed in
accelération criteria, we would want to make every blast act like ¢
small earthquake, and that would not be a wise approach.

The writer recommended using the observaticmal approach in this
case, believing that any of the “standard"” methods of analysis wou!l
anly be misleading. It was obviocus that high agcelerations would &
generated by the trench blasting, and that moderate levels of accel
eration would be generated by the guarry blasting., If neither mod-
erate nor high levels of agceleration could be tolerated, nothing
would be gained by meking the calculatioans.

With the cobservational approach actually applied to this case,
latest techpigues in blasting technology were used to control the
brational particle velocities to levels considered to be conservatd
and would still permit the work to proceed at a large scale. There
was po measurable sacrifice due to blasting controls, beyond the £i
few days of initial trials while the embankment behavior was being
very carefully monitored. The esbankments were monitored foxr dis~
placements, changing pore water pressures and phreatic water lévels
If there were no significant increases in pore pressures, and the ¢
bankments did pot underge any displacement, no change in stability
would take place. It was concluded that a series of smaller displs
ments would occur and accumulate hefore there would be any danger <
a significant failure. 1In the case of the trench blasting, at higt
stress levels, any single displacement could conceivably be greate:
but wonld be limited to a small portion of the enbankment immediate
adjacent to the blasting area. Thus, even though the mechanisms
could be different for the two types of blasting, there would still
ke an incremental development of any significant displacements,

Two types of piezometers were ugsed. One type was the isolated-t
type, consisting of a porous tip installed at the specific point of
interest, These are more sensitive and react more quickly than the
other type which was used, ~ the open-well piezometer. With the fi
type, pore pressure changes could be monitored within a few minutes
after a blast. The open-well piezometers provided information on
changes in the over-all phreatic line in an embankment. Both assis
in the assessment of stability, or change in gtability.
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Al)l blasting vibrations were wonitored. Seismographs were placed
in suitable locations to record hedrock vibrations and embankment
responsas. The embankment responses often showed an amplification
of the order of 4 times greater than that of the bedrock base, Of
course, for the trench blasting, there was a significant attenvation
from the toe to the crest, although the same relative amplification
could be detected between the tailings and rock.

Quarry blasting began cautiously and increased in scale while the
exbankments were monitored. Initially, there werse very minor in-
creases in pore pressures, but these were guickly dissipated (typi~
cally, in 15 minutes to several hours) with no observable longer-term
effects of concern. Very close observations were continued until the
guarry blasting had been increased progressively to a point beyond the
level desired for long~term, continued operation, then reduced to
that for the lopg—term program. The time intervals between embank~

ment observations were then slowly increased as no disturbances were
noted.

Figure 7 illustrates the fleld setting. Figures 8, ® and 10

iliustrate typical bench-mark readings, piezometer locations and
piezometer readings.

pDespite the cbvious precariousness of the embankments, there were

no adverse effects of any type observed during the six-month period
of blasting, involving well over 200 blasts.

Vibrations were monitored with velocity gages rather than with
accelerometers., Accelerations were neither measured nor caleulated,
because they were not regarded as being diagnostic of either shaking
intensity or damage potential. However, guarry blasting designs were
programmed in such a way as to keep the predicted range of accelera~
tions at or below the 0.12 g design earthquake acesleration (not the
theoretical zero acceleration assumed as a limit before the buttreses
weye placed). The trench blasting prokably generated accelerations
of the order of 50 g near the toe, of the order of 1.0 to 1.5 g 1% m
within the embankments and about 0.5 g4 at 30 o (meters).

In this case, the observatiocnal approach was selected over analyses
that were ragarded as inappropriate. At the same time, however, the
writer would like to repeat the opposite congern about being too lib-
eral with such analyses when applied to earthquakes generating very
low freguency ground shaking, recalling the recommendations of Tex-
zaghi (1950} and Seed (1979} mentioned previously. The emphasis
should be plared on recognizing the differences in these different
types of vibrations, and in treating them accordingly.

The experience of cbserving very high aceelerations (even high wvel-
ocities and high strains) that are not damaging to slopes thought to
he statically precarious raises some interesting questions, Some of
these guestions cannot be answered mexely on the basis of short wave
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lengths alone, although that is a factor of great importance. That
would léad only to the conclusion that the damaged zone should be of
limited dimension. Of course, one would expect the damage to accur
where the stresses wers highest, - near the blasting. This type of
experience suggests that we need to look very carefully at boundary
conditions. For example, a failure might be possible if a small zone
in the embankment could be artificially bounded by failure planes,
but that it must be greatly strengthened by being bounded by a con-
tinuation of the same material well beyond the distance at which high
stress levels would be found, That is, the potential zene of failure
is supported or held by adjacent material not under the same level of
stress. Thus, the true boundary conditions arve not necessarily the
bounds of some potential mass of sliding, but may be determined more
properly by understanding the character of the vibration.

CASE HISTORY ~ PRECARIOUS ROCR SLOFE

The follewing history was selected to illustrate a situation com-
pletely different from that of the previous case. In the following
case, steep rock slopes were subjected to the direct rupturing and
tearing actions of blasting operations, leaving damaged rock lavers
in an wnpredictably precarious situation.

The case involwved a quarrying opsration in steeply dipping layers
of limestone. Layers were typically frow 20 to 30 meters in thick-
ness, separated by prominent discontinuities with wvery little shear
strength., Blast holes were drilled vertically by drills which were
lewered down the slopes by ropes and cables. Drilling and blasting
began at the toe of a layer, breaking off sections which then tumbled
by gravity along the surface of the next underlying layer. The broken
rogk was picked up at the toe of the slope and hauled away. Succes-
sive blasts continued up the slope to higher and higheyx elevations.
The operation is illustrated in Pigure 11,

The experienced reader will recognize this procedure as being the
same as that which is used to bring down and dispose of precarious
rock wedges or other potential rock slide zones, with the difference
in the latter case that a larger portion of the precaricus zone is
usually blasted to ensure the failure of the entire zone,

In the present case, a slope failure occurred at the time that a
drilling crew was working on the slops, Xilling and burying the men,
It is not kmown, in hindsight, all the factors that contributed to the
failure, and in what proportion. There is no doubt that the previous
primary blast caused damage in tearing away from the rest of the layer,
It is not known whether or not compressed air from the 'drilling oper~
ations might have been injected inadvertently into the parting between
the layers, nor how many drills were actually in coperatiop at the mom-
ent of the failure., Xt is not known if thers were any visuval indi-
cations of slope loosening or displacement prior to the failure. Nev—
ertheless, it is hoped that the reader will recognize the hazards in
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Figure 11 ~ Precarious vock layers in a limestone quarry.,
The massive limestone layers are unstable only when

undercut by the quarrying o i i
; parations, Qtherwi
remain stable {see rext}, ser they
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this type of operation, and take steps to avold them.

The writer was asked to recommend a method for removing the Yemain-
der of the unstable, undercut layer, and to develop a new, safe
gquarrying plan. Briefly, the safe removal of the undercut area was
accomplished by placing the drills to the side of the layer and dril-
ling horizontal heles into the wnstable rock, keeping men and equip-
ment off it. With the proper design of hole length and sequence of
detonation, it was possible to fragment the rock for product use,
and avoid bringing the layer down merely as a slope failure {which
would have required very expensive secondary blasting below). FPuture
guarry development called for benching from the top down, although
gravity could still be used in place of hauling wits, merely b¥ push~
ing the muck to the steeply dipping bedding planas and letting it
slide to the bottom as before.

Because of the possibilicy of a sudden slope failure at any time,
the writer did not consider it safe to use the approach described pre-
viously For the tailings embankments. Neither was there any attempt
whatever to perform any type of analysis. In the judgment of the
writer, it would pot have been possible to determine the stabiliry
with sufficient accuracy to be meaningful, even though the slide sur-
face was unusually accessible for examination and/or testing. The
remaining rock might have failed at any time due to gimple gravity

" loading, or it might have withstood the remainder of any hlasting ac-
tivities performed according to the previcus quarrying methods, since
there had been a very long history of use of the previous mathods be~
fore this aceident.

It was this writer's opinion that it would not have been wise to
attempt to draw a very fine prediction line between fajilure and no
failure ip this case. On the other hand, had it been necessary to
gontinue placing men and equipment on the precariocus slope, it would
have been possible to develop an observational approach different
from that described for the tailings embankwents, Water was not pres—
‘ent in this slope, so pore pressures were not of interest. Displdce~
ments could not have been permitted to accumulate to the same degree
as those in a scil embankment., Therefore, the monitoring would have
to be tailored to a much greater degree of sensitivity to early warn-
ings of displacement. For example, acoustic emissions and wery sensi~
tive displacement wonitors (such as vpTts) could have been used. The
preferred approach, where personnel safety was so important, was to
avojd the problem altogether.

repeating for emphasis, it is this writer's opinion that methods of
avaluation, methods of observation, and methods of blasting must be
highly site specific.
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SUMMARY

The existing state of the art regarding blasting effects on zlopes
relies heavily on the experience and judgment of individual special-
ists.. It might be ralled a technical art, Yt is pot an exact science
at all.

The physles of explosions is guite well understood, as is the rock
breskage process. It is not expected that additional research will
bring about any changes in fundamental concepts, but only in refine-
ments in applications.

With the wide range of explosives products and methods now kneown,
it is possible technically to exercise any degree of precision that
may be desired in the rock blasting and excavation process. The lim~
itation on this activity is not that of technology, but of cost. Ex~
cassive costs, of course, may prohibit the use of certain methods on
a particular project, or render a particular project impracticeble..

‘Unfortunately, the success of blasting techniques depends very greatly’

on the skill of the individual blaster, primarily on bis akility to
judge the many details of the site that influence the results, and how
to adapt blasting technolegy to best suit those specific site condi-
tions. In addition, viritually all sites arxe somewhat variable, and
require adaptations as the work progresses. Thus, there are cexrtain
aspects of blasting which will remain a technical art for the fore-
segable future. The limiting factor is the inability to determine in
advance all significant details of the site.

The physics of single seismic waves is guite well known theoretic-
ally. Por any given single wave type, in any given single material,
computational procedures exist for developing synthetic seismograms
which can ba considered fairly representative. However, there are so
many possible combinations of wave forms and particle moticns for a
blast detconated in even relatively simple field conditieons that the
problem becomes very complex in most cases.

Knowing the particle motion at a particular point is not the same
as knowing how to model the complex motion within a much larger zone.
There are different wave forms with different velocities and different
particle motions (different wave lengths, frequencies and displace~
wents), attenuating at different rates, with different laws relating
to their transmission, refraction and reflection. This complexity is
compounded by very important geometric relationships, such as angles
of incidence to the zones of interest. Wave lengths are very import—
ant because they limit any particular phase of motion to a zone which
may be significantly smaller than a potential slide mass. In that
case, the boundary conditions are pot those determined by the slide
planes of the slide mass, but by the dimensions of the traveling
seismic waves. In meny cases, it is not acceptable to assume that the
particle motion is that of a rigid~base madel,
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Por very long waves, such as those generated by earthguskes, it is
possible to consider a siope to be a small model with a rigid base.
Such a model lends itself to pseudo-static methods of analysis. Both
merzaghi's method and Newmark's wethod have been used successfully in
such cases, when properly combined with experienced judgwent., How-
evar, these methods are inappropriate for many blasting cases, and
will often lead to very misleading conclusions, being increasingly
conservative as the vibration frequency incregases.

It is possible that a new pseudo-static methed of analysis could be
developed which would have a petter chance of correlating with actual
field experience relating to blasting phenomena. Such a method would ’
have to consider some of the physical parameters which are more close~
1y related to wave propagation, such as wave length and the strain im-
duced by a passing wave. This paper suggests a peginning approach to
such & method. Shorteomings of the method are recagnized and it is
expected that it will always be necessary to g@xercise a considerable
amount of field judgment in the application of any such method.

pynamic analytical procedures have been developed, and have been
applied successfully to earthquake apalysis. The moSt common method
employed for such analysis is the finite element method, although
finite difference metheds are often emplayed for wave propagation phe-
nomena. Future refinements of these methods may bring about suitable
technigues for blasting analysis, although the compisgxities are form—
idable, and there is continuing doubt about our abilities to model a
slope with sufficient accuracy to justify the time and expense for
+he use of such methods as applied to blasting.

As with many other aspects of ‘the over~all guestion, the most ser-~
jous limitation appears to be our inability to determine with suffici-
ent precision all of the significant properties of a slope in advance
of observing some aspect of its behavior. This limitation seriously
impairs the development of any analytical procedure which would be
suitable on a routine basis for blasting operations. At the present
time, it is common to rely on the judgment of experienced specialists
and to monitor slope behavior.

Fortupately, the vast majority of cases permits an chsexvational
approach which satisfies most project needs. One of the reasons is
that blasting vibrations can be controlled technically to any level of
jnterest, This permits the viprations to begin at any level desired
and to increase to any level desired, while one cbsexrves the slope
behavior to the desired degree of precision. The monitoring proced-
ures and degree of precision required are highly site specific. Items
of common interest may include displacement, pore pressurxe, strain and
acoustic emission, If£ the rate of zesponse of the obserwved parameter
is seen to accelerate, or to occur at an unacceptable level, remedial
action of some sort is suggested.

™
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Question

Can seismic refraction profiling provide parameters for static and/or

dynamic slope stability modeling, How.

Answer

Yes, conventional seismic xefraction profiling technicues can
provide ugeful information relative to such facteors as the weathering
profile, such as the progression from soll through decomposed rock
to fresh rock, for example, and thus assist in the identification of
potential slide planes. Other forms of layering can be identified
and guantified, alse, as long as there is an increase in velocity with
depth, A series of such profiles will reveal lateral variations in
material properties as well. And, of course, other technigues can
provide additional information. For Example, cross-hole techniques
are commonly used to measure shear-wave velocities to calculate in~
situ dynamic moduli, parameters that are commonly used in both static
and dyramic analyses.

Some persons have used the ratio of P-wave velocities (laboratory
versus field wvalues} to evaluate the character and freguency of
jointing, for example.

On the other hand, it can he very misleading to attempt a direct
correlation between wave velocities and stability unless one were to
include other important relationships. The two case histories in my
paper are guod examples of this fact, There would have been only a
aingle P-wave velocity for each of the two cases, - a uniform, very
high welocity for the hard rock site, and a uniform, very low velocity
for the tailings embankment {except for a change at the water table).
velocities, per se, would not have been useful information in either
of these cases.

Question

Although presplitting does not entirely retard transmission of
vibration, it does allow preservation of the rock strength. Could you
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comment on thig benefit in relation to open pit stability.

Angswer

Some form of cautious perimeter blasting, including presplitting is
indeed beneficial in preserving the integrity of final bench surfaces.
For this reason, these methods have become widely used in open pit
mining. In the majority of cases, I prefer cushion blasting or smooth
blasting in preference to prasplitting for the reason that it is

more economical and offerxs wore freedom in the drilling and blasting
of the next row of holes.

There iz a distinction between the effect that these methods have
on preserving the integrity of bench faces and the question of
benefit to the stability of the large-scale average slope behind the
bench faces, Pre-splitting should not be relied upon to serve as
any type of isolation device or barrier to the transmission of
significant vibrations to the pit slopes.

Puestion

with large scale blasting in open pits is there a possibility of
low frequency vibration, more characteristic of earthquakes, causing
failure at pit walls distant from the shot.

-

Angwer

Your congern is well founded theoretically. Fortunately, we are
assisted by Nature in this gquestion, however. The lower freguencies
become more prominent at greater distances where the {ntensity of
motion is lower. At most sites, the low~frequency surface waves are
not well developed in the source vicinity, though they may become
very pronounced at greater distances. This wave development is a
function of both site geology and blasting design, Of course, we
have no contrxol over geclogy. We can expect more pronounced snrface
waves (lower frequency} in well defined soft-rock layers overlain
by deep soil cover. Higher frequencles will be found at a hard-rock
site. Two of the controls we should watch in blast design are

{1} the maximum size of any single charge, or group of adjacent
charges detonating gimultaneously, and {2} the velocity with which
the detonation sequence passes along a bench surface (so that we do
not unwittingly provide constructive reinforcement of Rayleigh waves
or flexural waves.

Duestion

When is a delay interval an effective delay interval for minimizing
{a) overbreak, and (b) ground vibration.

Answer .

Popular wisdom has it that the minimum delay interval should be 8
milliseconds or more. This delay interval is often specified as the
minimum effective delay for vibration control in civil construction
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projects, and appears similarly in the OSM regulations. Howevexr, there
is no sound technical basis for that specific number since, among
other things, it does not consider other factors which are at least
as important, such as the distance batween consecutively firing
charges, the size of the charges, or the elastic properties of the
rock, The concern develops from the theory that two sine waves are
partially additive if the second arrives during the first quarter
cycle of motion generated by the first wave; - therefore, longer
delay is better. However, the exact number is meaningless without
other considerations, since reinforcement can also ocour theoretically
at any other whole-number multiple of period inteyvals and/for any
distance interval that éorresponds with the wave velocity through the
rock. For example, 25 milliseconds for holes 25 ft. apart has the
same relationship to constructive wave reinforcement as 5 milli-
seconds for holes 5 ft. apart. Te avoid this “apparsnt" dilemna,
Langefors advises readers to wait for several oscillations of the
significant energy to die out. Unfortunately, eithexr recommendation

{ 8 ms, or several oscillations )} may become impractical or even
pose serious difficulties or hazards on some projects. Fortunately,
the concern is usually unwarranted, Constructive wave reinforcement
is rare. It is even more rare for the reinforcemant to be sufficient
to be of concern. For further discussion of the theory and a review
of field data on this subject, you may wish to read Oriard and
Emmert, 1980,

Quastion

In view of the sensitive relationship between permeability and joint
width and the opening of joints by the action of blasting, could
you give any evidence for a lecal dacrease in stability dus to
blasting (bench scale} but an over-all inerease in stability (large
scale} due to drawdown resulting from increased permeability.

Answer

Ho, I have no such evidence and would doubt that it exists for the
lafge scale, The action of blasting in the cpening of joints is
restricted to a zone in very close proximity to the blasting. It does
not exténd into the slope a sufficient Qigtance to affect large-
scale drawdown, only that near the bench faces.

Puestion

It would seem feagible, using limit eguilibrium meéthods with slices
to attach a different vector acceleration to each slice and thus
crudely model high-frequency, short-wave~length, high-acceleration,
blast-induced vibrations. Has this been done. By whom. How.

Answer

I am not aware of this approach being used before, but that would not
necessarily mean that it hasn't been done. Although such an approach
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seems attractive intuitively, it is my opirion that the judgements
that would have to accompany such an analysis are as determining as
the analysis itself, ~just as Terzaghi's method will give the right
answer if the analyst knows what seismic coefficients to use. Your
suggestion is a step in the right direction because it would have the
net effect of using a lower "effective" value of acceleration. But,
hew does one handle the boundary conditions, or determine them in the
field? If the adjacent zone to the one under consideration is of
equal mass and 180 degrees out of phase, the net effect is zero,
assuming that the wave motion and gravity act in the same direction,
This result may also be non-representative. Source location and
direction of wave travel then become critical. We come back to the
same dilemma: Which approach is more acceptable? To multiply the
wrong answer by a judgment factor to get the right answer? Qr

merely to form an estimate of the right answer without the benefit
of the wrong caleulation? This dilemma forces us into the same
operating mode that is common in static analysis, - that of observing
the first sign of physical response to a known force. Of course,

we must use a monitoring system that is appropriately sensitive for
the site in question.

Puestion 7
Would you consider the effects of vibrational acceleration on the
abrupt pore water pressure build-ups or increases which could de-
crease the shear strength for stability apalysis. If yes, how would
you introduce this concept into sgtability analysis.

Answer

In my opinion, one should always be concerned abovt the presence of
water in a slope or embankment. Interestingly, experience demon-—
strates that the duration of shaking may be at leagt as important as
the intensity of the shaking. With soils, it has been demonstrated
many times that the exact number of oscillations at a given strain
level is a critical factor in determining whether or not a failure
will occur, A few oscillations less and no damage occurs; a few more
and there iz a disaster. One of the most dramatic examples was the
terrace fallure near Anchorage, Alaska, during the Good Friday
earthquake of 1964, An interesting contrast is that a densification
rather than failure may occur when a saturated embankment is
subjected to a transient, high-frequency vibration of short duration.
The response in rock may be somewhat different, depending on
individual block size, the prominence of jointing, etc. We know of th
potentially damaging effects of abrupt pressure increases from
explosive gases, hydraulic shock or compressed air, causing local
block motion. We know also of the increase in hydraulic head due to
the dilatancy generated by high strain levels from earthquakes. Por
an open pit mine slope, I would recommend the approach described in
my paper for the tailings dams, but to a greater degree of sengitive
ity, = monitoring the response to pre-programmed blasting loads.



