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INFLUENCE OF 2LASTIHG ON SLOPS ST~BIL!TY; 
STATE-OF-THE-ART 

t.. t.. Oriar~ 

Consultant 
Huntington Beach, Califo.nl.ia 

11.BS'1"9AC'l' 

In order to predict the influence of bl.asting on slopes, one must 
first unders:ta."ld the action of eXplosives, the ll'.mmer in which rode 
is broken or displaced, and how seiamic waves are trans111itted, and the 
nature of these seiSIIIio waves. In this paper, tbe author describes 
the action of high e'lCPlosives on rock masses, begirmin9 at the source 
of the explosion, extending through the zone of rupture to a distance 
where only elastic wavces of low energy persist. 'l'tte paper describes 
the re.l.ationships between explosives charge quantities and dis.tanees, 
including the character and intensity of the seis111ic waves in various 
types of terrain. 

ln looking at the analysis of slopes subjected to seislllic waves, 
it has been common practice to assume a simplified model in which the 
anticipated acceleration is applied horizontally to the slope <!IS an 
equivalent static fo:rc:e, or a liiOC!el in which there is a rigid base 
subjected to mechanical shaking. Such models oo not accurately por­
tray blasting activity taking place within .or near tbe sl.ope. in 
question. In dealing with bluting effects, it is important to under­
stand seismic wave types, wave lenqths, attenuation and t.ranSlllission 
paths, as well as vibration intensity. 

In 1110st cases, those slopes tbat ar::e the least stable under static 
loading will also be the least stable under dynamic loadinq, although 
there may be rare exceptions. Thus, the 1110re that is ltnown about a 
slope statically, the ;better will be the assessment of it dynamically. 

UNDERSTANDING BLASTING PHENOMENA 

One cannot pro~ed. ve:s:y far with a discussion of blastinq effects 
on slopes without recognizinq the need for an under:standin<J of the 
full ran9e of effet::ts, be9inning at the source and extendin9 to such 
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distan~s that only low seismic level.s :remain. Without an understand­
ing of the various phenomena involved, it is easy to be drawn into 
inappropriate assumptions about blasting effects {whether ~ound rup­
ture or shaking) and/or the use of inappropriate methods of stability 
analysis. 

At the second conference in this series, the writer presented a 
discussion of blastinl;i effects (Oriard, 1971). The writer will not 
repeat. that discussion in detail. However, a brief overview of a few 
of the previous comments will provide the background for a bet.ter 
understanding of the present paper. 

TI:!E BLASTING SOURCE - THE INELASTIC ZONE 

It see:ms useful to discuss the near-source phenolllena for at least 
two reasons. One is for the purpose of controlling breakage. The 
other is to point out .the distinction between vibration effects and 
those non-vibration, inelastic effects near the source, such as rock 
:nlPture, block motion and gas venting. The latter effects have an 
important bearing on the stability of bench faces and the near-surface 
portions of e~cavated slopes. 

When an explosive charge is detonated in a borehole in rock, a 
high-pressure ~Shock wave is transmitted to the ~:ook, followed by a 
longer-acting pressuremder the action of the expamling gases. The 
shock wave develops a v~ry hi9h pressure, capable of c:rushinq the 
rock for a distance of the order of l to 3 charge radii, but is dis­
sipated very quickly. The propagatinq pressure pulse develops radial 
cracks around the borehole, and these are further advan~d by the 
continuing- expansion of the explosives gases. Although a larger num­
ber of .cracks may begin at the per:imeter of the crushed zone, it is 
common for a group of some a to 12 cracks to become more prominent 
and extend to greater distan~s than the others. According to the 
principles ot fracture mechanics, less energy is consumed in extena­
ing the .ll\Ore promin~nt, existing cracks than to develop new ones. 
Under the action of the initial stress waves, additional cracks also 
develop at the lo~;ations of flaws within the rock mass, because these 
flaws provide points of stress concentration. 

There was a considerable amount of research done on various aspects 
of explo'Sives action on rook during the 1950's and 1960's. A limited 
amount of such research continues at certain universities which have 
special interests in the subject,e.g. u. of I-•aryland (Fourney and Bar­
ker. 19791, others. In 9eneral, this on-goiJ'lg research tends to con­
firm the basic concepts developed dudng earlier investiqations and 
construction experience, with certain refinements being advanced as 
research continues. 

The amount of roo::.k 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 tbe 
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characteristics of the roe~ mass itself) are: 

1. Charge size. 
2. Charge concentration or char9e spatial distribution. 
3. Type of explosive. 
4. Depth of burial (distance to any free surface). 
5. Coup lin~ to the rock. 
6. Sequence and timing intervals of detonati® of multiple 

charges. 

Trends in Bl~sting Technology 

t5 

In reC'Eint yean, the principal directions of expanding blasting 
technology have been found at opposite ends of the spectl'Ulll. On the 
one hand, there has been an. increase in very large blasts and large­
scale operations, includiJ'lg explosive el«:avation and craterinq tech­
nology. Several countries have shown an interest in ejecta da!ll. feasi­
bility (easting ejecta acrbss a valley by blasting) (Oriard, 1976). 
On the other hand, ®licate: excavathms are more common, also, includ­
ing refine111ents of conventional peri.meter blasting technole>qy and new 
developments in fracture~control blasting (Oriard, 1981). 

:It seems likely that the eai\l.iest concepts of blastin9 were devel­
oped around e:r:"atering principles, tben JIIOdified for bench blasting as 
li\Ore sophi$ticated drilling equipment evolved. Every f;ew yeal:'s or so 
there seems t.c be an ;interest in reviving the craterin9 concepts, or 
expanding on them as they miqht apply to bench blasting or other types 
of blastinq. ln th.eir 5iii!Plest forms, the craterinq principles apply 
more directly to tbe case of heavy, concentrated charges (ideally, 
the point-char<;Je concept), whereas bench-blasting concepts we:re devel­
oped around the use of long cylindrical cha.rqes vhose lengths are very 
great co~ared to their diameters. The debate is somewhat academic 
because of the ~eat need to tailor any concept. very precisely to the 
specific conditions encountered at the particular site involved. lt 
mak.es little difference what naxe 1s qiven to a -method, It is always 
important to place the right amount of explosive at the right location 
to accomplish th.e. work. 

'l.'he main attraction of a "method" is to sin;>lify the proC'EIC.ures of 
blast design. Althou<;rh this is understandably att~:active, it has a 
tendency to develop wrong practices. It is a deception to consider 
that the geological world is uniform and .that .formulated approaches 
are better than site-specific designs. The explosives engineer WQU!d 
develop better skills if he were constantly honing them to the specif­
ic conditions of the site. Fo:qnuhted approaches should be used chief­
ly to prevent the first test of an inexperienced person fr01r. being dis­
astrously designed, 

Cratering :and Bench Blasting 

S·li.ng:le, concentrated cha1:9es placed below a horizontal qround sur­
face will fan a crater if detonated sufficiently .close to tile sur-
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face. A flat, shallow crater is fo~d if theJ::e is a shallow depth 
of burial. The crater becomes larger in volume as the depth of the 
charge burial increases, hut beyond the optitllll1ll depth of burial, a 
decreasingly smaller crater is btoken, and the rock is merely frac­
tured, not ejected. ~t great depth of burial, the surface remains 
undisturbed, although there is a ~one O·f c:ru:o.hing and fracturing a­
round the charge location. ln order to take charge size into account 
in such craterinq exPeri.l•IEmts, it is .c1.lstanary to scale the depth of 
burial, and the crater volume, by the cube root of the cha~;ge weight, 
based on empirical data that tend to show such a correlation. For 
example 1 if we wish to double the radius of a tr'-1E!' crater developed 
by the detonation of a point char.ge, we will have to increase the 
charge weight PY the cube of 2, or S times. The apparent crater, that ts 
left open after the blast, does nat precisely fit; thiS cube root law 
beca•lse of ejected material that falls back into the crater through 
qt"avity action. According to the above, then, the "scaled depth of 
burialu of a point charge (doblpt is; 

(doblpt ~ ~~3 (by definition). 
w 

Craterinq principles can be appli&a to explosives excavation (in 
which material is purposely ejected or excavated directly by th;e 
explosives action itself), or various fo!111S of conventional mining 
and e'lcavating operations in lieu of the more coll11110n bench-blasting 
principles. Of course 1 typical crater in I)" calculations do not apply 
to charges near a vertical free face, unless modified suitably. For 
ex~ple, a lonq column of el(plosives near a free face, and parallel 
to the face, could be said to represent a linear crater charge with 
a depth of burial equal to the distance to the fl:'ee face, with the 
e.xpectation of little rock breakage beyond the charge (that is, 
"below" the. crater). 

Osin9 cratering prinoiples, one can expand the concept of a point 
charge to two dimeriions for line charges, and to three dimensions for 
array charges, using simple dimensional analysis. ln the case of a 
line charge, an additional dimension is being added. The unit weight 
of the charge now becomes the charge wetght (W) divided by the charge 
length (Sl# 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) ami the area 
of the plane called (S)2. Therefore, the unit weight of the charge is 
(W/S2). 

Equivalent expressions for scaled depths of burial for point 
charges, line {X'OWl charges, and plane !array) charges are t!len: 

Point charge: {dob}pt a ~~3 w 
DO!! 

Row chou:ge: (doblln "' 
(W/S) 1/2 
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.l\rray charge: (dob)pl 
ros 

(W/S2) 1/1 

Note that as a linear dimension hi added to a point charqe to pro­
du.ce a line charge, toe equivalent scaling changes from the 1/l to 
the 1/2 power; and as an additional dimension is added to produce a 
plane charge, the equivalent scaling changes from the 1/2 power to 
the 1/l ~r. Therefore, in order to make a line charge equivalent 
to a point charse. we must take the 2/3 power of it. Anil, 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 above s.tatements, he would discover a rule that is in 
agreement with field· experience: for an incxeasins number of simul­
taneously detonating charges (point to row t:o array) , one should in­
crease the depth of burial for an equivalent mound.i.ng of the rcx:k. 

The important thin I)" to remelllber is that there is no "theory.. to 
deterlldne the correct depth of burial. It. is detertnined e~~~pirically, 
by trial and error in the field. It is highly site specific. A 
scaled dep-th of burial of 3.0 m<lY produce id.eal mounding at one site, 
yet be inappropriate at ano1;her site. The USBfulnees of the above 
relationships comes in reducing the number of :trials needed for the 
design of fullc-seale operations. 

Similar rules of thumb and general basic principles apply to bench 
blastinq. In both concepts, it is a question of acquiring enol.lgh 
field experience in different geologic settings to discover emerging 
guide lines, For example, it is C001IliOn in bench hlasting 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 di<meter, 
a.r in the :range of o. 7 to 1.0 times the l:)ole spacing, and it is also 
comm:>n to drill below the expected depth o.f excavation an amol.lllt·which 
is of the order of O.J·times :the .hole spacing. However, these •ruresp 
are highly site specific. At any and all sites, it is essential to 
determine by observation whether or not these designs produce the 
desired results, and to ll!ak.e whatever changes are n.ecessary to reet 
the project demands. Such "rules" are desi9I\ed m<linly to help the 
inexperienced user of explosives reduce the nuinber of field trials to 
optilldze his res\.ll ts ~ 

Direct Damage From Blasting 

The primary interest of this paper is that of blasting eff'ects on 
e;11:cavation perimeters and nearby slopes. FrQIII the above COllllllents, 
the reader can appreciate the difficulty in providing a concise rule 
to enable him to predict accurately the distance into a slbpe or . 
final excavation peri111eter that fractures might extend for any given 
size of explosives charge. Too much depends on other features of tile 
blast design besides charge size, in addition to the x:ock character­
istics. As an illust:ratiOJI, let us ass\lllle a .relatively large charge 
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of e;~eplosives, say 450 kg i.t'l a single hole. Suet> a charge wcul.d have 
the capab.ility of mounding perhaps 750 cubic l.'lleters of "average" 
rock. I:f the charge were a large-diameter crater charge {no bench 
face}, the rock might be broken for about 10 to 15 meters in all di-
.::ections. That action would be damaging if the charge were detonated 
against a final wall. However, if the charge were detona_ted as put 
of a. bench blast, with a free bench face seve.::al meters away, the 
breall.age would be as~trical. There would be strong mov.eroent to­
ward the free face and reduced breakage into the final wall. It 
dov;ld be conceived as a linear crater charge turned ~o degrees, so 
that the bottom of the linear C:rater becOl.'lles the final wall. we can 
ca:r:ry the concept farther by extending the depth of the holes, re­
ducing the charge dianeter and trimming a slllollll burden of rock with 
very little d<llllllge to the final wall. Carried even farther, this plan 
evolves into cautiou!lr, controlled perineter blasting, such as pre­
shMring or smooth blasting. (See "Figure l.} 

Direct rock damage of the type discussed above .is not merely the 
fraCJl!lentation of rock due to passing stress waves. One of the most 
important physical effects occurring near the blasting source is that 
of block ll!()ticn or inela.stic ground displacement, just beyond the 
l!:Ol'IE! of fragmE~ntation. Typically, the maximum range of such inelas­
tic displacement will be the result of the venting of explosives 
gases beyond the :llmnediate crater zone, and not the result of vibra­
tion. Identifying the true nat1;1re of such disturbance is important 
fer the reason that the methods for eliminatinq it depend very strong­
ly on what is causing it. Too often there is an automatic concl~s~on 
that ground displacement o~ block motion beyond the imm$diate crater 
z:one is the result of vib1:ation when usually it is not. 

Control of Reek Breakage 

Control of rock breakage usually refers to the control of the per-
imeter of the excavation. Greater control means a smoother, less 
di$t:urbe4 f:i.nal .,surface. Of course, the wo:r:d "control" c..n be used 
with other m;.;anin9s, such as fragmentat:l-oo control, control of the 
m<:>vement of displaced or ejected rock, or control ,of vibration, If 
any Ptisunder~>tandinq is possible, a writer should specify his meaning 
with additional comment for clarification. 

To achieve control of the limits of a rock excavation, the explos­
ives user must ensure that the spati~l distribution of the eJC_p1os­
ives is proper for the soundness and ;,moothness of the final surface 
that is desired. An example of relatively uncontrolled blasting 
would be the use of large, concentrated charge'S, widely spaced. Such 
blasting will produce an ix:regular perimeter. Perhaps the least con­
t~o~ed of all would be a single craterinq charge. As a general prin­
ciple, one could say that the least control is achieved. with the 
smallest nu.aber of largest concentrated charges; whereas tbe greatest 
control is achieved with the largest number of s.mallest. , spatially 
di~>tr:ibuted char<;~elil (Oriard, 1971). The accompanying graph portrays 

INFLUENCE OF BLASTING 

ExPLOSIVE , " 

EXPLOSIVE 

"" 
cama.t.ED 
P£RU£TER 
lUSTING 

Figure l - Illustration of Effects of Spatial 
Distribu!:ion of E;~eplosives Charges 
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this concept in graphical form. (Fig.ure 2 .) 

:z 
0 

5 ~ 
-t-al 
1-Z:­
<wa:: 
a::.:;:t-
1-UJCil 

Cll z:z­
a: w-A 
W UI.L. 

~ 55:ci 
.:;: !.) !.) -
< 1-a:: tD (!) < 
< z:za.. 
Q... -~(f) 

Vl<ll 
I.IJ <(<(~ 
~ UJUJZ: 
a:: a:: a:: -
<( !.) !.) (/) 
::1: UJW<C 
u At:lw 

a: 
!.) 

z ~--~----------------------~~~~-------INCREASING SMOOTHNESS AND 
SOUNONESS OF ROCK SURFACE 

Figure 2 - General Relation of Charge Parameters to Soundness 
of Rock Surface 

Pre-splitting or pre-shearing i!> a very cautious technique for 
the cOI'l.trol of blast effects at the perimeter of an excavation. With 
this teclmique, small-diilllleter cartridges are detonated in a lar(!er­
diameter hole to decouple the charge from the rock surface and en­

"hance the 9eneration of a prominent fracture between the holes, while 
reducing the development of cracks in other directions (Oriard, op. 
sit.) In the pre-splitting tMthod, the perimeter charges are deto­
nated first, SO!tletimes as a completely separate operation. If the 
perimeter charges aredetonated last in the blastinq sequence, the 
method is usually called cushion blasthv;j, smooth blasting, or merely 
trim blasting. Field experiences gained since the time o.f the last 
conference in this series has shown that. various ll!Odifications of 
controlled perimeter blasting have proved to ne worthwhile 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 prefer,s a blast design which provides a .three­
stage approach to slope .control. Thi.s design includes different deM 
tails for (1) the pattern holes, .(2) a buffer zone consisting of at 
least cne row of holes between the main pattern and the pe:ril!leter, 
and (3) a line of perimeter holes, with increasing caution in the 
blasting desii;Jn as the perimeter is approached. Such a design will 
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help to preserve the bench faces in a large ext!<lvation. 

Normally, the writer prefers .that the perimeter l'OW be detor 
last in the detonation .sequence, rather than as a pre-split bl< 
When the perimeter is detonated first, as a pre-splitting oper;: 
the nearby buf-fer holes must be pletced closer to the perimeter 
detonated with heavier charges, in order to break and ejec-t: all 
back to the final perilneter surfaces. 'J.'hus, the buffer holes 11 

be very precisely drilled and loaded, in order to avoid either 
break or overbreak. on the other hand, if th.e perimeter holes 
detonated last, their function is not merely to qenerate a fra( 
plane, but to dbplace rock as well. 'I'hus, they perfom a. work 
tion which permits the buffer holes to be farther away and les£ 
ically designed. Of course, the work function is a cost saving 
well. 

lf financial considerations pe~t the use of hignly control 
blasting techniques, it is possible to produ~ complex, "sculpt 
structural excavations. For example, the photo (}'i.gure 3 } sh 
eJtcavation irt wbich two adjacent openings were blasted in weak 
leaving an undisturbed, narrow web between the two zones; where 
blasting took place. Although this particular excavation :recei 
attention for t.'le unpsually precbe sculpture blasting that was 
it did not .i,nvolve any new theory, - merely a hiShlX site-speci 
application of existing technology. The underlinin9 is added t 
emphasiz.a for the reader the importance of fitting e:Kplosives t 
nology to the specific site cOI'l.ditions involved. 

Perhaps the reader will he interested in SO!tle recent develop 
that have application to control of perimeter fracturing, as we 
oth.er specia.l uses. The l'!lethod is called fracture-control blas 
With this method, the sides of the blast holes are notcbed long 
inally. The notches or grooves provide stress concentrations "' 
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 su99ests 
there can t>e a reduction in e:Kplosives charge quantities of the 
of 2 to 5 times (Oriard, 1981}. The boreholes can be notched w 
either mechanical tools or hiqh,-pressure water jets. Of oou:rse 
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 options are worth inves 
ing. One of these would be the development of a drilling tool • 
has the capability of drilling and notching in a single pass. ~ 
is currently underway at the University of Maryland regarding tl 
development o.f such a tool (Ra.vinder et al, 1980). 

Another option is to lllilke use of a linear shaped char(!e of e: 
ives rath« than the grooves along the borehole wall. The effe• 
n(l;ss of either of these methods would l:le highly dependent on th• 
jointing characteristics between widely-spaced boreholes. In tl 
case of large-dial'!leter boreholes and large-sca:le. blasting operat 
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These photos illustrate the 
precision that can be 
achieved wh.en site-specific 
blasting designs are used 
for sculpture blasting in 
structural excavations, 
even in this poor-quality 
rock. 
Note the undisturbed 40 em 
web of rock between the two 
deeper excavations in the 
top photo. 
The pottom photo shows sev­
eral undisturbed complex 
rock monoliths on the far 
side of a trench which ex­
tends to a depth of nearly 
15 mete:.:-s. 

Figure 3 - Site Specific 
Controlled Blasting. 

I 

I 
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in an open-pit mine, the latter option rnay be more attractive, at 
least within the framework of existing technology. 

GROUND. VIBRATIONS f'll:OI4 Bt.l'.STING 

53 

If our interest were only that of predicting the .intensit'l of 
ground vibrations from blasting, it would not be necessary to discuss 
wave types and propagation phenomena to any great extent. The sub­
ject may .be approached empirically, with the inclusion of prediction 
formulae such as those of the writer, sh0"-'11 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 portion of this discussion will appear 
in a forthcoming AI~ volume on undergro~~d mining, - see Oriard, 
l9BlA). 

,1\fter the primary shock front or pressure pulse has passed beyond 
the zone in which shattering or fracturing of the rock occurs, i.t 
passe:s through the .roc:k in the form of elastic waves or vibrations. 
As this energy pas:ses through the rock, it takes on different forms 
which travel at different velocities 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, sonetillles called a radial or longitudinal wave, because 
the rock is deformed in the radial direction fr:om the energy source. 
Following the P-wave is a slower traveling wave which was originally 
called a •Secondary" wave or s-wave. This is a shear wave, sD~X~etimes 

called a transverse wave. Although this wave travels in the same di­
r:ection as the P-wave, the deformation ~f the rock is at right angles 
{transverse) to the direction of the wave travel. '.I'he 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 at the.gro~~d surface, new waves are 
generated. $orne continue through the body of the rock mass as new 
body waves. Another group travels along the surface and given the 
name "surface waves". Their motion is quite different .from that of 
the body waves, being characteri~ed by larger amplitudes, lower fre­
quencies, and a lower propagation velocity. In most cases, these 
waves contain significantly more energy than the body waves, although 
they do not exist in most underground situations. 

If one makes the usual assumption that there is an elastic ha1f 
space that is hc;>mogeneous and iostropic, elastic wave theory descri­
bes tbe wave motions that can be anticipated. In practice, it is 
s~ler and more reliable to determine particle motions by ll'.eans of 
field measurements rather than through theoretical calculations. 
However, it is iii'!Portant to remember that the different wave forJIIS 
are characterized by different particle motion:s and a.re propagated at 
different velocities. The Cof11pressional or di.lational wave is propa­
gated with the velocity 
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j:e(l-]l)/p!l-2l!) (l+\J.lll/2 

(h2G)/Pil/2 

where .A - !.!E 
(l+]l} (l-2\l) 

E and ~ .. 
2!l+}l) 

E is the modulus of elasticity, p is mass density, and J.1 is known 
as Poisson's ratio. The constants A 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 fall in tl).e range of about 1500 mps to about 6000 mps, -
correspondingly less for weathered or decomposed rock. Most soils 
fall in the range of about 150 mps to about 1200 mps. 

The shear wave propagates at the velocity 

cs = IGIP 

'"' lE/2P (1+\J.) 11/2 

The ratio of compressional and shear velocities is 

C /C 
p s 

j2(l-ll}/(1-2p) 11/2 

Poisson's ratio for most rock materials is very nearly 0.25. Thus, 
the velocity ratio c /C is often very nearly 13,. 1. 73. 

p s 

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 particle motion 
that is polarized in a vertical plane parallel to the direction of 
the wave propagation, a.:·'ld tha particle motion is elliptical retro­
grade. When Poisson's ratio is equal to 0.25, the velocity of tile 
1l4Yleigh wave is 0 •. 92 times the velocity of the shear wave. 

Not 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 nedium, such as the outward-advancing body wave, elastic theory 
shows that the a111pli.tude is inversely proportional to the iii stance. 
In contrast, surface waves have an amplitude that is inversely pro­
portional to the sq~;~are root of the distance. Thus, whe:1 the point 
of observation is close to the energy source, there will be a complex 
combination of s.everal different wave forms. However, as one moves 
farther frODI the so1.1rce, the wave forms become separated,. arriving at 
diffel:'ent times and producinq different types of particle motion. The 
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more distant the point of observation is from the .source, the more 
prominent will the surface waves be compared to the body waves. 
(There are other types of surface waves in additional to Rayleigh 
waves, but Rayleigh waves are usually the most prominent). 

55 

Both theory and observation suggest that the particle motion trans­
mitted to a free surface is more pl:'ominent than for the same wave 
within the body of the solid. !."or a wave .arriving at n<>rmal incidence 
to a plane surface, the p;;~;rticle amplitude may l:>e doubled. This is 
of interest to seismic body waves passing through a hillside to an 
opposite slope. 

Theoretically, the stress generated by the pastsag.e of a seismic 
wave is proportional to the product of the acoustical impedance and 
the particle velocity. When a plane wave arrives at nor111al incidence 
to a ,Plane boundary, the parti tionin9 of .energy between transmitted 
and reflecteil stresses: takes place according to the relationship 
between the acoustical impedances of the two materials, as 

'\ 2p2c2 
0 r "' -p'"'2c;;;.2...::.._-p-l"""c-l 

:Kinematics of Particle Koti'on. 

The disph.cement or amplitu&il of the qround wave is the distance 
from a particle at rest to its peak or trough as the wave passes. 
Typical ilisplacements for blasting vibrations of interest fall in the 
range from about 0.025 to about 2.5 mm. The term amplitude if> ~sed 
also to refer to the trace amplitude on the seismogrant (recording of 
the motion} 1 and can, therefore be SO!llE!what aii!biquoos. 

The frequency of a vibration is the number of cycles that pass a 
given point in unit time, usually expressed as cycles per second or 
hertz. Frequencies of interest for blasting usually fall in the 
range of 1 to 500 Hz, most often beinq 10 to 100 !lz. Period is the 
inverse of frequency, and defines the length of till\e required for one 
complete cycle of vibration, 

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 particle. Particle velocity 
is not the same as propagation velocity, Propagation velocity, or 
transmission velocity, is the velocity with which a wave travels 
through a given medium. The propagation velocity varies widely ac­
cordin9 to the elastic properties of the 11\ediUIII, whereas particle 
velocity is a f\lnction of the vibration itensity. In the following 
discussion re1ative to vibration intensity, we will be discussing 
particle velocity. 

Acceleration is the time -rate of change of. particle velocity. lt 
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 
relationships apply: 

Defining: "x" is displacement at time "t" 
"A" is maximum value of .x which is equal to the 

zero-to-peak amplitude 
~f" is the frequency 
"v" is the particle velocity 
"a" is accele.r<~t.ion 
"w" is ;mgular frequency 

Then: v 211fA 
2 0.1 fA (approx.) a 

in gravity units. 

w "' 211f 

X= A sin wt 

v ~ w cos wt "" w sin wt + 11/2 

a = sin wt "' w
2

A sin (wt + 1T) 

a = 4'1l'
2

f
2
A 

Predicting the Vibration 

In order to predict the intensity of ground vibration from blast­
ing, one must consider the influence of the blasting parameters and 
th.e influence of the geoloqical setting. If we we.re always dealing 
with simple point charges of a single el(plosives :t;,rpe, the first 
question would be a relatively simple matter of data scaling, and the 
~cond would be a question of wave attenuation, though by no l'lleans 
simple. In reality, the two questions are often closely intertwined 
because of :many departures from the. ioeal assumptions that are often 
macle to siwplify calculations. 

In order to eompare blasts of different sizes at different dist­
ances, it is customary to scale the distance by some f~ction of the 
explosives charge weiqht per delay (the amount detonating at any giv­
en instant of time), so that such diverse data can be plotted on a 
simple graph. If the charges were spherical, theory would dictate 
the use of cube root sca.lin91 becaw~e the charge weight would vary 
as the cube of the radius of the spbere. Dimensional analysis has 
also been used to support the concept of cube root scaling, but di­
mensional analysis does not apply to multi-forl!' wave propagation 
questions. ·If the char'ifes were long cyl.inders, we would expect that 
the use of .square root scaling would apply, because the charge w~ight 
would vary as the square of the radius of the cylinder. However, in 
the vast majority of cases involving blastin'if, neither of these ideal 
liiOdels is accurately duplicated in the field. ~any times, the charge 
weight is .ificrea!iied merely by increasin-9 the nUlllber of separate 
charges, altllouqh they are usually long cylinders of explosives. Thus, 
tber<e are many ge0111etrical complications involved in the question of 
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data scaling. Statistical analysis will ot'ten show variations in 
the best fit for any of the scaling laws. However, the question. is 
only of academic importance if the decis!on 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, usinq different scaling laws. There is a con­
siderable amount of scatter in data points relating to blasting vi­
brations. If t:he investigator recognizes that a particular vibration 
were unusually low, he could anticipate that ;mother test of the same 
design might give a considerably higher. value ~e next time. Also, if 
he uses a small charge measured at close range to serve as a model for 
a much larger blast later, at the same saaled distance, he should be 
aware of the influence his selection of data scaling will have on his 
final predictiOI'l. There will be ;m i.mpcrtant oifference in. his pre­
diction according to his scaling methods. If he is not a.wa:re of the 
differences, he should try different methods, in accord with his ex­
periences and the conservatism he wishes to inoprporate into his pre­
dictions (Hendron and Oriard, 1972). 

The writer has found it oonvenient to use square root scaling 
for prediction of the widest range of blastin'if conditions. His ex:­
perience has Shown this scaling method to !!lOre accurately portray a 
larger range of field conditions and blasting techniques than ~ 
root scaling or other scaling.' The writer has ..naly.zecl sewu:al hun­
dred thousand vibrations frOIIl l:>lastinq, ;md has found the <;rraph 

(.Figure 4) of particle velocity versus scaled distance to fairly rep­
resent that experiencec, The r<!!lationships can be expressed mathe­
matically in the form 

where 

v l/2 -1.6 
H (D/W ) k

1
, k

2
, k

3
, • • • 

v peak particle velocity 

H velocity intercept at unity scaled dis~ce 

W = charge weight per delay 

k factors represent the variations in explosives, 
confinement, spatial distribution, geology ;md other 
parameters of interest. 

For <\ typical upper bound prediction line 

V 242 {D/W112 ) -
1

•6 x (1.0} 

The slope of (-l.G) 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 11:10st situations. 
The attenuation of blasting vibrations with dist;mce is a complex 
function of the stra.iri level, the various wave forms, and the qeolog­
ical setting. There are several theoretical reasons why one shoula 
anticipate a two-slope attenuation C'llrve, rathet' than the straight 
line shown in tbe prediction curves of this writer. For waves which 
begin at very hiqh strain levels, we should ..nticipate a I!IOre rapid 
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attenuation initially, until low seismic strain levels are reached, 
at which time the attenuation should remain relatively constant in 
acoord with the geological setting. Similarly, waves' arriving at 
location.$ near the source are a complex function of several wave 
types, all col!lbined. Because of different trans:nission velocities, 
these waves then separate as they mow away from the source, spreadinq 
out between arrival times and generating different types of pntic:le 
mtions. 'l.'hus, there should be a more rapid attenuation near the 
source, and later an attenuation which is determined by the predomi­
nant wave, usually the ~yleigh wave. The above theories should hold 
for a point source. Some data show ag"reement with such theories, · 
especially those taken from nuclear detonations, where it is clear 
that both high st:rain levels and a point sow:ce are correctly modeled. 
However, there is an interestinq departure from this type of attenu­
ation for most blasting operations. usually, a. straight extrapolation 
serves the purpose. Sometimes it even reverses from theory and fonas 
a flatter slope near the source. This happens when a large nUII!ber of 
holes detonates simultaneously. 'l'here is no such thing as zero dis­
tance in that case, and the at:tenuation is distorted by the departure 
from. a po.int charge. even in t.~e c:ase of very large blasts, such as 
"coyote" blasts, {a tunnel filled vith e~losives), the condition de­
parts from theory by a failure to detonate instantane0Usly or from 
t.'le center outward, - two thl,i:oretical requirements. Anc in the case 
of relatively low energy le'li'els, there is s0111e experience to delllOn­
etrate the validity of the same attenuation carried wry close to tW,;: 
source. A case in po-int is that of =.all char9es <'!etonated in old 
concrete at Lock and ·Diiun No, 1, Minneapolis. The writer's prediction 
curves were fovnd to represent accurately the attenuation extrapo­
lated as. close as 8 inches from the source. (Tart, Oriard and 
Plutll?, 19801 Oriard, 1980). In order to JMasure these very unusual 
vibrations, it was necessary to use accelerometers having .a frequency 
range up to 30,000 Hz and an acceleration range to 30,000 g. The 
writer's data cover a distance range from a inches to 20 miles and 
a cl:,ar9e weight ran9e from 1 gram to nuclear devices. The curves 
are intended to portray that range of experience. 

The broad base of experimental data mentioned above provides a con­
venient means of making reasonable predictions of vibration intensi­
ty. HCMever, 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 '~'!ave length) and displacelllellt. Stax:tinq at the source, one 
finds an inverse relationship between charge size and frequency, for 
any given medium. The larger the charqe, the lower the frequency and 
the larger the displacament. Sirnilnly, normal wave propagation phe­
nomena bring about a decrease in frequency with distance. '!be higher 
frequencies are more quickly attenuated. The 1110re predo:ninant factors 
relating to the attenuation of seismic waves are (1) geometric spread­
ing, (2) selective sc:atterimJ, (3l absorption, and (4) dispersion. 
As mentioned previously, g"eometric spreading is inversely proportional 
to the qistance 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 frequency, 
and dispersion varies with the first power of frequency. 

'!'he wave transmittin<;~ medium (.geological setting) has a strong in­
fluence, also, on the frequency and displacement characteristics of 
a s,.ismi.c wave. For example, hard massive rock will be characterized 
by smaller displacell\ents and hi<;Jher frequencies, whereas soil will be 
characterized by larger displacements and lower frequencies. Both 
the attenuation and the ~.:ave form characteristics are influenced by 
such geological factors as layering, jointing and water content, as 
well as the small-scale elastic properties of the medi.um. For e:xaxn­
ple, in certain regions underlain by prominent horizon.tal layers of 
sedilrentary ro~k •. it has been noted thal:. surface waves appear to be 
mo~ prol!".inent and persist to greater distances than .is typical for 
reqioos that are more heterogeneous and/or geOlDetrically eoroplex. 

IJIBAA'l'ION EFFEC'l'S 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. Blastinq operations themselves 
frequenty produce slopes of sufficient height to be in need of .evalu­
ation, and they are often found in proximity to othe:. slQPes of con­
cern, whether composed of soil or rock or some cOll'bination of mater­
ials. In the .maiot"itv of cases 'When a question arises concerning 
stability, a jUiigment must be lllade. rather quickly becau:n of the fi­
nancial and scheduling needs of the project which is underway. So!lle­
tillles the evaluation is required in advance of project start-up, for 
varying reasons, including that where there is a .neeli to provide "doc­
umentation" that .the future project wi.ll not generate pUblic or pri­
vate ~.azards. It happens quite frequently in such oases that there 
is a specific demand !or 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 horizontal plane in the direction of 
the outer slope face. Those who have performed s.uch exercises will 
come to realize that they predict dire consequences :i.n nearly .. very 
case involving blasting vibr<~tions, despite the long history ot ex­
periences to the contrary.- In spite of this lack of correlation with 
blasting experience, the use of such methods remains widespread. 

Terzaqhi' s Method 

Tbe origin of pseudo~static methods of analysis of slopes and em­
bankments subjected to vibration may have developed a very long time 
ago. However, the "standardi:tation" of an approach very likely began 
with Ter:tai;Jhi (1950) , (Seed, 1979.) . Terzaghi described. the ~~~ethod 
as follows: 

"An earthquake with an acceleration equivalent n produce!> a mass 
force acting in a horh:on.tal direction of intens¥ty n per unit 
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of weight of the earth. The resultant of this mass force, n w, 
passes like the weight, W, througo:h the. centre of gravity a

1 
gf the 

slice abe. • It acts at a lever arm with length P and increases the 
moment which tends to produe<> a rotation o£ the slice abc about the 
axis o by n FW. Hence the earthquake reduces the factor of safety 
of the slo~ with respect to sliding from G 1 equation (1) to 

slR s 

G' s "' EW + n FW • • • ' • • • ' • • • ( 2 ) 
9 

"The numerical value of n depends on the intensity of the earth-
quake. lndependent estima~s (Free~~~an, 1~32} have led to the £<;~1-
lowinq approximate values 

Severe earthquakes, Fossi-Forel scale IX n "' 0.1 
Violent, destructive, Rossi-Fo:rel scale x,n9 = 0.25 
Catastrophic ng ~ 0.5 

The ea.rthqQ<Ik.e of San Francisco in 1906 was v'lolent ano delitructive 
(Rossi-Forel scale X), corresponding ton ~ 0.25. 

<] 
"Equation (2) is based on the simplifying assWll!i'tions that the hor­
izontal accelel"ation n g acts permanently on the slope material and 
in one direction only.9 Therefore the concept it conveys of earth­
quake effects on slopes is very inaccurate, to say the least. The­
oretically,a value of G' • 1 would mean a slide, but in reality a 
slope may remain stable In spite of G' being smaller than unity 
and it may fail at a value of G' >l, d~pendinq on the character of 
the slope-forming ~terial. 5 

•The most stable materials are clays with a low degree of sensitiv­
ity, in a plastic state (Terzaghi and Peck, 1948, p. 31), dense 
sand either above or below the water table, and lQQse sand above 
the water table. The most sensitive materials are sligntly cement­
ed grain aggregates such as loess and submerged or partly sUbmerged 
loose sand • 

"' Te.rzai;!hi' s fi<Jure is not r~roduced here because it is not need­
ed for the purposes of this paper. Quotation was used to !!lake s1.n;e 
that there were no misreJ:>resentation.s of 'l'erzai;!hi's statements. 

In recognition of Ter~aghi' s eminent status in the field of soil 
mechanics, it is not surp~i.sing that this concept cau9ht. on ana became 
widely applied. However, there are aspects of the question worth 
noting. One is that Terzaghi him~lf recognized the complexity of the 
problem, even as it related to the case of earthquakes, which is rel­
atively simple when COIIIPared to blasting phen.ome.na. Paradoxically, 
later advocates of this method often chose to use seismic coefficients 
which were much less conservative than those tecoll1lllended by Terzaghi; 
yet the method normally is so dra.matically over~conservative for · 
blasting phenomena that it is usually quite misleading to u.se it. 'l'he 
reason fo:r this apparent paradox is due to the differences between 
earthquake and blasting vibrations. MOst blasting vibrations are 
characterized by relatively hii;Jh 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 involved (hence, strain). l\t the low 
frequencies associated. with large earthquakes, an acceleration of 0.1 
g is regarded as strong motion, and an acceleration of l.O 9 would be 
regarded as catastrophic. This is not at all true of blasting vibra­
tions. For sm.all Char9'!s at close .distances in rock, the correspond­
ing accelerations may be many tens of g's witho~;~t necessarily being 
of concern. For example, the author has measured non-damaging accel­
erations approaching 1000 g in the walls of an operating powerhouse 
m Vene:z;uela 1 and accelerations in the range of 20-30,000 g in the 
walls of an old concrete lock, as 111entioned previol.lSly. It is quite 
clear that acce.leration alone is not a diagnostic feature of the dam­
agmg potential of propa<;~atmq seismic waves 1 or even of simple mech­
anical shaking. A small displacement at high frequency may have a 
higher acceleration than a larger displace!llent 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
portional to the product of the acoustic impedance of the material 
and the particle velocity. Therefore, there is no theoretical reason 
why particle acceleration should be used in evaluating strains in 
slopes due to passing seismic waves. Using the relationships for 
sinusoidal wave fo:r:ll1s 1 the following relationships can be seen to 
illustrate the above comments: 

Dis~laoelN!!nt Fre9uency_ 

0.001 in. 100 Hz 
(base ca~>e) 

0.1 in. 10 Hz 
(100 times increase) 

10.0 m. l Hz. 
(10,000 times increase) 

Newmark • s Method 

Acceleration 

l 9 

1 g 

1 g 

~ 
l unit 
(base case) 

10 units 

100 units 

In an effort. to improve on earlier pseudo-static li!Odels of s.lopes 
subjected to ~>eismic shaking, N. M. Ne\om\ark; in his Rankine Lecture 
of l965, proposed a procedure for evaluatin.g the potential deforma­
tions of an ellibankment subjected to earthquake shakin.g (Ne1N"ll!ark 1 

1Sl65). In this method, it is ass.umed that slope failure is initiated 
and :noveuwmts begin when the inertia forces are large enough to over­
co:tm the yield resistance of the slide mass, and .that movements stop 
when the mecrtia .forces are reversed. The cycle may or may not be 
repeated. With this model, the investi.gator computes the acceleration 
at which the inertia forces become sufficiently nigh to cause yield­
in<;J, then integrates the effective acceleration on the sliding mass 
in .excess of the yield acceleration as a function of time to obtain 
velocities an4 displacements. The velocities are shown as functions 
of t:ime for both the accelerating force and the resisting force. The 
muimum velocity for the accelerating force has the magnitude V given 
by the expression V = A<;~t0 • After the time t

0 
is reached, the 
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velocity due to the accel&rating force remains constant. The velocity 
dua to the resisting force has the ma~itude Ngt. At a time t , the 
two velocities are equal and the net velocity bec0111es zero, ormthe 
body comes to rest relative to the ground. Displacel!lents are made in 
distinct, discrete steps if there is sufficient differer.:::e in the vel­
ocities of the base and the sliding mass. 

For very long waves, such as those generated by typical earthquakes 
the slope motiop. can be said to be a very crude form of a 10echanical 
shaking table, and indeed Shaking tables have reproduced this type of 
step-by-step displacement in scale models of embanltments tested in the 
laboratory (Seed, 1979 1 1980). Such laboratory tests and actual 
earthquake experiences h;1ve shown that embankments can undergo sub­
stantial acctllllUlations of discrete displacements without necessarily 
"failing". The Nf!W!llark method has been found to be quite useful wh.are 
the yield resistance of the e:mbankment can be reliably determined, 
where pore pree:sures do not change significantly, and where the ma­
terials do not lose more than about 15'1i of their oriqinal strength 
du;dng the shakfug (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 0.15 q without yielding, and crest acceler­
ations are less than about 0.75 9 (Seed, 1979, op sit.). 

The phenomenon of accumulated displacements is no~l for many rock 
slopes and soil slopes. For very small dynamic loads, no effect what­
ever may be noted. For somewhat heavier loads, small displacements 
may l:>e initiated~ l\.s they accumulate, there is often ample opportun­
ity for observation and the development of remedial measures. lolost 
soil and rock slopes develop sufficient residual strength after the 
initial movements to have a controllfug i.nfluence on later lllOVe~Dents. 
Many slopes are not capable of undergoing sudden failure because of 
this res.idual strength. Exceptions are such cases as the first, sud­
den failures of rock wedges subjected for the first time to strong 
shakmg. There is an mcreasing sensitivity as we proceed from the 
case of previously failed :~!.ones 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 ~mstable. 

Unfortunately, the NeW~~~<J.rk method does not model wave propagation 
phenomena. It assumes that the slope rests on a ri<]id base subjected 
to l!lechanical shaking. Of course, this is not at all true for blast­
ing vibrations. There are different wa111e forms involved, and the 
wave lengths are often short ~pared to the slope length. Very oft­
en • there is a dramatic attenuation within the slope length of inter­
est. There are additional coliiJ?lex:ities 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 s\llltl!larizlld as follows: 

l. B01.1ndary conditions for blasting are not usually those assumed 
for tl:\e slope model.· COlllnall.ly, only a Slllall portion of the 
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slide mass is subjected to a given motion at any given instant 
of time. 

2. One cannot assume a <;;ingle intensity of shaking, since the 
vibration will attenuate within the slope. 

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

4. Different wave for:ms are involved, which separate with dis­
t<mce, so that even the duration of vibration changes, as 
well as the intensity and frequency. 

5. The surface motion will be different from that at depth. 
Which 100tion should be considered to act on the slope? Body 
waves or surface waves? 

6. The direction of travel and angle of incidence are important. 
Is the wave arriving at grazing angle of inciaence to the 
slope surface (in which case there may be very little motion 
tending t<:J Stimulate sliding)? Or is it coming. frOIIl "'" angle 
that may generate surface reflection of long waves? Is it 
realistic to consider that all possibl,e angles of incidence 
need to be evaluated? 

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

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

9. The compination of small displacement and hi9h frequency are 
quite significant. Mass dilation may o<::cur without any 
slope displacement. The condition can be coo.pared crudely 
to space tolerances in mechanical equipro~nt subje~ed to vi­
b~:ation~ !f two parts a1:e separated by a distance CO!llParable 
to the particle displacement of the vibration, it is not 
likely that the vibration will affect them. 

In consideration of the complexities of wave propagation phenomena, 
it is not desirable to use pseudo-static methods of analysis fo~: the 
more common cases of blasting. Of course, it is possible that a his­
tory of experiences in a given geological setting, with repetitions 
of a given type of !:>lasting, might permit the investigator to develop 
a special application of such methods by determining empirically the 
appre>priate "artificial K sei.!>mic coefficients~ However, such an ap­
proach would fall apart quickly if there were significant changes in 
blastingmethods or site characteristics, including qeol)letric consid­
erations. It is not likely that .such an approach would have any <tel­
vantage over the simpler experience of comparing observed slope be­
havior to ~reasw:ed particle velocities. 

INFLUENCE OF BLASTING 6! 

Possible New Pseudo-Static Method o.f Analysis 

Considering the attractive, convenient simplicity of pseudo-static 
methods lik.e the Terzaghi method or Newmark method, it would ~>eem 
worthwhile to pursue a similar a.wroach that takes into account some 
of the physical par¥teters that are !IIDre characteristics of wave prop­
agation phenOI!IE!na. than those considered in the former methods. Oriard 
and Yen (1977} presented a discussion of such an approach reqarding 
blasting- effects on unstable slopes of the Panama canal. It was hoped 
that this project tl'ligl);t offer an opportunity to gather SO!Ile meaningful 
well-controlled field data during the proposed deepenin9 program 
(oriard, l960A). However, the effort was cut back due to political 
changes. Conseqvently, the writer has not yet had the opportunity to 
gather any field data which could be used to evaluate the suitability 
of such a roe.thod. A considerable effort would be require,d to develop 
such a :method and to Check its validity against known. performance of 
identified slopes. 

As a be9inning approach to such a :method, the follO'Olinq concepts 
could be pursued initially, - perhaps modified later as needed. 

Fsta is the static shearinq force, primarily the downhill component 
of the gravitational force,. It way include pore water pressure, if 
any exists. For a generic element in the slope, the static driving 
force could be exPressed as 

Fsta = ( p g h sin 6 ) (cosBdL) 

where P = mass density 

g = acceleration of gravity 

h = vertical dimension of slope element 

aL eleroe.nt length along slope angle 

a = slope an9le 

Fd is the dynamic load .induced by blastins. The dynamic force is 
transi~nt, cyclic and varies in direction and magnitude, There is no 
knCMn closed-form solution for Fd • The dynamic force depends on the 
many variables previously mentionK3. Although the degree of conserva­
tism is not known for actual field conditions, perhaps a reasonable, 
though conservative, approximation could be represented by 

Fdyn = ( p cs v h 

where e
5 

= shear wave velocity 

v = peak. p•u:'ticle velocity 

F is the residual force that may exist in the :11ock slope, such 
as ~:£which may be due to tectonic stresses, chemical stresses, and 
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the like. For a simplified analysb, F may generally be neglected. 
For failure, res 

Fsta + Fdy~ + Fres ~ ~sisting Force 

A further reascmable assumption for slope failure would be a re­
quirement f= the slope particles to move in .unison, that is, an 
in-phase velocity field, thus limitin9 the zone of interest to one 
which has a diJDension less than l/2 wave length, 

L ~ X/2 

For the purposes of an initial evaluation of this method, it could 
be assumed that the rock strength under combined static and dynamic 
stress should be less than its peak static strength. That is, we 
1::0uld lll<lke a be'ij;inninq assumption that 

R 
F.S.d n = F + F + (F • 0) 

Y sta dyn res 

where R is the peak static shearing resistance 

where 

R ~ ( p 9 h cos2 ~ ) dL • tan ( ~ + i 
r 

$r friction anqle 

i "' equivalent friction angle increase to ac­
count for s~ch 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 enqineering, it is anticipated that there will be a need for 
judg~~~ental fao.t.ors or •coefficien.ts" to relate the calculations to 
experience. DeJ?endinq on the range of such needed coefficients, the 
practicability of the method may then be assessed. Although there are 
IQally Obvious theoretical shortcomings to the method, there seems t,o 
be a chance for somewhat better cqr:relation than with previously uaed 
p!lleuao-static methods. And it seei!IS II\Ore likely that there WOlJld be a 
passibility of better ®rrelation with shallow slope failurE!& tha.n 
with deeper ones. 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 stimuli and to de­
termine the time history of repeo11ted responses. If the tneasured dis­
placelllents are deceleratinq the failure is regressive and there m:ay be 
no need for further action at that tire. If, howl\!ver, the displace~ 
~~~ents are acceleratinq, the failur.e is progressive, and action 111ay be 
needed quickly, such as a chan9e in blasting methods, or remedial 
work 01'1 the slope, such as s~qgested in Figu:re 6 which :represent 
previous actual field expedence. (Oriard, 1971} 
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Dynamic Methods of Analysis 

Dynamic methods of analysis do exist, and have shown siqnificant 
improvements in ~ecent years. With the increasing sophistication of 
computerized analytical techniques now available, such as the finite 
element Illethod and the finite difference method, it is n<JW pOSliiihle 
to analyze dynamically the simpler vibration 1110dels and most types of 
slope models. At least two types of vibration input can now be ana­
lyzed quite accurately. One is that of a rigid-base model subjected 
to any vibration history of interest. The other ie tha.t of a simple 
form of stress wave propagating through a continuum. unfortunately, 
these methods are re:Jatively time•consllllling and expensive. and still 
face very formidable problems when dealinq with blasting phenomena. 
Wave propagation models become extremely c<:~mplicated, and the range 
of possible cases beco'mes discouragingly large. And, of course, the 
slope mU.st be accurately modeled if the methods are to have reasonable 
validity. 

On many projects, there is neither the time nor the financial re­
sour.ees available for the development of an acceptably accurate dy­
namic model. In such cases, judg~ts must be made without the ben­
efit of such analysis. Two of the most common. approaches to such 
cases are (1) program the bla;,ting in order to limit stresses to con­
servative values, and/or (2} monitor slope behavior carefully to ob­
serve the first signs of any aQ.verse reaction. 

Blasting is controllable 

One ver.y iii!POrtant 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 blasting stresses to acceptable levels without adding any sig­
nificant financial burden to the project. If, however, a more precar­
ious condition exists, it is normally a s~ple matter to begin blast­
ing on a limited sc.ale and build up to a larqer s.cale on a programmed 
basis while monitoring slope behavior. Of course, this not true of 
earthquakes. The controllable aspects of blasting, whether the vi­
bration intensities are controlled by distance or by design paraJ~~e­
ters, permit a close scrutiny and detailed instrumental monitoring of 
the slope at low vibration intensities, and at increl;lsinq vibration 
intensities, in accord with the wishes of the investigator. It is 
relatively rare that the que£ition must be answered for the case of a 
single, large event, with no opportunity for preliminary observation, 
although the latter case sometimes arises (Oriard and Jordan, 1980). 

Dynamic Stability 

The dYnamic stability of a slope is very closely related to its 
static stability. Those sa.J!le physical proper.ti.es (especially in-situ 
larger-scale mass characteri.stics, and properties of weak planes) that 
render a slope unstable under st;~.tic loading cOnditions contribute to 
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its lac;:k of stability under dynamic loading. That is, the higher the 
static factor of safety, the hi9her the dynamic factor of safety, in 
general. However, some of these factors, such as .surface irregulari­
ties on rock slopes, have varying J:elationships to stability in ac­
cord with the type of dynamic loading that occurs, not merely its 
numerical value of acceleration or velocity, as previously discussed. 

It is anticipated that the state-of-the-art regarding sta-
bility will be discussed at length in this conference. For the pur­
poses of this paper on blasting effects, only a few general comments 
will be made regarding static stability, in order to COI!lJ?lete the 
discussion of blasting. 

Three of the roost important factors relating to stability of rock 
slopes are (l) size, location and orientation of critical discontin­
uities, (2) the sh~ar strength along these discontinuities, and (3) 
the pore pressures on these discontinuities, A person wishing to 
evaluate dynaznic stability would proceed initially in the Sallie 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 roan. 

2. Stress history and anticipated in-situ stresses, 

3. Climatic and hydrologic history, past and present. 

4. All factors relating to the present "mechanical" conditions, 
such as type of materials, bedding and jointing (frequency, 
orientation, fillings, openness, irregularity, etc. (see 
Goodman, 19811 Barton, 1981, and others). 

S. Any previous dynamic history, such as earthquake activity, 
previoUs blasting activity, or steady-state vibration sources. 

CASE HISTORY - PRECARIOUS SOIL SLOPES 

The following case history will illustrate some of the problems 
that are often encountered W):len dealing with blasting effe<:ts and 
slope stability, and one of the approaches to dealing with such prob­
lems. 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. peri.~ter, the dry, fine sand around the pe:t:imeter was re­
worked with bulldozers to form dams to contain additional slurry. The 
process was continued, simultaneously building up the dams and filling 
liXlre tailings behind them. One of the dams had a crest height of ap-­
proximately 43 111 at the time of this investigation. Two or three lo­
cal slope t<11lures had occur:reO., and an investi9ation led to the con­
clusion that the dams we.re statically precarious and incapable of 
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withstanding the shald:nq action of a lllOderate earthquake that might 
occur in the region at some time in the future. Consequently, a 
decision was made to place a J:ockfill buttress against the steeper, 
lower portion of each ent:.ankment (Figure 7}. A suitable quarry sit 
was found nearby 1 from which the rook fill ll!aterial would be Obtained 
The roCkfill was to he hi9h-quality material, requiring blasting. 
Thus, a large-scale quarrying operation would be required in the vi­
cinity of statically precarious tailings embankments. A total volum 
of about 1,300,000 tons of rookfill would be required. In addition, 
there was a need to blast drainage trenches immediately in front of 
the toes of the embankments. Thus, one of the interestin9 aspects o 
this case was the n<!!ed to consider three different kinds of vibratio: 
Ill low frequency vibration generated by an earthquake, (2) mid-fre­
quency vibration generated by quan;y blasting, and {.l) high-frequenc· 
vibration generated by trench blasting. 

One would the factor of safety of existing conditions to 
be about 1.0 Theoretically, the eooankll!ents were incapable of 
tolerating any vibration. Evan after the construction of the buttre 
ses, they would be capable, theoretically, of withstanding an accel­
eration of only 0.12 g (the design earthquake) • If the usual pseudo 
static mdels were considered valid, no re111edial work cauld be done 
because the blasting: would g-enerate unacce-ptable vibrations. Fortu­
nately, experience has demonstrated that certain vibrations can be 
tolerated under such circumstances, ana that the hi~her the frequen~ 
ol; the vibration, the greater the acceleration that can be tolerated 
(for equivalent strain). 

The following table illustrates the particle motion parameters of 
interest, showing the ranse in particle velocities and displacements 
for various frequencies, assllllring a constant acceleration of 0.12 9• 

Freguencx Velocity Oiselacement 

0.12 9 0.1 H:z: 75 ips 120 in 

0.12 g 1.0 Hz 7.5 ips 1.2 in 

0.12 9 10 Hz Q.75 ips 0.012 in 

0.12 9 100 Hz 0.075 ips 0.00012 in 

0.12 9' 1000 Hz 0.0075 ips 0.0000012 in 

The reader can see from the above figures that if we are given a 
constant acceleration as a limit, we then fino that velocity is in­
versely propOrtional to the first power of the frequency, and that 
displacement is inversely proportional to the square of t:he frequenCj 

At limiting equilibrium, if the acceleration is limited to zero, 
due to instability, no vibration whatever can be tolerated. Hence, 
in theory, no blastinq 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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Piqure 7 - A rockfill buttress being placed on the lower 
slopes of a precarious tailings embankment. Blasting 
was r~uired at the toe of the slope and in a nearby 
quarry. 

INFLUENCE OF BLASTtNG 

the embankments can theoretically tolerate an acceleration of 0,12 
there is still a serious limitation. There is no possible way thai 
any trench blasting could be done at the toes of the embankments 
without greatly exceeding 0.12 g. If we were to believe that acceJ 
eration is a valid criterion, the exercise is seLf-defeating, beca1 
there is a rapid increase in freq!.lency with reduction in charge sb 
Even though particle velocities and displacements might be reduced 
reducing charge si;z.e at close distances, we mi~ht begin to piclc up 
high freq~ncies that do not exist at greater distances. Charges c 
only several ounces of high explosives may ~nerate accelerations < 
the order of 10,000 g to 30,000 g within the first several feet, a! 
mentioned previously {Oriard, 1980). If we seriously believed in 
acceleration criteria,. we would want to make every blast act like < 
small earthquak~, ana that would not be a wise approach. 

The writer recommended using the observational approach in this 
case, believj;ng that any of the "standard" methods of analysis wou: 
only lie misleading. It was obvious that high accelerations would r 
generated by the trench blasting, and that moderate levels of accei 
eration. would be generated by the quarry blasting. If neither mod· 
•:!1:-ate nor high levels of acc~ler<:~tion could be tolerated, nothing 
would be gained by malting the calculations. 

With the observational approach actually aptJlied to this case, t 
latest techniques in blasting technolo<]Y were used to control the ' 
b:ratianal particle velocities to levels considered to be conservatj 
and would still ~rtnit the work to proceed at a large scale. TherE 
was no noeas-urable sacrifice due to blasting controls, beyond the fj 
few days of initial trials while the embankment behavior was being 
very carefully monitored. The emb<mkments were monitored for dis­
placements, changin'!J pore water pressures an<i phreatic water level~ 
If there were no significant increases in pore pressures, and the E 

bankments did not undergo any displacement, no change in stabil;i.ty 
would take place. It was concl1.1ded that a series of smallex: displ;; 
ments would occur and accumulate before there would be any danger c 
a significant failure. In the case of the trench blasting, at hig~ 
stress levels, any single displacement ooula conceivably be greatex 
but would be limited to a small portion <If the embankment immediate 
adjacent to the blasting area. Thus, even though the mechaniSllls 
could be different for the two types of blasting, there would still 
be an incremental development of any significant dispLacements, 

'rwo types of piezometers were used. One type was. the isola.ted-t 
type, consisting of a ~orous tip installed at the specific point of 
interest. These are more sensitive and react more quickly th~ thE 
other type which was used, - the open-well piez0t11eter. With the fj 

type, pore pressure changes could be monitored within a fe;v minutes 
after a blast. The open-well pie:ometers provided information Qn 

chan~s in the over-ali phreatic line in an embankment. Both assi! 
in the assessment of stability, or change in stability. 
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All blasting vibrations were monitored. Seismographs ~o>ere placed 
in suitable locations to record bedrock vibrations and embankment 
responses. The elriQankment respon.ses ofte·n 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 attenuation 
from the toe to the crest, although the same relative amplification 
could be detected bet\oo'een the tailings and rock. 

Quarry blasting began cautiously and increased in scale while the 
embankments were monitored. Initially, there were very minor in­
creases in pore pressures, but these were quickly dissipated (t }Pi­
cally, in 15 lllinutes to .several hours) with no observable longer-term 
effects of concern. Very close observations were continued unt:il the 
quarry blasting had been increased progressively to a point beyond the 
level desired fm:: long-term, cont.inued operation, then reduced to 
that for the lon•r'term program. The tilne intervals between embank.­
men't obse"'-'ationiil> 1o1ere then slowly inc::;eased as no disturbances were 
noted. 

Figure 7 illustrates the field setting. Figures S, 9 and lO 
illustrate typical bench-mark readings, piezometer locations and 
piezometer readings. 

.Despite the obvious 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 calculated, 
because they were not regarded as l:leinq diagnostic of either shaking 
intensity ¢r damage potential. However, quarry blasting designs were 
progral!Ulled in such a way as to keep the predicted range of accelera­
tions at or below the 0.12 9 design earthquake acceleration {not the 
theoretical zero acceleration assumed as a limit before the buttreses 
were placed). The trench blasting probably generated accelerations 
of the order of 50 g near the toe, of the order of 1.0 to 1.5 g 15 111 

within the embankments and about o.s q at 30 m (meters). 

In this case, the observational approach was selected over analyses 
that were regarded as inappropriate. At the same time, however, the 
writer would like to repeat the opposite concern about being too lib­
eral w:i,th such analyses when applied to ear-thquakes generating very 
low frequency qround shaking, recalling the recommendations of Ter­
zaghi (1950) and Seed (1979) mentioned previously. The ell\phasis 
should be placed on recognizing the differences in these different 
types of vibrations, and in treating them accordingly. 

The experience of observing very high accelerations (even high vel­
ocities illld hig"t:t strain!;;) that are net .damaging to slopes thought to 
be statically precarious raises some interestinq questions. Some of 
these questions C!ll'lnot be answered merely on the basis of short wave 
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lengths alone 1 although that is a factor of great importance. That 
would lead only to the conclm;ion that the dalnaged zone should be of 
limited dimension. Of course, one would expect the damage to occu:r; 
where the stresses were highest, - near the blasting. This type of 
experience su9gests that 'We need to look very carefully at boundary 
conditions. For example, a failure might be possible if a s111all 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 ~~ll beyond the distance at which high 
stress levels would be folll\d, Thillt is, the potential zone of failur.e 
is supported or held by adjacent material not under the same level of 
stress. 'rhus, the true boundary conditions are no.t 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 J;<Oc:K SLOPE 

The following 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 layers 
in an unpredictably precarious situation. 

The case involved a quarrying operation in steeply dipping layers 
of limestone. Layers were typically from 20 to 30 meters in thick:-­
ness, separated by .prontinent discontinuities with very little shear 
strength. Blast holes were drilled vertically by drills which were 
lowered down the slopes by :r;opes and cables. Drilling. and blasting 
began at the toe of a layer, b:r;eaking off sections wh;ich then tumbled 
by gravity along the surface of the next underlying layer. The broken 
:r;ock was picked up at the toe of the slope and hauled away. Succes­
sive blasts continued up the slope to higher and higher elevations. 
The operation is illl.lStrated in Figure 11. 

The experienced reader will J:"ecognize 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 precarious 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 workinq on the slope, kUling and burying the men, 
It is not known, in hindsight, all the factors that contributed to the 
failure, and in what proportion. There is no do:ubt that the previous 
primary blast caused damage in tearing away fr~ the rest of the layer. 
It. is not known whether or not co~pressed air fr~ the drilling oper­
ations might have been injected inadvertently into the parting between 
the layers, nor how many drills were. actually in operation at the ntam­
ent of the failure. It is not known if there were any visual 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 rock layers in a limestone quarry. 
The maslaive limestone layers are unstable only when 
undercut by the quarrying operations. Otherwise, they 
remain stable (see text). 
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this type of operation, and take steps to av<:>id them. 

The wr.iter was asked to recqmmend a method for removing the remain­
der of the unstable, undercut layer, and to develop a new, safe 
quarryin<:J plan. Briefly, .the safe removal of the undercut area was 
accomplished by placin9 the drills to the side of the layer and dril-
1in'l horizontal holes into the unstable rock, keeping men and equip­
ment off it. With the proper design of hole. length and sequence of 
d(!tonation, 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). Future 
quou:ry development called for benchins from the top down, althOU<Jh 
gravity couJ.d still be used in place of hauling units, me~ely by push­
ing the muck to the steeply dipping beading pl<mes ~~no lettin9 it 
slide to the bottom as befo~e. 

Becaus.e of the possibility of a sudden slope fa:ilure at atl'y time, 
the writer did not consider it safe to use the approach described pre­
viously. for the tailings embankments. Neither was there any attempt 
..matever to peJ:"fonn any type of analysis. In the judgment of the 
writer, it would not have been possible .to determine the stability 
with sufficient accuracy to be meaningful, even though the slide o;;1.1X­

face was unusually accessible .for exal!lination and/or testing. The 
remaining rock might have failed at any time due to si:mple gravity 
leading, or it mi9ht have. withstood the remainder of any blasting ac­
tivities performed according to the previous quarrying methods, since 
there had been a very long history of use of the previous methods be­
fore this accident. 

It was this. writer's opinion th.at it would not nave been wise to 
attempt to draw a very fine prediction line between failure ~d no 
failure in this case. On the other hand 1 had it been necessary to 
contin~ placing men and equipment on the precarious slope, it wocld 
nave been possible to develop an observational approach different 
from that described for the tailin<;;s embankments. Water w~s not pres­
ent in this slope, so pore pressures were not of interest. Displace­
ments could not have been permitted to accumulate to the same degree 
as those in a soil 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 very sensi­
tive displaceme11t tOOnitors (such as LVDT's) could have been used. The 
preferred approach, where persor~el safety was so important/ was to 
avoid the problem altoq~ther. 

Repeating for emphasis, it is this writer's opinion that methods of 
evaluatioo., methods of observation, and methods of blastin9 must be 
lliqhly site specific, 
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SUMMARY 

The existing state of the art regarding blasting effects on slopes 
relies heavi.ly on the experience and jud91lJent of i.'l.dividual special­
ists. It might' be called a technical art, 'It is not; an exact science 
at all. 

Tl:le physics of explosions is quite well understood, as is the rock 
breakase process. It is not expected that additional research will 
bring about .any changes in fundatoontal concepts, but only in refine­
ments in applications. 

With the wide r~mqe of explosives products and methods now known, 
it is possible technically to exercise any degree of precision that 
may be desired in the rock blasting and excavation process. The lim­
ita:Uon on this activity is not that of technology, but of cost. EJC"" 
cessive costs, of course, may prohibit the use of certain methods on 
a particular project, or render a particular project impracticable_ 
Unfortunately, the success of blasting techniques depends very greatly 
on the skill of the individual blaster, primarily on his ability to 
judge the many details <:>f the site that influence the results, and how 
to adapt blasting technol09J', to best suit those specific site condi­
tions. In addition, virt!l<llly all sites a:re somewhat variable, and 
require adaptations as the work progresses. Thus, there are certain 
aspects of blastin9 which will re111ain a technical art for the fore­
seeable future. The limiting factor is the inability to determine in 
advance all signifieant details of the site. 

The physics of single seismic waves is quite well k11own theoretic­
ally. For any given single wave type, in any given single material, 
computational proceaures exist for developing synthetic seismog:r~ 
l;;'hich can be considered fairly :representative, However, there are so 
many possible combinations of wave forms and particle. motions for a 
blast detonated in even relatively simple field conditions that the 
problem becomes very COillplex 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 larga; zone. 
There are different wave forms with different velocities ar.d different 
particle motions (different wave l1mgths, frequencies and displace~ 
ments), .attenuating at different rates, with different laws relating 
to their transmission, refraction and reflection. This co~~t~lexit;.y is 
COI'I\POunded by very important geometric ::relationships, such as anqles 
of incidence to the zones of interest. Wave lenqths are very import­
ant .because they limit any particular phase of motion to a zone which 
may be sign.ificantly smaller than a potential slide mass. In that 
case, the boundary conditions are 110t those determined by the slide 
planes of the. slide mass, hut by the dilllensions of the traveling 
seismic waves. In many cases, it is not acceptable to assume that .the 
particle motion is that of a rigid-base model, 
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For very long waves, such as those generated by earthquakes, it is 
possible to consider a slope to be a Sl!lall :model with a riqid base. 
Such a model lends itself to pseudo-static methods of analysis. Both 
'l.'en.aghi' s method and NeW:ll'ark' s method have been used successfully in 
such cases, when properly combined with experienced judgment. How­
ever, these methods are inappropriat.e for many blastinq cases, and 
will often leild to very misleading conclusions, being increasingly 
conservative as the vibration freq1.1ency increases. 

It is po5sihle that a new pseudo-static method of analysis could be 
Q.eveloped which would have a better chance of correlating wi.th actual 
field experience relating to ):>lasting phenomena. Such a method would " 
have to consider some of the physical parameters which are more close­
ly related to wave propagation, such as wave length and the strain in­
il~ced by a passing wave, This paper suggest111 a :beginning approach to 
such a method. Shortcomings of the method are recognized and it is 
expected that it will always be necessary to exercise a considerable 
amount of field judgment in the application of any such method. 

Dynamic analytical procedure!~' have been developed, and have been 
applied successfully to earthquake analysis. The roost common method 
employed for such analysis is the finite element method, although 
finite difference methods are often eroployed for wave propagation phe­
nomena. Future refinements of these methods. may bring about suitable 
techniques for blasting analysis, although the complexities are form­
idable, and there is continuing doubt about our abilities to 1!lodel a 
slope with sufficient accuracy to justify the time and expense for 
the use of such methods as applied to blasting. 

As with many other aspects of the over-all question, the most ser­
ious. limitation appears to be our inability to determine with suffici­
ent precision all of the significant properties of a slope in advance 
of ;:lhserving so:me 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 expe:r:i.enced specialists 
and to monitor slope behavior. 

Fortunately, the vast majority of cases permits an observational 
approach which .satisfies most project needs. One of the reasons is 
that blasting vibrations can be .controlled technically to any Level of 
interest. This permits the vil:>rations to beqin at any level desired 
and to increase to any level desired, while one observes the slope 
behavior to the desired degree of precision. The monitoring proced­
ures and degree of precision required are highly site specific. Items 
of colllflliOn interest may include displacement, pore pressure, strain and 
acoustic emission. If the rate of response of the observed 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 
aynamic slope stability modeling, How. 

Answer 

Yes, conventional seismic refraction profiling techniques can 
provide useful information relative to such factors as .the weathering 
p):'Ofile, such as the progression from soil through decomposed rock 
to fresh rook, for example, and thus assist in the identification of 
potential slide planes. Other forms of layering can be identified 
and q1.1antified, also., as long as there is an increase in velocity with 
depth, A. series of such profiles will reveal lateral variations in 
material propel."ties as well. And, of course, other techniques 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 dyr~c analyses. 

some persons have used the ratio of P-wave velocities {laboratory 
vel."sus field values) to evaluate the character and frequency of 
:)ointing, for example. 

On the other hand, it can be 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 ~re good examples of this fact. There would have been only a 
sin,.gle P-wave velOC'ity for each of the two cases, - a uniform, very 
high velocity for the hard rock site, and a uniform, very low velocity 
for the tailings e."llbanklnent (except for a change at the water tabl.e). 
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 :t:ock strength. Could you 
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comment on this benefit in relation to open pit stability. 

Answer 

Some form of cautious perimeter ~lasting, 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 m.ajority of cases, I prefer cushion blasting or smooth 
blasti11<1 in preference to J?resplitting for the reason that it is 
more economical and. offers 1110re f1"eedom in the drilling and blasting 
o:t the nert row of holes. 

TheJ:e is 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 shoulel not pe relied upon to serve as 
any type of isolation device or barrier to the transmission of 
significant vib1"ations to the pit slbpes. 

Question 

With large scale blasting in open pits is there a possibility of 
low f1"equency vibration, 1110re characteristic of earthqUakes, caus!ng 
failure at pit walls distant from the shot. 

Answer 

Your concern is well founded theoretically. Fortunately, we are 
assisted by Nature in this question, however. The lower frequencies 
become more prominent at gt:~ater distances where the int.;.nsity of 
motion is lower. At mast sites, the low-frequency surface vaves are 
not well developed in the source vicinity, though they may hecome 
very pronounced at greater distances. Th.i.s wave development is a 
function of both site geology and blasting design, Of course, we 
have no control over geolO<JY. We can expect more pronounced surface 
waves (lower frequency) in well defined soft-rock layers overlain 
by deep soil cover. Higher frequencies 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 cha1"ge, or group of adjacent 
charges detonating simul.taneously, and (2) the velocity with which 
the detonation sequence p<UJses along a bench surface (so that we do 
not unwittingly provide constructive reinforcement of Rayleigh waves 
or flexural waves. 

Question 

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

Answer 

Popular wisdom has it that. the minimum delay interval should be a 
mi llisecands 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. Hoo.rever, there 
is no .sound technical basis fo:t that specific number since, among 
other things, it does not consider other factors which <~re at least 
as important, such as the distance between consecutively firing 
charges 1 the size of the charges, or the elastic prOj?erties 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 e~act number is meaning~ss without 
other considerations, since reinforcement can also occur theoretically 
at any other wnole-~umber multiple of period intervale and/or any 
distance interval. that Corresponds with the wave velocity thr01.1.gh the 
rock. For exQmple, 25 milliseconds for holes 25 ft. apart has the 
same relationship to constructive wave reinfoxcement as 5 milli­
seconds for holes 5 ft. apart •. To avoid this "apparent" dilemna, 
Langefots advises readers to wa.i t for several oscillations of the 
significant energy to die out. Unfortunately, either 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 rartl. It is even more rare for the reinforcement 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. 

Question 

In view of the sensitive relationship between permeability and joint 
width .and the opening of joints by the action of l::llasting, could 
you give any evidence for a local decrease in stability due to 
blasting {bench scale) but an over-all increase in stability (large 
scale} due to drawdawn resulting from increased permeability. 

Answer 

No, I have no such evidence and would doubt that it exists for the 
large scale. The action of blasting in the opening of joints is 
restricted to a zone in very close proximity to the blasting. It does 
not extend into the slope a sufficient distance to affect large­
scale drawdown, only th<~t near the bench faces. 

Question 

It would seem feasible, using limit equilibriUill methods with :olices 
to attach a different vector acceleration to each slice and thus 
cr1.1dely model lri:gh-frsquency, short-wave-length, high,-acceleration, 
blast-induced vibrations. Has this been qone. By whom. How. 

Answer 

I am not awa..-e of this approa<::'h being. used before, but that would not 
necessarily me~ that it hasn't been done. Altho~gh such an approach 
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seems attractive intuitively, it is my opinion that the judgen~ents 
that would have to accompany such an analysis are as determining as 
the analysis itself 1 -just as Terzag:hi •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, 
assuminq 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 tht~n become critical. We come back to the 
same dilemma: Which approach is ~ore acceptable.? To multiply the 
wrong answer by a judgment factor to get the right answer? Or 
merely to form an estimate of the right answer without the benefit 
of the wrong calculation? This dilemma forces us into the same 
operating mode that is common .in static analy~;is, - that of observing 
the first sign of physical response. to a ~ force. Of course, 
we must use a monitoring system that is appropriately sensitive for . 
the site in question. 

Question 

Would you consider the effects of vibrational acceleration on the 
abrupt pol:'e wate·r pre.ssure build-ups or increases which could de­
crease the shear strength for stal::>ility analysis. If yes, how would 
you introduce this concept into stability analysis. 

Answer 

In my opinion, one should always be concerned about the presence of 
water in a slop.e or embanklllent. Interestingly, experience demon­
strates that the durat:l.on of shaking may be at least as important as 
the intensity of the shaking. With soils, it has .been demonstrated 
~~~any times that the exact nu:mber of oscillations a.t a given strain 
level is a critical factor in determining whether ol:' not a failure 
will occur, A few oscillations less and no damage occurs; a few more 
and there is a disaster. One of the most dramatic examples was the 
terrace failure near Anchorage, Alaska, during the Good Friday 
earthquake of 1964. An interesting contraat is that a densification 
rather than failure ~y (ICCUr when a saturated emba.nklnent is 
subjected to a transient, high-frequency vibration of short duration. 
The response in rock may be somewhat different, dependin<;r 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. For 
an open pit mine slope, I w01.1.ld recommend the approach described in 
my paper for the tailings dams, but to a greater degree of sensitiv­
ity, - monitoring the response to pre-pJ:09rammed blasting loads. 


