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ABSTRACT

A dynamic photoelastic study of stress waves generated
by multiple dilatational sources in a half plane is described.
The model material is CR-39 and lead azide charges are used
to produce the dilatational waves. Fringe patterns are re-
corded by a multiple spark gap camera.

Interactions between the waves before and after reflec-
tion from the free surface are studied. 1In the pre-reflec-
tion period, the incident dilatational wave tails reinforce
and produce important tensile stresses along the centerline
joining adjacent sources. Important features in the post-
reflection phase include the interaction between incident
and reflected dilatational waves, the generation and propa-
gation of shear waves, interaction between shear waves and
finally the interaction of the shear wave with the cracked
region around source locations. The effect of varying the
distance between sources and their depth below the free
surface is investigated in some detail. Recommendations
are made to extend this type of study to cover the inter-
action between the stress waves and the moving cracks by

utilizing highly brittle birefringent models.
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1. INTRODBUCTION

In the United States almost all of tie wetallic ores
and rock aggregates are produced in open=pit eperations
and most of this waterial mist be removed by blasting. The
biasting techniques employed are extrenely Inperiant since
they markedly cffect the econony and the safety of the
eperation., Since bore=hole layout desigh and the caleus
lation of esplosive charges contfol woth the $aiety @@
cconeny of blasting it is fnperative that the theesy of
blasting be inproved as fueh as §s possible.

To inprove blacLing tedhnigues, 3t IS aecnssady 10
establish Lhe dyReRic Slfess Stale Whih the csplosives
produce, 1o follow the Stfess wate PIOpadsLion et By Uhe
dynanic event, 10 Nole Lic inilistion &f @Faehe and Whe
subsequent Propadstion 6f e tadhks ad fooai iy 10 ahdedve
the IMNEFECLIiON OF "he Propudsting Of it @ Shiess waes.

Dyaanie groteelasticity provides &b e § fewiEl
SPPFEAEH 16 Sludy Yheds EPIEE Phed@ivie. WHLH @Faanie
phetlerissticity wheie Fiels jecotds OF flieds waved &€
GhLaIFed WRICh Give o ovislerding Yisesl didpiag ©f e
event ol predciedicd Lifws, Owe oF Ehe et B bt 0 8 &5
dpratie pranlens feleicd B¢ ihe Bleuly ©F placlisg i e

i wate @F wevsd @gebishiled @i

deeSi iPLion OF @i ieTel g

IEIEIRG; SOutEre IM @& helfsplane, S8 Ue pefleetien gle

aiedE add The Ipfesdciion dwr He Muiliple sondees iz o=
Lasie iy Colples, he Wiele field dele gravided by gletes
eluslicity 1% IMpEIRORE 30 eelabiioning o WlieiEtanditg



ef the sigrificant wave (nteractions,

in rock blasting the chenical energy 6 » Conccux
Ltrated explesive cwhtained in a relaetively small tianeter
bore hole is wiilized 10 fragnent the roek. une explosive
is transfoimed inlo @ @38 Wilh onofleus plessutes Whion ew=
CEe@ 3@5 isﬁfs“"“ o This Nigh plefsude shalliers Lhe fock
in the afés adjacent 16 the bure hole: mewever, 1his Efveied
afes ie surprisiagly 9nail being GDORL Ehe Sale I0 fadiiel )
$ige @8 Lhe GFiginel Fidiue @F 1he Bese Role,

& @ilatattonal LYge $Afeed Wale propddEiies Fadialily
avidy Gdon Bhe hide Bele Wilh o WIEEily WEREGH degreddid @y Ele
elasnie consians of Bdw §odl fuledisl. Cddacieyiie
wpjdcities f gIGR@HEt iGN foe ENdege EEOMWR JUdt Bypwe dee
ahewn §e Table §o

T BN AR T Tl e mnh S0 aagan

REdE Bge 7 i@ﬁ v Ly ﬂemm & denin LT
©3an e ERIP ST SH S HuE kg g
LEfMei A e BEogs 30, B 1 £
SRR enE Y, wim o o iy 250 %]

fegiee Foo. REAnHedE, o2
e SM@ie @ SUdwbd abmeElefed Wil BiEe AnRfeiig B e enal
Wi & @FEHE @YY wEBN S oasiol GEmREEEen) B Bl Eeadsig

ISR T B TR

* fwr adl oubeded sefetunder, see Db eut apiyo



3%}

pulse and Biaxial*® tension in the fivst tralling pulse.
These tensile stresses in the wruiling pulse produce & sys~
e 8f radial craehe whieh estend for @ fovw feer Tron the
vore hele, The Breatage v this firse stadge 16 limited as
the styeddes In the puise sttewwdte fapidly wish distanée of
PIOpadal TOB eid cole ety i lost By eFeslityg he §racteies
@@ By nelasticslily defosning 1he Fegk, In IMe ghsawce OF
& fowe fade, UnE SHeSE Wave pioPaEsien avey Tiol ihe SouiEe
wRNE@WE Fudimed §iactafe.
Wl @ Frer face 6f jodc whidh e meshuliy aees Bhe
@il hole @@ pateiled 10 108 @ebd o SedONd Wewe @F Biw edge
Gc@wiEs TRt pdedtade Be dhe 1o SEMBEIE & Jered G dedt
a@hidel 80 She Beew fades  The SSubBEng fe@ians i B dae
1@ Bl Jefioction &f Do IREidEnE @aipestion Deise Fesh
Bilee Bomw § caliRadye  Bied g Bhe twfle@laen peteme, The §AEss
@ @R et BEehEy were b domiledl SHRE dufledtos dLetel senel
G Ped weed, (4 Be deliedied @i lalel ieiie e, Bl
Rl GF IRpedE b4 BEaeEa] Benmbon @l B0 Ule @l evdtad i
Wil Ele 4Riednat @edvedpiid 1@ & delle @F gude Hhedd will
By # Higo
BERl @f BRwae defedfed e @an B9 e By B
S pmbaed BASERETaE 1y Bedue Bed ESaESude T i, de Ge
a2die 6f FEdmue WREEH Fadlden Bladduse @ o FuRESRER jen, @
B Bhesdiobd 5 HetaR senwl o B e Qul lev el walior, B

Gl BaEsbe S00maE weeued deRe @iEaen dwey foenm Bl Bade

¥ piaeial sefEdn e Bl SaEial o SRt WRBedsnE sl @EieEl semE



and rock readval is ia whe fern of layers.

The sezbbing nedhanisn i€ IWPOriaht SiRCe 1oeh ew~
RibELe @ Much Bigher conpréession stfengih than teasile
SrFengiin, SLIGHGUN Feried shewwm ia Table § indiceie That
conpressive St fedgihs esdoed temslje stfeadihe by factore
vangimg [FGN 25 e 6@, Ve larde ahOEdIE OF comidy e L
carvied By Uhe diletationsl weve fad Foom he sdwiee ¥l 4iw
CONpreREian puise, GRom teliedtion, ® LIamEEiERT PForEE W
of Whie veegy ¥ avsilapis v temeile pulow of Fwd NEE el
anplitwie 1@ peetuge Fractwier wdjiea fo Bl Badeo  Bos
dwid, B BhE SACEAE @ipene e wive e of eulEiEient
R Eade o G o i@k, MEBE br e SEwbhEng @b cede Wi
gl of Eeuwdad azeee 6F PaEt.

e s@he ©F S8dwdd wirsed ol iy giese o Sigedtand
gEde B BHNGE Comatull el of BSOS e o @Seikedt i
dpRdh lod Tlealiats @ e @fiabie Satey @f aRdeBr el
B Fome Bave ek GeR e Budt o Mg sy cemideds Be
pebien ®f stpwu wore deleef pioh Fitil & Flew Genndialy @l
@euds Whe pElaERE Euik o pawel dhERsdec B gileilan Larl jE Bl
e @il g8 B pReielinde wht Beneil, wihaek sRE sainy e
SEHREE b@s o8 Bdw GeinE eafed el dRBEy BB Fen WF dieidts (e
SRSEME wi W Plefend@ihir deerddiod apelel ix dends Bl

1% GEEREEr § ofF Whir dednsd. e ausbyris 6F e dule i
Ervided EARE Bwe GbLE Bl B Fised G, Blneied W Sees
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gpacing parancter §/). The second part of the data analysis,
which i wtreated in Seevion 4, Jdeals with the pest refjecs
tiorn peried for medeis cortaining one, wwo and three dija~
tationral seuress. Reflected ware forme are idemtified and
geveral € 1he meFe INPOFtant FRIRloIcone | FPIGEERSes i@
esanined id detail. Fimally, conclusions are @rawn whiem
pRFLAEM 160 1hE GoRel die gafaleieds B0 and &9 fos the
@edign Of & dow of eepliative heiged, AE JCCOMIETEE JoNsE
aFr fide (@ cORLavae Bhe <0y of Ble agiblieel ion oF dumaise
Shemis @@ foREToE alelJ/eie B REGLAE BedBnaiagy,



i, EXPIREMENTAL PROCHDURE

The caperinental preceduse involves the applieasion of
@yRanie photeelasticiny 16 piahlens of s1iess wave prepar
Ganion felated o Mining techsvlagy. s the applicaiions
considieied bere, 1he piofedyre i¢ IMe sale fof abl cases,
& tw@rdifensionsl fedel oFf the Bulf plave 18 Tubdicatad
dCEDTdInG 16 Figo 2.0 The fadiel ¢ ieadwd By delEmating
GE @ MAE EMEEE e iakive @hkdded, e pleleriaetie
B iige PRl i@dnd degdemenl LaG (R SRIuRE Wil EaeRiEed jeN
@i deddded WEEAG @ hidhiegred EhEEE SuplhiE epelaf edgees
Py Gerighed fod Seaise plel@eiBlEe ahpi @R send, &
B bl s gR e of et Eegud aidal WhEE B preedied §6

e Fodrie weds FibdiReied BoaR Rasde duets §/0 & 28 &
oG @F CEIWRREE ReREd (O 380 o e WfEGEeeREen) @F Uhie
Ml Gl 08 GO BEe BERGK LR FEElYy Had Gue phend i Giled

by & B o 3 TPULLLLLIRIF g @l Bl RO i Bren.
il By QuiBy mi mas wpeoct g, Hode dode Eokl g

HEE

Pallad el 5 @rafe PuEEdl s T Uhir EONGRELGeREeN 2EAEw
BB Be seadBly @sed el @0 3 miinnabie Gewl iy Be el
wE Gadge Eok dhmEte will IWtaow @F eptiew! Bueiitve
B faw Teantuds BEdeduRl @f EReIP e @ ESERGE S
ARG B BRE SRR NenE Pl Gl Bl o @ @eEEnal e
B @ iniebon pledider o Wy HEQE gled@ude Whidh Shetiess
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nate wave length A of the stress pulsc, so that the genecral-
ized plane stress approximation is valid. Also, the thick-
ness must be large enough to provide an adcquate photoelastic
response. Finally, the lateral dimensions of the model are
made large enough to eliminate reflections from non-essen-
tial boundaries during the period of observation.

The frec surface of the half-plane was made by rout-
ing one edge of the model. The explosive was packed in
5/16 in. diameter holes drilled through the thickness of
the CR-39 plate. The diameter vas selected to give suffic-
ient volume to tightly pack one bridge wire and 200 mg.
of lead azide. The distance from the hole center to the
free boundary was h, the distance between the hole was S
and the width of the leading stress pulse was half the domi-
nate wave length /2. Values of h selected were 2 and 4
while § was varied between 2 and 10 inches. The dominate
wave length preduced by the explosive charge was about ) = 2
inches., A rectangular grid was scribed on the model on one
ineh centers.

The lead azide explosive charge was 200 mg. for cach
source. ‘This quantity was sufficient to produce a signifi-
cant fracture zone about the hole in the CR-39 model and to
generate a symictrical outgoing dilatational wave. The
explosive was ignited with a bridge wire (0.001 inches in
diameter - 1/8 in. long of constantan) which was e¢nergized

with a 5000 vVbC = 62 joule firing pulse.

T U L G ——




When detonating multiple charges, where it is import-
ant to obtain simultaneous ignition,.it is necessary to
match the resistance of the bridge wires to the third sig-
nificant figure. If this matching is accomplished, the
two charges can be detonated with less than one microsecond
delay time between charges. The jitter time between acti-
vating the firiny circuit and detonating the charges ranges
from about 2 to 5 U sec. The jitter time is minimized by
reducing the bridge wire resistance which in turn increcases
the power dissipated across the wire.

2.3. The High Speed Photographic Recording System

In this phase of the investigation, a multiple spark
gap camera[z's’ 2.6, 2.7] was used to record the dynamic
photoelastic fringe patterns produced in the half-plane
models. This camera shown in Fig. 2.4 is capable of 16
frames and can be operated at framing rates which can be
varied in discrete steps from 30,000 to 800,000 frames/sec.
The resolution of the camera is a function of the fringe
gradient and fringe velocity. Experiments indicate that
gradients of 20 fringes/in. with velocities of 75,000 in./
sec. represent the upper limit of the camera's resolution
capability.

The optical system of the camera which is illustrated

schematically in Fig. 2.5 performs three basic functions:

polarization, image separation and magnification. The

optical elements include a field lens (18 in. diameter with




Multiple Spark Gap Camera

Fig. 2.4
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With esem 6f Uhe ejeven ewperilentzs defioed im Fig, 2.1 afe
ehews am Figs, &=l 1o &=1i i the Appendix A, AS NS Bedy
of date contaimd 176 Individwal Tringe paLterans, it i8¢ cvi=
diews Uhat 3 sigBificant effort was isvelved in wWe dala
avalyzizs. To facilitlatle bhe presemtation of wie data emai=
PRiS, the dynanie event will be divided inte wo different
porLions. The first ¢ felated 1o the pre=refleeLion peried
WhEfe the dymanic event initially invilves the gemerstion
and propagaL.on of & sisgle dilatational vave, alse iavelv é
is e oterfefesce of two dilatational waves generavéd
fioh 1We internal sourees.

The sceond poftior 6f the data amalysis is related &
the post=feflecrion pericod where reflected dijatational and
Ehealr Maves inlefact with the acident dilatational wev¥e 1€
preduce vefy conplex suress fieldas in the leeal region wnear
the bowndary.

the pre=teflcetion peried is tfeated in Lhis seeLion and
the post sefilection period is covered i seevion 4.

The ghoteelastic representation of a dilatational P stress

Mave propagating from a cingle seuree Lo the free boundaty of
& half vlane is shown in Fig. 3.1. Pour fringe patiems are
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L3 1@ e fedel thickaess

@ives @ telation betweed the oplical responee (In wedne &f
the ofder 6f intetfefonee of the frisge) avd the pfiadipsd
st fess differsnce In the plave 6f the pedel, The esigaing
P wave in thie fringe gachel @i be ehaficueriged by the
Grapn shewing Tringe order a8 & fumetion ef 'he sadial
POELEION F diveR I8 Flg. 3.2, &8 the Trisge pachet propas
@GHEE @R LG ke WedRl, the @eit fFiRde GTdeF aYHERwENeS
fFON 5.75 Trimges atl 36 o 6@ L€ 2.9 Irimees &l 64 u Se@,
The clfedsse §d whis leading pulse are Biawisl cenpiession:
heweEYer, @ SedOndaty pwlse is evidert in framwe ) & € = @0 .
Sa@, The ELfeevseds If hie railing pelse afe Riavisl tevsion,
the velegitry 6f Wthe (ritges ad they prépadate 1816 the model
i 76,000 in/sce. he hafsctefiStie Vate lengih ¥ a8 showwn
in Fige 3.2 is aboul 2 inches,

Beturning #6W 10 Fidg. 3.0, it I8 clear that the sefjoex
LIOR Precess i¢ bLaginning in [rane 3 and 4 vith the fef lected
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Wien ke ghoteeiasil ie gelledy 1€ due emiisely 1@ @
dheaf Vave, Uk SLile of SLiesd s puFe Shead wilh o, = =@
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.38, The o P waves are jurl HEGINNING 1O INtErsel ie

frane | and they quichly reinferce cach ther to produwce Lhe



Fig. 3.3A

Pringe Patterns illustrating Interaction
of P Haves (frawes 1, 2 and 3)

3%



Fig. 3.3B Fringe Patterns Illustrating Interaction of P Waves
(frames 4, 5, and 6)
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fringe maxima which can be observed in frame 2 in the central
rogion between the sources. Later in frame 3, four fringe
maxima are obsorved along lines making an angle of 15 degrees
to the vertiecal centerline between charges. The top two of
these four fringe pcaks move toward the free boundary of the
half-planc in frames 4, 5 and 6 shown in Fig. 3.3B and are
the predominate f-ature during this interval prior to the
reflection from the frce boundary.

The first reinforcement along the line joining the two
sources occurs when the two leading pulses of the P waves
precisely overlap. The resultant stress is obtained by a
direct superposition of the principal stresses along the
centerline. This simple algebraic addition of the stresses
is possible because the direction of the principal stresses
in both the P waves coincide and remain constant for all
points on the centerline. The fringe order at any point on
the line connecting the two charges is obtained by direct
addition following the procedure outlined in Fig. 3.4.

A fringe pattern representing the maximum reinforce-
ment by superposition of the two P waves is shown in Fig.
3.5. A maximum fringe order of about 11 is observed at
point, O, the center between the sources. As indicated pre-
viously in Fig. 3.4, this peak results from an addition of
the 5.5 order fringes (maxima) associated with each of the
two P waves. The absolute maxima along the centerline

will occur only when the maximum fringe orders associated

with each of the two P waves are tangent to each other.
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LEADING P WAVE PULSE
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Similarly, at S NR = Na + NB and at O NR = 2Nmax

Fig. 3.4 Fringe Superposition Along the Centerline
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Fig., 3.5 Reinforcement of Fringe Patterns along the Centerline.
( h=2 in, s=4 in, ) '
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The high streoss at point O due te P wave reinforce=
mont decays very rapidly as the waves cress each ether. Tihis
docay is illustrated very clearly in frawes 2 and 3 of rig.
3.3). Curves of fringe order as a function of position aleng
the conterline for the model with h = 4 in and § = 4 in. are
shown in Pig. 3.6. The curves in the center of the figure
in the neighborhood of point O ropresent the P wave re=
inforcement. The wave forms on the left and right show tiwe
propagation and attenuation of P waves away from the
sources; however, it is the center region which is of
primary interest. fThe dynamics of the reinforecomont procoss
are clearly presented by these curves. The two waves are
approaching cach other at t = 28 u sce with tiheir leading
edges interacting. The maximum reinforcement is observed
at t = 36 y sec wherc a fringe order of cicht was cbserved.
This is somewhat lower than the absolute maximum of nine
which occurred at t = 34 u scc. As the waves propagate
through each other, the maximum fringe order decays very
rapidly. Between t = 36 and 46 u scc, the fringe maxima
at point O attenuates from 8 to 2.5 fringes. Finally at
t = 64 p sec, only 0.5 order fringes remain and the region
between the sources is of low stress.

The second peak which is formed at point O at t = 46
u sec is more important than the maximum fringe order of 2.5
would seem to indicate. This peak is produced when the trail-

ing portion of the two P waves rcinforce cach other. Thus,

the state of stress associated with this second peak is bi-
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axial tension and as such it may be significant in produe=
ing fracture in the zone between the charges.

Similar results are presented for the nodel vith h = 2
and € = 4 in. In Pig. 3.7, Again the very rapid build up
Lo @ high compressive peak (at ¢ = 36 u se¢) of about 10.5%
fringss is follewed by a rapid decay and the formatien of
the second peak at 45 v see.

Inereasing tie distance between Lhe sourees devreases
the fringe order maxima aleng the centerline. This decrease
OCcurs because the stress waves travel a larger distanee
before interaction eccurs and the streeses assceiated with
each P wvave atlenuate. M cursory study of the fringe
patterns for h = § in, and 8 = 4, 6, 8 and 10 in the appen=
dic illustrates the deerease in Nuax dlonig the connecting
Line as the distance betveen the two sources is inereased.

The fringe erder at point 0O, the ceater=peint bewween
sources is shown ag¢ a funetien of time in Pig. 3.8 for sev=
eéral different nedels. It ig apparent that the state of
stress changes very rapidly form a high=level cempressien
peak to a lower level tensile peak. The maonitude of Bieas
in the conpressive peak decroases appreelably as & is in=
creased from 4 5 10 in. regardless of the value of h. Tie
ragnitude of Woapw 32 weiated with the trailing tensile peak
also diminishes; however, the relative deecrease of Lhe ten=
sile maximun is less than that in the compressive maximum.

This discussion demonstrates that high stressee cceur

aleng the conneeting line due to reinforcement of the lead=
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ing puize and the first trailing pulse in the P wvave.
These high stresses coeur over a very shert time interval
beécause the P wvaves cross each other at very high veleeity.
It vas concluded that varying the depth of eharge h had

no effeet on the magnitude of the wmaxinun stress at point O
provided that the influence of free boundary reflection was
net significant. Increasing § decreased the maximun fringe
order as a result of P wave attenuation befere interaetion.

Next, consider the interaction of the two incident P
vaves which takes place in regions remeved frem the center=
point. After the twe P wvaves have crossed, four fringe
peaks are formed along straight lines which nake an angle
& = 10 o 20 degrees with the vertical center=line (See Fig.
3.3A, frame 3). The formation of these maxima resultl frow
a superposition of the leading compressive pulse of one P
vave with the tensile tail of the secend P wave. This
eype of roinforeement increases the difference in the twe
principal stresses (@1 = ¢y) which in tuen results in a
higher fringe order.

Curves showing the fringe order as a funciion of posi=
tion along a Lino n which passes through one of the peaks
are prescented in Pig. 3.9. Theee results show wvwo domi-
nant maxina for each frame. The leading peak is asscciated
with the leading pulse of the ineident P wave and the
sccond and largest peak is due to the interaction of the

two P waves. Both of these peaks decay as the waves move

into the field during the progress of the dynamic event.
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When § I8 increased, the principal stress difference
along the n lire decreases. Fringe orders ag a funetion of
position aleng n for a mncdel with 8 = 6 in. is ¢given in
Pig. 3.10. The fringe maxinum along n was first ohserved
at t = 6) u see., 1ts naxinun anplitude was only 2.5 fringes
as conpared e 4.5 fringes for the model with & = 4 in,
florecver, the peak stress eccurs at larger values of
(closer te the free uoundary) with inereasing 6 because
the waves travel a greater distance befere the interaetion
begins, This increased disianee between the socurces changes
the position of the n line from ¢ = 15 degrees with 8 = §
in, o ¢ = 10 Jegrees with § = 6 in.

The reinforcement aleng the & 1line essentially in=
volves the combination of two low=level pulses when § > 8
in. The photcelastie fringe pattern for h = §, § = 8 in.
presented in PFig. 3.1] chows peaks of about 8 = 2; hewever,
it occurs after the reflection from the free boundary be-
conas the dominate portion of the dynamic process. The effeet
of 8§ on Ny, is presented in Fig. 3.12 where the fringe
order is shown as a function of time for redels with h = §
in. (constant) and 8§ = 2, 4, 6 and 8 in. These results
clearly indicate the attenuatien in “th as $ is increased.

¥hen h is decrcased to 2 in., three effects ean oceur
depending »pon the relative values of h and S. First
vhen $/h > 2.5 to 3 the inecident wave has attenuvated so much

that the pulse [ormed by reinforcement is still small in

magnitude. Second, when 8/h = 2, fringe maxima do occur but
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Fig. 3.11 Fringe Patterns Nlustrating Low-Level Reinforcement when S/AZ4
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these peaks are strongly influenced by the reflected PP
wave. This type of reinforcement is illustrated in Fig.

3.13 (freme 4) and the effect of the reflected PS wave is
apparent in frame 5. Finally, when § = h = ), the reinforce~
ment along n becomes insignificant compared to the high
stresses produced along the connecting line.

3.3. Conclusions (Pre-reflection period).

The experimental data presented here clearly shows that
the reinforcement due to the interaction of the incident P
waves from the sources is significant. Reinforcement occurs
at the centerpoint of the line connecting the two sources
and also along the n 1line which makes an angle ¢ = 10 to
15 degrees to the vertical center-line.

The magnitude of the stresses in these regions of rein-
forcement depends on the relative values of h, S and A%,
Along the connecting line, decreasing S/A increases the
maximum principal stress difference while varying h/XA has
no effect providing h > A. The magnitude of the angle ¢
which defines the n line decreases with increasing S/A
approaching zero as S/A > 5. Decreasing S/) increases the
principal stress difference along n. Decreasing h/X also
increases the principal stress cifference along n since
the reflected PP and PS waves enter into the interaction

and enhance the reinforcement near the boundary.

* )\ is the predominate wave length in the incident P wave
(taken as 2 inches).




Fig. 3.13 Fringe Patterns Indicating Influence of Free Boundary Reflections
on Fringe Peaks along the 7 Line,
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Fig. 3.13 Fringe Patterns Indicating Influence of Free Boundary Reflections
on Fringe Peaks along the 7) Line.



IV. PHOTOELASTIC RESULTS: POST-REFLECTION PERIOD

This section covers a detailed analysis of the post re-
flection behavior of the interaction of dilatational waves
with the free surface of a half-plane. The analysis first
treats the reflection from a single dilatational source and
then the more complex reflection phenomenon from multiple
sources 1is examined. Attention is focused on the geometric
parameters h/A and S/)A to establish their effect on the
stresses produced near the boundary. Interactions between
the incident dilatational P waves, the reflected dila-
tational PP waves and reflected shear PS waves are closely
examined to show reinforcement conditions which increase
the stresses near the boundary. The results shown enhance
the understanding of the stress wave reflection process
which significantly affects the rock removal and fragmenta-
tion so important in the operating economies of open-pit

mining.
4.1. Stress Wave Reflection Due to a Single Dilatational

Source in a Half-Plane (h/X = 1 and 2)

An outgoing P wave with a cylindrical front interacts
with a straight boundary to produce reflected dilatational
wave PP and a shear wave PS. This analysis is intended to
show the interaction between the incident P and the re-
flected PP waves and the characteristics of the PS wave.

The data established in the study of the reflection patterns
produced from a Qingle source, will serve as a basis for ex-

tending the investigation to the more complex topic of post-

41
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reflection behavior of stress waves produced by multiple
sources in the half-plane.

The first aspect of the reflection process involving
the incident P wave is the development of the reflectad
PP wave. Typical photoelastic patterns which represent the
carly portion of the reflection process are shown in Pig. 4.1
for a model with h/) = 2. Those patterns show a very rapid
change in the stress distribution near the boundary. The
leading pulse in the PP wave and the first trailing pulse
in the incident P wave both arc both tensile; thus, they
reinforce cach other to produce a region of high tensile
stress.

The beginning of the reflection process is shown in
frame 3 of Fig. 4.1 where the fringes are nearly tangent to
the free boundary. Here a maximum fringe order of 2.5 rep-
resenting the biaxial compressive stress in the leading
pulse of the P wave can be observed approximately 0.4 in.
from the boundary. Shortly after (13 u sec) the fringe peak
(N = 3) illustrated in frame 5 occurs at about the same dis-
tance from the boundary. lowever, due to the reflection
process the sign of the stresses are reversed and this fringe
peak represents a state of hFiaxial tension.

The fringe order as a function of position along tie
center line of the model is given in Fig. 4.2 over the time
interval from 40 < t < 88. The wave forms are shown coming
into the boundary for t < 58 u sec and outgoing from the

boundary for t > 58 u sec. The conversion from a compressive



Fig. 4,1 Early Interval in the Reflection of an Incident P ‘Wave
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to a tensile state of stross is indicated ,as well as the
rapid establishment of the post roflection tonsilo peak
near the boundary. It is noted that the numbors in paren-
thosos are normalized by dividing the actual time by the time
roquired for the incident P wave to reach the boundary
(53 u sec).

Roinforcement of the P and PP waves occurs for only
a short interval since the two waves cross cach other at a
high specd and their pulse length is short. lience, the ten-
sile stress region not only roves away from the boundary but
also attenuatcs rapidly. Both of these effects are illug-
trated in frames 7 and 9 of Pig. 4.3. It is clear that scabb-
ing failure of a brittle material should initiate in the
time of the build-up to a tensile peak between 67 < t < 71 v
sec. at a location of approximately )/4 from the boundary.
The region of high tensile stress is relatively local as it
is confined to the central arca about one inch to cither gide
of the center-line.

when h/)\ is decreased from 2 to 1, the rainforcenent of
the P and PP waves is effected in threce ways. First, the
fringe peaks due to the reinforcement are much higher since
the incident P wave has not attenuated to the degrce noted
with h/» = 2. Second, the attenuation of these fringe maxima
is negligible for a relatively long time interval (45 to 55
u sec). Finally, fringe maxima of significant magnitude
N = 4.5 occur over a region well below the boundary extending

as deep as A/2.



t=80 microsecs.

Fig. 4.3 Mid-interval in the Reflection of an Incident P Wave
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As the P wave inteoracts with the boundary it generatos
a shear wave PS at all angles of incidence except the normal.
Along the normal diroection no reoflected shecar wave is pro-
duced and tho P wave in effect roflects, reversing its
sign. Conscquently, the vertical line above the source can
only be influonced by P and PP interactions.

An oxample of the fringe patterns associated with the
PS wave observed in a dynamic photoelastic experiment is
illustrated in Fig. 4.5. The scparation of individual values
of the principal stresses associated with this reflected
sheoar wave can be accomplished directly from these isochro-
matic fringe patterns. Since tine shear wave is equivoluninal,
the first stress invariant must vanish and a state of pure
shear oxists and as indicated previously in Section 3.1

0. = =0, = NEo)g (2 bis)
1 2= IR

The biaxial state of stress where the principal stresses are
equal and opposite in sign is then in direct proportion to
the fringe order. Although, regions containing the PS wave
also contain tails of the P and PP waves the effect of
these tails is small and Eq. 2 can be used to closely approxi-
mate the stresses.

The scquence of fringe patterns presented in Fig. 4.5
indicate the importance of the reflected shear wave in this
dynamic event. High fringe orders and, hence, high tensile

stresses exist along the wave. These stresses attenuate much



Fig. 4.5 Fringe Patterns Representing the Reflected Shear(PS)
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more slowly with respect to both time and position than those
corresponding to the P and PP wave interaction. The region
effected by these stresses is much larger than the compar-
able region effected by the P and PP wave reinforcement.

Results from the model with h/)X = 1 showing the fringe
order as a function of position x along a line drawn parallel
to the free boundary are given in Figs. 4.6 and 4.7. The
data in Fig. 4.6 is for a depth d of 0.3 in. and the data
in Fig. 4.7 is for a depth d of 1 in. Comparison of these
results show that the stresses in the reflected PS wave are
higher at the d = 0.3 in depth than at the d = 1 in. depth.

In both cases, the maxima decreases as the PS waves propa-
gate into the field with the rate of decay being more abrupt
for 4 = 0.3.

Similar results for the model with h/A = 2 and d = 0.3
in. are presented in Fig. 4.8. The increased distance of the
charge from the boundary has resulted in a pronounced decrease
in the magnitude of the maxima fringe orders. However, the
rate of decay of the fringe peaks with respect to the position
parameter x is less with h = 2 inches.

Another form of presentation of the data associated with
the PS wave is given in Fig. 4.9 where the fringe order N
is shown as a function of the position parameter k. Here K
is measured along a straight line drawn through the fringe
maxima for the PS wave. As the PS wave is nearly planar in
the region near the boundary, the k axis is approximately

parailel to the wave front. The results of Fig. 4.9 more
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clearly demonstrate the influence of the depth of the charge
h in decreasing the fringe order. Also it should be noted
that fringe order decreases with « at smaller values of «
for h/A = 1 than for h/)x = 2.

4.2. Stress Wave Reflection Due to a Pair of Dilatational

Sources in a Half-Plane (h/\ = 2)

When two sources generate dilatational waves in a half-
plane, important interactions occur between the reflected
and incident waves. For models with h/) = 1, the predominate
interaction is between the two reflected PS waves, whereas
with h/A = 2 the PP and P interactions are the most sig-
nificant provided s/} < 2. For instance with s/\ > 2 both
the PS - PS interactions and the PP - PP interactions are
equally important.

First, consider the experiments where h/) was maintained
constant at 2 and s/) was varied from 1 to 5. The behavior
of the interacting stress waves depended strongly on the s/
parameter. For s/) = 1 the two sources are close together
and the two incident P waves interact before reaching the
boundary. This pre-reflection interaction is demonstrated
with a select group of fringe patterns shown in Fig. 4.10a
(frames 3 and 4). Upon reflection a high tensile stress
develops along the vertical centerline near the boundary.
This subsurface tensile peak is shown in frame 7 of Fig.
4.10B and it is also illustrated in Fig. 4.11 where the
fringe order distribution is given as a function of position

along the centerline. The reinforced P wave exhibits a



Fig. 4,10A Pre-Reflection Reinforcement of the Incident
P Wave,



4e63 microsecs.

Fig. 4.10B Post-Reflection Reinforcement,
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peak fringe order of 4 just prior to reflection and after
reflection this is magnified to 6.5 at a depth A/4 below the
boundary. A relatively high stress occurs at this location
below the boundary over a lateral distance of about 2S. As
is evident in frame 7 of Fig. 4.10,N > 3.5 for a distance of
4 inches along a line parallel to the boundary at a depth

d = 0.5 in. below the boundary.

As the event progresses the dynamic behavior is repre-
sented by the fringe patterns in Fig. 4.12. As shown in
frames 8 and 9 the fringe maxima is beginning to attenuate
and to move down the vertical centerline. Later (frame 11),
the stresses due to the reflection of the reinforced P
wave become less significant and the shear wave becomes pre-
dominate. The attenuation of the reflected pulse is illus-
trated in Fig. 4.11 where the decay of the fringe maxima is
obvious as the wave propagates back into the model.

As the two sources are moved apart and S/) > 2 the re-
flection behavior is markedly different and the reflected
PP wave is considerably less significant. Fringe patterns
(frame 4) of Fig. 4.13A show that the two P waves are re-
inforcing each other at the same time as the reflection proc-
ess is under way. Examination of frame 7 shows the forma-
tion of two fringe order maxima above the sources about 0.4
in. from the boundary. These peaks correspond to tensile
stresses which are produced by a PP wave and a P tail
reinforcement as previously discussed.

Four Y sec. later,in frame 8, it is clear that the large



Fig. 4,12 Final Stages of the Reflection
P Waves with S/)\ =1,

of the Reinforced

124



Fig. 4.13A Reflection Behavior for the Model with h/)\ =2 and s/) =2.
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fringe peaks have divided in two peaks associated with each
of two sources. One peak moves towards the centerline be-
tween the two sources and the other moves away. Actually
these peaks are primarily due to the shear wave PS which is
being generated during the reflection process. The peaks
near the vertical centerline are larger in magnitude be-
cause the PS wave from the right hand source is being re-
inforced by the incident P wave from the left hand source.
Maximum reinforcement appears to occur in frame 9 of Fig.
4.13B when the two PS waves, two PP waves and the tails of
the two P waves simultaneously oocupy the region on the
centerline a distance d = 0.4 in. below the boundary.

This reinforcement is extremely short in duration as
the six waves move out of coincidence. The rapid attenua-
tion of the fringe maxima occuring along the centerline is
evident in the fringe patterns of Fig. 4.14 where frames
10, 11 and 12 are shown. The reflected shear waves cross
each other in frame 12 and continue to produce high stresses
in the region below the free boundary off of the center-line.

To obtain a better understanding of the stress varia-
tion in this region, curves of fringe order as a function of
position x along a line parallel to the boundary at a depth
d = 0.3 in. are presented in Fig. 4.15. 1In the early time
interval of the post-reflection period for 69 < t < 77 u sec,
higher fringe peaks are clearly evident between the sources
as compared to the regions removed from the sources. Later

the shear waves cross and the same order fringe peaks are



Fig. 4,13B Reflection Behavior for the Model with h/)\ =2 and s/\ =2.

¢3



Fig. 4.14 Rapid Attenuation of the Fringe Maxima along the Centerline,
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observed on both sides of each source. Finally the curve
for t = 106 u sec,is coiparable in magnitude to the curve
for 80 p sec.showing clearly that attenuation of the PS
wave in this region is quite small.

Examination of Fig. 4.14 also shows another pair of
fringe peaks 1 to 2 inches below the boundary just outside
the two vertical lines passing through the sources. The for-
mation of the peak on the right is due to the reinforcement
provided by the combination of the incident P, wave (sub-
scripts L & R refer to the left and right hand sources) with
the reflected PSp wave. Similarly the formation of the peak
on the left is due to the interaction of the Pp and PSL waves.

The dynamic event proceeds in a similar fashion when
S/\ is increased from 2 to 3, 4 and 5. The stresses near
the boundary are primarily due to the PS wave and as such
attenuation is relatively small as S/X is increased. The
value of NMAX regardless of time of its occurrence in the
scabbing zone near the boundary is shown as a function of
position x for values of S/ = 1 to 5 in Fig. 4.16. Here
it is evident that spacing parameter S/A = 1 produces the
maximum response due to the reinforcement of the incident
P wave before the initiation of the reflection process.

The increase of S/A to values higher than one results in a
modest decrease in Nuax with the most significant drop occurr-
ing as S/) increases from one to two. The decrease in NMAX

is quite small as S/A goes from two to five. This attenua-

tion is illustrated by the curve in Fig. 4.16 labelled Nyax
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at the source location.

4.3. Stress Wave Reflection Due to Three Dilatational

Sources in a Half-Plane (h/X = 2).

The observations made previously for the two source
model were verified by conducting one experiment with a
three source model. In this instance, the model was fabri-
cated with S/A = 1. With three sources the end effects are
eliminated and the region between the left and right hand
sources is representative of any region along a line of
many sources with the same S/)A spacing.

Examples of the fringe patterns are shown in Fig. 4.17
and 4.18. In frame 3, the reinforcement of the incident P
waves of all three sources is clearly evident. Indeed the
front of the P wave is nearly blanar and parallel to the
boundary for a distance of about six inches. In frame 8,
early in the reflection process, two subsurface maxima with
N = 6.5 are formed. These peaks are due to the reflection
of the combined P waves and represent superposition of

PPL’ PP PPR waves with the tails of PL' Pc and PR waves.,

c’
These two peaks move together to form a ridge with N = 5

in frame 9. The ridde lengthens and attenuates in magnitude
as it propagates back into the model in frame 10. It is
clear that the ridge depicted in frame 10 more than spans
the distance 2S covered by the three charges. Thus, the
scabbing type fracture in brittle matefials should be com-

plete and at a reasonably uniform depth below the surface.

Graphs showing the fringe order at a depth d below



Fig. 4.17 Representation of the Early Phase Response of the Model
with Three Sources.



Fig. 4.18 Representation of the Late Phase Response of the Model

with Three Sources
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the free surface are presented in Fig. 4.19. The depth d
was selected so that the position axis x would pass through
the maximum fringe order. All of the features described
above are indicated on this figure. The very high tensile
stresses produced by the predominately P, PP wave inter-
actions should be quite effective in inducing scabbing.

The effect of the PS wave in this model is much less
significant. In the early event the P, PP wave interaction
is so dominant that the PS wave is difficult to observe
although it does enter in the reinforcement process des-
cribed earlier. Later in the event(frames 12 and 16)after
the passage of the PP wave from the critical area near the
boundary,the PS wave can be observed. In the center region
of the model,no significant reinforcements of the PS waves
are noted. At the end of the event the three PS waves have
all separated and are propagating out of the field of view
without interaction.

4.4. Stress Wave Reflection Due to a Pair of Dilatational

Sources in a Half-Plane (h/) = 1)

The post reflection behavior of stress waves becomes
extremely involved when the sources are brought closer to
the free boundary. Quantitative interpretaticns are espe-
cially difficult when the distance S between the sources is
small. Also, when the distances h and S are both small, the
stresses are quite high producing large fringe gradients
. and a loss of resolution in the dynamic recording.

An example of the early portion of the reflection process
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is illustrated in Fig. 4.20A and B where frames 6, 9, 10 and
11 are shown. Fringe maxima with N = 7 can be observed above
each source in frame 9. The peak above the right hand source
results from the superposition of the P incident pulse,

the PP, reflected pulse, the tail of the P, wave and prob-
ably the PSR wave. A similar reinforcement occurs over the
left hand source.

The extremely rapid changes in the stress patterns
occur during the period 40 < t < 46 between the exposure
of frame 9 and frame 11. In frame 10, a very high fringe
ridge (N = 7) lies over the region between the two sources.
This development is a continuation of the reflection process
just descrited where the P waves are predominate and where
the shear waves play a more minor role.

Three y sec.later in frame 11, the reflected shear waves
and reflected dilatation waves are both impoitant. The two
fringe peaks N = 7 over the sources are due primarily to PP
wave reinforcement of the PL and PR w ves. Other fringe
maxima at the extremes are due to the shear waves PS (N = 6)
reinforcing the tails of the incideyt P waves. The inter-
action of the PS; and PSp waves in the center yields a fringe
maximum of N = 7 on the centerline at d = 0.3 in.

The later portion of the reflection process is shown
in Fig. 4.21 where frames 12, 14 and 16 are presented. The
fringe maxima N = 7.5 over the sources are still evident in
frame 12 and remains very strong relative to other regions

in the model. The fringe peak on the centerline due to the



t=28 microsecs,

Fig. 4.20A Early Portion of the Reflection Process with
h/A = s/A = 1 (frames 6 and 9)
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t=40 microsecs. N s 7 RIDGE

Fig. 4.20BE Early Portion of the Reflection Process with
h/A = s/A = 1 (frames 10 and 11)
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combination of the PSL and PSR has moved down and attenuated
to some degree with N = 6. At the extremes, the PS wave and
the tail of the P wave combine to give another pair of fringe
maxima with N = 6.5. Later in event, frame 16, the reinforce-
ment of PSL and PSR continues with modest attenuation and

a fringe peak of N = 4 occurs on the centerline at d = 0.5
in. The peaks which were previously over the sources have
moved laterally and down in the field and have attenuated

so much that they are no longer a primary concern. At the
extremes the PS and P wave interaction still provides a
high concentration of stress along ridge lines which extend
approximately one inch below the boundary.

Curves showing the fringe order as a function of posi-
tion x along a line parallel to the free boundary are pre-
sented in Fig. 4.22. The x axis was positioned at variable
depths d so that the axis would intersect the fringe maxima.
Two observations from Fig. 4.22 are apparent. First, fringe
peaks between 6.5 and 7.5 fringes occur between 40 < t < 49
¢ sec at depths which range from 0.3 to 0.7 in. Second, the
fringe peaks decay rapidly at the larger values of x for
time t > 49 u sec. It should be noted that stresses at the
centerline were higher than shown here early in the event
at t = 43 p sec when the PP wave was dominant. This fact
will be indicated in a subsequent discussion. It is apparent
that stresses of significant magnitude exist between the
sources for at least 10 yu sec and should facilitate the

scabbing process for depths ranging from d = 0.3 to 0.9 inches.
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It is also important to note the strategic position-
ing of the fringe peak produced by the PSR wave interact-

ing with the tail of the P. wave. Reference to frame 12

L
of Fig. 4.21 shows that this fringe peak and the ridge of
the PS, wave join along a.straight line between the bound-
ary and the left hand source. This long line of high stress
provides a path along which cracks initiated at the source
can propagate to the boundary.

The stress variation along the shear wave of one source
(say the PSL) is complicated by the interaction of the PSR
and PR waves. As a consequence, the trends are difficult
to observe; however, it is possible to show the nature of
the PS wave by showing the fringe order as a function of
position along its ridge line. The same geometry was ex-
amined (h/A = S/A = 1) but in a different test that utilized
slower framing rates to scan a larger range of the dynamic
event.

The fringe order as a function of position along the
straight line ¢ is shown in Fig. 4.23. The line 7 is in-
clined at an angle approximately 20 degrees to the boundary
s> that it passes through the fringe peaks in the PSL wave.
The largest fringe peak N = 8 at t = 45 u sec is due to the
reinforcement provided by the P, wave. As this reinforce-
ment occurs for only a short interval of time, the predomi-
nate peak vanishes and subsequent fringe maxima are due pri-

marily to Ps, wave alone.

The interaction of the PSL and PSR waves above the sources
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was extremely complex. Fringe maxima occurred on the verti-
cal centerline where these two waves cross. The general
features of this intevaction is depicted in Figs. 4.20 and
4.21; however, the dynanic resolution of the fringe pattern

is not sufficient to permit the accurate determination of

the fringe order distributions along the centerlines. It

is evident that very large stress exist in the region close

to the boundary early in the event. These stresses on a rela-
tive scale should be sufficiently large to fracture the rock
in the central region near the vertical centerline.

For other models with h/A = 1 but with s/x > 1, the rér
flected shear waves are of increasing importance. As illus-
trated in Fig. 4.24, the PSL and PSR waves interact at the
vertical centerline to produce a fringe maxima on the bound-
ary N = 5.5 and another maxima below the boundary N = 5.5
at d = 0.5 in. Later in the event (see frame 16) the PSL
wave interacts with the cracks propagating from the R source
and vice versa. Obviously, these late event interactions of
the relatively low velocity shear wave with the cracks ex-
tending from the sources are of extreme importance in improv-
ing the efficiency of the detonation process for rock re-
moval.

Very high stress gradients are developed as the shear
waves PS; and PSp intersect along the vertical centerline.
However, the magnitude of the maximum fringe order along the

centerline is not amplified by the interaction. A compari-

son of maximum fringe orders at the centerline with the maxi-



Fig. 4.
g 24 Interacting Shear Waves with h/A = 1 and s/\ = 2
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L and PSR waves shown

\
in Table III indicates that all three peaks are about the

mFm fringe orders in the individual PS

same.

Table ILI. Comparison of Maximum Fringe Orders in the PSL’
PSﬁ\and the Combined PS . + PS, Waves (for h/x = 1, S/A = 2)
Time(t);k Depth(d) Nuax

usec - in. PS. PSp PS; + PSp
55 0.28 5.5 5.5 5.5
60 0.44 5.5 5.5 5.5
64 0.64 5.3 5.3 5.0
68 0.85 4.5 4.5 4.3
72 0.95 4.5 4.5 4.5
75 1.10 4.5 4.5 4.3

The minor variations in NMAX are not important as they result
from random fluctuations produced by the stresses in the
tails of the P and PP waves.

The maximum stresses are not produced by the inter-
action of the PS; and the PS, at the vertical centerline.

Instead, the PL, PR, PPR, PP, and PsR all combine to produce

L
a fringe maxima (N = 10) just to the right of the vertical
centerline a distance d = 0.25 in. below the free boundary.
This fringe maxima and a similar one just to the left of
the vertical conterline is shown in frame 5 of Pig. 4.25.
These fringe peaks attenuate quickly because the five waves
which combine to produce them do not stay combined. Note

that from frame 5 to 6 the fringe maxima decreased from 10

to 7.5 in the 5 u sec.interval. After another 9 i see.
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(frame 8), the P and PP waves have moved out of the region
of interest and the central region contains five peaks and
four valleys indicating the final phase of the interaction.

As the reflected shear waves move down in the field,
the PSL wave approaches the R source and vice versa. The
‘interference of the reflected shear waves with the fracture
Zone about the charges is illustrated in Fig. 4.26. The
shear stresses are relatively high to the left and right
sides of both sources, but even higher in the center zone
between the sources (see frame 15). If the material between
the charges has not been completely fractured,these PS waves
containing a tensile component of stress should aid sig=-
nificantly in extending the crack fronts and in completing
the fracture of the face along the line of charges.

For models with larger values of S/A (greater than 2),
the distribution of the stresses is quite similar except that
the PsL and PS;, waves intersect each other after a longer
period of time. As shown in Fig. 4.27 (frame 11) the P, PP
and PS interaction is still quite strong with N = 6.5 at a
distance d = 0.8 in. below the boundary. Lateyr in the ecvent
the coincidence of the P, PP and PS waves is lost and the
famiXar multipcak and valley pattern is formed in the contral
region as illustrated in Pig. 4.28.

The fringe orde: distribution along the vertical center=-
line for the model with S/} = 3 is shewn in Pig. 4.29. The

maximum on the free boundary at t = 59 i see results from the

P, PP and PS wave interactien and reinforcement. The subse=




rig. 4.26 PS8 Wave Interaction with the Sources




27

Pig. 4.27 pPeinforcement of P, PP and PS Waves with s/A = J




t=7L migronnon s

Fig. 4.20 Interaction of PS ard PSy Waves




89

(Co¥/8 *1ex/u) INITNIANGD
AVOIL8IA 3HL ONOIV NOILISOd 20 NOILONNS v SV ¥ICNO FONINS 62-v ‘814

(o id " IMMEIieds TP2AE3A TNETY HOILIEDE

[=L) & §-i (-8 &0 [ +]

i 1 | | °
=1
=2
€=

)

=

'

~
mh d

©

t J

(-]

'ﬂ"

E J
.
-4
san-+ gg - ®
L. ¢




90

quent peaks at t = 71 and 90 p sec are due to the intersec-
tion of the PS; and PSp waves.

To compare the stresses produced as a result of the
(PSL and PSR) and the (P, PP, PS) interactions with the
stresses which occur in a non-interacting PS wave, fringe
orders were determined along the 7 and n axes defined in Figqg.
4.30. The ¢ axis coincides with the ridge line through the
PS wave and the n axis coincides with the ridge line through
the interacting PS waves. A casual inspection of these
fringe distributions shows an enhancement of the stresses
due to the interaction. The interacting stress waves ex-
hibit fringe orders which are up to 60 per cent higher. Also,
the increase in the fringe order extends along the wave front
for a distance of three inches.

Along the n axis,the peak at the boundary occurring at
t = 39 u sec is due to P, PP and PS interaction. The pre-
dominate peak at t = 67 u sec is a result of the PSL and PR
reinforcement and the secondary peak (N = 4.5 at n = 0.75 in)
occurs due to the PS; and PS, interaction. As the event pro-
ceeds, the peak due to the P and PS interaction attenuates
and the PSL and PSR reinforcement predominates at t = 79 yp
sec.

Unlike the sharp variations in fringe order distribution
along n, the distribution along ¢ is much more constant with

respect to time and position. The maximum fringe order varied

only by 1/2 over the time interval from 59 to 71 u sec.

Three models with h/) = 1 were evaluated with /) = 1,
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2 and 3. The maximum fringe order as a function of position
x between the two sources is shown in Fig. 4.31. These dis-
tributions for the three models were established using differ-
ent times and different locations d for each point. It

is evident that NMAX drops sharply as x increases for all
three cases. The stresses at the centerline (x = 0) are the
highest with S/X = 1; however, the reduction due to increas-
ing S/A to 2 is quite modest. The dashed curve for Nj,, over
the source indicates the lower bound for the three cases and
indicates the maximum reduction in fringe order that occurs

due to increasing S/A.

4.5. Stresses Along the Free Boundary

The stresses which occur at the free boundary are tan-
gent to that boundary and will produce a fracture which will
aid in fragmenting the s¢ab which is removed from the face
of the bench. Of critical importance in the analysis of the
boundary is the sign of the stresses. The tensile strength
of rock is much iower than its compressive strength and thus
the tensile strésses on the boundary determine the degree of
fragmentation.

Consider first a single dilatational source in a half
plane with h/A = 1. The fringe patterns for the model were
shown previously in Fig. 3.1 and in the Appendix. The bound-
ary stresses obtained from this data are shown in Fig. 4.32.
1t is evident that the leading pulse which moves out along

the boundary is compressive with a maximum amplitude which

decreases from 4.5 to 2.5 fringes. The leading pulse is
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followed by a tensile tail which varies from 2.5 to 2.0
fringes. The significance of this tensile tail which should
fracture the rock is increased by the fact that it is rocason=-
ably high and that it attcnuates slowly with distance. For
instance, the maximum tensile stress at t = 55 u see. was
1100 psi compared to a compressive stress of 1980 psi in

the leading tensile pulse. Later, at t = 107 i sec. the
compressive stress has decayed to 1100 psi while the Lensile
stress atteonuated more modettly to a level ef 800 psi. It
should be emphasized here that the attenuation of the stress
waves is not too significant in actual mining applications.
Once the rock has fragmented, some of the eneray in the
stress wave is dissipated and other energy is trapped in

the fragment so that the actual attenuation rate will be

much higher than indicated here.
when h/} is increased, the magnitude of the boundary

stresses decreases appreciably. HResults for the stresces
along the boundary of the model with h/% = 2 are shown in
Fig. 4.33. The naxinum tensile stress for the nodel wilh
h/) = 2 is only 550 psi compared te 1100 psi fer h/d = 1.
Thus, it is clear that the boundary siresses are strongly
influenced by h/) and inereased fragnentatien sheuld eocwr
as the explesive charyes are noved eloser Lo the bench fase.
With deuble charges, e regions of tensile stress ocdwr
on each side of the vertical eenterline at any instany afeer
the P$, and PS, interaction has occurred. The stress dis=s
tribution aleng the free boundary résulting [réR NG SOBrees
with h/) = ) and 8/) = 1 is shewn in Pig. 4.34. Ian thiy
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influence of §/) o8 IBIS mARINGN GLYeEd (a1 the cemterpeint
en the bowdary) (s ehowy In Fige 4,37, althewsh relatively
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V. CONCLUGIONS AND RECONMINIDATIONS

Streass waves gencrated by multiple dilatavienal seurees
in a half=plane vere examnincd in considerable derail by using
dynanic photeclastieitry. The primary contribution of the
investigaLion was 1o inpreve the fundanental understanding
ef the conpiex sLress wave interactions befere, during ang
after the reflection process. The information ebtaimed in
the form of full=ficid fringe patterns permitned sLices dis~
tributions 1o be establighed av diserete Lifes during Lhe
dynarie evenl. Thede reeulte in turm gfovide a foundation
for furvher feseareh work employing very brittie photaeiastic
fedeles whefe the IRIETI@LION Delweed PIGPFIFALING CFacks A
SLIEEE WaveE ol be ewavinedo

in UhiE aveSLigalion, ETersl IBIETACLIONE Belvaey
SLFESE Waved Wweie 0Eaed Whidh e INpOTLANE Dedasse Lhey pres
duce e tondilie Sidess field Uhel ave @ssoniisl s ek fe=
fewsl and Foeh Fragmesietion % Swface NEning ogwedl iend,
in e ssertelieciion ghude (Mefeds Lhe SLdess Wate fTeaihes
e Frew bawmdssy) ; WWe IRt aRt RIEFRELIONE were GREERTEd.
e Fieel edvwited iH e denied dogiom Of The Dide FEIRING
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B

ki
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Bidpeeet iahal Feaclete Buiween TN dewidas. Bhe seead intess
MLIOh GeOwFied at fowe goints i e Ficld Wiy the leads

img puiss P, (cOnproseion) combined with the veii pelse Py
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duced a high shear stress. ™hese stresses shouid onhance
the fragmentation precess.

In the post reflectieon phase, three different stress
wave interactions preduced reinforcements near the boundary
whieh vere of considerable importance. These include: 1)
the leading pulse in the rP wave with the trailing pulse in
the P wave, 2) the P, “ave, the PPy wave and the Ps, wave
and 3) the P@h and PEy; vaves. The relative importance of
these interactions degpends on the spacing of the charges,
indicated by the parameters h/b and €/), as discussed ex=
tensively in Seetion 4. Two additional ebsexvariens, both
of which ecqur very late in the pest=reflection period de-
serve mention. First. the PH wave noves into thc shattered
region around tLhe sources producing sufficiently high stresses
e re~initiate the radial cracks existing in this sene.
Second, the vave tesulting from the B, and P8, combination
feYes @ewn the Yertical ceatetliise into the region between
the eharges apd Jheuld have a stregs field sufficient to
eonplete the fracture initiated previeusly by vrhe reaetien
ef whe P, and Py tensile tails.

Two facters afe 6f winost L perLance in miRing applica=
Lions, nanely fodk tenev:l and roek frasmmentation. Both ef
these factofe Mest be coneidered in celecting Liw eptinum
geoneLEy 6f cdhardee placenent. Althossn this study does net
permit concluzions e be dravn fer placerent of whe charges
in ek, sugjesLions can be vade for further nodel studies
viere fofe brittie materiale ais used 1o fabriecate the nedels.



Clearly, the greatest amount of rock can be removed

at a minimum cost by increcasing h/) and S§/X to their maxi-
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mum possible value consistent with a completc fracture along

the charge line. The degree of fragmentation which occurs
depends strongly upon h/X and to a lesscr degrec on S/X.
The fragmentation results from scabbing failure, surface
induced cracks duc to tensile boundary stresses and the
radial cracks emanating from thc sources.

Fracture between the bore holes along the charge line

is produced by tirce different occurences at three different

times during the dynamic event. First, the tensile tail
of the incident P wave initiates radial cracks from the
bore hcle. Second, the reinforcement of tho tensile tails
in the P and P, waves produce bi-directional cracking at
the center region between the charges. Finally, the com-
bined PS, and PS5, waves rove betwoen the sources and ulti-
mately complete the extension of the fracture between the
sources. The P and Py interaction is independent of h/:
but scrongly dependent en §/%. On the othur hand the PS,
and 8g interaction is strengly dependent on h/' and only
nedeetiy influenced by $/). Thus it appears that further
rodel studies directed toward establishing the most suit-
able parameters for rock removal should start with h/h = 2
and 8/ = 4. asger values of $/) may be feasible in re-
moving rock from the face, but uniformity in fragmenta-
tion of the preduct will be prebably lost with S/% > 4.

Preliminary experinents with brittle materials (i.e., a
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high ratio of compressive to tensile strength) may show
little fragmentation, which will require reducing h/X to
say 1l.5.

It is rccommended that further investigation of this
problem be conducted with a model material which.is both
brittle and birefringent. The birefringence will permit
dynamic photoelasticity to be employed to investigate the
stress wave propagation. The brittle model material will
result in the development of fracture zones in regions of
high tensile stresses. The growth of the fracture zones
will be recorded simultaneously with the dynamic photo-
clastic patterns. As cracks develop in the model, these
cracks present new boundaries to the stress waves and
markedly affect the stress distributions in the later por-
tion of the dynamic event.

Preliminary experiments conducted using plate glass
indicate that it should serve quite well as a model material
which is birefringent and brittle. Once optimization in
terms of maximum material removal and uniform fragmentation
has been accomplished on glass, model studies on various
rocks should be conducted to establish the validity of these
results.

It is noted that another series of experiments is
currently being conducted by this research group where the
stross wave is generated by a line load. The information
obtained from this study will be combined with the results

of the investigation recommendec: above to obtain practical
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recommendations for optimizing rock removal and fragmenta-

tion by means of explosives.



APPEXDIX A

FRINGE PAYTENNS
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