; e3eB=. ./ L4(5<6<TB=1U$B -s rnav zoaz Method and device for crushing rock,
mani pul ator to be used in such a device, assenbly of a housing and a wire

conduct or pl aced therein, ﬁ”ﬂ”ﬂﬁﬂﬂﬂmwmuof a housing and a neans pl aced
therein. The present inven al relates to a mephMAYoP0E2 ushi ng
rock. Such a nethod can thus bewsissed in clearing concrete struc5 tures, but
al so in under water dredging and such |i ke uses in which rock in general

has to be crushed. In allwmﬂ {t woul d be desirable to crush rock in
a sinple manner into piec mlmmnmu“ size. For instance 1G the costs of a
dredgi ng project may rise high.as.a result of a small vol une percentage of

rock, because the device used is unsuitable for dredging this material.
CAddi ti oredhod i tardd deviakWaFsr peesidiihd OrdeR, XM OShvEStodhalee be a need
for a nethod,or device ar assenbly with which rock 15 car., be turned into
smal | fR%es*Pn sé?#éf?i =S Star %‘?% ¥oPdi iy PYPBHRI adfEct® oF*FhRe present

i nvent iomduaedhoglasegr dheded f,oramd ughsagblvckfcanprows itgy tdwed gener at i on

of a SQ&%ﬁn faﬁéathEPEEHEOQranﬁed form strength and 20 length of tine
for crushing Tock. Because the shock wave is given such a preprogranmned

form strength and length of tine, the crushing of rock produces a desired
size of pieces, and/or the crushing of rock takes place over a desired
surface of the rock and/or the crushing of rock 25 takes place up to a

desi r ed"RRpPEEFRTChe R 19T AT pAEFEHed B frehf & Teehordt fed

accor digeudwihderboxention, such a nmethod is applied repetitively on
different locations in or with regard to the rock, in ver - 6 MAY 2002 -
2 tical sense and/or in horizontal sense. By repetitively using the nethod
on dif ferental meahbdnsaaf tthhes rbec ke ekt enbeaei s eaontrevekseanche

crushe re a this i h f i ngLng e ric wre
céﬁduc?%%é?%iténg?g§Fnik&I%Qﬂgﬁéag%%i,ggﬁ%fﬁggi?éﬁi%Q%Qp}gg%dhgggneans of
suppl yi g ehbohseoskapadgeneseri basndiogype t¥uadelor instance a pi ece of
filamentary electric conductor explodes again and again it is preferred, in
"order to obtain a continuous process, to have non-expl oded parts expl ode
one aft¥r 2hé BhREE #§ESng oMaMichds Hieebrriviks okCi prenl pPeki At§ of the

rock, igigbher mairlds SURRLYIgIGJaW 35 GONshgl Dr sagai.n whel agakAnc¥hen the
rock conglsts of severq& Ig ers of 20 ;5 . ,
10 the costs of a dre glng project may rise high as a result

of a small volume percentage of rock, because the device

used is unsuitable for dredging this material. Additional-

ly it is not always possible to use expleosives. There ig a

need for a method or device or assembly with which rock

15 can be turned into small pieces in an efficient manner.

According to one aspect of the present invention a method
is provided for crushing rock comprising the generation of
a shock wave with a preprogrammed form, strength and
20 length of time for crushing rock. Because the shock wave
is given such a preprogrammed form, strength and length of
time, the crushing of rock produces a desired size of
pieces, and/or the crushing of rock takes place over a
desired surface of the rock and/or the crushing of rock

25 takes place up to a desired depth in the rock.

In a preferred embodiment of the method according to the
invention, such a method is applied repetitively on dif-

ferent locations in or with regard to the rock, in ver-



|

30 35 separation preferably length of reflection |ayers. |layers has
time s of that t he rock wwth in between them the shock wave a

prepr ogr

anmmed form, strength and the crushing of rock |S'63rMA;YcQ@UQy

such

shock

wave due to the separation The invention also relates to a device for
crushing rock conprising a filanmentary,electric conductor, neans for
bringing the conductor in the proximty of the rock and a device for

suppl yi nge e sesshapedaglgetr i eAsr9¥ohPat e
have t he conduc or ex Lgﬂgd f or ener ating a s

preprogr

proxi mt

anne

y of the rock are neans for repetitively bringing newwre

uc r,_ wth. a. u ntityto
t PTand Féﬁﬁfiﬂtof thaﬁslcffkﬂ @fus}mengrlo@dzck ahn an
advant agmusemmnmerardaa ofansck otalrbagtA@skhag, Wi re conductor in the

conductor in the proximty of the rock, in which the nmeans for bringing the
wi ré condirafmramly hehpsogpmbtyses the seek blfewlal@Mgaran

bri ngi ng yihes V&éﬁd&@@gycmrth

rock in
shape is
of abs

%Pé
al nost cc:inracu erent | a? Egg’ﬁg{“gﬁ(e %ygﬁf‘t gPC(B‘f ta:;@Yé}?‘glt(}Fzﬁ -eP'entl al

t he

ym2Pngmoht Jumaslityiad i &t |pubsed sleapébare Tde: € anmet er

weid @y pi pe. The wi re conductor is placed in a housing, and

preferably has such a shape that the energy rel eased when expl odi ng the
wire conductor is ained at the rock. It is also 10 preferred that the

hob€i ng

when expl 9&5 con uctor, is . ained at t
enbodi nent lhe W re cond

@fs tfher wiinetannduat Widws @ﬂCbﬂarﬁ@ﬁ@&rﬁgéggglﬂelﬁz%;c%}’d cfée

URESr FFRL L) LR e PHRF X HiRshns insuehdas fup

i nst ance obk@d ror aseomnlzaimgpas kprgepbisgs d®r hgeaeradh NaxgloghgCtyd cal
di schar g(ne,xﬁ/j@&éﬂ Shectelcal (gis t{lr&e enerates. the shoglk wave W th

preprogr

Sngt R ot | RELFSH S r f

amred form strength an

sed

rhative

a

Ri FPAIEHDCKk. When

several <parkiohPiPEisl by eOst’é}GIe 20ckheynarehprefverdbl yuexaitied; itewr der,

ressl ti ngondu tSadgNay e e

formed by at |east two el ectrodes between which a discharge is gener
for generating the shock wave. This invention also relates to a mani

to be us

suppl yi ng

Wiheinn ahdevicek aceersdigigs t Bt hesjdnent '1%%%% ﬁfpe{éé}k"% % h
conductor, .and to an assenbl

e
conduct or g)%agedlcirhere PEEFur dher ROMRIS n@h%ans ther sebprli ngrae
el ectri crarérgrpitly t hesw secB0 ccopdeprogrhefnehavi &g | hest\’!rcfr?gﬁ?n%ﬁi or

exph oded 1 ap %ta}ls gfrgg}.hlt tq{aapcerﬁﬁle\r)m%rrél zhock V@vgawgt a preprogram"red form

strength an

dhdutor e FRBRNARINEM

l ength of tine

generated. Additionally the neans can be

at ed
pul at or

ousl! ng an a wre

sed

ng such

a confi giﬁleétl%ﬁltoﬁm ttfe §h’@ckalm¢ué: | wagemeduecandoal stet 0sapaassad y of a

housi ng
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35

aBgex sNEANS

The invention also relates to a device for crushing rock
comprising a filamentary electric conductor, means for
bringing the conductor in the proximity of the rock and a
device for supplying pulse-shaped electric energy to the
conductor, with a quantity to have the conductor exploded
for generating a shock wave with a preprogrammed form,
strength and length of time for crushing rock.

In an advantageous manner the means for bringing the wire
conductor in the proximity of the rock are means for
repetitively bringing new wire conductor in the proximity
of the rock, in which the means for bringing the wire
conductor in the proximity of the rock preferably are

means for bringing the wire conductor in the proximity of



3~ placed therein, such as for instance a sparking plug, for generating an
el ectrical discharge, further conprising neans for supplying pul sed

el ectric energy to said neans - 6 MAY 200 - 4 for hauisgéﬁg? ? ézes
surroundi ng the neans expl oded by the discharge, and as a™r It~g erating
a shock wave with a preprogrammed faorm strength and I ength of tine, the
means and the housi ng having such a configuration that 5 the shock wave is
ai med. Funieheiosimhiodineidst af ereleseetdeeian shgpat tached clains, the
contents of which should be deened inserted here. 10 Sone enbodi nents of
the present invention will described only by way of exanple on the basis of
t he drawnhg, diewmdtieh:ofi gheeclrshoferansdbémahagal i\ evpmifostine tswol
constitution_ 15 qf ea bed, .k e iLcally s r ki ng
pattern Gt énchgFoﬁj%%u hgoﬁjgh%%%d%%%gf%€3?égg iﬁ%%i§g¥%eéggc%%na ically
shofis t heuyntdmagairm. of a sinplified shock wave, Figure a schematically
shows the relation between the hydrostatic pressure p and the rel ative
change in volune ?5 of concrete and the effects for a shock wave, Figure 5A
shows t h&hee|vt¥ONCHBENEERTt HE RIRGTh Bhdat REUSHBEI f B/ GPIRELTFPHF aphi ¢
formof pure guants, sIhdd gunecSBrHEhawsetdie relahben Relereeaskthwitensi on

and the specifi,c volu in graphic form of paorous sandstone,  Figure 5C
shows thé el ¥6n S@g‘\%é’&’folgfhegtseni‘?'ﬁﬁganﬂtt S p&fitic vl und ﬁ'lU{%ﬁ aphi c

f onm of @ﬁafaxﬁeﬂtehaBSFEbgMUmgﬂhgﬂmWBth@ewﬁeéatbnﬂ@mmmeemﬁrmuqmnsion
and the %ges?r'lf'é LRlmE D GRARALC S AWy R QS &R B Bg" QY wire ™ 6 MAY

‘cuu~ 5 -
conductor is aimed at the rock.

In an alternative embodiment the wire conductor 1is

(=

[6]]

replaced by a means, such as for instance, one or several
sparking plugs for generating an electrical discharge,
which electrical discharge generates the shock wave with a
preprogrammed form, strength and length of time for
crushing the rock. When several sparking plugs are used,
20 they are preferably excited in order, resulting in a shock
wave being generated. Additionally the means can be formed
by at least two electrodes between which a discharge is

generated for generating the shock wave.

]
n

This invention also relates to a manipulator to be used in
a device according to the invention for repetitively sup-
plying new wire conductor, and to an assembly of a housing
and a wire conductor placed therein, further comprising
means for supplying pulsed electric energy to the wire
30 conductor for having the wire conductor exploded and as =a
result generating a shock wave with a preprogrammed form,
strength and length of time, the wire conductor and the
housing having such a configuration that the shock wave is

aimed, and also to an assembly of a housing and a means

w
un

placed therein, such as for instance a sparking plug, for
generating an electrical discharge, further comprising

means for supplying pulsed electric energy to said means



Figure 6 shows the tension-stretch diagramfor the oneaxis tension
situation, Figure 7 shows the tension-stretch diagramfor_the one axis
deformation situation, Figure 8 shows a | oading cycle, Hﬁ;uMe‘.\\égﬂﬂg/vs t he
overtaking of the plastic wave front by an elastic relief wave, Figure 10
shows the dependence of the strength_of a rock on the support pressure, 15
Figure 11 shows the yield surface according to the Von Mles criterion (A)
and the Mubr- Gentionp ehbt jdsied BruikbohheifeNSiN §PRRE. dHlEd2pghons
the set-up of ihe one-dinensional 20 sinulaiions, Figure 13 shows the
linear el &8¢ G STHFHEur 8RE4/4S 128 TR AU CISRERALRENVOR Mhask sWAERgt h 25

criterionvion y=208pMParamingdr e ckh, iéﬁéﬁ?ﬂhl5&&§hpéhghﬁ Mxr + Gl omb
strength ckrhiterion, 3% Fiqure 16 sqk,:g_tws the failure cugye, Fi gure 17A and
17B show The BRaFgy 2P aidfe MOMAatBrinD Stk 3 FOR tRIrE248O8h6REEL hr ee
fai lure crheeshacknwatie psyadmegram Figure 19 shows the basic nodel for

t he two-di nensi onal -- 6 MAY 2002 - 6 rotation-symetrical simulations,
Figure 20 shows the set-up of the two-dinensional rotation-symetrical

si nul ati ofgrtBer PMQEAAMERASURLD @Rdcteediding thep atimeidd efltéws, of the
shock wavenenc-bheeneskoangnibe gnaueh, pEi gHER42; shaw Lhe areas where the
rock fails, the failure 10 pattern, Figure 23 shows the formation of cracks
in a pessimstic interpretation of the results,

10 Some embodiments of the present invention will described
only by way of example on the basis of the drawing, in
which:

Figure 1 shows a schematical view of the soil constitution
15 of a sea bed,

Figure 2 schematically shows the working pattern of a

suction mouth of a dredging device,

20 Figure 3 schematically shows the propagation of a
simplified shock wave,

Figure 4 schematically shows the relation between the

hydrostatic pressure p and the relative change in volume

25 of concrete and the effects for a shock wave,

Figure 5A shows the relation between the tension and the

specific volume in graphic form of pure quarts,

30 Figure 5B shows the relation between the tension and the

specific volume in graphic form of porous sandstone,

Figure 5C shows the relation between the tension and the
specific volume in graphic form of pure calcite,

35
Figure 5D shows the relation between the tension and the

specific volume in graphic form of porous calcite rock,



1S Figure 24 shows the energy plot of the basic nodel, Figure 25A and 25B
show .t he influence of the radius of the load, 20 Figure Z_Q,Bamgﬁf and ,26C
show t he i nfluence of the choice of grid, Figure 27A up to 'néfJHéi ng
27C show the influence of the thickness of the rock layer, and ~5 Figure
28A, 28B and 28C show the influence ofgthe conposition of the rock. The
present invention will by way of exanple be described 30 on the basis of a
rock layerid@frd). & mhows chhes ddthaddeddet@ravel agwichEdas the bengr ushed
to pieces of a diameter,smaller than 0.1 m To that end the inventive

met hod i £ =RiH vﬁ‘ﬁ%’“ﬂa‘a\bﬁp%ans of an electric pulse a shock wave is
generated. Wth each shock wave an area of a 35 dianmeter of 0.5 mhas to be
crushed. 1t wll -howev cl t hat resent invention,can so be
used in oEtJr%}‘r%efi ol s,ovg%c ﬁgs eggsﬁ%%saﬁggegc%heééﬁggrapng o ggﬁacroe?ée_ - 6

~ MAY 52002 axis cgfamnariesn Jhigatekemple is used to give an inpression of
what ki nd of shock wave (course of pressure in tinme, location of the 5

| oad) is necessary to crush the rock layer in an efficient manner. Before a
di scussi dhiBre e PrIpagat toRABRI te¥ChRwve is at issue, an estimate of the
gquantity of energy necessary for 10 disintegrating the rock will be given
first. For, the sake of copveni ence, the nner in which it is_disintegrated
is left dsiHEe eseg‘ﬁ‘éﬁi?ﬂ?: ENEF§FF1PHe° nEP&ypﬁé‘éé?s"scar“S?‘f% S htRYrate 15
1 m® of rackelastni dberebiéfravaede py determining the fracture labour. This is
equal to the so-called fracture toughness multiplied by the increase of the
fracture surface. The fracture toughness, the energy necessary to create a
fracture Bigiacelli shows chae adependence whifclt heansbee2@tdetdr i nedcby neans

of materigl inspaetiop. JhesifeLease in the fracture surface is half the
sum of the suqu?ace %%]al%* plse%es’and grains that are fornmed. This surface

can be estimated by neans of the grain distribution of the crushed

matey i al .25, BY nBansh&fist hend hgoLigs Qfr @l@ast hecWauesy afo estidmaygncan be
made of the efficienc one-di nensi onal el astic wave when it reaches a

of a
wat er - r ocpﬂl%%%naﬁi“f/eggpf‘ac(é) G gt BPRE RECWATBP WS H5E H8Y | Bt ed® t he

rest wllceatesnsion space,

Figure 12 shows the set-up of the one-dimensional

20 simulations,
Figure 13 shows the linear elastic sum,

Figure 142, 14B and 14C show the Von Mises strength
25 criterion for y,=200 MPa,

Figure 157, 15B and 15C show the Mohr-Coulomb strength

criterion,
30 Figure 16 shows the failure curve,

Figure 17A and 17B show the energy transfer from water to

rock,
35 Figure 18 shows three failure criteria in the p-y diagram,

Figure 19 shows the basic model for the two-dimensional



30 the rock layer. The difference in inpedance (density nultiplied by

vel ocity of sound) between both nmaterials is normative here.@ tZBQZ
strength and the so-called Equation O State (the 35 pressure as function
of the density and the internal energy? of a material are of great

i nfluence on the behaviour of a shock grave in a material. The strength of

" 6 MAY 2002 8 the material ensures an deviation_ on the Equation O.
State intfe diensiQamddete dagiamidhe rigidity of the material and thus
the inclination in“the tension-stretch diagramin conbination with the
density is determnative 5 for the velocity of propagation of a shock wave.
Bot h t he Hfigjurer e behawhouss anthé he sefualpi oro £ Shat e 1fo rdtketk fHex1f rom
nost solid materials. The vield pojnt.of rock increases with increasing
pressure?oﬁﬁ%$Qﬂﬂ%WH??ﬁf%§§%ﬂ§9$%1 TP constant yield point. The tensile
stréngth of rock being | ow here. The Equation O State of dry rock is
strongly m e .Crashi f in a tr e o)
pressures’ﬁq%rt’i%: é;l?&ej ‘%{ %Bhfglﬁeﬁmoé}%e&raqig‘%% h%ﬁ%&kh%“e#%‘e%r eogésoi%lsg?e
pressur e sheskporaas om tie B emtatrd athei gravelpressed cl osed and the grains
fromwhich the material is built will rearrange. Wien the material is fully
conpressed the rigidity of the material will increase again. The rigidity
of the gFadigrareteriR@v Wikt ABRABeVHETSr MRatiord T Mpertihekaliivrqater in
t he opor e pf- 44 rock these pores cannot be pressed closed entirely: water
is not as conpressible as air. Wiether the internal structure will partly
crash is unknown. Possible further exam nation will 25 have to show what

t he Equatdigu#& 5 atioek (tdoftJjormekisat wfat@chaks hinaterpdaoksistke. In

eneral r. Jail as ul - 1. shearing: As soon as a tension
o Teat o S B g% e, (R Rlie g

situation ari IS Si d on the yield surface, the rock wll
plastically deform This is acconpanied by the growth of mcro cracks. If

thig situyaldon per sigdes | oD enough wibh sefihci gatipl gskig deformation,
t he rocuﬁ%ql fg%{.lr1trns way ?%% %%rength of tﬁelnatér%gr deteriorates
down to 35 a residual strength which can be conpared to the strength of

sand . 2.pifaed i Regkabassaoki Fhked ngtiength dhemd heagigsfoy MY ~al2
_~ hydrostatic pressure is |law. Below a certain negative pressure the

mat eri al ' has no strength at all. Wen the tensile strength is reached
a traction crack will arise. After that the material can no .anger absorb

20 Figure 26A, 26B and 26C show the influence of the choice

of grid,

Figure 27A up to and including 27CGC show the influence of
the thickness of the rock layer, and

Figure 28A, 28B and 28C show the influence of the com-

position of the rock.

The present invention will by way of example be described
30 on the basis of a rock layer of 0.1 m, which is imbedded
in gravel, which has to be crushed to pieces of a diameter
smaller than 0.1 m. To that end the inventive method is
used, with which by means of an electric pulse a shock
wave 1s generated. With each shock wave an area of a
35 diameter of 0.5 m has to be crushed. It will however be
clear that the present invention can also be used in other

fields, such as for instance the clearing of concrete



5 negative tensions. Shearing and pressure tensions can stil] he absorbed.
3. pressure; Wien the pressure tension will get high enougﬁ, N3 2@@% wll.

also fail an the hydrostatic axis. The structure of the rock will. crash
and the rock will 10 crunble. There is no uniformcriterion at hand from
the literature applicable to this crunpling. Non-paraus rock will not crash
until. under high pressures. The calcite and/or quartz will first go

t hr ough %%gverah)sgrystal phase transitions. ~5 2t is not easy to determ ne

bef or ehadr” FaWw & Shock wave wil | prapagate through a rack. The problem

wi || becone quite awkward when the shack wave is situated in a spatial

geonet ry.nlit, i 11 4 &Labl g btain i.ndi i or ghand
about thghﬁrsop%gﬁﬁlo%l,lpéso t%d;t{mhggvgség %Hig%(ﬁﬁ%gle%ﬁgg%tf}ggéne% ing to
go by. Bedmede WaVeEhd cooisicexPt y PresgasechbBert ime caleckbient pd pklepagati on

with the fdpit e £l of thecphslr aReAUTERYNayved e nensi onaht out cone
of the analytical suns sinulations. In Mhr-Coulonb str~ 30 sinulations
will be $28MSd with. The nuneral elastic Sum corresponds to the which have
been made prior to the the sinulations with the Von M ses and angth

criterion the follgow ng strikes: * As _the pulse goes further through the
ook 1t s 2 SURESEIER W (ne RausBariee” R o A HRkst 1k oM a
pl asti c pastue, Hre sftastdte paft thasgaahtgher ofelowngy I afsgropabati on. *
t he pul sey.is : , ti.G+di ve er take p of the
ol a1 o e aR Al o L RE W 1 B e e 50 ma gt Pk

of convenience the manner in which it is disintegrated is

left aside.

The specific energy, the energy necessary to disintegrate
15 1 m3 of rock, can be estimated by determining the fracture
labour. This is equal to the so-called fracture toughness
multiplied by the increase of the fracture surface. The
fracture toughness, the energy necessary to create a
fracture surface, is the characteristic which can be
20 determined by means of material inspection. The increase
in the fracture surface is half the sum of the suxface of
all pieces and grains that are formed. This surface can be
estimated by means of the grain distribution of the

crushed material.

By means of the theories of elastic waves, an estimate can
be made of the efficiency of a one-dimensional elastic
wave when it reaches a water-rock boundary surface. One
part of the wave will be reflected, the rest will enter
30 the rock layer. The difference in impedance (density mul-
tiplied by wvelocity of sound) between both materials is

normative here.

Both the strength and the so-called Equation Of State (the
35 pressure as function of the density and the internal
energy) of a material are of great influence on the

behaviour of a shock wave in a material. The strength of



The behavi our of the rock, concrete and soil is usually shown by a failure
curve. Fromthese failure curves it clearly appears that"t&eM)MéIZ@Ozoi nt
depends on the prevailing pressure. For this reason the Mbhr-Coul onb
strength nodel is chosen to nodel the strength of rock in AUTODYN. In words
this strength nodel conmes down to that_at a certain hydrostatic pressure p
the difference between two main tensiohs cannot becone | arger than the

val ue of the vyield.poin el gngi to.that pressyre. MWien the_ yield point
is reachdd'S h[%e{antélgﬁggee%ﬁvlt‘%g ar 8%&1’3%&0% toé-ﬁst?bhl%qﬁaotﬁacfr? c%ﬁ'l%‘y?té’a‘ul ts in
t he ot herirmmithe ensepsipnsisngeskdngdiflgeaensiTre sidtigatdiony cant t hehebe

f ound ba i b4l u it hi pt essure. h imfed data.
avai | abl g!kéo%ékt%%fl_zgﬁllgt :J%Iﬁu%‘ Eétga?lg%lmd%} roc Iq\l/vi%t Sou gﬂ%ﬁé}é !g%i%gﬂt‘ows
that at pHeaER®sin PR IRMGECDT Watho thespdenfbt Fquat i datofmBeakdvean be
appesoxi neted de avsibal ght ofi peophghtiBat okeasgn-ardyhgeause of the lack of ,
data of water-saturated rock the |Iinear ECS has been chosen for. The
expectation is that the water in the pores will ensure that the conmponents
frgmI whi cgbttﬂﬂﬁtmt Eﬂ’é:ﬁ}ui‘ié Méié‘_ﬂaﬁr_ibl&rﬁmh riahe Fquealiadd ebfsm(;daw-%frﬁ bul k
nmodul us can .then_be_cal cul ated with, the_volu percent a nd the bu

nodul us o’?o%}écﬁlggﬁgrzfgmco%soheﬁ.l h@anﬁkgﬁg'ng%edéﬁ%gti(P%)sn o
honbgeneauschat encakasesh wWhitdh newdrelales imgdulpres<frd he Evas | alvhkikai l ure
crijkeri a o y1d e grhbebl anandhe mad mumdensile shienal hcouhd.he used.
A maxi mum val ue of 3 a (traction? was osen Ich may reach one of the

t hree maiot t BASKoRS1NKerlOW et eFhal Eguprsonned Snetef athedrhrrzeckai n

tensions {£aches e, Maxi-EHRivakuepy O 1l 1-t-hEgengt oncenal onge Lhga)
hydrostatic axis. After failure the material can only absorb_pressure

tensi on. STTUG-WAY 2BBYS- PYESSTREFe WAETY ia7e fleds HiPRHN (PreRT atPeBul t of
g si mul attﬂg@ ﬁIfJCS.LWidihEEllfﬂiol(I@?dslils‘igt ue;izxie;zrsqxtéwe tﬁQshC%dl:ler basfs gnéel gan
e _expected that.the.rock w a : ne_i,n ich pulverizati on may be
oxEet od TS R P Yo Bl et S erilor B B OH GRS AT HETSE o
result ofthefhecerdaladai nstilitheviddundaryramopk- giteel thd. mdt@ciabnier acks
as aresult.of a_r t tr.acti near. the axis of_s try. 10 5.
Spal |'i ng %%lgyregﬁﬁ%%%’sree I e%?]gongg%g@!?%e §>§i s OF symn?’r%?lﬁl%lincrgY’% %ati on
of these bhoutaseomgasinh Skperiimitisy sofieddssagyatn e isdw wheélr ock
exactly failspand.Whi-ghnlsifailure pattern goes with it. Wth the results
of these sinulations as only information, a maxi num pi ece size of

approxi mately 10 cm appears the be a safe estimate. Fromthe sinulation of
t he basi cwpedeknkeld ovs #hakrWinh 2 aﬁsma@@uwr thead-c1s hoeks yayerwist h an
energy of about 29 kJ enters,the roc ayer. This shock wave ensures, that
spread ove?™8°Hi a terpr(ﬁssfﬁjpro@icﬁhet VPR B MY di fY2reht af eal%hr e *For med
wi t hi n whtohprbestibik fas | sirHemthesone ptkeeednreynbé formecwtd hwaldeaxi num
size of 1 T r.est j I e finely spread. If
it is ass %%githt% aé%qulgsft%rgz%#“nfhem%e%eir%iye\rl\dfe\lgtég%l&ngfgg}(ﬁ g%l Sng% “t he

Wi r&b ent ehgvehd o oskowayerat afogt AR kUomi Of btatezesfar (safith trisick

met hod, tg,ehtaipapieees fre30 1ddmal; k0 cmin a rock layer which is 10 cm
t hi ck. Wtﬁl the crushed volume of 0.02 m the specific energy of this

net hod can be estimated at 6 MI/nB. Besides the sinulation with the basic

nodel tests Bawer3d: Berik Galy ifed 10Ws iah Mddclt tdre i nfluence of the various

par anet ers has_been exani ned.. The concl usions that can be drawn fromthem
are: 1. shearing: As soon as a tension situatlion arises

30 which 1is situated on the vyield surface, the rock will
plastically deform. This is accompanied by the growth of
micro cracks. If this situation persists long enough with
sufficient plastic deformation, the rock will fail. 1In
this way the strength of the material deteriorates down to

35 a residual strength which can be compared to the strength
of sand.

2. traction: Rock has a limited strength when the



_F~~wnnn~ - 12 * An annular exploding wire i ffective manner to
apply a quantity of energy over a |arge area_l‘gg\\g way If it is
desired that an area with a radius of 25 cmfa a |l oading radius of 20
cmap 5 pears to be a good choice. * If the layer of rock is twice as thick
a hole with a radius of 20 cmin stead of 25 cmarises. |f the same load is
put on a half finite rock layer, a hole with a ha fgeltlll Ssoidal shape w ||
arise. This hole has a 10 diqameter of abo g{@—%m and \ﬁné“ﬁx' mum depth in
the centre of the hole of approxinmkel ¢ 20-25 mallln t escription given
bel ow of a exenpl ary enbod: gﬁnt 5t thg Qﬁgs‘énta [ nygat synbol s wll

appear regularly. 5\!1 15‘~50r % ebuéi tlba u‘ﬁders ?gdﬂhg of these

synbol s a ld str8P-sy olesqafs ‘% bel 6\}\7 ?agsynbo unit A surface of

cro ge?cttl oNn  QiuudH verrraap AP( lu:15~ce€=surface per unit of
Jg?gttx‘f\?l ocli 1 Y pﬁépg\g%%kga\-of an Ju@stl%ewaverd sc" cz:velocity of

r@&péé 0 1|en %’t er1 al, hb a | ned CorrpreSS|

St A gt‘dﬂﬂ/sr'n~ rat\ma‘dl amet erpns mage par amatery\dlgetthe (?stance bri dged

in“a time By ane,enul $B1 thetlrretha e fOrce FL bgi®:

acta*’vé’s?’E El astérd Xty nodul esN m-Eo \ment rnag apessy - of thﬁ_lﬁxat erial before

and30gatEY° t he froad - of thedsano@k -ts2E

q\?{t'f@ﬁ‘ h%te situation
equat I,QR- ke ngl tygl ri&pe IForce agaﬂde on gaw@n& 0s ?@Oﬁ\l GHNG: gliding
nmodfites m~3§r®% fragiyr edtd ughng_gsl\'lilﬁlﬁ%L H%Somaﬂ ast i €o

Li mi t N m-K: bl f, mpofef eSN m-pock B’HVAY %gazon ,]é}bﬁSﬁZO gg 35 K. :bul k

nmodul u \gn '?:orrponegﬁ BFe rock orrﬁ\ Cti lntgen Onbtﬁ%er@}{cguélof

f act KSR m)d Iu,s) Fgr aI N/

wat er#\_%mié’ bul kyarluf us t%bck gr:_ttvg@talldn or with air in the
pores. \ﬁaﬁﬁfel at| \m:é ure adrt swen rock-mthe nmass on
whi ch % IS @Qtﬁvg%gn pgﬁos t)\/& o§¥%1?|((g: pressureN nR refl ection

coeffl ai &Rt - fr@uﬂ egreer‘é‘f' rock-s: material constant- SE ific

Ener gy N/ o2t : tf‘l esT - Br a@i “fan Tensile Strengt hN/ nRa: V%| o

mater al nf UEeS: BRgonf i ngd Conpressive Stren% nﬁw veI |ty>e§P‘“
propagat of a@s’sﬂd{ﬂ? wavent sW ener gy, @lor& ghock eggégyl of an
i ncom ng%\sdn@%k waveN mAR, WI; W o[} the éef\?ﬁl ect |$nﬂan%l
transni sSi onshock wavelN rﬁbi'_rdefracturgod:\abourl\l/ nRyagterd p |n|at1C@|L
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pul ses~x, 3 ep¥ Pret&hw‘n@ﬂx y a qeza‘g}?ectl Qhasturfasg of o
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z 6 MAY zoo2 la_ 5 10 ~5 20 ~5 30 35 ps, Pw density of grain material and
wat er- kg/ nBQ t ensi onN nta, Iargest mai n tensi onN mZoI , Qm-Bathmzn
tension in rock and vvaterN/m~6 , @: the other mai

t ensi onsN n2Q. ~, @B~: nornal i zed I argest, smallest mai n

t ensi onrespectivel y-QiEL:tension |evel, of the Hugoniot Elastic

LimtN n2~i, max: maxi num tensi on on traction of one of thethree main

tensi O“SWHE“%eEQ{}%bQB s I@ﬁ@mﬂ&&kwavs%@f%t%% 05'091 the L&h éffged

waveN n2:tension of the transit waveN nm2QX, Q-, Q-:tension iIn X,
di rect i oIHDT-D¥t hd&rdiliEE sTWEVRg F&i98l ohbeRodrigst aiTe Icanyes |htt he

tensi on spaceNy? dgpbekedgitapr Gract syid1 DCoESnEUi d&p @zflagn bhattgepart of .
the material ta be excavat ed consists .of rock. A dred% device_.which is

desi gned FotV g grRRRTSHrS ol AP s TOtS al VRSO ui taDI 19T - EREA9EPI ng
thi s mat efimdngt soode | tidgehsgekerccomedehctisSsteengtharaf precle in a
proj ect ”{?f nIy consists of soft rock. In that way as a result of a
smal | percencg age” of volume of (hard) rock, the costs of a project may rise
hi gh because of abnormal wear or overload of the device. Additionally it

wi Il not gl waysdhe eaigl bé'ﬁréﬁg&ﬁen%losb\éﬁ§s' ”déHﬁh &éseéqat@e%gusg\ of the

hi gh costs, the great wat er because I's not devi ce
or  nmount iGRE R i obY@F@ﬁtéﬁlﬁnPé‘féP§PFﬁg Rjexfh%edlmﬁéﬁm% dretefgeri BWe manner

canocr ushysiml L eM8k BABS RfnnRC ‘%é@é’mé)elargéﬁ‘f Wheaddi hé 0 ahQet her aggenal  of
devices frpo ich a dredger can choos el ow such a gew ce, and i new
met hod arel S cPPBRE ith UHERE nkQnE PG R RTREET i c "BEPs & BE shotkdnave i s
w ~nn~ - ddintgeher ateacthed tthdihi & sheek omvxemochrga@tbena:irusbeﬂsmhn an
of f shore mtnln chg%ﬁgt seq{ nt cont |n|ﬁm ner.al_s lLtj w th _a dredging
devi ce st@hdi Jea, ]1 dr&gr &M tHe BE4- Sngfmf‘heréﬁﬂlgl s as
shown i n &1lguy e The Esspatoal snSuahabnt kengrtinee! Heaylersdilbaeki th the
pr&ci ous fg;?&% Sc@]%@e p£€S§nﬁlgﬁ‘éP Ilg]%@gg;%l y renoved (no spilling).

akes t

Excavat i on ace with a’suction nmouth which

From the limited data available of the Equation Of State
of dry rock without pores it follows that at pressures in
the range of 0 to 2 GPa the Egquation Of State can be ap-

20 proximated by a straight line. For that reason and because
of the lack of data of water-saturated rock the linear EOS
has been chosen for. The expectation is that the water in
the pores will ensure that the components from which the
material is built up cooperate as parallel springs. The

25 bulk modulus can then be calculated with the wvolume per-
centage and the bulk modulus of each separate component.
The rock 1is now depicted as a homogeneous material with
this new bulk modulus.

30 Of the available failure criteria only the criterion for
the maximum tensile strength could be used. A maximum
value of 3 MPa (traction) was chosen which may reach one
of the three main tensions. Here the material fails when
one of the three main tensions reaches the maximum wvalue,

35 or all three at once along the hydrostatic axis. After

failure the material can only absorb pressure tension.



10 can nake novenents |ike a sewi ng machine (vertical penetration, raising,
| at er-al novenent etc.). Figure 2 schematically shows thewwéﬂ[ﬂ1 t he
pattern that the suction nouth nakes as seen from above. It iIs expect ed
that said suction nouth will have probl ens penetrating the cenented | ayer,
when one works in the conventional magper. According to the invention a
provi sion. on the suction 20 nmouth cruShes a rock |ayer of a thickness of
0.1 m and. e re.str f ) e LL,.| psur ed pi eces
are of a isk::;‘eilgésérrgﬁgrl%{aha(?i%%%lgl(in% ]‘%}1%@2&: i%nrﬁ%ﬁ#ﬁ ﬁés%aesgﬁti&rrg%ir(g&gf 0.5 m
and can exer@ &weordd@essirsalkNgiathobedtha adicdliedt basd.s 28odel

appear ed dhatp&ogkpeapeBerRatiSPRE WoER Li11ssdii by a shock wave. Shock
waves can am)ng ot hers, be g_enerat ed by expl osives. The inventive nethod for
K

generating shotk #@08sini€nieRdPRyvahRleretdRiBapuPReeWeRtalhi gh power 30
durisng a fract2onraflial secankst &sosgbnareondeies i yeatére, for instance
copper or al ungni al hll S. W re a\M I Ie bg ause of _its electri c.regi stance rise
so high in tenperatire thatSi t? cRESGes i At 0 T§4d ST 15 ashE pRESe. “HAi s gas

wi || expand sobdasdatparoakshoekelhave is realised. 35 Before the

propagation of,th - [ i irst_a i_mat e i de of

t he energy Wni%:h ??P%éﬁ%ﬁc‘k& %% g%%él{ ég %t %I?gt%%éﬁgiogll n?%%?ati on of
rock, the so-caiPedvivachere Fapoaxis|efisymeétrwsi de her in which manner
di signt egrati onst akgs 10liage a> Iheespgei fJrC ANErOY ) ALse hecalgulated.
Here the . fracture |abodr Wr is determned: Wr = G~ X Afr = 2'y X Aar (
Nm~) [ 2. 2F]1SYA"GR¥¥h: 10 G g . fracture toughness (J/m- ) Afr .
surface of fracture per unit volume (m-/nB8) . surf ace tension (J/nR) These
ternms are_dj scusged bel aw. }115 Irrpor.tagtaﬁf.or determining the fracture | abour
i s the suriate tErSlon®ly &FFRe “FIRCAI e Foudthids s "B * A nat®ri al
char act ernstessar¥hed aotove 2how dédhuat ronk|[ 2x2ktily afa¥bksl tndf whech
defjicnitio ne e r re; .an ddi.ti o f age ice the
fre:chDture Q%ﬁ%]éé iﬂs?r%%%glr a?%%‘% %’%tgﬁf rela%t uﬁgtﬁogg enelg%%gyné bg%cagé%%%mt ed
with: 2 simulations as only information, a maximum piece size of

approximately 10 cm appears the be a safe estimate.

From the simulation of the basic model follows that with
20 an annular load a shock wave with an energy of about 29 kJ
enters the rock layer. This shock wave ensures, that
spread over a diameter of approximately 0.5 m, different
areas are formed within which the rock fails. Here some
pieces may be formed with a maximum size of 10 cm. The

25 rest of the material will be more finely spread.

If it is assumed that a quarter of the energy released at
explosion of the wire enters the rock layer, about 120 kJ
will be necessary with this method, to obtain pieces of

30 maximal 10 cm in a zrock layer which is 10 cm thick. With
the crushed volume of 0.02 m? the specific energy of this
method can be estimated at 6 MJ/m3.

Besides the simulation with the basic model tests have

w
in

been carried out in which the influence of the wvarious
parameters has been examined. The conclusions that can be

drawn from them are:



GC=1E Kic (J/n2) [2.31 Here KIDis the "critical stress intensity
factor", material characteristic which has to do wth the critical increase
in tension around a crack tip. KD can have the 25 fol FoiMMYEMYEL: K C=
0.2 - 1 MPa m~ for sandstone KiI~= 1.5 - 2.7 MPa m~ for granite KID= 0.5
MPa m ~ for rock with an E nmodul us of,4 GPa 30 The lateral contraction
coefficient v - 0.25 and an E nodulus of 4 GPa gives this with equation
[2.3]: Ghs ig‘%ﬂﬁhY&fhe Rpoalﬁ 5NM%E i 8 é%f%ééf@ewh%gn%yDtoo 2
MPa~' 35 For soft rrock i ch has been chosen as basic - MAY
Q02 - 17 mataéﬁ Rt %‘éﬁltﬁéyex‘b%cte@@rmato’t’ﬁé fr atRUPE tBVIRMNESS 45 | ow

(10-20 J/ n2). afcr aﬁawe mughne§§ la@\@qwa gapendsn oz rdheywvehocity of
def ormati on un frac ari ses d will asaresult of it

i ncrease. Addi tal #’.52@% h‘émf reat WIS 86 PAcBhPas a
reselt of wat @eadns tthe}qmoraegoo@ fcr}m:ztcwe t oughness of G~ - 50 Jinmz wll

further he asZI(Lj;;rrq:q_[eh - £SL E ng%gkhgg t%e%rg:erraé:lse lCt:}Qe bzll?ljt % tt\{,ﬁr% few

data, conpl et unber SssUnptions and 4sCa fe only
i ndi cates the rE@l@#Sdetrf %ecmnm&%@a@mf he>f caceirésesur fldC e learsdes

cal cul ated by 1talg ng t}t@tsam of htdﬁ% sflirﬁlaccee xoéc@'ir géf—‘cea g Orgd 5 whi ch

are fornmed and d|V|d|n(§; his sum tho After result of each
fracture two frdedlf eeshipaetdahr enapeamdd! BFiFR- cBRéal &oilen hets tde

su%baﬁe uze C 1 e Hedeo pf gbbﬁtr ef:t b@nﬁaf@fagx\mumwmdﬁﬁt%og?ﬁi&eIL a
cubeshaped grain is a is validin ic r . the
fracture surf&C&Pé Qﬁi&q‘ie T Cté a&éﬁ?@d“?%%ky 192#78F™d . the grain
di aneter, the di agonal of the cube. (n) By neans of the gral n di stri buti on

of the crIush d tgglrgl t_'Zgnt he\;ot allJ %ract re sug{f ac can "g?ﬁ? m ned.
Exani nat ioh ofct he-S&iF “proved tHat°& 507 of ?Wg Pock THATE r{‘%ntof

cal cite pdrtiled gsrament alrgvamm@m ambolbew\ivéén apr@kranteiBriygm In

W R e OOl SRt o aRour 1 el e e par il s
conpl etellylsctrwsﬂw@}’mkpbﬁaﬂl%ssm‘ﬂh k[ezlaw follows: ALr ~ 2,5 * 105 n2/m 35
List of symbols unit
A :surface of cross-section on which F, is active m?2
20 A, :fracture surface per unit of volume 1/m
c :velocity of propagation of an elastic wave m/s
c,,c, :velocity of propagation in material 1 and 2 m/s
CCS :Confined Compressive Strength N/m?
d :grain diameter m
25 D :damage parameter -
dl :the distance bridged in a time dt by one pulse m
dt :the time that the force F, is active s
E :Elasticity modulus N/m?

Ey;,E, :internal energy of the material before and
30 after the front of the shock wave m?/s?

EOS :Equation Of State situation equation -

F. :longitudinal force active on a given
cross-section N
G :gliding modulus N/m?2
35 Gre :fracture toughness N/m
HEL :Hugoniot Elastic Limit N/m?

K :bulk modulus N/m?



-- 6 MAY 2002 - 18 Wth a fracture toughness of Gs of 50 J/n2 and an
increase of the fracture surface Afr =2, 5 * 105 nR / the fracture
| abour for totally crushing the exam ned rock nmateri éT&?M;@YaB@@Zaccordi ng
equation [2.2] will be: 5 W= =13 MI/m~ If the rock is not conpletely
crushed to grains but |arge pieces_ajg created, the fraction surface is
many tinmes 10 snaller and | ess energy is necessary. Wen for instance rock

is diviged i ntRigUbRRMLsIOLCE Wdnbddnder A/ mB. This quaghity of

energy i S negligihle with respect to the energy necessary for total

cr ushi ngzc 15 [ METST QTh & HRATHOE i SSdF D% di si nt egr at i ngVmdek, the
fractur e, | abauuloamder lest idmteh iy maddiplying the fracture [gpgur
necessary for .tatal shi ng. by .t he vol ume percentage of the rock which is
cr ushed%'?'n thgugﬁqo@eos%rél%iufo C%hé”y‘?'itr‘le[renti on of the method with thl}é?‘éipl odi ng
. Wi Pe i sKyo cr:éatlk addnilmsniath thhedirangt eém afrfiftedn in a rock layer of 0.1 m
thick with ea rat ~irhe v that has to be crushed each
time wll the%’qggn%gﬁ"toqlt (;%(}O. %(ﬁr(ﬂa.l-gllﬁlen cegrpleé}n}yo%eescéssary added t?& The | ayer
of rock™ or t:@edati®reprseHsvyanand Beripreo s treeredtyh 250 kdck It is-noted in
this cahcul aticeR: mdef agt Wis Qnley aki ggsigkong the grain boundagjes, not
right through the grains. 30 * Al grain bindings are broken at Trushing. *
The grafins haPe™¥e¢hape of a cube. Of the three paraneters that-have to
beodet epm ned hyGkGsteelivmpeeysiand age of the crushed part and Ig}qﬁz grain 35
di stribution of tlhe crushed rt) the fracture toughness is the hardest to
det er mi e *FFFE e G ki nd of rock and noreover depends on

t he vel ecity :dfradefuore degrRe~-of radk-? - 19 nation and the presence of
wat er in the pares.The anong others be determined with a "Split
Hopki ns%n Bar'R‘%é%ﬁ:';jml i tn%ts%t?}r{est a test piece is pulled 5 apart ~

hydr aul S€al | y Sgeciy igedmerefy a falling weight. By determining ¥he:fracture
syefacewhi chijgef ormed and the necessary energy an estimate of s can be
made. Moreover wth this test the influence of the velocity of deformation
and t he Tfr eseB&@ 23 1Rdt dierdnt tehSHmedtdr e t oughness 10 can be Méteér mi ned.

u :velocity of material m/s
UCS :Unconfined Compressive Strength N/m?
Vg :velocity of propagation of a shock wave m/s
20 W :energy of a shock wave N/m
W, :enexgy of an incoming shock wave N/m
Wi, Wy :energy of the reflection and transmission
shock wave N/m
W, :fracture labour N/m?
o3 Y :yield point or yield N/m?
Yo :constant yield point or yield with the Von
Mises criteriaon N/m?
o, :volume percentage of a component of rock -
At :duration of pulse s
30 €41 €y, €,:Stretch in x, y and z direction -
Y :surface tension N/m
s :impedance relation of two media -
v :lateral contraction coefficient -
p :diviatoric length in tension space N/m?
35 o :density kg/m3
P, :total density of water saturated rock kg/m3

p.,p, :density of material 1 and 2 kg/m?



The velocity of propagation of a simle |ongitudinal wave with a plane wave
front. is: ¢ =~ (ns) [3.1] P Here the elasticity nodulus E depends on the
velocity of 15 deformation. The instantaneous velocgaiﬁﬂﬁfgﬁbzrial a of a
particle is directly related to the instantaneous t hat Doi nt.
This relation can be derived fromthe, second Law of Newton: 2~ FLdt= dma
[3.2] in which: FL . the longitudinal "force active on a given cross section
(N 25 d heelid a dm, the ma » Whi ch

t he forces' actltnvre{%( gfﬁaé%%gﬁ%fo%lt%% E;'qét[séérrlal of the S]rr‘gl }grp(rds)
Wth FL ¢ = A:3@n&id®mdm - p A dl; in which dl is the distance Mmth the
pul se hag brldgggdégt wa i ten516HY) cye - .y 5 Y, - 20 tha fjge dt. e
[3.2] will now be: =pc¢ a3 3] The bul k modul us of a porous naterial is
i nfl uenc@d By« t}\%r%eﬁFe@%hEetSFsﬂxﬁfleim Rofhe2p6r ¥8LeAs the velli%‘F’ty of

defor ITB.bLOqleI_Iﬂ(B:LI’eEQ)S:&&r tﬂge.;watt@[swrié get |l ess chance of pourmng: out of

the pores. An undral % iuatlog gg E e water is |locked up in the
rock. Thg'bﬁhkrﬁﬁﬁﬁ? %Z? BtHeg ¢a§8a FSbe™@aflc iPREAE™f rom t he nmodul i of
the 10 corrponem1e$pe1:t_1\ﬂe1~y+ ~- 1KSKW KSKo (( N~ ,;~2) [ 3. 4] _n~

R e A 1 TensibdA KR K% Gd Kuode Elastic Limit N/m?

0, max :‘Ma@Ximum tension on traction of one of the

10 three main tensions N/m?
o :tension of incoming wave N/m?
Og :tension of the reflected wave N/m?
or :tension of the transit wave N/m?
0..0y,0,:tension in x, y and z direction N/m?
15 To :standardized sliding tension -
£ :hydrostatic length in the tension space N/m?2

In dredging projects it occurs quite often that a part of
the material to be excavated consists of rock. A dredging
20 device which is designed for sand, gravel or clay is not
always suitable for excavating this material. Also a
sludge sucker comes across too a hard piece in a project
that mainly consists of soft rock. In that way as a result
of a small percentage of volume of (hard) rock, the costs
=25 of a project may rise high because of abnormal wear or
overload of the device. Additionally it will not always be
possible to use explosives in such cases, because of the

high costs, the great depth of water or because it is not

allowed.

30
A device or mounting a provision on an existing device,
which in an efficient manner can crush small volumes of
rock may be a useful addition to the arsenal of devices
from which a dredger can choose.

35

Below such a device, and a new method are described in

which by means of an electric pulse a shock wave is



in which: K. bulk nodulus of the water saturated rock in the undrained
situation. KS . bul k nodulus of the grain material 15 KW. bul k nodul us of

the water K~ . bulk nodulus of the rock in the drained gj tJ W t h
air in the pores. n . porosity. %9 Equation [3.4] is cal |€WA‘§“’&§£ mann
equatien and is fromthe acoustic, soypd _waves in porous nedia. Small
el astic deformations are assuned here. "When an el astic, |ongitudinal

tensi on vaue AL HACRESH 2 RDsf LRScRULARECrBLK A f,fggﬂg_ 8PgLeqt he vave will
reflect and change-of sign. A pressure wave WIT: becone a traction wave

after reflection. Wien this wave does not reach a free surface, but a

boundary sir{@cer fshbranathehgebashiee tMyeiindin: (et A fiadld windhe yave
will be reflected .and SCdt h% r.est é/vl |l be g}gi@ged t hrough the_other

materi al .1S/alPl Kere | 3; 9reAging QePRSG S 1052 o R - ]
+Pz62zPl c:dilad¥Zazi rthavnibehl diupt bEt ehsi soibf L heasnshawnginavei fhtal) QR
thetension ofthe refl ectedwave (N nR2)QI. thetension ofthe transit wave
(Nn2)5 p=,pz. thedensity ofthe two materials (kg/nB)c" c2. thevelocity of
propagat iBssdntelaktis Wasbtsthe gevednitgersl,s(im siHichc arhebawesnious

t hat depengi h a St i of erd.al traction or a
pressurem\&/jl\(ar{/%r%gi s:asxg]at %g%}s%&ti'on%?%heéﬁpg% er ofﬂeglr?z’regy ((:lgﬁ b%}dgtern‘i ned
with the Y%t i obxcanapporn, Wkakeg Plaze efivit A ARCtWPnaFPURD tHeldher gy of
theoi ncondlg WaxRe thRveaidrad ediveve andskhentr ansidhiwave, (Fespesdi vel y.

The energa/ of a sguare-shaped waye vvi&h a plane wave front is: W=2c0t E
(N'm) [3ESfetration, raisin ateral movement etc.).

Figure 2 schematically shows the method with the pattern
that the suction mouth makes as seen from above. It 1is
15 expected that said suction mouth will have problems
penetrating the cemented 1layer, when one works 1in the

conventional manner.

According to the invention a provision on the suction

20 mouth crushes a rock layer of a thickness of 0.1 m and a
pressure strength of 10 Mpa. Here it i1s ensured that the
pieces are of a size smaller than 0.1 m. The suction mouth
has a diameter of 0.5 m and can exert a force of 150 kN on
the bed in all directions.

It appeared that rock can be crushed when it is hit by a
shock wave. Shock waves can among others be generated by
explosives. The 1inventive method for generating shock
waves, 1s sending an electric pulse with a high power
30 during a fraction of a second through a conductive wire,
for instance copper or aluminium. This wire will because
of its electric resistance rise so high in temperature,
that it changes into gas or plasma phase. This gas will
expand so fast that a shock wave is realised.
35
Before the propagation of the shock wave is described,

first an estimate is made of the energy which is required



20 For a triangular pulse, it is further valid: W=6 c~t ~ (Nm in which
is: ~t . the duration of the pulse (s) Q. the tension pe: he puI se
(NNm) 25 L3.8] Wth [3.5] , [3 .6] and [3 .7] or [3.8] ¢ energy
transfer by an electric pul se fromthe one mediumto the other can now be
cal cul at ed. - 6 MAY 2002 - 22 Above,gn_energy val ue has already been

gi ven which .has to be supplied to the rock in order to crush it

conpl et el yeo W tpet hgitheeeyeatebnel 38t irpMAVes heaNs8SERNRES Ceﬁa@euﬂede of
the effici enc%} of a one-di mensi onal, el a tic wave 5 when it reaches. a

wat er - r oc ryFSsurfice S i%er 850 e§5F dsiEhe"RheBr eTREEFT calESHR-a
one-di nensd@gnaétmeta\ke@ plaest angul ar tension course. The nateri al
characteristics are chosen as follows (relation [3.1] is valid):

10wat errockp (kg/ nB8)10002500c (m s)15002760E (GPa)2.319 15 Table 1: the
chosén natBre alsmvarfiict erdrstiays foan t héd scal bel atabouaeceddi njetre t hke

el astic i escLl .for the energy necessary for

t ot al crﬂﬁ%@ ef%?%@? g‘f’ % Qg?en%m?}é%iewed. For a rock layer 20 of 0.1
mthick WIr - 1.3 MI/n2 is valid for the energy of the transit wave right
after the bounobafry sarface vva_.leérjr gcky,. For theNyﬁepm ng wave (woyhd then be
valid : W - 2 "M/ with Q' - 1°GPa and ~t - 6 . 5~.5 with [3 . 7]
follows : W wh lzc 125 MI/nm2 Wth equatlon [ 3. 4] and table 1 then foll ows:
0. 64OGPa and Qm —fﬁa@éuﬁ’ataﬁgﬂﬁdsw th/f8) 7] WR = . 8 MJ/nR2 and W:, =1

. 3 M/m2 As wl| descgg Later, this, S|tugt|on wi, || e sinmul at ed
with the fegram"ﬁ 35Tft FB‘FIB@\B PRhE BBOHPC408 4 P he energy is

refl ected and : surface tension (J/m?)
These terms are discussed below.

Important for determining the fracture labour is the
surface tension 7y or the "fracture toughness" G;., both
material characteristics. The factor 2 in equation [2.2]
is a result of the definition of y. In case of fracture an
20 additional surface of twice the fracture surface is

generated. The fracture toughness can be calculated with:

2
Gre = =2~ Kic (J/m?) [2.3]

Here K, 1is the ‘'"critical stress intensity factoxr",

material characteristic which has to do with the critical

increase in tension around a crack tip. K;. can have the
25 following values:

Kie= 0.2 - 1 MPa m* for sandstone

Kic= 1.5 - 2.7 MPa m* for granite

Kie= 0.5 MPa m* for rock with an E modulus of 4 GPa

30 The lateral contraction coefficient v = 0.25 and an E
modulus of 4 GPa gives this with equation [2.3]:
Gre = 59 J/m? with K, = 0.5 Mpa®
Gie = 9.4 J/m? with K, = 0.2 MPa*

35 For soft rock (10 MPa) which has been chosen as basic



- 6 ~~1AY 2002 - 23 remains in the water. So when an el astic pul se passes
t he boundary surface water-rock at a right angle, only 60.Q qf, e rgy
of said pulse enters the rock material. 5 The equations usiﬂqﬂé\gmval id
for an elastic material in a one-dinensional situation. Because exactly
here plastic deformation and fracture_are wanted, this sumonly is a part
of the estimate of the order of thé ﬁgcéssary tension, length of pul se and
energy of _the. sﬂoc wave, Tge 10t nghom nd the |en tht of 1;tlhe ul. se can
accor di Mfto" tqat Fofi 327 SHEEEESPt &G A (HSUtT T@HEdYT - THE %%ﬁ% i8d
energy. Ihe Webagboul/mof) .sdlhal Sudstaneesougteesan Hawerese, pdésends | oad
can rou y divi intget n asj f theg] Lty of

t he teng(%)n gm%veg%h%ﬁgﬁygcgﬁrmﬁfoﬁ%?ﬁ V\ngrl\;&gesf) ?‘}r?gac ogd %%?%gva?he

el asticiayiséesi andhevipl e ah BElsads @f asti dneyedescr i d@dithordlératter 3.

The, Law of o Heoke tiis-evaldunre sl @811 CaPbastif-ALNSI 0Rs WAV eS| 1t agkoad
above the elastic |limt the naterial behaves plastic. Large deformtions
occur artReR¥edlt AdSTRTTGH] SafFRCtHRR &raginess A% Gr theeGt¥éRdth of
the mateginl dekehedd BEnasshaeda lBlige pattimhbe hehavbedh efaddiechensi on
wave. A tension . wave_in this are%ﬁ]%onsi sts of ai[; el.astic par w th an

i nt ensi t Y eqf@" o Phe S ast T | FACE antP P hFaSEi 12 3V SfdckChaves. At
a tensi cnsswhensohy wiidhaes @B0rsenkt orader $has nmaghy t ddelikiaglesr than t he
elastic 4:%(?%3% the material behaves hydrodynamic: like a liquid. The
strength o he material does not play a part any |longer. The wave front of
a shock wave can be regarded as a discontinuity. This is the case when 35

the velogily;qt bhgePaPagal i om of jdeshaygchs char gor dhan,ihe.yebocity of
sound, the velocity of propagation of an elastic wave. =6 Ivi,~~

24  Aft eb2khRS tHE t ABBr P lof CRPoEKIERFEs @hd 2dllasPiecpfadtit BEASPSN waves
in a rocknyehl abe diseussesh@ndibeqbasi £rafs than ggperald.y known kheory.
This general theory is stly concentrated on_tension waves in netals, such
astdccurdfn s 53?P¥§ti%ggﬁ851v"e FPHER r GFPont TACHIER 1SVt 2CRshsPBR waves
show a devéatedg behawneoualicnlatiehewifalt mucuadocks®rcaonpeenadeThi s
devi ati ng.behavi qur, wi.ll b i S i ddition to_th ehavi qur of

net al s. %6 %n}est%%flagﬁont hgugEégg"\?\gg%@QV\ﬁf Be %lr%(l:ﬂ%gldpar?d gfter that

t he el asthapptlagriént éaskeaunades. In a shock wave both a three-di nensi onal
stretch as well as a tension situation occurs. The situation in a shock

_~—~ ~~~a -

is wvalid in which:
20 A : the fracture surface per cubic meter of crushed
rock. (m?/m?)
d : the grain diameter, the diagonal of the cube. (m)

By means of the grain distribution of the crushed material

25 the total fracture surface can be determined.

Examination of the soil proved that about 65% of the rock
consists of calcite particles with a grain diameter bet-
ween 0.01 and 0.03 mm. Furthermore the rock consists of
30 about 35% of quartz and other particles with a grain
diameter of about 1 mm. If it assumed that the rock is

completely crushed to grains with [2.4] follows:

A =~ 2,5 % 10° m2/m3.
35



15 wave can however be very well approxi mted by assunption of a situation
Wi th .one-axis deformation together with three-di nensional tension (this as
opposed to the one-axis tension situation, with 1D tension and 3D
deformation). This assunption of a one-axis deformation sitw t'MbAYg 20
the advantage of a one-di nensional anglgysis. The result of this ass i on
is that the material particles can only nove in the direction of the shock
wave. A RptefiplrpactiptecbighHRRer bed Yy dhesdayent abnparhi ¢hesegrewhi ch
surround it in the plane perpendicular o the 8ropag'gt| on direction of the
shock warf T8 HEREFEFesSHALRRES Pot ane af e* i A0 H? Sahe &REuBFABRUEARd can
theref or e s npye ikdtenaydidwedinn Ahei exakliorOfrddK i Mt ersappest is
therefore also spoken.of. 30 Assume %hg theoreti cal case in which suddenly
a pressurE P SEPPT I 5I0REIGF (he2l w4 d88of a plate. This plate is
madé& of conpressible material and originally has a pressure of po. The

pul se ariysing h§rﬁmees like a wave 35 with velocity VS. The pressure pl
ensures cdnpression’ of the material to a density of pl and sinultaneously
ensures a speeding up of the conpressed material to a velocity of s MAY
200s - 25¢ 510 13cH. i HEE SomPPuse By PR,k he nterial st agdaedi zed

cross-section) wth the normal in propagation direction. The position of
t he frontPiiC®he adockr®avredat Bhgi VeRGroRIht SiE frRei ch® ey t RéTEFne AA.

A short tdme 1y abiher 1888, eikeghock fHedsdias, berReADVRG- t 9nBBanwher eas

the material which.was first sityated on. AA now has, _heen noved to CC. The
Ehock st Th o S Ret ol e a0 el Wt i e T g g ko Ims

di sconti rnehiy dhenplegsefatérsrypf tasaegilipibie andlenssgyeds sbi kheval i d.
In figure 3 it can b n:that the three.bal ances are in bal ance: Pc VS =
%Beﬁé¥3§%ce s§%§ F&ﬁaégEﬁi Frf%%ﬁ%%'

P~ (VS - servatron‘o - Po = Po Vs a preservation of
inpulse [4.2] plu =1fpou2 + p Vs (E: - Eo)preservation of energy [4.3] In

whi.gh: Pos v ity of e i a o] ang af . fro G of the
sholgsk vva\?ler.?d?ﬁ(%r?&n??tpc‘j,pjggpr@ﬁ% Pr?%ﬁ]efﬁgtg%%&lﬁé&%%ﬁ%d%ﬁ%ér t he
front of &R SHeSkKWRelabrin )caEr, Pe esthieated biergyl biPthEgmtaei al

before arggh@fies !LQsoﬁm%c\&@\é%ﬂwﬁ)t&%l\/sc;uyﬁ%ﬁ?iEy eheprenagat i on of

t he shock wave. (nis) _a ., vel 00|t¥l,of the materi al, s)" O these eight
par amet erRETFeR 5338 safrelhEnEP Ko Wi haRE EFushe kidt o RIRAESS ve remmin

unknown . The behavi our of a
20 The intention of the method with the exploding wire is to
create a hole with a diameter of 0.5 m in a rock layer of
0.1 m thick with each generated shock. The volume that has
to be crushed each time will then amount to 0.02 m?. The
energy necessary added to the layer of rock for total

25 crushing will be approximately 250 kJ.

It is noted in this calculation:
* Fracture only arises along the grain boundaries, not
right through the grains.

30 * All grain bindings are broken at crushing.

* The grains have the shape of a cube.

Of the three parameters that have to be determined (G,
volume percentage of the crushed part and the grain
35 distribution of the crushed part) the fracture toughness
is the hardest to determine. It 1is different for each kind

of rock and moreover depends on the velocity of defor-



30 material around a shock wave can be determ ned by plotting two of the
five variables (p, p, E, VS, u) against each other. The curve created in
this way is called the Rankine-Hugoniot, or Hugoniot for short. This curve
is specific for a certain material, but by using varlous"55,mAﬁaﬁ9h rs
there are several possibilities to shpw the Hugoniot. Usually t hé& #onnlot
is showmmn with the pressure as function of the density, the volune stretch
or the e @ MYdWle 2o RReH il e The Lasy two are derived from
the density. Assunptlons whi ch have been made in |s derivation of the 5
Hugoni ot are: one-dinensional novement, thernodynanic bal ance before and

i medi at elie aff.ekahhenshes kof Kord Bad daeahe6tiedd e, SkT erghh rofudhe
material. .The latter ec;fl al I(?ll’|1 oes for the shock waves w th pressures

whi ch ar &i5°0 b ) t %I astic “ee fat'eiial PI&ITSvesS| iRE 4% a

li qéi d wiatdzotit hydeaglmcarmg Idugchsryomeas;spaﬁ af mn&cwawemgh@f Styat e"  of
a materi g ( 0z a, mater.ial_ql priessure as
functlontﬁ %%Ea y an a?%gE?méﬁ%?ﬁcﬁBWhl rgﬁS é# é efﬁugonlot
the pr esm@ﬂsﬁml ?n%rg'ﬂnétll erstoatiee @enid yzarTheet erds . E@Svla&mvetﬂugonl ot
are of tep,ysedeqng f&ysé henat hﬁ{ﬁlvﬁ'ﬁcé hig 'éhé’nl\r)él%gf tSF ot dcﬁ{] sSpeci al
circunstances. In sh waves in solid substances and 1
|anuenc@?QﬁOQrﬁﬁ%h%ﬁ%epﬁ¢5%%%ez@flW@E?ﬁapneﬁéﬁgﬁﬁ&§QﬂﬁﬂItQ#ghR£ﬁ$g|ble
nost of the tddmietlheniygiostatic pressure p in a shock wave is only a
function of the density then. This assunption results in the EO5 and the
Hugoni ot bei ng i nterchangeable. Further for the sake of clarity only the
term Equatrieonvﬁo&tayGOESDWbeagbeil:b&ed)f Rt o1 ey per nopatidhdaxaim nad+on it
appear ed thg ECS of f%o ui ds and solid nmaterials can be

appr oxi mat'e byl% 6% of 7 owi %l'dtion: 30 VO = a + b a [4.4] The relation
(4.4] indicates a quadratic relat nin the tension-stretch diagram The
physi cal background of this %ﬁ_rifgfion is G%; yet wel | understeogd; The EOCS
of nost materials can be indicatedowith the'™ % : 6 MAY ;~uu~C - 27
relation [4.4]. Porous materials such as rock and concrete shaw a cl ear
deviation. In figure 4 for concrete the hydrostatic pressure has been
pIottedzﬁﬁﬁ%w?hﬁhél@§FéFﬂ&§ Vitdiigtchangépends on the velocity of

15 deformation. The instantaneous velocity of material u of a
particle is directly related to the instantaneous tension
on that point. This relation can be derived from the

second Law of Newton:

20 F,dt= dm u [3.2]
in which:
F, : the longitudinal force active on a given cross

section (N)

25 dt : the time that the force is active (s)
dm : the mass on which the force is active (kg)
u : the velocity of material of the mass (m/s)
With
F
0’:.__£
A
30 and dm = p A dl;

in which dl is the distance which the pulse has bridged in



5 Above pressures of about 8 to concrete starts to loose its inter matrix
starts to pulverize. Wen the pores of the material wid] bp gﬁ@Lns from
which the material rearrange. Wien the nateri al conpletéi dﬁh@;ﬁﬁgidity of
the again. The rigidity of the grain mnative. 1~ 10 tinmes the UCS t he nal
strength. The cenent the pressure incpgases be conpressed and the has been
built will has been conpresses material will increase material now is deter
The ri gi digy afpd kg materiplyand Abgrgbore the inclination in the
tension-stretch diagramis responsible for the velocity of propagation of a
shock wa¥e= Ms <ah be seen in figure 4 &3shbck wave will deformas a result
of the 20 change in the inclination of the tension-stretch diagram The
shock waye wi.l|. .get an elastic precursor and pl asti art. ly with a
Shook vy SETHE TRITLFF ghE  BnBPERTE MaERre Soncs et BVarosd Brathone
shoék fr enteswiride bef f vaned. 125 drev packs W Ak shewvElesae dehdyfeusr as the -
concrete_jn .fjgur, ig , nd S di agrans hayve been
i ncl uded n{lar%l\ﬁnlgchlq‘t%ee%%éi oh%%%sﬁ'ﬁée%%ﬁpl‘gﬁgd %%gi ns(lgg% hec}g%ré%?fi%yvol une.
The di agrawvyigentaih ife BOS pbrgere Ajuanndrapoedusisamdsianearpaee, calcite
and porOL&%,keB%&@éfl e roSkiced eSBeCH Vehy. ben t Sl Rk the pores
of the rock, the pores cannot be conpressed conpletely: water I s not as
conpr essiE ag afRSeWfAhePd healrreatsd sfraet urke wadwriunfe BB for a
panb i s WikpdMentxam nation will have to show what the ECS of a

wat er-saturated rock will |ook Iike. ~ h~~Y ~a~r - 28 The intensity of
an elastic-plastic tensionrwave i$ ot as high as a shock wave's. The
strength of the nateriallm% as -L& ”rtag?-contribution. The behavi our
of elasticplastic trersion wavves ig“it hereforeddi scussedvoseit he hasks 5 of
the strength of a naterhaEJ_Cften thejs&mengtn_Tf a material in the

tensi on-stretch di agr amg, ?Inﬂi&@téﬁ'ﬁi'ﬁia ORgjaxi s tension curve as in
figure 6. Said curve is obtained by nmeahs of a (static) 10 triaxial test

wi t hout syppgii-pressure. In figure 6 anong others a curve of a

el astic-perfect plastic material is drawn. Represented schematically nany
nmetal s sHow suchPbERalPBULUSTRE (8RS WET e\t LR OAY ciPIhelmatles i al changes
froman el astic {@3a; phast Ecrhghayhour, is indicated by 15 the yield point
or yieldﬁéo. FoHﬁgfck i oes that after reaching1the maxi mum t ensi on

| evel , the UCS, Mo BRAUAOFeCtr 5eRsFaFe™ BRFEF PN the material, as a
resw t ofx whi ch bhilkk stoenpth décrbraseate20 As stated above, the situation
in a tensjon wave can |l be approxinmated by as tion_of a one-axis
defornatﬁ%n sitdg ?gnW¥§§¥8gf8§sr%ﬁ gﬁF%gfggﬁﬁ§%ﬁ¥ﬁ%Ld%$th Habioadjusting
t he support pressureith aistani therpaxiesl. test such, that only stretch in
axi al dirgction capn,ogcyr. 25 The stretch in radial direction of the
cylindrical test part IS kept at zero (see figure 7).

w)

¢ Equation [3.4] is called the Gassmann equation and is from
the acoustic, sound waves in porous media. Small elastic

deformations are assumed here.

When an elastic, longitudinal tension wave approaches a
25 free surface at a right angle, the wave will reflect and
change of sign. A pressure wave will become a traction
wave after reflection. When this wave does not reach a
free surface, but a boundary surface with another elastic
material, then a part of the wave will be reflected and
30 the rest will be guided through the other material. Valid

here is:



I n shock waves nuch |arger tensions and stretch velocities often occur than
can be obtained with a triaxial test. 30 These | arge tensions and stretch
velocities can be generated with a so-called "Plate Inpacgg]zaQ, 5 this
test a mssile is shot at a plate of the material to be t Pl at’e

i npact situations by approximation create a one-axis defornmation situation.
The tension in a shock 35 wave in which a material changes froman el astic
to a plastic situation is called the "Hugoniot Elastic Limt" (HEL) . - 6
MAY 200 - 29 The char act egzlcgtJrq:ltcgnm on-stretch2gurye for one ?
deformati on situation®of m 9% howf 1 fi Wf’oget her h the
correspondi ng ECS. The tensi on ~% &s function of * the sfretch a determ nes
the tension situation 5 in a shock wave. For very high pressures ( a oHEy)
it can bejsegnithat the difference QL -p is relatively small. The tension
situation in the shock wave i s then mainly determ ned by the pres 10 sure

" conpressi®n cui vEPEPTERFEERY OF] EhRi £RCOWAVT HE VG0l (B8 St retch. This is the
ECS whi chohas beehedteﬁuisﬁdo&bﬁhe rAEléetydhmghepraﬁﬁunes the materi al

t her ef ore behave hhygr nam %‘ a_li, UI d Tﬁe gn5| ons in all

directi on¥ are’ eéu%l Fo°the ﬁyd lrlaélsﬁ e%’?ufie 4re) 15 At | ower
pressurespd,lme cuthe deesity ddvithiceswir owntelme aESS. (Kihen®el astic linmt and
therefore,t st Leng f t

i nfluence bE?the %hgg}gﬁrkgeCﬁﬁéﬁkf%ﬂdéaéﬁgéyf%f%?%?gsgg%égg %egggplastlc
material, the yi 6We porarisdsyi@/¢lis i ndependent fromthe pressure: y -
yo. The criterion describing this behaviour is the Von Mses criterion.
Above the elastic limt or the material (the 25 "Hugonlot Elastic Limt" or
HEL) yi el HF n§36cchif s SHe %?Erldﬁpeﬁlddé‘tg M | §PBefOIHER ST Bl aRfs

defior mat i pocRi titid w14 0 abr&tasbhc-per hegiraAsid cwaRberd@alsan t Act he Von
M ses criterion, .goes: * In the elastic area the nodulus of the material is
30 Iargerr?%;ﬁc A°Phe plastic area. * In the plastic area the nodulus is
therefore equal to the rmdul us of the ECS. * In the plastic area the

devi ationg gé the | araest Len égon Al tgthey eﬁ%r&lfnﬁgnstggfl 8R.The
velocity O propagat|on 0 a ?e n pul'se depends on t us, So on
the inclinalfbaoof the tension-stretch s MaY 2002

15
W, = Wy + Wy (3.6]
With W;, W; and W, the energy of the incoming wave, the
reflected wave and the transit wave, respectively. The
energy of a square-shaped wave with a plane wave front is:
2
W= =cht-L (N/m) [3.7]
2 E
20 For a triangular pulse, it is further valid:
W= ~cAt-S (N/m) (3.8]
6 E
in which is:
At : the duration of the pulse (s)
o : the tension peak of the pulse (N/m?)
25

with [3.5], [3.6] and ([(3.7] or [3.8] combined the energy
transfer by an electric pulse from the one medium to the

other can now be calculated.



- 30 curve. The result of this is that the elastic part of a shock wave
propagates faster than the plastic part. A socalled "elastic precursor”
with an intensity equal t0 QHEL occurs. S In figure 8 a can be
seen. Relief in the first place occurs elastically. Not &Nﬁwm t hat
does the plastic relief follow A resybt of this is that at the tail of the
pul se, where the relief occurs, a quicCkly 1C~ propagating elastic relief
wave overfakes PanLt gl asld C WA r C figure
9. The strengt hg%f rolég{/ %(l)lut stfppo\;i?eag%%skggu%% érk_"{,éﬁ %l%% %(&8
figure 6)e VEepPPsLpPoLeP ﬁfr%s{@%kr bBk O@sﬂﬁlrattsz)r@r‘ishrmlte Ct@ml%iifﬁlyrhe

suppor t wlec%ueeleert%@ﬁlé@abfm@tagué RRkelsdl | adntdde i@ladBICBaRI gher
tensions. In fi é 18# js, can clearly be seen. The support pressure is
t

shown wi fH3ach FERREY cOfvE %?ﬁ’é“%%b%?%ltﬁ&tas&é@ur%aY% t he
onesaxi s wdefor aat | phashésata onataraksekcaidxﬁmaﬂfl Riuk & asePPOHbre Ther

strength of in thi |nf'nit or Sa|SOI di cated by CCS
( Conf i ne(fe&%cfsésstl}\?e ‘éﬁ?gﬁa%ﬁfa Vacﬁﬁ)%E 2% S Ei’ﬁafﬁﬁoﬁﬁiau‘%@v%f t he
| ar ge st nettdh aelmmmregumchemxsa@m m:noxhhseshcmie V\maeariahe citaeamgth wil |
further i s Vi 0] 0 t he
val ues fogrllcIr %ﬁ%é%s%gs%%'%?]l]ééw%rgﬂ%l?ts%?t P l%ocﬁlygfh as
granite. Because HEL has a great influence on the behaV| our of an

el ast i c- plaste=tens PO S e— S rpora #@hﬁm@p@#ﬁ@@#@j‘ i's
perimental tests w |hkatate to ensure thisock = 6 MAY 2002 4 31 5

knaoon.
10 15 20 }j25-30-35-Fhe Von-M-ses criterionfor an-elastic-perfect plys~ic

material |t gkesgamepnst ant yi ehdopoi nt as startingapebnt, |ndependent from
the prevgiling pressure Thié contrary to the hr-Coul onh criteriafy, which
can be uged fﬁysyock and con¢nefoe. In this critegrbopgthe yield point
increaseg_ with jncreasing pressure. The sharp bend in the elastic [jjmt in
t he ten3|o? % gich dlagran105.figure 7 will make,way for a gradual

decr ease e inclination (nodulus).

15 Table 1: the chosen material characteristics for the

calculation according to the elastic wave theories.

As described above, for the energy necessary for total
crushing, the order of 13 MJ/m?® followed. For a rock layer
20 of 0.1 m thick W, = 1.3 MJ/m? is valid for the energy of

the transit wave right after the boundary surface water-

rock. For the incoming wave would then be valid: W; = 2.1

MJ/m?2 with

o = 1 GPa and At = 6.5us with ([3.7] follows: W, = 2.1
25 MJ/m?

With equation [3.4] and table 1 then follows:
g, = 0.64 GPa and o, = 1.64 GPa

30 And with [3.7]:
Wy = 0.8 MJ/m? and Wy = 1.3 MJ/m?
As will be described later, this situation will be
gsimulated with the programm AUTODYN.

35 It follows that about 40% of the energy is reflected and



Later the differences between strength criteria and their influence on the
behavi our of shock waves will be gone into. In rock fracture is forned as a
result of increase of the mcro cracks which are already rﬁf&t hn t he
rock. At the crack tips of these mcro cracks tension c6hbe tz ari se.
Tension concentrations may also arise,glong grains as a result of a
difference in rigidity between grain and matrix material. In that way even
in a tens) it uati [ i.ch JBEL 0, 5¢ 2 i ot '

posi ti vesltégﬁhe%s%r?i‘, egreagll?\gyrrr;y é%t [ ncraerzsgi%%@%cc%glsggaﬁgﬁa%?tﬁégr ock
fails. FROWERTYtFerhacer Wareli-keckodik ia waht bendiefi emly t&% ndf cate
what the dadehasgy wbesd 08 Hal bar &nr dhs St g@nyoA00RY: 81N s be made cl ear
with the tension-stretch diagramw th a one-axis tension situation (figure
3). The tension reaches a maxi rum the UCS, but the rock can still absorb

. stretch afiereghatibréoneecd Haz faid edaToAPLet eby. elketSammgoesidodr the
one-axi s deformfion.gituation,in_a _shock wave, \é\hen the el asti Claéi m t
(HEL) has beeh reached. tRe rock SEEPE Po'pl asti élé:’lelyed%afcotr andC T acks
will starplastigodefdtmahéonananindtrabkersi tuat wentwd,| tarissesum nomhych t he
cracks k n W il : r f ace .qr rack,
depends gﬁQt %_e F%;r\c}elggngﬂ%heeé uﬁgattiregﬁggf %th%e%l%c?}gr %gl d%ei frﬁ‘.?cé@%é%f%l ned on
the basi sc@Rsior: tbpagbh oft aLEBnapaf ererandoaf tée fdiddly evave 6 Ty 2002 -
32 10how fadhsH &n beRAVEAWr 1@0InA H QoK WK KSulse TRENT BRSILRR 181t L@é'@(?gl n a
point in a mat ertal can very well be shown in the tension Space ﬁhlgure
11) . Her %3R5 three ndfn FEaRINs A Yot (LRI t1Hee ax®ePPThedt ensi on
si tuati ores@ngwhere in the material can now be indicated by a point ( ~1,
0~2 ~ a3) in the tension space . In the tension space the yield point can
be drawn. In figure 11 this has been done for the Von Mses criterion (A)
and 10 t Hehébheh@uibomb «f i selidn s@BetaAcesi nindant hent emsisgrses pagcesean

behui I tu y i rt. . a i i Ot ticpart
ha i n 1ehe] Sad. Sraoeal, MY AR RS ALated REERSor (Y CagTie

t her ef or e0fl the Gntepsisyapfdtirhetensacor vepast woichhecrunsi on

w | | t henbeconet hedeviation fromthis :~ydrostatic axis.In figure

11t hehydrostaticl ength ~ and perpendi c~~:larto itthedeviatoriclength p of a
random poi ntorl-t heg?'%FEll60i"ﬁ"t"£0g hashbeenlshdwhe lypvEDRt b3Sl Fehdy
mentioned thatlideryiteld patbribhas weddvead ¥ahyeiandhd haksicr iR in

I\/bgo- Coul onb cr;’gt erion_the yield g i nt gepends gndt he prevailing
hydrostatic pre @BF%rZ%'pTPé Lay, 3L (BR°%%azS+V83¥?%) . In Figure 11 this
cars sinply be2seenEldheitepdmenisi tuatdiam i saaésaydrsi & udicedd oaborew t hin
the yield poin h it f.er e het t ' 1 ons IS large
enough the vyi e%ge\é\g?%t&ﬁ? gelfénéﬁegal%v\ﬁ%%e}?ﬁgm g%glgg{]é%ﬂéﬁg%%ln%i oﬁglrﬁ%r eases
further materi@efarmptypabdoaderre attie ehetl eEhanmateardsilorsaiher edbe and as
a result so wikhakhechydrQst ald cept esstERgr80okhahd headepsipngpath _wil |
run along the yield point. 35 Rock has a Strength behavi our which can be
approxi mat ed WRERSEhd Wbif - EBEEBNEAGS t161S oPerdVHore ff(Bhe ReeRipmy -
33 fail in theafell o neddire ways: in lthhai | aFr€aascansestdt oHf shearing.
As soon as atension,situation arises which is on the yiel oi nt, 5the rock
W11 pl st cal PRaBAGr METhn S OH tape  BEEBH bunPat ty Hhe B OREASER Cri cr o
cracks. [|f thi3smivatndnawplllasgial @agtl.ong enough with sufficientplastic
deformation the roc ik fal I hi_s stur ..Of terial

wi || decrease g(’)wn 8W§ Gr‘g%l’ tal rhs%reang%\%%?g?hemrra e%%%crs}? Ts
rest@ual st r engshmganoddereasef henagnivtudst hdigditar cdmgar abihet oeflhstder engt h
of sand. The aneas:in the Makekhalkwhi ghnhgue fﬁg!ﬁgd‘%lahi%t aipew yeld
poi nt cahich iscloser to the hydrostatic axis.152. Failure on traction. In
figure 11(B) itl€¥A%esBEn $HERNIHe Aht EPPaMafgsiall AT dQE rBAGYH 2
when. t he hydr oghati Gy €368§8xI. S TheW.waRel oftshicest aiannagsdit veapeessiH e the
material wll E)ygen have régstreng‘ih anynpr e, \We the,tengi l e strength

i s2Gr eached t h&F FFFASDRTrack IFPFE RIS - I TPiRchSaFBEafRSs e
matesial Wl héeunaddleito, abdoribnegadpagat Bisi ohsthShearkend sandyyeassur e
tensions canstill be ﬁBsor bee .03.itFai lure on LprqessuL .. Wen. the pressure

t ensi on25wi | | bé‘come Sh eno g%, %heoﬁock M1 al §6%¢ aiYE]ocﬁ?h% hyc?r static
axi s. The structwpregst idre obdn wldarigiwaereand rock will pul verize. There
is no univocalcriterion at hand fromthe literature which is ap-plicable to
this pul verization. Non-porous rock will3Giot fail until at very high
pressures. The calciteand/or quartz will first go through (several)

cryst al phase changes. Above-nentioned tension situations may occur both at
the 35 cutting of rock and in shock waves. At cutting the rock



wi |l pulverize around the tooth tip. Just outside the pulverized zone the

rock.will fail as a result of - 6 MAY 2t~~2 3c _ shearing. At a certain
nonent the tensile strength will be exceeded and fronLIBe slldlng t ensi on
crack a traction crack will run to the surface. A faukt

bivbeX %] %y break .

out as aresult. 5 Also in epr05|on52ﬁar|ous failure areas can be found: *

Pul veri zation around the source of thé 1l oad. Near the explosion the tension

pressuresz\@{eersehggguﬁéﬁa&hé&?a&s%ﬂ&m Nuhlgsdeald uctLge, al ot De, it er

crystalline 10 and-inter granufar structure rac Bs“8roand the
pulverlza§¢@%l§®nﬁav¢ﬁel@h@b@“%évewvllIb@xﬁaﬁ@Uﬁ@@dakhy ¢h©nbaﬁes of

pul veri zaep,@n?gaegaﬂpl XioAl SlnQomp! osBLengEAK GaNANAL S| 851 haBchensi ons

in the tangenfial direction. alling As al ready nentioned above a
tracti on SeReSHeR R s@na§e§%%9§nWaYﬁsr%$l@éFﬁéﬁroﬁ%§qn%%s%?euﬁa9§ Thi s
hapgens ata1efdtect i opréplambr eqpeeiace ioh a doundasyiveth. a maherbal Wi th

a snal |l er edance st af reflectjon, when the_tensile 20
strength W%qg gﬁﬁﬁ(g (%?%ﬁéﬁ %SgﬁvﬁPPF atFs@ FRFEXpRenGHETbN3Fs

cal | ed spabdtk ngr Tdenabeve. hdhimadéeviaciear Hdlatvidur swidl serpbesto

det erm ne.Howa phogkaayG,LL! cREORAAALE L B¥ORAAack. 25 The problem
will becone even nore difficult

wave i's situated in a
spaci al geometry. Because of the conplexity |t was decided to cal culate the

profj em whiAsancki pilhe e &MBALSKPLRGAM wSIChpe datRENAt | Ry Whlek be
advant ageous when ad usting_paranmeters in practical uses. 30 After a short

descrlpt|%%a%ft?%eeb?%b%ﬁnPkﬂ?éB?Nt?nslanowéﬁﬁﬁens|onal simulation with a
linear elastic nmaterial is started with. Step by step the problemis nade

nore conplex into i |onal sinmulation,in ich the 35 material has
a strengthafid qﬁlﬁ?ﬁengﬁg @%t?ﬁ%eeﬂam°FS%ﬁP§%h #he“Erf uence

of sone pasapettesiss Don t bét&hﬂ&bnpr@@@gﬁél orrhandsith@asmﬂl dtreda beakikng

behﬁyiourwave canf%%wéggf~be very weilb%p%¥%mlm5%ed by assumption
of a situation with one-axis deformation together with
three-dimensional tension (this as opposed to the one-axis
tension situation, with 1D tension and 3D deformation).
This assumption of a one-axis deformation situation gives

20 the advantage of a one-dimensional analysis.

The result of this assumption is that the material par-
ticles can only move in the direction of the shock wave. A
material particle is supported by the material particles

25 which surround it i1in the plane perpendicular to the
propagation direction of the shock wave. All particles in
this plane are in the same situation and can therefore
also move in one direction. A situation of infinite sup-
port is therefore also spoken of.

30
Assume the theoretical case in which suddenly a pressure p,
is applied to one of the two sides of a plate. This plate
is made of compressible material and originally has a
pressure of p,. The pulse arising here moves like a wave
35 with wvelocity V,. The pressure p, ensures compression of

the material to a density of p, and simultaneously ensures

a speeding up of the compressed material to a velocity of



AUTODYN T~' is a program (so-called "hydrocode") of Century Dynam cs Inc,
whi ch- has especially been designed for non 5 linear gypam a,p. ﬁﬁéens. The
programis especially used for problens which strongPygdgL&Kdﬁ time which
are geonetrically non-linear (large stretches) and in which the nmateri al
behaves non-linear tplasticity and taEIuge). These are particularly inpact
and penetration problens 1~ (ballisticé), the sinmulation of explosions and
t he exam pati o} ves i SSeS, il 4 qui d spll iaks. Both
time and Cpacatare. di vigst by  ABFINN T Y | he rE S ot gL, T
time and QUrSsFEREEionb ¢ethstheararsaépinnprpragahéopr 8§ramtéahicul ates the
set of cells. The outcone of such a calculation cycle is the starting point
of a next _cycle. 20 For solving a probl.em AUTODYN can nake use of different
nuner i calTht oe@84bA81 ke ABSt F4RIYrt 8ht Hie BReCKadfedifge®and tHeVER er

pr O\Cfﬁfssgrn%ﬁné/ﬂﬁ hi ¢ henblagaaegde by Qﬂ'ﬁSSDiné hﬁmanersih@lrti T itevidledainép cel sd
in ich t vertices remain attached to the material, no.,material,is nove
s througthhatetl"re g;é‘?l %b‘{fﬁﬁaﬁ8§_g AUREELhEYE st%e*agrmmetrl‘?%%e Daterial f
t hi s nodelatiesrisl talitl ehf wassblird tmetieniazlest dm Arhendwllexs precmssored he
vertices e S t ed; £ o .t e he erj ows

t hr ough trﬁgesrg%oog}g%l S. %}?Sh%&%ceggsortk{é?%g%% c%ﬂg}ﬂ y as%?ttaab{igé?%}rl gasses,
| i qui ds arichwiery- | RegPidef of S oRssePnsbhidt gubstanpesservagaon | af ge
defigr mat i oNns: LagnangseWddq bepargyi naccyrai e and jParf, ok} ghbe probtemwl|
have to be checked with Eul er. For conplex problens AUTODY% can coupl e both
35 procesEH e R hidabr bheehlite PadraRGE BrécdSsbRIRBSSBeen chosen,

|v~r~ ~ ~uu~ - 36 so that the deformation of the rock can be foll owed.
wel |l . During the G\%Frrulations it aggeared fr.omtge def ormations that there
was no redsdn Tofrufr a ¢Heck with PRESBAVBF BPoCEsTEPS S The folfow ng

actions have tg bepfakem i n setti ngrapeavaewosi il atpadse* naki hg.gfid
AUTCQDYN can in, L, mpl er_divij e ich has

cal’cul at e i"nt’%"?i matg glligﬁn’ent (s%!,"ygggggggfal%éékcg?fl é%e%n ODYN onﬁg'ggunt s in
qguadrangul ar cells . Each cell has four nodal points and the four sides of
the cell nei, Sty (al so after deformation!) of straight Iines. The set of
cells is also 15 called the grid. * filling the grid with naterial The
cells can now be filled with a material. For each material data have to be

gi ven about 4 he EOSsithe ot riengthacetigli gBrand the faiddir eci@debonthese 20
material nodels_are el HCI at ed herﬁafter. * initial conditions
20 of the shock wave. (kg/m?3)
P,/P; : pressure in the material before and after the front
of the shock wave. (N/m2)
E,,E, : internal energy of the material before and after
the shock wave (m?/s?)
25 Vs : velocity of propagation of the shock wave. (m/s)

u : velocity of the material (m/s)

Of these eight parameters it is assumed that p,, p, and E,
are known so that five remain unknown. The behaviour of a
30 material around a shock wave can be determined by plotting
two of the five variables (p, p, E, V,, u) against each
other. The curve created in this way is called the
Rankine-Hugoniot, or Hugoniot for short. This curve is
specific for a certain material, but by using various
35 parameters there are several possibilities to show the
Hugoniot. Usually the Hugoniot is shown with the pressure

as function of the density, the volume stretch or the



It should be indicated what the point of departure is ont - 0: indication
of initial velocity, tension or energy of a materi al zk Agdlcating
boundary conditions Boundary conditions can be |nposed- hﬂ ¢bdes of the
cells, in which the boundary condition is constant between two indicated
nodal points. Exanples of boundary conditions are: a certain course of the
30 tension in the tine, velocity in"x¢”and y-direction or transmtting

t ensi ons _out f t he targgts I n the rid targets can be

n

d
pl aced. TRESE Pé?gé?igwggl P@r Icakéﬁbé§rﬁ Ehe VERne " ehBR ed 35

vari abl esikiy.this way after the sinulation ends the history of the various
points in the system can be shown. - 6 MAY 2002 - 37 * symmetry . Wth
AUTODYN a situation can be calculated in which the cells are infinite |ong
i n the dhsstripdores pardiic utave theenema@esinf 4bés Aegévendoposdi Bildty is a

S retati Qﬂ?%)ﬁ RRLri g8l tU@r!eQralnie%éMBrFJl t hﬁo%rﬂéhé ' 5 tthfé"r Bﬁnc?‘?r(lc

symetry his way annul ar, cells are created: Is a

revol uti GALARGE LHLEER afGle HEradiFtRy opt F@VoF@ﬁtﬁhOQQ fﬁ@nIDQﬂﬁnls
bui | t upnaglb@dmmﬁ (§@£ f$@@éﬁgdﬁ) ofnecthew ehteekhs, 2Thecmicfttwat er, 10

cm of rock an 0 order.to create 1D situatio

vel oci t ySPEFG lﬁ%yﬁﬁr%é% f??s ?ﬁpﬁggak Havhe Ubﬁgzpﬁﬁﬁsﬁﬁﬂﬁ éh%ébof al |
cells. Iar@MﬁanMﬁbawmnEhaxekadeiorManon sheuaticreriad beheeadd Zeikavhi ch
reﬂblstlgahh ictual situation in a plane-shaped wave

front. Heré erla par |c es n directions perpendicular to the
propagation direction of the wave are supported by surrounding materi al

particl esehi gloBEaJin iR SARE Shi uald Ofnddae 120 nakerégét@ar%f' s can

only nove In th rection t he propagatlon |rect|on the wave. In the
first sufmatiesisdek T%er’égaﬁaéenana Statear (BEPQStPE mafmetesiall wisreer to

conpar e tklies [Sidpib@ison W ﬂdhéﬂlﬁar?%ﬁn%'mét Il s SUM 2hg chapt e dethe same

mat eri al charact er}jstl CS afe cnosen:

W o1 r oc ROV ECKNERERR! | HoalPnddifoR £ph) g1 07apsure is only a
(kg/ m ) 1&@6&@2{)0@& regregt Benaet {hy dme) et @shs croge {hy dHEOyEnGGRPa)ard . 6- -
Tabl e Q%;erlal 8haract%r|st|cs OL t he IlqgaE elastlc 6 MAY 2~aZ

eh used one he' other, bu his is only correct
under special circumstances. In shock waves in solid
substances and liguids the influences of the change of the

20 internal energy is small or negligible most of the time.

The hydrostatic pressure p in a shock wave 1is only a
function of the density then. This assumption results in
the EOS and the Hugoniot being interchangeable. Further
for the sake of clarity only the term Eguation Of State
25 will be used.

From experimental examination it appeared that the EOS of
most liquids and solid materials can be approximated by
the following relation:

30
Vs, = a + bu [4.4]
The relation ({4.4) indicates a quadratic relation in the
tension-stretch diagram. The physical background of this
35 relation is not vet well understood.

The EOS of most materials can be indicated with the



- 38 simulation. On the left hand side of the first cell (water) a
squar-eshaped tension pulse is put: 100 MPa during 10 ~,s. The 5 water has
no strength and therefore has a yiel ding behaviour. T ylts in all
tensi ons being equal to the hydrostatic pressure: %MAS{S Ugd10 0 MPa 10
This pul se has a velocity of ¢ = .~~ ~ 1500nm's On the boundary surface
Water-rock a part of the pul se is refPécted and a part enters the rock

| ayer. h the i nce(% pg of both_materials the transm ssion and the
reflecti Sﬁ ~G&ef i ¢ 4eh‘qt s CEIT DS dBRERRTALE EYEE EGudTTh A [BIYetHere i s
val i d: Rshdd. 64 antedr- de‘ﬁﬁatf:DdSnthEIIaer‘]:xlguﬂee af Ebe t@dShSd:ﬁét@ult'Slea The

anpl i tude _of the e Lension |rect|onv¥t\}{ es onds to
the propdd&FicStadi |l$eg%$%snga 2° el’as | 35%1 AP St E'oe%% %0 Qr =

T X Q u woleameMRharige ot her tvvo mai n tensions z and B can be derl ved by
apptiyi ng the Law of Hooke for the space tension situation: ~aX - voY - vaZ~
L6. 1] 3, ~~V X+ Q- VU EZ=~~VU - V6~ + QZ 25 The inverse
form of P&®OVE r PA§SSUTeE MRE zebput 3¢ Ho. 10~ fimeg) ghe VECS ghe |

[6.2] k biVretl 20arts Ved Boose 1¥8 tn&%r%blastﬂéidEHHOTﬂé-é@&enta - E
we + ve + (1-v) E ? 1+Vt)@(l 2v) These equations are also valid for the
three maiRFdrsi BhETEF p&évelf&rzteher%ﬁﬁ tH® oRESERPESdekRF A TN

situatiomHeaspbees assuneBef aatddit 5alDwaiIlatdeONcoR¥reseed= Qndl Nclidi s way

fohboms:grains from which the material has been Dbuilt will
rearrange. When the material has been compressed
completely the rigidity of the material will increase

again. The rigidity of the grain material now is deter-
minative.

Jo
in

The rigidity of the material and therefore the inclination
in the ctension-stretch diagram is responsible for the
velocity of propagation of a shock wave. As can be seen in
figure 4 a shock wave will deform as a result of the
20 change in the inclination of the tension-stretch diagram.
The shock wave will get an elastic precursor and a plastic
part. Only with a shock wave with a very high tension (in

this concrete over 30 GPa) one shock front will be formed.

1]
921

Dry rock will show the same behaviour as the concrete in
figure 4. In figures S5A, 5B, 5C and 5D some diagrams have
been included in which the tension has been plotted
against the specific volume. The diagrams contain the EOS
of pure quartz, porous sandstone, pure calcite and porous

30 calcite rock, respectively.

When there is water in the pores of the rock, the pores
cannot be compressed completely: water is not as compres-

sible as air. Whether the internal structure will crumble

(e8]
un

for a part is unknown. Examination will have to show what

the EOS of a water-saturated rock will look like.



Q@ _ a3 _ v 1 al of 1-v 3 5wth v - 1/4 (general assunption for rock)
Therefore for the tension in the two main dlrectlonsfollows Z=@Q@ =1/3

al ~ 53 MPa. , 10 By definition the hydrostatic pres ur@ {% ﬁ Zhe aver age
of the three main tensions: p = 1/3 (Ql+ Qz+ 03) L6, év\n‘«QQZ @ =

1/3 al this will beconme p= 3 3al= 9al 590Nl Pa The same suns can be nade for
the transition rock-gravel. The outcore of these are: 20 For the reflected

Wwave !n t ﬁnrQEKePsa&y o@%l%wc;% tgri;si\éa F ’ tbg Bgangrgtted

wave | n e grave ove- ITEI’I'[I one va ues of "tensi ons
ca:. be rba@hl RS & FAYCROORVE 40 The gaksengthHefe thire nabetdas mow

pl otted aﬁébn%ln tbﬁpbkﬁﬁntorcdf&rﬂl%iﬁtltd%{ getBe bengdn he seencthat jihe
el astic wave deforns while it goes t hrough the water, the rock and t he

gravel . |R18ShdFe TSI YRNRS with CASEEEETEnEAHERSDIR PRBp&G&LISon,
there is po datosmaiength Afr ectargwian .pul se with infinite steep
inclinations, in theory keeps its shape. The deformations which can be
seen, the rounding-off of the rectan 10 gul ar pul se and the changes of the
i nclinatiofsenareha sesengtdf aolimer icetierimlccunadites. t#heidegseeetfch

def or mat'BQa%?anb%é F}Sx&EQaE’X Al g gnllgersg %Eﬁn(l%gﬁ &8l Sds IJPF

inclination t he € can e used as neasure accuracy
anpl i t ude§igemai ré coﬁ@t‘tdntCUFB’q ndee@bagainedg s whanpulode $erﬁ§tﬁ§hcﬁ one

parigé cul ap ggdiium t'@‘sec ol €RFE: okubpese pueeERELCRl. e_drﬁsﬁic_?uzsémt 'a%\ﬁ'gng t he
deformati ons of the pulss aside, correspond to the outcome 20 of_th

anal yti caPtBe&S |® hEVE 13t & RASTE b RREEITheBlaBovE (TRE$BER] béh"’aved

el astic. ablasmbehaépw:o,enla@wevgéhemét@a!amyalmﬂw N BNl HNEHRR) OWidhe
elastlclkght of the naterial. 25.1im

pl ast i cal PFREEFEHN and St % ’%ﬁ’ei’l Jrrh Behek E\B?dg‘at%&ﬁlhﬁga&g@&tal n
strength. fAbliECD}ﬁ\I Radssvar aus aodﬁla&;tantal babdeidor si msl aized:td:mtsdir &gt h of

a eria St t he Vi ri yas e After

I\/bg?% ul % Jﬁl%egal gguslglge? e?di Th¥ Orrg er Faigﬁc%é—'r 1eri SFI (oS &%etrhese
si mul at i omsaahé nghdden rsucimuthatensheoval¢ors, nelterVaE, nodeks apdn mygrenel |
compar ed £9.eash grhero.RLtl enences heluean e,y anl qusJml eskal,dmdel s

shoul d be apparent nore clearly. Not until
the strength decreases.

20 As stated above, the situation in a tension wave can very
well be approximated by assumption of a one-axis defor-
mation situation. Said tension situation can be obtained
by adjusting the support pressure 1in a static triaxial
test such, that only stretch in axial direction can occur.

25 The stretch in radial direction of the c¢ylindrical test

part is kept at zero (see figure 7).

In shock waves much larger tensions and stretch velocities
often occur than can be obtained with a triaxial test.

30 These large tensions and stretch velocities can be
generated with a so-called "Plate Impact Test". In this
test a missile is shot at a plate of the material to be
tested. Plate impact situations by approximation create a
one-axis deformation situation. The tension 1in a shock

35 wave 1in which a material changes from an elastic to a
plastic situation is called the "Hugoniot Elastic Limit"
(HEL) .



35 later in this chapter, when the choice for the material nodel s has been

made,- Wi || all material characteristics be determned carefully as well.
Finally, in the two-dinen = 6 MAY 2p2 - 41 sional ;W t he
material characteristics will in value differ less th: f t he val ues

used in these one-dinensional sums. The |oad remains a square-shaped pul se
of 10~CS; the anplitude is 1 GPa, wel[“"over the 5 elastic limt. The

character4stic Q L-and g he t e ic sum
For rock n%%v %gfg éﬁ%%?ﬁegrglo%e?gém %@?}SQFE}QI rﬁ?ﬂ;%‘% ?engﬁﬁ\/(% sesG
(GPa) 7. 6y@e€WPa?2®9!E5 sidtEel ! Shosenmahiter i B3 @h@f‘”@ct@l’il stiimsreof 7t he rock

wi th Von %?éﬁhé%r%‘i}ém Glet e&beﬂesi&éhalﬁeeé@ Mrees sLhgRghh & Iaerl on
plastic yield 20 be? V our erlals can be described in a sinple man
al

ner The BARGErBEeP; orT’§F§|$tc &siHISTHE ehddld ngERdent uS1EHaE1RRs to be
entered, is &hehoak-axivs.yield point or yield yo. The influence of this
criterion can be seen in the tension-stretch diagramof figure 4, 6 and 25
14A, 14B, 14C. A clear bend can be seen in the elastic limt. In the

pl asti c aFea aekowdridiuldkreamsiutas (¢ wabjg) ahd ther éfeors=eat sohat | oher
propagat'&?f%%k@ﬁ Ly ;of %hfs ph?‘fétf%é’%&ts&ilf Sf‘é?%kté“%f?he NLehsn

velocity o asti‘c art o wave resu ormation of 30
an "el astie phecghank  waAveaade When anaemby odcequalined the whaspiestinit

pregedes &Hﬁeplc%%bk%s‘é%\s% chiid oy e 314 av A hi Cvﬂtfrﬁ)rm‘}ﬁ\\flg‘éhe vbli@mkensi on
QL (= X) has beer pl ott ed against the conp ressmn%Os une stretch) 6
N~ 2~~2Strgschit Thi pks sEBR EPR WRITh t RaSi RerRatEESHesed paPRVeyo = 200

lc\j/Pa ag el astigetymiiddel pre?émnl\@ frold owstewhheh baskdesren yehakee
epends on

. . 5 At flirst l.i ef, tak | ace el asti.call ly after
that . dogg‘\éfz?gyﬁﬁ%f:iclrleﬁ et Ti& &\ﬁi MSE‘F’PSb@n?hl? %ﬁ hgtzr ®&f the
tail of théopsl ses whend rel tédk hylkessphade, paesapivel ywepteqpagati ng el astic
reli' f wave, depending on the length of the way, overtakes a part of the
pl astic wave 10 front . In figure 14 the results are included of the
el asti cpl &st i towem efrassairden MheescwOnid erilenrly: ~deheapéot ,£xdrer e hehe

course of ghe l@{HesiagBis 18RTEONa TRl rdAS PECASRAWME NGt of the

material in this area has an important influence on the
behaviour of the material.

20
In a elastic-perfect plastic material, the yield point or
yield 1is independent from the pressure: y = vVy,. The
criterion describing this behaviour is the Von Mises
criterion. Above the elastic limit of the material (the

25 "Hugoniot Elastic Limit" or HEL) vyielding occurs, the
material plastically deforms. In a one-axis deformation
situation, for an elastic-perfect plastic material with
the Von Mises criterion, goes:
* In the elastic area the modulus of the material is

30 larger than in the plastic area.
* In the plastic area the modulus is therefore egual to
the modulus of the EOS.
* In the plastic area the deviation of the largest main
tension ¢, to the EOS is constant.

35
The velocity of propagation of a tension pulse depends on

the modulus, so on the inclination of the tension-stretch



15 in the tinme for various targets, the follow ng strikes: * The tension
course of target 3 (the first target in the rock) as far as shape and
intensity is concerned |ooks like an elastic wave (about 1.6 times the

pul se in the water). 20 * As the pul se goes further thrm@hMA]\é 2600k i
deforms. * The front of the wave splitsyinto an elastic and a plastic part.
The el astic part has a higher propagation velocity. 25 * The puI se is

tapped of bu-LBe GhAsticel el gk WauS; OYET LAkeS @bakh af G plastic ave
front . Thetoplngof I's conplete after approximately (betvveen
target 5 &RACH) WaNeTﬁer%%tetﬁ faeteul §Baﬂec§ét?e§ﬂdﬁ%lfe¥0 BOTrER tl\h@Cpt ot in

whi ch forchangat "2iRst@% abarrdsve heen Rrotiadagai pstqtile tigey, it can .
be seen that the elastic part, which starts at approxi rrately 25. s, corrpl i es

with the 8FS5tFc calculation rules that have al readv been 35 nenti oned
befose: Q - 1/3 X and p - 1/3 (o~ + Q + Q) . Furthernore it can be seen .

that for ti r e t the,tensjaons are. al nost ual. tQ each
ot her. Yi éfldl dte CBI\/bafa f(}%%zéy(w% CgFegﬁ y% orbur]g.fle THE ﬁét%e%lﬁsqz
characterpiaca|@mqgmsghégenlaglly Not until after that does the

fol | ows Kk [ rlijneac)| ar Xe ( ) 2.
(gl 18) 1000350200005 T engt-haaric | hadr bR - GOt oAb Caul SipERe
(GPa) - - 7. 68ily ¢h p=hy NPP&SE@walilerfp t@ﬂaarEiee(fNPecguxsy im quickly
~p=100MPap100300N ngh FFA&F: 3162000 Tadke Golridl acharact gei st in
t he si nul atlon with the Mohr - Coul onb strength criterion.

plastic wave front. This can be seen in figure 9

The strength of rock without support pressure is shown by
UCS (see figure 6). With support pressure rock can absorb
15 more tension. The support pressure ensures that rock will
not fail until at much higher tensions. In figure 10 this

can clearly be seen. The support pressure is shown with

each tension-stretch curve.

20 The support that occurs in the one-axis deformation
situation is also called infinite support. The strength of
rock in this infinite support is also indicated by CCS

(Confined Compressive Strength). Valid is:
25 CCS = 10*UCS

Because of the large stretch velocities which occur in the

shock waves, the strength will further increase. Valid is:

30 HEL =~ 1.5 - 2 * CCS = 15 - 20 * UCS

The values for CCS and HEL are based on experiments with
hard rock such as granite. Because HEL has a great

influence on the behaviour of an elastic-plastic tension

(V8]
93]

wave, 1t is important that this parameter is known. Ex-

perimental tests will have to ensure this.



In the Mohr-Coul onb nodel four points fromthe relation y-p have to
entered. It can clearly be seen that with |l ower pressures the yield point y
is quite lower than with higher pressures. This is contrary to the Von
M.ses 25 criterion, in which the yield point is cons t ss of the
pressure. This difference can cl earI_yBIBe_seen in the‘L?@nM'%ﬁ?mZtch
diagram (figure 4, 15A, 15B and 15C) 7" The sharp bend in the Von M ses
criterio k - -rggiﬁ decreage o e, Lnclij LO ul us) .
Furt her WEHEBS%PWE%Q%;CS%% acla t%%g e gst%lcééﬁ_é ?eﬁé%gg&ér &eirg%l)%aén in the
Von M sesnadydniegrl ohak&hear enfiatangf vheddcarigiteansy shersdey ipritte plot in
whi ch t NS JRAN RkH 0T £ 4G G e SpALeails ds€lide S il 12 dltded @gal nst
the tine: ri e el astflc prec%rS%oy %Enlgg ggeﬁ |9n Von l(\lﬂses. * e decrease
in intendihsy MR GRH AL iTr1eGen 1 hehich vBn kesesed &gy ¢feadl 1374 han
resglt ofeflasdies. The Mols MBESe£1bh €EhONYEERYES pd ikrRal i i Lo ARPrPXiHMAL i ON
of the behavi our, of nost netal % Th beha]\éi oar 0f rock, .concrete and soil

i s usual INPGIRACHEPIRFRUES f all PSr SRR ePeBHcH ThstPE §eeStitfed 1 en

fail ure dur vekearensidneatedtich alidxyrandi afr &iguire whi el 1thenadle diang
tension i | ot q1 gﬁfl S ' . tensj on. der these failure
curves citfoc €5 %zfea r %;énréb%eedréaﬁn%%:?io%&h%%%l?lgi I(rﬁr(gugﬂ és it clearly
appears that the yield point depends on the prevailing pressure. For that

reagon t he \ohreCoulorb sLrengt hJmdel a:%u%@;@s_cmt@q I Lhe e@&fiedeoek .

behavi our of rock in AUTODYN. 20 The urve according to t

Brown criitteriineHpPBxi thit eSehR¥ ipaavebusheickr ogkvesal Wity cRe~.ggne Thi s
criteriondisybased on the area with | ow support pressure where brittle
fracture occurs. The criterion reads: aln = a3n + main + sC6.5]i nwhich: 25
al n. thestandardi zed | argest mai n tensi onQLl/ UCS( MPa) @Bn. thestandardi zed
smal | est 1M Podlensiaoflt&CEE MPa)xfMedc Giistante sependitng el tofpectipd rockm
= / TSs.. thefracture degree ofa]irgck., (s - 1f gr .cr%cngl essrock, ot herw se
s<1130 THE MohrS G ot 57 et h2 hbaafY r BYEFFES 4T 1kt i beteet's he

yi el d poiatagk atdpsheo by dheseatimtcpr esswak . tSeaeépal | gondentodt wimg
relation js: stat t L ot 2 = - - 032
QTS B Pty Bhns ol iR gtad, ari S AR drqdte
propagat idh @i Fesulbnodt a i Kirxaaamvini sigakény Qetiwserhgraiyeatd nai n
tension. Agddifionatbyikt.cam hensl rmg%f @Dy st at iR 4kl 8ZtualPBonThis
assunption is_true for 1D suns. For 2D rotation symetrical suns this is a
go@d) approxi WEECHN ONoWa3P oSedle all maln tensions are positive

(pressure), cracks may yet increase on micro scale and the

rock fails.

For a brittle material like rock it will be difficult to
25 indicate what the load has to be for failure. This can,
among others be made clear with the tension-stretch
diagram with a one-axis tension situation (figure 3). The
tension reaches a maximum: the UCS, but the rock can still
absorb stretch after that before it has failed completely.
30 The same goes for the one-axis deformation situation in a
shock wave. When the elastic limit (HEL) has been reached,
the rock starts to plastically deform and cracks will
start to grow. Whether an instable situation will arise,
in which the cracks keep on growing until they reach a
35 free surface or another crack, depends on the level and
the duration of the load. Below it is explained on the

basis of the tension situation before and after failure,



y = QL - cr3 (with @ = @ and QL > B) f6.7] 10 15 In the science of rock
often the paraneter q is used in [6.7] : q =crl - @. The definition of p

[6.3] becomes: p =1/3 (ol + a2 + @) - 1/3 QL + 2/3 B %ﬁﬂm en [6.7]
and [6.8] are substituted in [6.5] this results in:;LEEWéA [ﬁ?B 6 mZ+ p
+1[6 . 9] In the basic nodel UCS ang TS, 10 and 1 MPa, respectively, are
taken. This results in a value of m=>%0" 20 The Mohr- Coul onb strength

nodel i n, AUT=DYN requir.es 1 entering of four points fromthe relation
y-p. In Flioé“’urfg‘ll TR S ‘?gﬁ %é]f%%}é B shown i n addi tion to the
entering of the Mbhr-Coul onb strength nodel. 25 The four points which have

been entered | : f : ren . d 0 i r ion
Pec) S TReES Lonk e R e B 058 shotatnhtan Fam oY
entering%ﬁlkrk@wﬁgpweomﬁnﬁbétF@ﬁ@ﬂﬁqﬂﬁmﬂqeféﬁ#9$%ﬁnﬂé)inﬂﬂ¥§r%ﬂ%lion

Y-Ps =t MAY 2008 teABicaslOades A3oakeaady gmntinedythe Hogk&Brown
criterion s based on test pieces which have failed brittle. In fjgure 16
t he britﬂ%?&ﬂ%%FFet%QBaﬁﬂ$) e lls PenMPhertactd St 2Me PEghtThand
si de of tdHe=epnrayi rg ponett He,roaek, widy,) phasiieatéysieonl sphke .curve and

the t ints in, thi have,.h t lated and theref Le |
‘el i abl ¢ har- FHE- To Borft & n e DrFTHTe aPBalbn ERYT ert: HErE ST de of

t he sepandtitigis$i hes beenorddmea hicr sthengoh Midek coneerdomn (20 tdwad at a
ceEBain Qﬁﬁ?%ﬁﬁfiib§£$5£$féﬁ£€99§?§ekﬂ??n two nmain tensi ons cannot becone
t

| arger than tt~e value o e yle point y belonging to that pressure.
When the yield point is reached a rise of the largest main tension

automati gal by ikesukhs iRet heeRbNieh nRidbd epghonseriing ak@nge dhe §ension
situation can then be found hack on the failure curve at a higher pressure.
AUTODYN KainRd s nbgeF s2BGaf 85V Aor ich@3gds §if £he hydrostatic

part the main tensions are equal to each other. For the
15 hydrostatic axis therefore o0, = o0, = 0, 1is valid. The
deviatoric part of the tension will then become the
deviation from this hydrostatic axis. In figure 11 the
hydrostatic length ¢ and perpendicular to it the

deviatoric length p of a random point on the yield point
20 has been shown.

Above it was already mentioned that the yield point has a
fixed wvalue and that in the Mohr-Coulomb criterion the
vield point depends on the prevailing hydrostatic pressure

25 plp = 1/3 (0, + 0, + 0,)). In figure 11 this can simply be
seen.

The tension situation is always situated on or within the
vield point. When the difference between the main tensions
30 is large enough the yield point 1is reached. When the
largest main tension increases further material will
yvield. Here the smaller main tensions increase and as a
result so will the hydrostatic pressure, so that the
tension path will run along the yield point.
35
Rock has a strength behaviour which can be approximated

with the Mohr-Coulomb criterion (figure 11(B)). Rock may



20 material. For solid and liquid materials the |linear ECS and the Shock

ECS are applicable. Additionally there is the possibility to nodel porous
materials. The nodels for gasses are | eft aside here. 2~ The nost sinple

ECS is the linear ECS. Here the Law of Hooke is the starting point: P = Ku
with ~C= (p/po) - 1 - aV/V 30 This nodel therefore only requires the bulk
nodul us K and the initial density p-=. 3Bn-the determination of the density
and the bul k, nodul us ock, material the characteristics of the main

f
conponent’s* rave® bRt . g?%\ﬁ(%ﬂlﬁg SPEFEi ®9Y35 point. Because no data are

avai l abl e on the characteristics of the water-saturated rock, K and po are

calculated with the y _and_t modu] us_of th co onents 6 MAY
Z002 - 47 calicjl te, Fgggﬁ % aa%’d vva?gsgl"d}rhe con%%%ﬁ % (ds Deen

derived from t hengheRrr sakuakanhnarisas Fhicheds torhazsuEbeelrelaﬁss.mre:dtt hat
with L1C5 - 10 \Parbhg Q@..Ii@tsbtllés'ﬂlcaggyodef-g% C%‘Hl%'&n%&tfé&%&_é‘&n-

characteristics of the conponents 5 have been chosen as .
conponent vol unepied cBHt agBR (EPRYph ©f micro cracks. If this

(kg/ m )tcal cit e_ﬁgﬁgﬂﬁﬁq%{tz 2@3@5@@@}@%%@@ %Jrﬁﬂ@hl?wmtgl tesh@ff“T@:Eentt |
conposi tion an e.c cer|5|cso e, conponents o e rock material.
The density ofPt#He" b?alﬁﬁaf 2 st PrEmL g nff%le]n af R 150dean¥®4t i on.

Her e one aver agiee denskehygthonft hﬂtegrr@atren‘metbrwall haecbeeaeaes;wmecto The tot al
densjty for the water s sat rated roc t hen be: w n

x 1800 + 0. 8 xeoyual 251 6358 n% \1,‘\%1 ebuTit%Jd?J]r es Jc%n‘{) JC%LII%EJI at ed
by assuni ng thatrehgthepmmt@eccmmmemsecm:peaatser&agttttnr emonad v b b

springs. The bulk. dU @Eelg%ll}ét hen ﬁal eyLat er% A tht Ia%t V%%{@*Z%I 10] K

per cent age and the s of eac separa € conponen
1 Ki in which: lelchthevgutfﬁlnreéuwéélertChe ey mciing Nagh ais. t he

vol ume percentagss8ft BoCOABOASAtoEtAtic axis.

15 2. Failure on traction. In figure 11(B) it can be
seen that the material has a limited strength when
the hydrostatic pressure 1s low. Below a certain
negative pressure the material will even have no
strength anymore. When the tensile strength is

20 reached then a traction crack will arise. In such a
location the material will be unable to absorb
negative tensions. Shearing and pressure tensions can
still be absorbed.

3. Failure on pressure. When the pressure tension

25 will become high enough, the rock will also fail on
the hydrostatic axis. The structure of the rock will
crumble and rock will pulverize. There is no univocal
criterion at hand from the literature which is ap-
plicable to this pulverization. Non-porous rock will

30 not fail until at very high pressures. The calcite
and/or quartz will first go through (several) crystal

phase changes.

Above-mentioned tension situations may occur both at the
35 cutting of rock and in shock waves. At cutting the rock
will pulverize around the tooth tip. Just outside the

pulverized zone the rock will fail as a result of



30 KI . the bul k nodul es of said conponent (N nR) (- 6 MAY 2002 - 48 5
Equation [6.10] strongly resenbles the equation . of Gassmann [3.4] . Wen
t he bul k modul us of the rock in the drained situation ﬂe@’j} zted bot h
equations are equal to each other. The drai ned bul k nodll us Ittle
influence in equation [3.4] and will poreover fail above the elastic limt.
Wth [6 .10] follows _1 0.52+0.28+" 03%, "K~10GPa K 73 38 2.3 lu As

t d .ab t he, ECS of t d l.i.d mat b
I e T S e e
pr opagat iexrasleti tpdof faoshddie wavedinfs)tensiot hensetlocat yendesdand (ni's)
s - a migrial gonstaniy (e} dne vALOGIdY Of TLAN ab;(ls),30 Dyg.Le | ack

of data on er-saturated roc npossi usé 't hi's "appr oxi mati on
of the E@S:t AFTEYRESBES} des the above rrentl oned nodel s, has the

possi bility to nodel porous materials. Mterials such as 25 rock, concrete

and sand contaln pores, .which under pressure of for instance a shock wave
can crasHlaq %Ihee’ﬁ%}%%éo%d‘é?r%%‘éspf LhiFe *uERAHeCBAt BRedOPNRdary step by

step as afunc;tmwe@izahmdeﬂsbmyd tRet Batirvay oifhe Hehrieesdr el@éa@f tBkastic
conpressi on of th i ntac by 30 failur

- h erial con‘gactl on X: e an
conpr essi on ofe’f% TONdehBEd - FRE &I aPLERRUBENGEE! 156, PR er %atﬁpéﬁed rock
as a result ofredelpsesencehofdaatenctionhefporties daneat bdeysovatdéhsed

(r:rggg): etely. Th&gmﬁg{é%ngrgguggrm@%éé@}g(at ed rock by means of the porous
* Radial fractures around the pulverization zone. The
shock wave will expand radially from the pul-
verization zone. This radial compression may generate
traction tensions in the tangential direction.

15 * Spalling. As already mentioned above a tractlion wave
may arise as a result of reflection of a pressure
wave. This happens at reflection on a free surface or
a boundary with a material with a smaller impedance
(p*c) . Just after reflecrtion, when the tensile

20 strength 1s exceeded, a traction crack will arise.

This phenomenon is called spalling.

The above has made it clear that it is not simple to
determine how a shock wave will propagate through a rock.
25 The problem will become even more difficult when the shock
wave 1is situated in a spacial geometry. Because of the
complexity it was decided to calculate the problem with an
finite elements program. Such a determination will be

advantageous when adjusting parameters in practical uses.

30
After a short description of the program AUTODYN ™ a one-
dimensional simulation with a linear elastic material is
started with. Step by step the problem is made more
complex into a two-dimensional simulation in which the
35 material has a strength and a failure model. At the end of

this paragraph the influence of some parameters on the

shock propagation and the simulated breaking behaviour



:.6 MAY 200Z - 49 therefore does not appear to b gﬁﬁ(e.c,t . Again due to
the lack of data this nodel cannot be used. Fronrgh #néY¥Y data avail able
on the ECS of dry rock 5 without pores it follows that with pressures in
the range fromO to 2 GPa the ECS can be approxi mated by a straight |ine.
For that reason and because of the |ack of data on water-saturated rock the
| i near ECS has been choser . It 3% expected that the water in the pores
ensures that the 10 conponents from which the material has been built up
cooperate like parallel springs. The rock is now presented as a honbgeneous
mat er i a Métbxamhéﬁfibul k nodul us determined fromthe conponentg from which
the Yock has béen built up. 15 Exp rid ntya)danetasts al %xaninag'gn i's
necessary to deterrﬁ{¥%3§y%nbehavi of water- ygﬂéédf@BCR under shock

| oad A@@wé‘%s&?e? e_tvveg{éso A Ry .belehe ate {:gg@p‘p Testt or the
Hopki'nson Ba% Tgst ebdicd used_for_1.Bga0 iexafitRari on, For tde el astic
and DT H 2§ﬁ£LQ§tb§05mamﬂktﬁﬁﬁ5hPCbul OghettmEaIW%h%?gy_of the system
has beepepkotdEHFUYai Nst, t he, thR@ly n FRTFe I7A Snda&EBinDuwhhﬁhthe first
»S 10.s thgrggmams-swébéﬂ pulse |5, en reelRS er “and the.easrgy rises. A
part 8P¥the pul sg Wi ldon-afineef agal nst ih _ bouatiay yanat &PMock. The
boundafe;ormﬂrdli‘ia}slor#mof tmﬁegiﬁ@-me;a%a Pgeen cho s st ™1 tensions
and en%rxgymias_e&&aﬁsrﬁ@ckiaé out of, thecsysndm PBVTRdary congjs i otha0
"transmit"). In_the,enecgy@htHt it can ther etapeobaC8&en “how ¢R energy is
ref | ecteds&gafhst 1 he Eggnd@r'lynu\'/l@ttéropock. Thi's igthiasfiacrs% B8crease of the
t ot al q@%¥m¢sdmwﬁr:ye anothggvggrﬁjﬁfg@ﬁﬁeﬁnergy wll |eave the system
tArough the, | siograMeISQQﬁw, which also ras the transmt 35 boundary

condi t i tef | ected wave agai nst the boundary water-rock in the 6
M-4Y ~, sreriad®- el astic sum contains about 37% Of ! heyenadmeng*fave. .
Thi s produces an energy transfer %f g%g@t}ﬁﬁ BUTOPRMt he e fgtigab&stic sum
this is considerab%&¥ﬂi e abbutdgo. TheS%g%%gwxﬁﬂang? is better when
there i gatrel €395 W t e.gn%-lqi'errmrsi ohaf Srmul at Long fa «gdde -vi has been
obt ai ned_of . the ReopsERRT of of a sggféuy@wes Vafi 8us char a&{/cvgr'@i:ims such
as ECS aht’the str.engtinef pro®atBria haye hear dtirsc LRSS t% t he insi ght
obt ai nedsaepubse quent _st.gpcoantrew € “taken and the probl em be nade

more conpl @%tomEheot hee&2di mensi onal problemis rotation-synetric so that a
t wo- di mensi onal )%eo Iy.wll suffice. As described above the rock,qmay fail
on tractioh,2B}®15 shearing and pul verization oq{eor@§§upé. has

various failure nodels avail be!me x@t@ﬂﬂ%aﬁaﬁ‘od“eﬁ t he feai Ly eLhehanBbur: *
Maxi mum t racti%ul\;g;@i an RHORHE' mai n to%@siﬁ@mrtmén e of the three main
tenspons ER€eeds the | ndigabes. 2B0Er gCtion t engigpahe aEPEFPal fails and
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quently only absorb positive tension. This criterion is suitable for
nodel.ling failure on traction of rock ( see f figure 16 ) . * Maxi num
sliding tension. Above a certain indicated 25 max mﬁli&n% tension the
material fails (see figure 16). The maxi mum yi el @ Poi nt &nRith it the
sliding tension in rack depends on thg prevailing pressure. This nodel
therefore cannot be used. * Maximum vaPué of the main stretches (on

traction), 3 e ck, fai n it i.s stretched tao r.in one t he
directions’ o&%ﬁet%i nl&est rg&%lg\#éé Qﬁwtr}ée ar &R0 arr & ffc?g]tjao“é?/ iT’%gﬁ*e f or
this criteiorg thehdiumatiadingist eppefarethefrouk thei | defbematioshears
100 MICh.cJuist hibke hgs Shbdigh JGNSLON A Na 334lagk icleRendssn.Lhe

prevailing pressure and therefore cannot be use D rection dépendi ng
maxi num tREEEFLICX ensi on or ~1J ~~~" |.UUi. - 51 stretch. This nodel is

suitsable for materials with direction dependi ng characteristics (orthotrope .
materials). * e nodel .depending on plastic stretch on press sure. This
nodel cali,liﬁ‘ a@‘gﬁf‘éﬁfﬂgaé‘aﬁﬁﬁ g EﬁVﬁnEPePeD]—:GkF& iSRGt YBEKIRNY PRYx (<1)
for fail esimorktidhe val ue of D depends on the plastic stretch. The rock
starts to, fail as.of a _certain conpression. The yield point and the bul k

modul us decr ease thdef the 1C influence of D. This nodel is suitable for
t he sinul ati orPAGTODYE mdnveinzat i snmphepreasnee. diomeiecer thehesesaer, no dat a

avaid abl e for d i At f I { C retch: *_The
Hoflr?I'qui st rmdev?i?‘gélzﬁi sﬁaa'rsrgudg?J g?és)o %/\%r LgL 1 (%Ah tﬁ'kg%da?rﬁaét%ar%?r%@%égg%r D=0
a failure curvalse wdliledscalia- t RATHBHAN ConlyntraHiter iion. qFedranxi nal

failed rocktfﬁ@i@&'eeqlgurt%CMSagﬂﬂCLywiféuknﬁbaa&e%dﬂﬁtéfﬁ%&uehe
strength (see Tigure 16). This nodel _appears to be very suitable to
si mul at e bot h 299F aifife® oRft rEke i 661and eRsS sKkar iigBo DELitsy t gpgor-

exam nation, heyeven!)t BFS stedekheas inrls avend abbe yet celRy {stHIEGo

Si ations this gogel; apgears to be suitable. 25 In figure 18 three of the
above- ment i oneW taFFuFBScPFt8ria are indicated in a p-y diagram As

appear ed from fhelabgvehaegtidnedtenuaeeaiadbn of the failure criteria

available, only,LgogiLt LLOLL,! Ok (e 30 MMM L ansil & stpepoLh goul d be

used. A maxi mum valu was chosen whic Fee nain
tensions may reachriph fdafiy ehayB ito chA ki vwenabeat obleeofEQShe theee main

tensions can rgachnbBg Mexhipumi¥al ugndor (ild AUeR, A andh8E, al epgskhe
hydrostatic axis. 3~ The nodel for the two-di nensional rotation-symetric

si mf ati ons i sS"ABSELRBeBORBLE BRSOt ReUbhdREedf hEREatE€- .- 6 N~ AY 2002

* initial conditions
It should be indicated what the point of departure is
on t = 0: indication of initial velocity, tension or
energy of a material.
25 * indicating boundary conditions
Boundary conditions can be imposed on the sides of
the cells, in which the boundary condition is
constant between two indicated nodal points. Examples
of boundary conditions are: a certain course of the
30 tension in the time, velocity in x- and y-direction
or transmitting tensions out of the system.
* indicating targets
In the grid targets can be placed. These targets
register the changes in the time of each wanted
35 variable. In this way after the simulation ends the
history of the wvarious points in the system can be
shown.



- 52 grid, the material nodels and the |oad. The grid nodel which has been
taken as starting point for the 2D suns has the follow ng characteristics
(see figure 5 19 and 20): * rotation-symetry about the x-axis (| ower

si.de), this gives annular cells. * Thickness of rock IaggmAégr mp t hi ckness
of gravel 10 layer 5 cm * Radius of the grid 35 cm ? ndi tion

at the |ower side of the gravel and at’ 35 cn1fron1the axis of symetry
(upper and rl%ht hand side in figure 19) is "transmt": tensions 15 are
transmttfed ofY™8FHe system nothing is reflected. * The total grid

consi sts of 1WS@hceltRODYN Ab Eﬂeuamd@nﬁcamebéomﬁuﬁuﬁdtd&anshmﬁdm1figure

19) cells are re, fiisnel I vl de e e.th I e 20 _l.argest _tensions
and defornatloﬁ% ca&'qﬁ %QQ Y% dgi;Q %gﬂéaﬁééﬁé %ér% 5588 %Frﬁhlch after
t he sinul ati ods chideg éﬁdédﬁitﬁ% ausfary. oﬂ1ﬂﬁ£dnﬁmp@aﬁlbelekanuﬁe@ are

di vided as 'n@b%%%@@n‘@y%hQQQgcm%léﬁgtrghfoiﬁOWhQQbm¥ﬁ%'§lépls is

characteristics have beén used *Li'near a;, p~ = 2420
kg/m: G= 6 Ghg axiphel CHUTBABTEL r diyt BhES | Wali Giwkar ceediferden 30

criterion) * Eadtiamdel oo lmxi M aighd e on 2y dIastdon ofc 3VEa
G avel : 3~ * Linear gg Cﬁh?p = 2072.5 kg/nB; G = 0.5 GPa. *
Mohr - Coul omb  SPERGER rFFeFPE ace6 evolutiogy +"y o fajlure node

10 The 1D sum is built up as follows (see figure 12): One row
of cells, 2.5 cm of water, 10 cm of rock and 5 cm of
gravel. In order to create a 1D situation, a velocity zero
in y-direction is imposed on the upper and lower side of
all cells. In this way a one-axis deformation situation is

15 realized which vrealistically corresponds to the actual
situation in a plane-shaped wave front. Here material
particles in directions perpendicular to the propagation
direction of the wave are supported by surrounding
material particles which are 1in the same situation: the

20 material particles can only move in the direction of the

propagation direction of the wave.

In the first sum the rock is regarded as a linear elastic
material. In order to compare this simulation with the
25 analytical sum of chapter 3 the same material characteris-

tics are chosen:

water rock gravel
EOS linear linear linear
X (GPpa) 2.3 12.7 4
30 p (kg/m3) 1000 2500 2000
Strength none (hydro) elastic none (hydro)
G (GPa) -- 7.6 --

Table 2: material characteristics of the 1linear elastic



On the basis of the cal cul ations according to the above discussion a rock

| ayer- can apparently be crushed by a 5 shock wave which ensured a |load with
an annul ar geonetry. Starting point is an annul ar w-r m E whi ch an
el-ectric pulse is sent) which explodes 2 cm above th'é%r WQ& 2 The ring
has a radius of 20 cm 10 The expl osiqn apparently can ensure a | oad which
is distributed over an area of 4 cmwife.” The | oad can onl y be applied
constantly over a width of a cell. A stepped course (see figure 19) was
chosen WA HeX?Hum tension (0.7 GPa) on a radius of 20 cm “15 Furt her
starting points of the load are: * A triangul ar shape of the pressure

course in.t i f sho % The front .qf shock wave_is inf
mte steerbznjk%éér eﬂgfgoh&aﬁ%e ﬁjér(ac\tg\?oﬁhgf ??ﬁé’l”:s%&;lg V\ﬁfa“\;)agcﬁll; BT Mhe effect s
t he shoclkhared hasnsiorherrber drfd Phk: grid\fel MRR| Idussing stOsged hEhe in
chranol ogigaly ordes. hB figuees cdl AR t aind A udh Pacagiéﬂam ot hers
be seen: 25 * The course of thé pressure p in the rock and the grav%l,
every t weRRATIOW st ERLPnreEpRe s itheé ldotrass ighms le e sadiwal ptPnthee tine
for a nurbir®dirdeigepsessQré:The situation in which the material is:
elastic, plastic or failed in one_of the three directions. As can be seen
in figure 21 tfe 7t &hasFofls Tnptﬁelpgc% flear the I oad are high. The shock
wave has the shape and the 35 intensity of the |oad i nposed. The tension in
all directions is well aboyv he.elastic limt (see pressure course target
1).£OSti I ﬁ?h]ﬁ ?%f%%slé? I% Y%%fgcéﬁym‘%ro scal e - 6 MAY 2002 - 54 traction
tensions arise along the grains or in crack. tips already present. As

al ready nentioned before the r%clg (ra__;[_aig 6n this way.. 5 After 25.s the
total load in the shape of a triangupar pucf s@%as been supplied to the rock
| ayer. As of this nonent traction tensions arise at the tail of the shock
wave. These traction tensions arise at the edges of the | ocation where the
| oad of AntlA RPYPRERYs PR Fut WaheT 100ThedcRESE SIF tHE PSR £6n

t ensi ggs Mﬂ_rh @ét@eﬁ(ﬂ' Yarkkg l%ee@aiﬁt th@t(a@}@ at@@d)r?'@,t oqiatgéﬁa} OWﬁQﬁl stee ITE
tinme . The tock particles a ramthe location of the | oad. e
shock wave "X %??%n?gsp)a Pot g§¥%r é‘%@étrd‘r?gé chq‘et hter?rb%'ﬁl%?l?lheaﬁgn{:g@ bel ow
the | ocatreafleftibe |aseffiiheefitee din r bek dandacenaldes ozt eoffieribthat
resistanc r articles. tend, to splash Vo 1N realit hig wll
proSSbI y Ejabggﬁ'tg_g%&%nl%hgv%%f%igg{d Si tda'a |or511ﬁ\§lao of ét’glﬁ) ignoxii FL'rgleSO t he
20 di r ectdremsiofide heofni Phe ensépdsohaveuso Tden iamgildanete ©f caheclearly

be seen thatgbel opniheckacabion Wierg shecteadnhas; BREBoPYESBBRakhEoMRI N
tensions I1e along the xand y-axis. Here the_largest main tension is

di rect ed BPONGTPRETREARNs ARSI t A hPBaoWASte ¢t fajet Anuphis way

becomes:
20

0,0, = T x 04, = 164 MPa

The other two main tensions ¢, and ¢, can be derived by

applying the Law of Hooke for the space tension situation:

£, = —% (O, — VO, = VO, [6.1)

(-vo, + 0, - VO,)

<
e

(-vo, - vo, + 0,

tg] e

25 The inverse form of [6.1] reads:



~5 and including 9 lie the directions diverge fromthe x- and y-axis. The
| argest main tension turns fromthe x-axis to the y-axis. This pattern of
directions can also be seen with the traction cracks which arise in this
area. These will, as seen fromthe |ocation where« eMNﬁdZQ@% on, rur_ 30
away radially. After approximtely 40us_the shock ve reaches the boundary
with the gravel. As of this nonent a‘p%?t‘of t he shock wave will continue
in the gravel layer, the other 35 part will reflect like a pulling wave.
The front of the reflected part msmll. é? fiirst fall awa again%t tﬁe t ai
of the inconing shock Seve (T Iowe 21 1% Seah e 5&dnlin 6 MOAP 2WUC -
53 * no failure nodel On the basis of the cal culations according to the
above di scussion a rock |layer ¢ apparently be crushed by a 5 shock wave
whi ch ensured a load w}k rop.-vtear i point is an annul ar
wire (through which an }Iel ec(lr’i"zS %;T%"e) ?’ggg{ent) V\/ns?ch “;%%)I odes 2 cm above
" the rock layer. The ring has a radius of 20 cm 10 The expl osi on apparently
can ensure a |oad which is_distributed qver an 9r@§_qf 4 cmw de. The |oad
can only be applied constanfl)over2w { dth 6y & el tah st epped course
(see figure 19) was chosen with a maximumtension (0.7 GPa) on a radius of
20 cm 15Thesthequsttdicnsngpoidliso ofalhe foadtAsethied meiangehaionBape of

the pressure course i utgg ;tﬂinmaeof t he shock. vva%ef The e _shock
Pehefermds 757

S > Sh e front&gf tth

wave is iffinfte tee » Hife i ATh hUAEHBR K SwaVB & 25us.
The ef f echast heesheclewmde floas tdni gt IP radgkagndn:he geavel=w | | be di scussed
here in chyopglagig ek !N figures 21A up to and including P can anong
ot hers be&éegn: 25 S’]‘F%e cglfr'se of the pressure p in the rock and the
gravel, every twentyfifth step 4n tige. * The (L:%{urse of the pressure p in

the time for a nunber of targets: 36-* Thelsitudtion in which the material
is: elastic, plastic or failed fin on: of tRE three directions. As can be
seen in figure 21 the tensions in the rock near the |oad are high. The

shock wave,hhas the_shape and t.he 35 int.ensi of the | oad inposed. The
t enst on iHl’ﬁ’l dir &c/gi &ﬁ?q?%lﬁs%ﬁféqrheé%i d9Y linit (see pressure
course target 1). Still, it is possible that on mcro scale

Therefore for the tension in the two main directions

follows 0, = 0, = 1/3 0, = 53 MPa.

10 By definition the hydrostatic pressure p is the average of

the three main tensions:
p = 1/3 (0,+ 0,+ 03) [6.3]

15 with o, = 0, = 1/3 0, this will become:
1/5 5 _
p = -§<-—3—01) = 20, = 90 MPa

The same sums can be made for the transition rock-gravel.

The outcome of these are:

20 For the reflected wave in the rock: ¢, = -70 MPa; o0, = 1/3
g, = -23 MPa

For the transmitted wave in the gravel: o, = 97 MPa.

The above-mentioned wvalues of tensions can be read in



- 6 MAY 2U~L 54 _ traction tensions arise along the grains or in crack.
tips.already present. As already nentioned before the rock can fail in this
way. 5 After 25us the total load in the shape of a tri.an ya ul se has
been supplied to the rock layer. As of this nonment tﬂﬁcﬁé égﬁ& ons arise
at the tail of the shock wave. These traction tensions arise at the edges
of the location where the load of 4 ch%m width has been put on. 10 The

cause of these traction tensions can clearly_be seen in the (enl arged)

vel oci ty ptotrenist e fisHs t'?r]'h% BPNSIPRS [ BER PAPEFEFe£IRIVE tawdy® f F&REL he

| ocati on &brtheriead. tdhgesbock wave experiences a | ot of resistance of the
rock at the centre below the |location of the |oad. The free 15 rock surface
does not offer that resistance. The rock particles tend to splash away. In
reality thtscanl bepseeablthattappen dlest o wahee eld @rnged whilat iongpket of
step in ty t 0.directi he I n,tensi have_al_so n
[ ndg%cat ed‘%@?éggn%%ay l&égé Stng% tq{?é:?( b%@wr{trﬁ:e ?gggfgﬁdn g\%erae Pﬁggl oad
has been LESHBARC tHWavVami WiEBnsRonBUureée alondimérskandly-prPBagpeient he

| argest ngjp-Lensi aB i rdiREtios .alAp%ééﬁgm% Suldd S, fent hgrapgacvhere
target 1 up to z5 and including 9 lie the directions diverge fromthe x-
and y- axi 3-€eRhaCargest ORsi-n FrenShPrY uFREPE r it F3R%x | Bhe odeheTy- axi s.
Thi s pat tgapiehsdivheehi eas N A0 hehes aejund ity {dEs teacthe@nreragks which
ari_,se in th'is ar ea. Thesg wil | F?% seen fromthe, |l ocati on where the_| oad
was %on, reni3s § a8PHI | Y2 AFREPOESproxi mifel SR RAEHBNE ho &K Shafe
reaches thesbbundaf y nuntdriided giavekbunrAsiek .t Mlise neiwtesa jpdr t datotrhe shock
wave Wil | At jnue_in e -qr |, | ayer .other 35 part w.ll reflect like
a pulli ng“‘%ggél.‘ ah{ nde 9iANEy | 8 |e%’i“té$c]§%)‘g P B gl féF‘Fkgmay
agai nst thelisil oTheheihaténdhgoshoek Wdee. pulsle goea 2bei t usgd besseen in
6 VAY dhbliburoS%ort NEnpr E3elERL0UMSE Onst ePubBs! B0 bBALaheabout 2
cm fromthe boundary surface the pressure ﬂ S becone negative. In_the

si thfat i on*pReEdofasailPrSangSentios Bid St EaRabessedh Om&t BATEREHIP&Ccati on
t he tensiheastimength of 5 the rock has been reached. At this location a
crack will arise. The distance fromthe boundary surface where this is
happeni ng depends on the difference in inpedance between both material s,

t he cour sehef qutessus eodf tHeesd anbmetithe pllese iandstihe tlensrimeg sthengt h.

Thi s phenguenon.is Le alsq called spaldd nao, Lo, thes gegecal sase gl an

i ncreasing s OCR “wave it decr dases imin ensﬁfy T Wo ways.” First  of all

t heztmat er P&l thiel knplasticed! Ispprdef orm or fail. Energy of the 15 shock wave
is transfornmed in deformation energy. Secondly the energy of the shock wave
will be distributed over an _ever |larger area. The latter can therefore al so
be cal | edIfhérgyebhEbEi S18VAFG AN FHPSHILRedhabRVAaFde 200G t ReaRVEShul ar
Iogd_ Ej he a@a@elgircy o{‘iﬁmeb!e@l&@fiwa, h?&e&%ﬁen;a@{ er@l}{ekf@?@{dceiﬁﬂtt-eﬁto t he
out side, away fro e axis . of s Ly, e.intensit) e shock wave

i ndeed defr8R§eds e h?%afﬁéxmﬁ‘lgs ofh &R PP T alfhe‘ R¥EKk SRdve as it
i nc2®aseslimitthehdi reptk ol of phestakisl bf RELsymmeEtidysturke he dissitlr.i but ed
over an eygr SRl epogrea A5,a Losull Lhe lpt ensidty of LA shogk pave

i ncreases: an annal ar “I"oad ‘geonetric reinf orcerment - therefore occurs.
30 Aroundvehréoms smofieggnmatailaihke gsones imel aed nfedrecegenengsderobed above
ari ses. Qi ¢8RN LRMB=d /3 Hd $8R hEsseen-ifal {4Actjan &%é‘é'.oﬂx & Se.
Behi nd the pressure wave a traction wave arises, as a result of Ich the

rock will thatl theaMatie GaHe™? widdnhe yiiscussed.

30
The wmaterial characteristics in these simulations are
chosen such that the wvarious material models can be well
compared to each other. Differences between the wvarious
material models should be apparent more clearly. Not until
35 later in this chapter, when the choice for the material

models has been made, will all material characteristics be

determined carefully as well. Finally, in the two-dimen-



35 The concentrated pressure wave on the axis of symetry will partly

refl ect agai nst the rock-gravel boundary 6 MAY 200 _ 50 _ surface here as
well. Said reflection causes the formation of a second "spall" area. All
above-nentioned areas where it can be expected that:SBtMgeymj Il fail
are shown in figure 22. 1. Zone where pulverization can ted. (not
sinmul ated) 2. Radial cracks as seen ffémthe crater. 10 3. Spalling as a

result of_reflecti.on.against the boundary.rock-gravel. 4. Tracti,on,cracks
he et S0t AR Ry o TR AT LR LBY ST RS TREL I8 YT | Hhg as a
result ofvakfi¢edtfdarndass hehaxi 309f Libmsywheetvyludbeusridn iobj eleésef this
exam nat i 18 1 0y N q ti f neces [o) a rock
| ayer eff?@?e%%rﬂgﬁ%?lgg g?%ﬁi vva%?{e%. Ei'égapi g%gég%(ﬁatgaréeﬂ%%%isﬁ}g%y%% may
not be | apgbeet i 10u46m Foe @ATREStHURR ei6f I héRa zewsfllt hevprecelewith
the el p ofjthe-resyits and particularly the above described failure
pattern, the inportant question is: How far has the rock 25 disintegrated
in the areas which according to the sinulation have failed. Two extrenes
are possibhe: charbataraas iwki cioacest g Ngnto d:hersi nubakian diavesdael ed
only some_cracks, have forned. Thg cracks run through the heart of these
areas. Sedfigur®237230'S SHe ArPEaECWRePRYt$22Fock has failed are

conpl etel[y put veri Zed down to the graips 11on wirch the 1ock was orngi nal |y
bui It up. ERSthe first case pieces wi || lbBeR&rmed which are larger 35 than
10 cm Pijeces—of—about—i5—Tmappear—torbeposstbte—The—thote—whrch—js
f orlred r Bow€Pahas a radius of nerely|48.@m 6 MAC 200 - 57 In fhe
second cgse—taking—themaxtrmmdstance—betweer—the—fattetd—areas—+t o
account, pioedﬁs/mf’)about 5 cmare poss|BBe0O(figure 21, situation pld@t step

1 t AZE) Theoeovreotieal bl o, Lax s hona ool A Iha fAar nd Hovanyv ar 5 th
In I ne 4o o Ct—CarTy —arrorat PTECt—COuUTU—ot—rarreoa—Trionwe vt IS

does not |ssemehgthe |ikely. The hol e t h&bni Blikesnmed has a di aneter ¢f about
55 cm

G (GPa) 7.6
Yo (MPa) 200
15
Table 3: chosen material characteristics of the rock with
Von Mises strength criterion.
With the Von Mises strength criterion plastic vyield
20 behaviour of materials can be described in a simple man-

ner. The only material constant besides the shearing
modulus that has to be entered, is the one-axis yield
point or yield y,. The influence of this criterion can be
seen in the tension-stretch diagram of £figure 4, 6 and
25 14A, 14B, 14C. A clear bend can be seen in the elastic
limit. In the plastic area a lower bulk modulus is wvalid
and therefore also a lower propagation velocity of the
plastic part of a shock wave. The highexr wvelocity of the
elastic part of a shock wave results in the formation of
30 an "elastic precursor". A wave with a tension equal to the

elastic limit precedes the plastic wave.

In figure 14, in which for target 5 the tension o, (= o0,)

has been plotted against the compression (volume stretch),



Val i dation of these sinmulation with experinents is necessary to show how
the rock fails exactly and which failure 10 pattern goes with it. Wth the
results of this sinmulation as only information, LDB gﬁﬁ% ﬁbzize of piece
can be estimated at about 10 cm In the energy pMo i 4 24 it can be
seen that as a 1result of the annul ar I%ad approximately 29 kJ is supplied
to the rock. Furthermore it car. be $e&h fhat nmerely 100 (3 kJ) goes into
the gravel.. lLn_order to t .29 kJ into the rock, ho er,.a larger_guantity
of energy s c%@cé%sasref?ni %ef‘}aﬁe wvﬁkc;]ne.tr}ﬁel Cﬁe‘:@@e%}i’%%’f%fsp? Feaded a1°%0

expl odi ngMPhe aanredasgt v r dimuk| HELbeca®k MPat leldheck (winiehwmledt dess
caused, spre I I L tLansy Only a part of the energy will penetrate
t he rock ngg?.égg?fé? %ﬁgﬁngy§%és the wong direction and will never
reach the rock layer. Another part will be reflected against the 25
boundary wat eriFfckreYheR idalcs assaOBd olihalk 12 AQUay ! e@n% Lire eenant

rel eased at the expl.osion of the r enetrates the rock |ayer, about 120
kJ is nec §§§r§qﬁﬁﬂﬁﬁ§¥%ﬁﬂWﬁﬁﬁeﬁg%%ﬁ%QVﬁ'pﬁe6€§uéé Sf Fddisndls v cmin a
rock | ayeatoftid amiiln bli ckespullder,e whereocke hpss t hekert epiake, a
characteristLgi aﬁn%powntgn fig;ée 19. W.t.h the,fulv rizeg.volune %£30.02
M8 the spd&PFeYerd RABIE Y sTHethdd dan 5 &3V vmt 8QP5RIi89508 the g
NJ/m Thi Sengithe ofat thes wehe esvembhksesgiaveparbowd vety webkktic wasrdvhY
~007,- 58, Here it is then assuned that a nere 1.5 MI/m- enters the rock (a
quarter). ékpefinental exam nations wll have to prove whether this is a
correct assunption. 5 Directly below the explosion the transfer of water to
rock is exactiyghi-ke i the opesdipensipnal; sityadd ons From temeait%'—l ts or
the 1D sumwi th the Mhr-Coulonb criterion, a tension ratio of the i ncom ng
and transRIEEEG WSS AT £ 1 UPF oMeaSS FEFL1ReF 488 - ofl 7 GG VP B tHREFDCk

|l ayer a skoek chhwave i nthdel wabest 0hal80iknG iord4d N Rad Sddierefane
necggsaryn Thi s neaniﬁ;hat with a distance ﬁ% 2_.cmbetween the wire and

rock>t he” $Ro&REWAVESISE: SBIICHRVE T Tt enidT t 50 of “4#0I PR HEFE ! The
duration of th&hsultsendierre remmises X5~CSrgetl53l n(the ehesgy tphotetofid i gure
24 it can be s t At he, | est. part of e.added.ener.qgy is transformed
into deformati g(rf;l%enlleb%}?). &f g%%aésonsq{earpeer g‘_illrg%er‘ ggﬁ{algﬁs Yt Hé ecnoel}%vr\l/%cl{ch
resul ts both i dodksongkefaw o iaet dndwakiangab20tofl .shapgemesThed grujoss

def ormati ons ogeUr-Haeqy,ddig annular load. In this zone the |argest part of
the_energy of the shock wave is absorbed. This can also be noticed fromthe
| ar g8 decr'ease®5t tHE i Meh3Ft yIePst hEUERBEK waAVE oSN hitdear &P i giire 21,
al and p plottedrgaigst Line for various 25 targets). A shock wave with a
low intensity d a_long dyration of pulse will have rock fail over a

| ar ger area thgtﬁlea %ﬂ%%g \?gvgtk}\?t W& a?@eltﬁsrrpwf:ﬂd@rhnﬁkﬁs'éhﬁrlan@uraati on
of pul se. 30 Hgxleadthe | npemsi.ty THe t helslsadk waperhas Has beawelhigiheve t he
elastic limt qf terialy i, mportant paraneter with which the | oad
can be changed%%éégiggzéﬁtig% “exploding wire. Fromthe results of 35
praébi cal *t est Fha appesgr sishatoppedr ozki hasheai rllpstadicl edehiehi rwave adi us
of 25 cm The Qﬁ%&%éﬁeérﬁsph§ttgﬁ AHLagya i euRssd 99T ithe top-

rei nforcenent towards the axis o ) . }
ping-off is complete after approximately 6 cm rock

(between target 5 and 6).
* The basis of the pulse becomes wider.
30
In the plot in which for target 5 p, o, and o, have been
plotted against the time, it can be seen that the elastic
part, which starts at approximately 25us, complies with
the elastic calculation rules that have already been
35 mentioned before: o, = 1/3 o, and p = 1/3 (o, + 0, + 0,).
Furthermore it can be seen that for the plastic part goes

that the tensions are almost equal to each other. Yielding
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Table 4:

the Mohr-Coulomb strength criterion.

In the Mohr-Coulomb model four points from the relation

y-p have to entered.

It can clearly be seen

Material characteristics in the simulation with

that with

lower pressures the yield point y is quite lower than with
This the

in which the yield point is constant regardless

higher pressures. is contrary to Von Mises

criterion,
of the pressure. This difference can clearly be seen in
154, 15B and 15C).

The sharp bend in the Von Mises criterion makes way for a

the tension-stretch diagram (figure 4,

gradual decrease of the inclination (modulus). Furthermore
it can be seen that the elastic relief is larger than in
the Von Mises criterion. The results of this can clearly

be seen in the plot in which the tensions of target 5 are



In the plot of figure 21, where the pressure p for various targets has been
pl ott.ed against the tine, a wavy novenent 1~ or bend of the pressure after

t he maxi num pressure in a target has been reached, &t 'Ayes The wavel engt h

of this bend appears to be about 2 cm whereas the eM a2802b0ut ~ cm

| ong. 20 By halving the size of the cel]ls (four tinmes as many cells? the

i nfl uence of the choice of grid on thé%esults has been worked out. The

pl ot s goi i i S_Si t] have been included in figure 26A up to and
i ncl udi ngpn%%%ﬁl'éf%ﬁ%%gymb% %gﬂf‘y determ nes the necessary step of 25 tine
for each calculation cycle. This is equal to the time needed by a sound

pul se 10 go t hrouoliacteld o TdeutLoer bR Wil i echha JHY o pLEPSy | Byl and
thus the longer the calculation tinme. The sinulation was broken off after
60us (350 stepstiVorifeFesShecause all the necessary information 30 had been

obt g ned.« It coRebaiseentbatid hahendhys Becoge samlier ofTheiwayvekengt h
nowis 1 cm Therefore there is a clew connecti on between the size of the

cel I's and the behntefatS3%53EdRAC YA FAM HOFMBHESS: can be seen that the same
areas fail as in the basic nodel. The sane failure pattern can be seen (the
shock way, hag noh.¥et realﬁ_rhgd t he .axi s of 13z 6 MAY 2002 sgrmetr)é at 60
~s). It cah®b& RohePifed tiar ™ He itk ot THRbAEIE ABHEP*IFEALAPFi Sfently
accur at e. tHhe splkzaviodutheoLelnssthemetarles appitoxi methedwicquxx efcnraskThe

t hi.ckness rqgﬁdl e Wil it C nt]y Q. For
thaltcd(r eas%%tl?%gﬁ%s eenaé/\/\cglr. e&sou%lggvlg?%ba %?%%%??gn%\?\ﬁ%? ﬁapggrléutg% t he
shock waveumwd t ughclas wien degchitbgdt akehtas thellwiekmassred naegur e

27AG the {gguLlsegannbe seehy-dhegsane fai L areds 3%:4Mnd0ckihgyts 22 can
be seen. Striki ng is the |arge area wnhere spall occurs (areas 3 in figure

22). A possi Ble AFR1RRAFs the (HePRAYTRl 68di fGTdeite JfREfEe SRR wave.
\é\hen a SE@@K].M@&? dlmﬁie% acbeumea_rxoﬁu?af;aﬁe Qadrt hbé-n@tr’_@az:’n.15li"f@ﬁeﬁih%|se Ithenf
esj de t mat eri al characteristics of_the two nater s al the .angle o
ot SiencerPETHER erHTT oG O NBAERELH | BPEH bt ankibhow Hih §oadT

t hrough. d&épehédsdiarecthen pfeyrDpagat berseluiriche have tismtpergesdn cuhar to
t he bOP”dﬁé%{r@Héﬂi‘Bﬁp té‘&qé@ﬁ%é@é?” i'ﬁi LROGEST + o THERD TRRLNEY; e
direction of propagati on diverges fromthe normal, the nore energy

refl ects. behavigurepfarecli vey HUFPDYN. energy will be reflected. The

| ongi tudi nal wave will noreover transforminto a transversal (slide

tensi on) wave. 25 The deviation of the angle of incidence to the nornal
rendd ns | FAft éaidvere £UBFYe2areadtaPt hOa R JkesX r ScRTPYPecT LeH of

thi cker ragkrbayeatebe sheckpuwayeiean neW (Fork a pallidsteelect. asd s
traction wave over a Ig{)gerdar ea 30 and caus%mspfll | i nﬂ. Due to |ack of
proof it CARAGEBE Sl d°FBFYc&rt di'tF whEther 1 s* 7% PHEPROFr &6 rse.
Besi des awhargebspalkll earfeadturecamdiairseeTHehatr st snbbh ereddd e is fornmed. A
hole with a radius of 20 cmin stead of 35 25 cmas in the basic nodel is
probably formed. Furthernore agst atsg;}ent\/yﬁ@q‘bégrmde on the hol gswhjch is
- 6 MAY 2002 - 62 )

in which:
25 Oqp : the standardized largest main tension 0,/UCS(MPa)
O1n : the standardized smallest main tension o¢,/UCS(MPa)
m : constant depending on the type of rock m = UCS/TS
s : the fracture degree of rock. (s = 1 for crackless

rock, otherwise s<1l)
30
The Mohr-Coulomb strength model requires a relation be-
tween the yield point y and the hydrostatic pressure p.
Generally the following relation is stated for the yield
point:

35 2(y)?2 = (o0, - 6,)* + (0, - 0,02 + (0 - 0,)°? (6.56]

- B



formed wwth a half-infinite rack layer. Wien it is observed what the
failure pattern | ooks |like before and after the shock wave neats the
boundary with the gravel the followi ng can be said: 5 10 15 20 ZS 30 * Wth
a-half-infinite rock layer no spalling will occur.e M@Yazﬂa wi th radi al
cracks only increases fromthe first 10 cmin the dMr i‘o 2 the axis of
symmetry. The latter is a result of t geonetric reinforcenment of the
shock wave whi was al.ready. di scussed before.. It can be .concluded from
above-msn‘ﬂfe}i“;‘&l?‘leg-‘r}fﬁl4 n i'n‘:{glsref% Ot A I?é]cﬁ-aﬁgﬁfetilrﬂnt egﬁ58ﬁ%llz%?er° hbPe with

t he shapeslofcla wpiver iical tslegmento, i Sspridbablyrfestvedaifhitserdnien wi Ad- have a

di aneter of 5.cm Al . in .cent f the hol e of
about 20-%51:]2%1%]#%2 é%lno%}gnggg?é"@bﬁ%%%&ng%gg&e% aglgartgcﬁz 96e23f urther
into the Tlovek #ATHIRWORIXiIS ot ¥¢MEPEY, 1P akdums + h&cdev@Popretatiof t he
pressure along-+his1 axutd NERIBCGAUNE. RN d@ﬁﬁ@ﬁ&&t%ﬂ%g@ Ebe.rock

| ayer in reality the conposition of the rock Tayer wll be different from
pl ace to H%é. For this reason a sinulation was carried out in which the
porosity of the rock was taken oo in stead of 200. As before it can now be
cal cul ated what the nateri al( chg\ractgri stics are gojng to be. Fﬁr %Pe
strength UCS & douft indwas '8 frosefl: fB1Y becalsl of which t hg-

Mohr Coul onb criterion and the failure nodel have been adapted as well.

Bel,ow al |t he, chang ve:b u up; 6 - M AY ?~1~[ 10 15
20 1gjasi o Irf%dé?%e%?%‘u@t :an%%%kg %%%KBF&£W% (%Pé‘)smkbgp“%kg?m

) 24202600UCS1D20TS4 29, i n fa=- ThwraefGpiitiqe=of EVH#)-G-ly darqrekn

(MPa) 20. 4526y in p=100 (MPa)85.2113y in p=1000 (MPa)300416failure criterion
, ) max (MPa)36 Table 7: The difference in material characteristics betwee.
the basic modeP and/2hésimfd=ati dn)to déBefnit /I influence 6f - Bhe
conposition of the rock. Wth regard to the basic nodel the |oad is kept

the sanme. The resylts_aof this sinulations have beep included in figure 28A,
B ard C RET bF 1 Qhi RBSCA Ba Mot B XCURRA ikt 66 Bhi ERLBCERFY ES a
result ofimhe deformation around the | ocation where the |oad has been put,
is less deep than in the basic nodel.

__l__z—-im-q- _i_m2+__p_+1 [69}
ucs 6 36 Ts

In the basic model UCS and TS, 10 and 1 MPa, respectively,

are taken. This results in a value of m = 10.

20 The Mohr-Coulomb strength model in AUTODYN requires the
entering of four points from the relation y-p. In figure
16 the relation [6.9] has been shown in addition to the

entering of the Mohr-Coulomb strength model.

25 The four points which have been entered in the Mohr-
Coulomb strength model comply with the relation ([6.9].
These are:

p (MPa) -1 10 100 1000

y (MPa) 0 20.5 85.2 300

30
Table 5: entering of the Mohr-Coulomb strength model: four

points in the relation y-p.



* The course of the pressure in time for the various targets is nearly the
sane.- It can be seen however 30 that the velocity of propagation is higher.
* The sane areas fail, despite a heavier failure - 6 MAY 2~~~ criterion.
. »* A clear spall area cannot be found under the &gt pbly because
the area has already failed before the traction \AEV@ MYEZQ@Z 5 * Because
of the higher rigidity of the rock Iés%sehergy is supplied because of the
|l oad : 20QkJ _i.n _stead of, #30 kJ. K The, influence of, the conposjtion of the
rock on tHh& f&rberae%f(irﬁ%n%léﬁré\eﬁgoﬁlpeh ?eﬁ&Brﬁé@orFé"lctlee%ro%nfﬁ ﬁF?g on
si mul at i ohesPossiétgs t ebimhnyhypee affetiées diriaxttliere haveibger changds NMore
exam nat i ane essay i he, in n f c ition of
rock. 15 g?%ﬁ] F%e%?%st.s%{)fs%ﬁaégﬁgﬁg EggTeEI eal% ' %%%ﬁo%glcﬁﬁlﬁe% t quﬁze annul ar
| oad a shoékhiavenst siskutoRohkg eeparatine ook thyerockhiwgldhgdleswave
ensug es that gpreaeh pver thediAmBELr apl aBRUL ), Sp8Y nVar i;QUS: gl gas, e
formed withi ﬁ wfkl/iech t he rogk fails.aHere sone piEe)ceIsl naquget?%rgrr% Wth a
maxi num 2D2¥FzePBETpi BT IPOIDLeTh afe fhsreépreheanat dr9sH weliakdewre
finely di shehbuited. cdhd bsiaski et eghd hBLiaboat agequayd efnOf 16he engrOy
rel eased at .the explosion of the wire will penetrate the 25 rock |ayer, so
that wit hStAFs et tiSd SSFEEHE 14920 kJ is necessary, to obtain pieces
of maximally 10 cmin a rock layer of 10 cmin thi ckness . Wth the
crushed vol u 0..02. Eﬁﬁ?i [ ne econes W) 30. A _shock
wav‘e@wi t hgg Irr‘geygléﬁt etg%}%‘; éaér% oné}ogﬁfiat%%%e%f dgjtrj"r‘f%seg\?vi I{: fveltoék fail
over a | aFgetadeapThaAusesfockhoavd fficrtense drgewennl itwedenand & eghor t
duration of pul S€anhi6f € H&rd't €ashky ofpdh Waye has 10 §§L Wey |

t ﬁ]el ght of

e 500

above , the elastic |[imt of the material. Know edge about the

the el ast PRIPEMY ARACPHENEoiS e BRT t RECFARERSt Wien thmsydalds Haiidt i on of
the stretgh feadmel anerxéd Soflef REMBLEGAsSE hHahi 0Bnak BHNd Liinkitalastl
limt, is.inpor - 65 ta];r%t fog1 the determ nation of the npst efficient.
shotk caav® .FTEFHahfulrd BXpl GG WiFE i 5S8R eRF edtiv@ e PBTapdiif a 5
quantity eknedergysbwvesatsoharge atkenf be: foudidstbhbut eth nenserfaiifudd s
desired that._an _area.,w dius of 25 cmfails a radius o~ the | oad of
20 cm appgélrrg%t (ﬁﬁbga ahlg%{(;e(fa%%scse“fr ~; When the rock layer is twi ce as
thick a hole with a radius of 20 cmin stead of 25 cmas in the basic nodel
wi |l probabinprig f apaed,, Wisnst he,gane Lead as;kn &ﬁe. hagl cppedeLei s, put on
a half -inf finite rock layer, a hole with a half-elliptoidic shape wll be
forARd. THE$eRdIad wi FPrheﬁfélld and liquid materials the linear EOS

and the Shock EOS are applicable. Additionally there is
the possibility to model porous materials. The models for

gasses are left aside here.

to
ut

The most simple EOS is the linear EOS. Here the Law of
Hooke is the starting point:

p = Ku

with u = (p/py) - 1 = AV/V
30
This model therefore only requires the bulk modulus K and
the initial density p,. In the determination of the density
and the bulk modulus of the rock material the characteris-
tics of the main components have been taken as starting
35 point. Because no data are available on the characteris-
tics of the water-saturated rock, K and p, are calculated

with the density and the bulk modulus o©of the components



15 a diameter of about 55 cmand a nmaximal depth in the centre of the hole
of about 20-25 cm 06592 ) 6 MAY 2002 -66 CLAI11~1S: 1. Method of
under -wat er dredgi ng, conprising the step of crushing rock, wherein a shock

was i s generated with a preprogranmed form streng¢-§ MﬁY‘Q h of time for
crushing said rock. 5 2. Method according to claim e preprogrammed

form strength and I ength of tingé Béi ﬁg generated by neans of pul sed

electric energy. 10 3. iVlethaod acc ng to claim1 aqr ich at | east
ohe. SR Bl BELEE | B30T Y eCPPodR Rt WP witoh AP RCHIADe | o
gener&h@m(Hefuvwdefﬁcmduhéomatarmaédekamlgan&bat|m@rthexshmnhumave 1~ 4.
Met ho accordln o] i whi er k pLugs gf£ used for
generg)teler?g é V\gvg}l%?h?&gpar Ejl‘rbna\%/ﬁt uél}slebgglE ggg ifed |2rald order. 5.
Met hod‘r@ccmrdpﬂglt@oanynndné:f@r cchr@r@crie@;emmgc%lafrrtheu rFomRQtent® shock

wave s,es#;égﬁ PhEdL Qo angeth fsm strength and Iength of time that the
cntshln ck 20 produces a desired size of pieces. Met hod_accor di ng
to any one of the preceding clalns,}|Lnh 8@i?h t he ghocfﬂiﬁ has fuch a
pr epr 0T ARBEEPorm  $t1% BT | eh gtﬁ f'time tHafl Brlshi nfj of rock

t akes}pl ace over a d $knﬂﬂnﬁnrface pf the rock. 24 Met hod acc@prding to
any (o] Jan r\| ﬁl a2 ) : R \Ahl r\h t+ ho a

prepr gofan@etef or m 5Eﬁﬁﬂgth and | epgh 6fLFT of rock

t akes iplace—up to a -desired depth in the rock

leannva _hac oo
LAY TVVAV O TIAOD o Uw

hat7tHhe crushin

30

guartz 28% 38
water 20% 2.3 1000
10
Table 6: The composition and the characteristics of the
components of the rock material.
The density of the grain material comes from the material
15 examination. Here one average density for the grain

material has been assumed. The total density for the

water-saturated rock will then be:

p, = n x p, + (l-n)p, = 0.2 x 1000 + 0.8 x 2775 = 2420
20 kg/m?

The bulk modulus K can be calculated by assuming that the
separate components cooperate as three parallel springs.

The bulk modulus can then be calculated with the wvolume

25 percentage and the bulk modulus of each separate com-
ponent :
.v% (6.10]
K 2; K;
in which:
K : the bulk modulus of the total material (N/m?)
o, : the volume percentage of a component (-)

30 K, : the bulk modulus of said component (N/m2)



30 8. Method according to claim7, wherein a shock wave is generated
repetitively in different |ocations placed in or with regard to the rock,
in vertical sense ancUor in horizontal sense. "6 MAY 2002 -67 9. Met hod
according to any one of the preceding clains corrpr.;ﬂ Mégr zgggng awre
conductor in the proximty of the rock, and having-i by means of
supplylng a pul se-shaped electrlc éﬂ%rgy 5 10. N@thod according to claim

9, ﬁh E %he &Pndu Qr h$s |nsert£% i nto rock. | 1. Method
accord o} cla 8ﬁ Yhe I TERbTAUCES ha%q’t‘ﬁ’élgﬂapéD f a | oop
or at Geastnaahnosy. 4ain amhmhathehamﬁ_k J:ﬁ)odﬂlu%blﬁoctlm:cmdkngnt aldaiml |,
in whi Lign r i1g <t h re1eqnduct r OXi t-he rock
severaﬁgmg#edcgﬁgﬁ%ggfﬂbéétgsgké%l er#fﬁ? e&?%ggr édg;nd %Léﬁ'tlne each '
W re cbadueesh pathers exleoddairained 13bu1\)et hmddaécer dihag t didmleone of the

pg ecedi NG 1 GRS, 11 ne&{@agboﬁhqzr Qqk £0sishs Qo ngéxera%cﬂie rock with
separation layers I.n hetween them in which the shock wave has such a
preproéhénﬁé&sF&FnﬂlﬁﬂFength and length of time that the crushing of rock
|s enhanced by reflections of the shock wave fromthe separation | ayers. 20
Q g g%lqg d% e having nmounted thereon a device for crushing rock
conprl i b é SFFOr neans for bringing the wire conductor in the

proximty of the rock aB i for suppl yi ng pul se-shaped el ectric
energy to the mnre duigg éLé%— t|ty Ke haverd he wire conduct or
expl oded for gener i ng hock3ﬁave wth a preprogramred form strength

and length of tinme for crushing rock. 25
As mentioned above, the EOS of most liquids and solid

lu materials can be approximated by the equation [4.4]:
Vg = €, + su

in which:

15 Vg : propagation velocity of a shock wave (m/s)
o : the velocity of sound (m/s)
S : a material constant (-)
u : velocity of material (m/s)
20 Due to lack of data on water-saturated rock it is impos-

sible to use this approximation of the EOS.

AUTODYN, Dbesides the above-mentioned models, has the
possibility to model porous materials. Materials such as
25 rock, concrete and sand contain pores, which under pres-
sure of for instance a shock wave can crash. In the porous
model the pressure can be entered lineary step by step as
a function of the density. In that way the three areas of
elastic compression of the intact material, compaction by

30 failure and compression of the condensed material can be
modelled.

Water-saturated rock as a result of the presence of water
in the pores cannot be condensed completely. The modelling

35 of water-saturated rock by means of the porous model



15. Device according to claim 14, in which the neans for bringing the wire
conductor in the proximty of the rock are neans for inserting the wire

conductor into the rock. - 6 MAY 2002 -68 16. Devi (@F(MAMM (1]@2:10 claim
14 or 15, in which the neans for bringing the wire conductor in

proximty of the rock conprise nmeans for repetitively bringing newwre
conduct or in t he proxi mty of the rock? 5 17. Device accor di ng to clains
14, 15 or éﬁ’ o‘i: he_neans For brlngln the wire conductor in the
proxi ni t 6 SHREF S Ckesar%o’f‘reaﬁge%'r |9‘F‘g|‘ﬁ‘@-¥‘ﬁ%tw pgadan d° iTP% he
proxi m t yaetk tdfe daock tini ¢ heodhapsmmetioa boopsed . al nost circunferenti al
shape. 10 18. Device according to claim1l7, in which the dianmeter of the
circunferential shape is approximately 40 cm 15 20 19. Device according to
any one dirarhetBeailignited odaBa igvaiiathle henwi ke cEBAGucedr dry pfeded in a
housi ng 20 feM Geoa&e oL di F8108uaNY 1f1te Wich hﬁrgggh%slﬁnt Q ped, rd Ay avhi ch

the wire conductor has such a shape that the energy rel eased when expl odi ng

the wire &Gt o? ?SGBPné@eatEQ%ecﬁ‘%clRe 2BPTPEVEE Sdc &OT dft IFEDL R m 19
or ﬁO rel;]lqrdwqhﬁ@r ctBEM 1Rasioh Y&h&hgéb\,ﬁubér @lfng:dmi. 1£lﬁkWolfe m&dé@ﬁ or has
sSuc a S ape t at t ener el ease e odlL n 1 W re conductor 1s
o at G e D SR, O S e O o8 R e, Mot T e
cI aim 16 exfpzrctreepethhtvettlye 25vasigppl Mgt hew pres cma@m:tecsr t23t Devé ce

ci%rdl ng to claim 2 |ch t@% W CO”%‘iCtRE |s egl acedlgy a means

mponents m

for generaﬁl ng an 2l ectrl cd é: scharge el ectsrl di sC arge

gener at e§qu1§$lt@:klwm@w¢hlalpﬁppnogsanﬁ’bd frook ist rmvgtﬂ’irwtt%chgt h of
time for avsrua'%hheﬁhog;la_ﬁeégsrq%emal 6y M AY 22002, - 981a4md%uﬁru%d9aé@epev' ce

havi ng nounted thereon an assenbly of a housin a wre conductor placed
t her ei n, Hahef reBnpTissi| ﬁ@mﬁé’élﬁé'ltfsor §9‘5p|“3ﬂ3ff3‘ pﬁh§edf%¥}‘échalsc Rergy to
the w retggmdyqlgpr for having the wire conductor exploded and as a result
generating a shock wave with a preprogranmed form strength and | ength of
time, the 5 wire conductor and the housi ng havi ng such a configuration that
t he shocl@mmaataamdataila,a deeskgyl magt feni de hayd:@gsawntte;d déesLon an
assenbly of a usi and a_neaps pl.aced ther for ene tlng an
rectri diinf s Rg gBon R oRer G gttt d | HockeNEhALL 95 R0k

load with pressures between 0 and 2 GPa. The Plate Impact

Test or the Hopkinson Bar Test could be used for this

20 examination.

For the elastic and the elastic-plastic sum with Mohr-
Coulomb the total energy of the system has been plotted
against the time in figure 17A and 17B. During the first

9]
[S2]

l0us the square-shaped pulse is put on the water and the
energy rises. A part of the pulse will reflect against the
boundary water-rock. The boundary condition of the first
cell has been chosen such that all tensions and energy is
transmitted out of the system (boundary condition
30 "transmit"). In the energy plot it can therefore be seen
how much energy is reflected against the Dboundary water-
rock. This 1is the first decrease of the total energy.
Later yet another part of the energy will leave the system
through the last gravel cell, which also has the transmit

35 boundary condition.

The reflected wave against the boundary water-rock in the



10 neans for supplying pulsed electric energy to said nmeans for having the
medi a, for instance gasses, surroundi ng the neans expl oded by the

di scharge, and as a result generating a shock wave of rogramred form
strength and length of time, the nmeans and the housidgghgtﬁﬁggeuch a
configuration that the shock wave is ained. 15 26. Method of under-water

dr edci ng, conpr|5|ng the step of crustithg rock by nmeans of shock waves,
conprising the ste - the insertion and/or arranging in the proximty of
the rock S2$kehst S WeQQQQﬁ%q% LePidfuct 6F ; OF he sUPRTATH Ve pdPg- shaped
quantity wfodhessr e eaﬁ@yt@rgmebﬁoeﬂuabentam 20 i sheheaaganper, that
at | east a}£a{t of the_gonduct or obtginsbg p eg enl ar enen#

t hrough WATRR-5°sioCk WAVE is° gERBPATEHRP2Y. BEBPG r?gaq“to &P m 26,
in which emmrgwetrahsfemndscbemtemnwhESeShetele&swlhﬁ@”electrodes, whi ch

el egtrodes are at such a distance, that in the space between the 25

el ectrodes an electric are of electrons can be generated and in such a
manner t H&htwhehes @ais Aol seighbpediors eat dapdensigly bae been

i ntroductdion, phelihecgl eghei Cp%ﬁa%étf&?(:tckon% I py3pid 3B9ee eOéEESﬁs
pul se-shaped enla%genent a shock wave is generated.

MAY
2002 - i c~BBFAKEE ﬁté{'?éors(’:ﬁcﬁ’g &% FASKiai26:hg ns R RHC R het ePeE‘?FFElé@mduct or

Cormrl seshabe | @a%n oaesaoetseem ofitsuchha ClrIQS_'L rs@Cbbﬁaan\é’dl Q':h_ E&bsaRl | er
q_ t he remaj ni

ort on ond ct ng a
puI e- shéﬁeﬁn%IEEgPp Eﬂke?ﬁv Fﬁbqﬁﬁﬁ%&féﬂ cﬁﬁﬁg?§° 3 iﬁg %é%gmgrﬁnd/or
pl asma- shegprepl ghas Ty a:mmésedﬂhamﬁ:mamrqmﬂﬂjem 51tsen’petatuba syasul ting

| n.a pul sgsshapedol paLease g iR sehathe Jelenial, g the dogation of

said portion and a shock wave is generated according to any one
of the clains 26 to 28, in which various parts in the conductor have been

ar ranged, p ywhi gds Cam dadengo, & pdﬂesere%peﬂagncwefe di volune 10 apd |

whi ch the pul se-shaped, quantity of electric energy Is supplied to sald
parts suchheRBENPheprt arPUt KetF +2pblR- sRBpePLafG Base i W VePYe PASa

preprogr apiedogsdefailure models available which can model the
failure behaviour:
* Maximum traction tension of the main tensions. When
one of the three main tensionsg exceeds the indicated
20 traction tension the material fails and can subse-
quently only absorb positive tension. This criterion
is suitable for modelling failure on traction of rock
(see figure 16).

* Maximum sliding tension. Above a certain indicated
25 maximum sliding tension the material fails (see
figure 16). The maximum yield point and with it the

sliding tension in rock depends on the prevailing
pressure. This model therefore cannot be used.
* Maximum value of the main stretches (on traction).
30 The rock fails when it is stretched too far in one of
the directions of the main stretches. There are no

direct data available for this criterion.

* Maximum sliding stretch. The rock fails when it
shears too much. Just like the sliding tension with
35 rock 1t depends on the prevailing pressure and

therefore cannot be used.

* Direction depending maximum traction tension or



30. Method according to any one of the clains 26 to 29, in which the

pul se-shaped quantity of energy is supplied to the conductor in such a
manner, that the generated 1 ~ shock wave has a preprogs sform
strength and length of time. 31. Method according to th? feMMte cl ai ns
26 to 30, in which a part of the conductor is filanmentary. 20 32. Method
according to any one of the preceding>élaims 26 to 31, in which the form

strength and | ength of tine of the shock wave_generated are such that the
crushi ng of tt?etrrg%cqf’ T etsrhlltss ’T“?\é%ledéﬁ re lEF?%goff‘ﬁ | BafFEeas Sprivtiuted. 33.

Met hod accor didigrdax iasyy on@epéndibhrgpr ectdiragrerdists o6 t o(SZhotrad ch the
25 form streqxgath a,ndl ength of tine of the shock wave generated are such

I
t hat the crushi ntgerojfa rs(}c'k t akes place over a desired surface. 6 MAY ~nn~

-71 34. Net hodaawopy dinngeflo deyentengf drheppastedi ngLdtaims o6 ped3, in
whi gh the for re en i foith erated are
suc% t hat thergcurrus%'hi ?gigf %{B%eélr ogéb%g%{éé%}sz‘i@g% gt ?@%%@gﬁ%rd&ggb%ﬁ in the
rock. 5 3~ MAHodiecchrErfy rochnpnon®nof (kheé dogi Mg ided ek . i Bhahi ch

shock waves argyenesat &d dapaldd i ¥8l ¥ Hen gNesr OXbakbY candige i Aodpe rock.
36. IVIethod accor di ntg tg a{;y oneFof the preceding clainms 26 to 35, .in

whi ch repetitiSFY St attFastst /0 fl £68$ R (FERFSE 1Ry Thei/vkeld the
rock shock wauesired e dfidgeneeat edhll37. mdehhed ageeidiarg t airRiny onehof the
preceding clains.26 to 36,.in whigh at at.least two places ip the proximty
ang or in the FockiEHoek c\5/\];faveh%' arlgmg%ne'?%?% , Js%chs‘tlgﬁ‘:t?bf%e g?%rtt,: Form
and duration dfinbetsimrkohavbs auévprépragoamed.prissS8ce Miidwevaccor di ng
to any one of i preceding ghalme 28 18,13 £b0 Wi §8.8t dfd%hte of

the plastic stretch.
* The Johnson Holmquist model. This model also works
15 with a damage parameter. For D=0 a failure curve is
valid as with the Mohr-Coulomb criterion. For maximal
failed zrock the failure curve is valid which in-
dicates the residual strength (see figure 16). This

model appears to Dpe very suitable to simulate both

28]
(@)

failure on traction and on shearing. During this
examination, however, this model was not available
yvet. For future simulations this model appears to be
suitable.

to
U1t

In figure 18 three of the above-mentioned failure criteria

are indicated in a p-y diagram.

As appeared from the above-mentioned enumeration of the
failure criteria available, only the criterion for the
30 maximum tensile strength could be used. A maximum value of
3 MPa was chosen which one of the three main tensions may
reach. In figure 11B it can be seen that one of the three
main tensions can reach the maximum value, or all three at

a time along the hydrostatic axis.

The model for the two-dimensional rotation-symmetric

simulations 1is described herxe on the basis of the used



one part of the conductor, with which the shock wave can be generated, is
appli.ed in the shape of a |loop or at |east al nost i shape. 20
39. Method according to any one of the preceding cﬂgﬁagﬁégﬁgtﬁé8, i n which
the rock consists of several |ayers of rock with separation |ayers in

bet "veen them that the shock wave gengr ated has such a preprogranmed form
strength and length of tine, resultihng ?n“increasing the crushing of the
rock by reflection waves fromt separat.i on | ayers, which are a result of
t he shockShate g’r‘?ef‘?tteedf.lazls ‘Eﬁfg]e%ﬁfetaﬁ'b%a&&becgr%?‘ig to claim39,” in which
after treating the soil material of the bed of a water area, the crushed
rock material Jis ently,r Y it id_of a.dredaqi. Vi ce.

s MAY 20~Eh%7§1§f§qﬁﬁigﬁdgbgégtg%%dﬁgﬁﬁﬁH%ﬂgevi%% gefﬁégﬁognﬁgg ther eon a
devi ce forher @dhi signg obRshyt e afsl biwistmckhaneesecoapicsi fgeat digaste one

el eciric gaonduet ory) .neans for bringing the conductor in the proximty
and/or in the rock and a device for supplying a pul se-shaped quantity of

el ectric energy to the conductor, which energy is such that at 5 a

pul se- shaped i rgteaseH b Mehel®y aihSeS thel Raskienelpakt @fiddhe aaniductor,
by which a shock wave is gener d. 42. Device according to claim4l, in
whi ch the mean§*6F° ho°The® part of the conductor which generates the
shock wave i n thegkedsn by afodndleyeirn tthecmockhildkrempr bfegyrmmaris f or
arrapnging at | i art of the conductor repetitiv ely in the
proggnity of oﬁgﬁﬁnfﬁéq?gbk. 43. Device according to claim42, mwhich the
part of tHe coRdubituy dfs ¥he ageid a3y.cl5 44. Device according to claim 41,
42 or 43 in m%@(&ﬁﬁ?@%a&%ﬁ rangkpg the,partigb tde EHle%tzRFe:N‘h' ch
generates the shock wave, 1n the proximty of and%r in the rock are_ neans
for at |east af¥hgfhg Xai §Mpario®f thRe FoiueforsYHatte shapeest and oop or
at least in a Gin 148t Ealeshapeibirkhe opr @4 Mdpar@fmiar J nedei drogk. 20
45. _Device according to clain1§4, in which the Ioog shape or the .

ci rtanf erent i alP $haper FREMECHPEnePEE b&tnee appFéxF il el VO5-MiH%nd s
approxi mately Zfl amdet. 46. Device according to claim45, in which the

di aneter is beHW&?%é%é%)gygdocggsists of 1750 cells.

* At the side of the load (left hand side in figure 19)
cells are more finely divided, because there the

20 largest tensions and deformations can be expected.
* The targets, the places of which after the

simulations have ended, the history of the load can

be examined are divided as indicated in figure 20.

25 The following material characteristics have been used:
Rock:
* Linear EOS
* K = 10 GPa; p, = 2420 kg/m?; G = 6 GPa.
* Mohr-Coulcomb  strength criterion (choice strength
30 criterion)
* Failure model: maximum main tension on traction of
3MPa
Gravel:
35 * Linear EOS
* K = 5.9 GPa; p, = 2072.5 kg/m?; G = 0.5 GPa.

* Mohr-Coulomb strength criterion



nmeter. 25 47. Device according to any one of the clains 41 to 46, in which
at |least the part of the conductor which generates the shock wave is placed
i n a housing. ~- 6 MAY 2002 -73 48. Device according to any one of the
cllaims 41 to 47, in which at |east the part of the cond_uSMéghivch,
generates the shock wave has such a shape, that the shee &Hérat ed is
directed at the rock in concentrated fotm 5 49. Device according to claim
47, in which the housi ng has, such a shape, that the shock wave generated is
directed &t thé?orgﬂ%s]ﬁfgecd‘}?éjéﬁtrat ed form 50. Manipulator to be used in a
device according to claim42, for repetitively supplying a part of the
conduct or whi.ch gener.at es_a,_shock .wave. .10 51. Device accordi ng to any one
of "the o QPR PESHE T SRR SR S rApE G Py e oPERTE ¢

ener gy i sdsepplsisednt oat headondageéor dan saphaaenabperhe t hatishbd dhpcl wave
genes at edsfias,a LRI OOLATEASLOL 2SUIBROLA ANGd eDGhiN OF LLRerdy 52. AN
under - wat er dredgi ng devi ce having nounted ereon an asse Fy 6f & "housi ng
with a fiBapeEstiagy Q@Y i dscorduceonugieacewiriger dithromganswhachsugpl yi ng a
pul se- shaped guant idy1 of & ecdid € @NEIYYed o1 dhEs CONAYCLBL-8NEHRaviRE a
shock vvav$ generated thr o%%gsthat Wi th a preprogramed form strength and

| ength of *B¥RE, ITHSMHCIF t Faredfs i cdhditt or that generates the shock
wave and the housing have 20 such a configuration that the shock wave
genggat ed s directed at the rocl% to be crushed in cogceatra edhf or.m

CA ASHr . ATESA9 SPASE YA} . AEPIRES CAYL. KED ASTISKIRf 2ppfo3g which “is

T A AQ A8d s iRlitied AOvét an’breAllofA Lo, wiAkN. Ahe A gad\’ cANF onAY. A9;

9. A99. A9y, A9( Y A9%, AL; CAyr AL F_As LA . A 32. A&
9. A9H. A9( I'E. A{Rf%f%d ﬁg%l\é E.a%géAé"L%}?A f[;j.l%%A(A%ér . ig;cf!ﬂ‘&"%zﬁs%}ﬁ?ée& % As
9. ASNY! . ACRRrsA@ feed. Adonfy 1AJLMRS chosen with a maximum tension

(0.7 GPa) on a radius of 20 cm.

15

Further starting points of the load are:

* A triangular shape of the pressure course in the time
of the shock wave. The front of the shock wave is
infinite steep here.

20 * The duration of the shock wave is 25us.

The effects the shock wave has on the rock and the gravel

will be discussed here in chronological order. In figures

21A up tc and including P can among others be seen:
25

* The course of the pressure p in the rock and the
gravel, every twentyfifth step in time.

* The course of the pressure p in the time for a number
of targets.

30 * The situation in which the waterial is: elastic,
plastic or failed in one of the three directions.

As can be seen in figure 21 the tensions in the rock near

the locad are high. The shock wave has the shape and the

35 intensity of the load imposed. The tension in all direc-

tions is well above the elastic limit (see pressure course

target 1). 8till, it is possible that on micro scale
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course (see figure 19) was chosen with a maximum tension

(0.7 GPa) on a radius of 20 cm.
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Further starting points of the load are:

* A triangular shape of the pressure course in the time
of the shock wave. The front of the shock wave is
infinite steep here.

20 * The duration of the shock wave is 25us.

The effects the shock wave has on the rock and the gravel

will be discussed here in chronological order. In figures

21A up to and including P can among others be seen:
25

* The course of the pressure p in the rock and the
gravel, every twentyfifth step in time.

* The course of the pressure p in the time for a number
of targets.

30 * The situation in which the material is: elastic,
plastic or failed in one of the three directions.

As can be seen in figure 21 the tensions in the rock near

the load are high. The shock wave has the shape and the

35 intensity of the load imposed. The tension in all direc-

tions is well above the elastic limit (see pressure course

target 1). Still, it is possible that on micro scale
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The shock wave experiences a lot of resistance of the rock
at the centre below the location of the load. The free
15 rock surface does not offer that resistance. The rock
particles tend to splash away. In reality this will
probably happen too.

In the enlarged situation plot of step in time S0 the
20 directions of the main tensions have also been indicated.
It can clearly be seen that below the location where the
load has been put on, the main tensions lie along the x-
and y-axis. Here the largest main tension 1is directed
along the x-axis. Outside the area where target 1 up to
25 and including 9 lie the directions diverge from the x- and
y-axis. The largest main tension turns from the x-axis to
the y-axis. This pattern of directions can also be seen
with the traction cracks which arise in this area. These
will, as seen from the location where the load was on, run

30 away radially.

After approximately 40us the shock wave reaches the boun-
dary with the gravel. As of this moment a part of the
shock wave will continue in the gravel layer, the other
35 part will refliect like a pulling wave. The front of the
reflected part will at first fall away against the tail of

the incoming shock wave. In figure 21 it can be seen in
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can be seen that on that location the tensile strength of

5 the rock has been reached. At this location a crack will

arise. The distance from the boundary surface where this
is happening depends on the difference in impedance be-
tween both materials, the course of pressure of the tail
of the pulse and the tensile strength. This phenomenon is

10 also called "spalling".

In the general case of an increasing shock wave it
decreases in intensity in two ways. First of all the
material will plastically deform or fail. Energy of the
15 shock wave is transformed in deformation energy. Secondly
the energy of the shock wave will be distributed over an
aver larger area. The latter can therefore also be called

the “"geometric evaporation" of a shock wave.

20 With an annular load the geometry of the load will however
ensure a reinforcement. To the outside, away from the axis
of symmetry, the intensity of the shock wave indeed
decreases, but within the ring as the energy of the shock
wave as it increases in the direction of the axis of

25 symmetry, will be distributed over an ever smaller area.
As a result the intensity of the shock wave increases.
With an annular load geometric reinforcement therefore
occurs.

30 Around the axis of symmetry the geometric reinforcement
described above arises. On step in time 175 it can be seen
that traction tensions arise. Behind the pressure wave a
traction wave arises, as a result of which the rock will

fail near the axis of symmetry.

The concentrated pressure wave on the axis of symmetry

will partly reflect against the rock-gravel boundary
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ficiently with a shock wave. The pieces that are realized

20 may not be larger than 10 cm.

For an estimate of the size of the pieces with the help of
the results and particularly the above described failure
pattern, the important guestion is: How far has the rock
25 disintegrated in the areas which according to the
simulation have failed. Two extremes are possible:
1. In areas which according to the simulation have
failed only some cracks have formed. The c¢racks run
through the heart of these areas. See figure 23.
30 2. The areas where the rock has failed are completely
pulverized down to the grains from which the rock was

originally built up.

In the first case pileces will be formed which are larger

35 than 10 cm. Pieces of about 15 cm appear to be possible.
The hole which is formed moreover has a radius of merely
40 cm.
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An important parameter with which the load can be changed
is the radius of the exploding wire. From the results of
35 practical tests it appears that the rock has mainly failed
within a radius of 25 cm. The cause of this is the already

discussed geometric reinforcement towards the axis of
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$10%M§ )basiq $oouAd).& The radius of the load in one of these two
simulations was 10 cm, in the other simulation 20 cm, as
in the basic model. The amplitude of the load is adapted
such, that at the same duration of pulse of 25 us, the
15 energy supplied was about the same. A stepped load was
taken here, with 1.3 GPa as highest tension (as opposed to
0.7 GPa for the load at 20 cm). In figure 25A and 5B it
can clearly be seen that with a radius of load of 20 cm
the rock fails less quickly as a result of a heavier
20 failure criterion. Still the five separate areas of figure
22 can be seen here as well. At a radius of the load of 10

cm the following strikes:

*

A largexr crater i1s formed. Because of the larger
25 intensity of the load the deformations in the sur-
roundings of this load are larger too.
* Despite the heavy failure criterion the rock almost
completely fails within a radius of 12-15 cm.
* Also with this heavy failure criterion there is no
30 reason to assume that with this radius of load the

rock fails up to a radius of 25 cm.

Regarding the choice for the radius of load the following
can be said:

35
* At too small a choice of the radius of load, toco

small an area 1s covered.
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5 * When it 1s desired that an area with a radius of 25

cm fails, a radius of the load of 20 cm appears to a
good choice.

Furthermore it can be stated that the annular exploding
10 wire appears to be an effective way to apply a quantity of

energy over a large area in an distributed manner.

In the plot of figure 21, where the pressure p for various

targets has been plotted against the time, a wavy movement

fuy
(€21

or bend of the pressure after the maximum pressure in a
target has been reached, strikes. The wavelength of this

bend appears to be about 2 cm, whereas the cells are about
¥ cm long.

20 By halving the size of the cells (four times as many
cells) the influence of the choice of grid on the results
has been worked out. The plots going with this simulation
have been included in figure 26A up to and including C.
AUTODYN automatically determines the necessary step of

25 time for each calculation cycle. This is equal to the time
needed by a sound pulse to go through a cell. The finer
the grid, the more steps in time and thus the longer the
calculation time. The simulation was broken off after 60us
(350 steps in time), because all the necessary information

30 had been obtained.

It can be seen that the bend has become smaller. The
wavelength now is 1 cm. Therefore there is a clear connec-
tion between the size of the cells and the bend (ac-
35 curacy) . Furthermore it can be seen that the same areas
fail as in the basic model. The same failure pattern can

be seen (the shock wave has not yet reached the axis of
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symmetry at 60 us). It can be concluded that the grid of
the basic model is sufficiently accurate. The size of the

cells here are approximately ¥ x ¥ cm.

5 The thickness of the rock layer will in reality not be
constantly 0.1 m. For that reason it has been worked out
with a simulation what happens to the shock wave and the
rock, when 0.2 m is taken as the thickness. In figure 27A-
G the results can be seen. The same failure areas as in

10 figure 22 can be seen. Striking 1is the large area where
spall occurs (areas 3 in figure 22). A possible cause of

this is the angle of incidence of the shock wave.

When a shock wave meets a boundary surface with another
15 material, then beside the material characteristics of the
two materials also the angle of incidence is determining
of how much is reflected and how much goes through. If the
direction of propagation of the wave is perpendicular to
the boundary surface, the transmission 1is largest. The
20 farther the direction of propagat:ion diverges from the
normal, the more energy reflects. Over a certain diversion
all energy will be reflected. The longitudinal wave will
moreover transform into a transversal (slide tension)
wave .
25
The deviation of the angle of incidence to the normal
remains limited over a large area with a thicker rock
layer. With a thicker rock layer the shock wave can now
(for a part) reflect as a traction wave over a larger area
30 and cause spalling. Due to lack of proof it cannot be said

for certain whether this is the correct cause.
Besides a large spall area it can be seen that a smallex
hole is formed. A hole with a radius of 20 cm in stead of

35 25 cm as in the basic model is probably formed.

Furthermore a statement can be made on the hole which is
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formed with a half-infinite rock layer. When it 1is ob-
served what the <failure pattern loocks 1like before and
after the shock wave meets the boundary with the gravel

the following can be said:

* With a half-infinite rock 1layer no spalling will
occur.
* The area with radial cracks only increases from the

first 10 cm in the direction of the axis of symmetry.

The latter is a result of the geometric reinforcement of

the shock wave which was already discussed before.

It can be concluded from above-mentioned findings that
with a half-infinite rock layer a hole with the shape of a
spherical segment is probably formed. This hole will have
a diameter of about 55 cm and a maximal depth in the
centre of the hole of about 20-25 cm. It is not incon-
ceivable that moreover a crack goes further into the rock
along the axis of symmetry, taking the development of the

pressure along this axis into account.

Besides the thickness of the rock layer in reality the
composition of the rock layer will be different from place
to place. For this reason a simulation was carried out in
which the porosity of the rock was taken 10% in stead of
20%. As before it can now be calculated what the material
characteristics are going to be. For the strength UCS a
doubling was also chosen for, because of which the Mohr-
Coulomb criterion and the failure model have been adapted

as well. Below all the changes have been summed up:
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10 y in p=-1 (MPa) 0 -
v in p=10 (MPa) 20.45 26
vy in p=100 (MPa) 85.2 113
v in p=1000 (MPa) 300 416
failure criterion 3 6
15 0. max (MPa)

Table 7: The difference in material characteristics be-
tween the basic model and the simulation to determine the

influence of the composition of the rock.

20
With regard to the basic model the load is kept the same.
The zresults of this simulations have been included in
figure 28A, B and C. The following can be noted:

25 * The crater which occurs as a result of the defor-
mation around the location where the load has been
put, is less deep than in the basic model.

* The course of the pressure in time for the wvarious
targets is nearly the same. It can be seen however

30 that the velocity of propagation is higher.

* The same areas fail, despite a heavier failure
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15 From the tests of the basic model it follows that with the

annular load a shock wave of about 2% kJ enters the rock

layer. This shock wave ensures that spread over a diameter
of about 0.5 m, various areas are formed within which the
rock fails. Here some pieces may be formed with a maximum
20 size of piece of 10 cm. The rest cf the material will be

more finely distributed.

It i1s estimated that about a quarter of the energy
released at the explosion of the wire will penetrate the

25 rock layer, so that with this method approximately 120 kJ
1s necessary, to obtain pieces of maximally 10 cm in a
rock layer of 10 cm in thickness. With the crushed wvolume
of 0.02 m?® the specific energy becomes 6 MJ/m?.

30 A shock wave with a low intensity and a long duration of
pulse will have rock fail over a larger area than a shock
wave with a large amplitude and a short duration of pulse.
Here the intensity of the shock wave has to be well above
the elastic limit of the material. Xnowledge about the

35 height of the elastic limit and the course of the largest
main tension as function of the stretch for the one-axis

deformation situation around this elastic limit, is impor-
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electrodes between which discharge is generated or a wire conductor is used for

generating the shock wave.

15 4.  Method according to claim 3, in which several sparking plugs are used for

generating the shock wave, the sparking plugs being excited in order.

5. Method according to any one of the preceding claims, in which the shock wave
has such a preprogrammed form, strength and length of time that the crushing of rock

20 produces a desired size of pieces.

6. Method according to any one of the preceding claims, in which the shock wave
has such a preprogrammed form, strength and length of time that the crushing of rock

takes place over a desired surface of the rock.

25
7.  Method according to any one of the preceding claims, in which the shock wave
has such a preprogrammed form, strength and length of time that the crushing of rock
takes place up to a desired depth in the rock.

30 8.  Method according to claim 7, wherein a shock wave is generated repetitively in

different locations placed in or with regard to the rock, in vertical sense and/or in

horizontal sense.
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12. Method according to claim 11, in which during bringing the wire conductor in

the proximity of the rock several wire conductor parts are intermittently inserted and

each time each wire conductor part is exploded.

15 13.  Method according to any one of the preceding claims, in which the rock counsists
of various layers of rock with separation layers in between them, in which the shock
wave has such a preprogrammed f{orm, strength and length of time that the crushing of

rock is enhanced by reflections of the shock wave from the separation layers.

20 14. - A dredging device having mounted thereon a device for crushing rock
comprising a wire conductor, means for bringing the wire conductor in the proximity of
the rock and a device for supplying pulse-shaped electric energy to the wire conductor,
with a quantity to have the wire conductor exploded for generating a shock wave with a
preprogrammed form, strength and length of time for crushing rock.

25
15. Device according to claim 14, in which the means for bringing the wire
conductor in the proximity of the rock are means for inserting the wire conductor into

the rock.
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10 18.  Device according to claim 17, in which the diameter of the circumferential shape

is approximately 40 cm.

19. Device according to any one of the claims 14 to 18, in which the wire conductor

is placed in a housing

20. Device according to any one of the claims 14 to 19, in which the wire conductor
has such a shape that the energy released when exploding the wire conductor is aimed
at the rock.

20
21. Device according to claim 19 or 20 referring to claim 19, in which the
housing of the wire conductor has such a shape that the energy released when

exploding the wire conductor is aimed at the rock.

22. Manipulator to be used in a device according to claim 16, for repetitively

25 supplying new wire conductor.

23.  Device according to claim 21, in which the wire conductor is replaced by a
means for generating an electrical discharge, which electrical discharge generates the

shock wave with a preprogrammed form, strength and length of time for crushing the
30 rock.
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15 26. Method of under-water dredging, comprising the step of crushing rock by means
of shock waves, comprising the steps:
the insertion and/or arranging in the proximity of the rock at least one electric
conductor;
- the supplying of a pulse-shaped quantity of electric energy to said conductor and
20 in such a manner, that at least a part of the conductor obtains a pulse-shaped

enlargement, through which a shock wave is generated.

27. Method according to claim 26, in which the electric conductor comprises at least
two electrodes, which electrodes are at such a distance, that in the space between the
25 electrodes an electric are of electrons can be generated and in such a manner than
when supplying the pulse-shaped electric energy the introduction of the electric are of
electrons in said space ensures a pulse-shaped enlargement, by which a shock wave is

generated.
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25 form, strength and length of time of the shock wave generated are such that the

crushing of rock takes place over a desired surface.
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form, strength and length of time of the shock wave generated are such that the

crushing of the rock takes place up to a desired depth in the rock.

5 35. Method according to any one of the claims 26 to 34, in which shock waves are

generated repetitively in the proximity and/or in the rock.

36. Method according to any one of the preceding claims 26 to 35, in which
repetitively at at least two places in the proximity and/or in the rock shock waves are

10 generated.

37. Method according to any one of the preceding claims 26 to 36, in which at at
least two places in the proximity and/or in the rock shock waves are generated, such
that the start, form, and duration of the shock waves are preprogrammed.

15
38. Method according to any one of the preceding claims 26 to 37, in which at least
one part of the conductor, with which the shock wave can be generated, is applied in

the shape of a loop or at least almost in an annular shape.

20 39. Method according to any one of the preceding claims 26 to 38, in which the rock
consists of several layers of rock with separation layers in between them, that the
shock wave generated has such a preprogrammed form, strength and length of time,
resulting in increasing the crushing of the rock by reflection waves from the
separation layers, which are a result of the shock wave generated.

25
40. Method according to claim 39, in which after treating the soil material of the bed
of a water area, the crushed rock material is subsequently removed with the aid of a

dredging device.
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41. An under-water dredging device having mounted thereon a device for crushing
rock by means of shock waves comprising at least one electric conductor, means for
bringing the conductor in the proximity and/or in the rock and a device for supplying a
pulse-shaped quantity of electric energy to the conductor, which energy is such that at

a pulse-shaped increase in volume arises in least one part of the conductor, by which a

shock wave is generated.

42. Device according to claim 41, in which the means for arranging the part of the
conductor which generates the shock wave in the proximity of and/or in the rock,
comprises means for arranging at least said part of the conductor repetitively in the

proximity of or in the rock.
43. Device according to claim 42, in which the part of the conductor is filamentary,

44. Device according to claim 41, 42 or 43 in which the means for arranging the part
of the conductor which generates the shock wave, in the proximity of and/or in the
rock are means for at least arranging said part of the conductor in the shape of a loop

or at least in a circumferential shape in the proximity of or in the rock.

45. Device according to claim 44, in which the loop shape or the circumferential

shape has a diameter between approximately 0.10 and approximately 2.00 meter.

46. Device according to claim 45, in which the diameter is between 0.30 and 0.80

meter.

47. Device according to any one of the claims 41 to 46, in which at least the part of

the conductor which generates the shock wave is placed in a housing.
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48. Device according to any one of the claims 41 to 47, in which at least the part of
the conductor which generates the shock wave has such a shape, that the shock wave

generated is directed at the rock in concentrated form.

49. Device according to claim 47, in which the housing has such a shape, that the

shock wave generated is directed at the rock in concentrated form.

50. Manipulator to be used in a device according to claim 42, for repetitively

supplying a part of the conductor which generates a shock wave.

51. Device according to any one of the claims 41 to 49, in which the pulse-shaped
quantity of electric energy is supplied to the conductor in such a manner, that the

shock wave generated has a preprogrammed form, strength and length of time.

52.  An under-water dredging device having mounted thereon an assembly of a
housing with a filamentary electric conductor placed therein, means for supplying a
pulse-shaped quantity of electric energy to the conductor and having a shock wave
generated through that with a preprogrammed form, strength and length of time, in
which the part of the conductor that generates the shock wave and the housing have
such a configuration that the shock wave generated is directed at the rock to be

crushed in concentrated form.



