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Numerical Simulation of Wave Propagation Through Cemented Granuhr Material
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ABSTRACT

The distinct eland nwthod (DEM) has been d to
model wave propagation through a matrix material camped
of cimular prticles which are glued to@hex with elaatic
bomb. Wave propagation through tk mnplc ie shown to
be governed by tlx pmpertiee and dietributicm of individual
bondll.

NOMENCLATURE

a-
c-
E-
F-
R-
T-
Au -
a-
B-
6.
u-
u~ -
0, -

-a’ti~ ~ (1 +4)
fkcture length for ~th criterion(mm)

elastic moduluo of bonding materiel (MPa)
reutdng fora d bond m particle (N)
particle radius (mm)
eurface ener~ (MParmm)

tal ttretding of bond (mm)incremen
dimemionlm length of bored (ace Fig. 1)
dimeneionk length of crack (see Fig. 1)
dimeneionlem width of bond (eee Fig. 1)
Poisma’m ratio of bonding makial

noxmd ctraa in bmid (MPa)
shear stress in bond (MPa)

INTRODUCTION

The distinct element code uewl is SKRUBAL. It wea
modikd km the TRUBAL program (Cundell, 1987) by
allowing pairs of partick to be bonded tugether ~ en ektic
material, as shown in Fig. 1, The detailm cd the fmulatioa
m presented elsewhere (Iknt, 1987). Three modes of
relative nmtion were adysed for the t~dimensiond case
preeented here: dmpk tennicm, where the partick move in
the direction of a line connecting their centers; rolling torsion,
~wherethe particle, rotate in oppoeite directions; and ohearing
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torsion where the particlea rotate in the same direction. Any
arbitrary motion of two particka may be decornpoeed into
these three components plus rigid body motion. The form of
the restoring forces in simple tendon ie:

F/Au

E=

(
acoe(w) -1 w = sin-l(a)

‘“+ *“- a - -(”) )1 w = fi-l(?) “
(1)

Analytic expreakma smh ao thin are incorporated into

the cdculationd eequence c4 the distinct elementcodeaothut

bonded particlea have forces and moments applied to them in
addition to bee impaed by partick particle inkractioxm

The bond behmm ehsticdly until th~ utreaMsin the
material ex+ ● critical value. specifically, a generalized
GrifWh cziterkm (Margolin, 19M) wam modided m that

fracture Occum when:

(2)

The C.alcdatimn premented in thio paper have two

important features. Fimt, nm of the particka were initially
touching, DOthat all particle interaction rwuk only hwn
forces and memento gmerated in the txmding. Thh mems
that all the mam of the sample h con~trated in the
particlen while all the mtik is in the boding. Secondly,
although bomb are examined with diferent initial damage,
hacture growth is not allowd to further deteriorate any bond.
TLe scope of this particular maearch is to show how the
macnxopic kmgitudinal wave velocity is inkncexl by the
&tic propertied cdthe bonding makrid, tk initialdamage
of those bonds, and the topolog cd bonded parti4~.

NUMERICAL EXPERIMENTS

Figure 2 dmwu the initial particle amembly. Each
particle hea a radiun of 1 mm and no two particlea are
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touching. Bon& = then eatabliahed fa any pair of
particles =parated by less than 0.25 mm. TIM ahadexi areaa
identify six regiorMwhere particle vekxitieo are averaged and
plotted M time histmk. The smple is loaded by specifying
a 10 m/o tensile (downward) velocity for a short time on
the 1mvemnoet 20 particles. This motion is tnmskred ta
the mat of the assembly through the bonding. Bonds are
represented in Fig. 2 & lima connecting particle centers.

Notice that there is an unatt ached particle near the center of
velocity region 6. Also, a cluster of three particles io detacbd

born the mat of the mmbly. Each bond is aauumed tobe
95 percsnt intact (~/a = 0.05) throughout the calculation.
Notice from Eq. 1 that the force-displacement relation in
strongly dependent upon the initial @aration, 2$R so that
although each lxmd haa the same kcture lagth, thin bomb
em milch etiffer than thicker On-.

A eecond narnpk is ahowu in Fig. 3. It b identical to
Fig. 2, except that all p-tick within one hdf particle mdiua
(0.5 mm) are bonded together. The vertical boundaries axe
@Aic m bonds exist there, connecting the two sides, but
they are not illustrated in Figs. 2 and 3.

Influence of Bond Stifhemm on Damped Response

The input boundary condition to the aasernbly in Fig. 2
is shown in Fig. 4 M a qmre wave. The other five cunea
represent the awmge velocity of all particles within a given
region, Numerical damping waa applied to the qmtiona
of motion in order to otudy the behavior during relaxation.
The mam and stiffn- proportional damping in dkumd by
Strack and Cundall (1978). The highat velocities are in
region 6, adjacent ti the h surface. The ektic modulus
of the bomb in thin tdculation w 55 MP~ typical of a otiff
lim=tone.

Snqmhoto of the vertical velocity of each particle at
varioun tinws are shown in Figs. 5a to 5f, The ‘at rdn

condition i~ ehown in Fig. 5a. Midway through the applied
vdocity condition, each particle b moving downward aa
shown in Fig. 5b, except for three four particlea near the
top oft} ? aauembly which are completely detached fmm the
other particl-i The particle velociti~ at the find cycle of
the impoeed condition are given in Fig. 5c. Notice that mat
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dtheparticlea arenowmo~ downward fbater than the
bmmdary as a comp=ive wave k hen f- due to the
* surface at the top uf the emx@e. In Fig. 5d to Sf the
lcwer particlea are at -t aad tk othem dow down due to
tb applied dlwlping.

Tk family of velocity time hietorieain Fig. 6 show a

muchdkrreopon= to the identical loading of the ~bly
ahownin Fig. 2. The bon&in thiseqArmmt hadan elastic
tnodulus ofl GPa-Themapbtain F@. 7ato7f areat
identical timw M thm in F@. 5. Notice that ut the end of
the impod velocity (Fig. 7c) one half of the particka are not
yet moving. The pm-tick come to rest much more almvly, M
skwn in Rg. 7f, where mcmt d the particlea are still mming
downwasd.

Microscopic Influence on Wava Propagation

An daatic moduhu d20 CPa m assignd to the bomb
&hcnmlin Fig.2. NodUnpingwas appikdtothe particleaeKld
the resulting harmonic rqcwu io &own in Fig. 8. The total
imgthofthe oampieis32 m.m. Thewavemust thentrawia
total of 64 mm fff ● complete ti/compmasion cycle. The
average tti required for thin trandt b obtdned by dividing
~ three, the total timu * the complete cycka (158 - 26)
#eC. ThereBuitiYlg meanwabve s’peeKithrough themple ia
thereby 1460 m/a, which b typical of alluvium, a otmented
gmmllfu ULakiai.

Figlxe9shows howtheqintheoydem Chmgefi
* traaslationd kinetic emqg in the p8rticb to strain
ener~ in each d the thm modes of defomnatioa in the

bonding. The lower Cume is rotational kinetic ~ in the

partich which n- to mlow level ad b thereafter inwrwitive
to the ample ringing. The total awrgy curve show a small
but ehp drop aa the lower bmmdary particbes w stopped.
The alight cwillation in emplitu& is due to forcing th
boundary particla to be hxal, i.e. the energy required to
hold thm particia bxi in not ccxounted for in Fig. 9.

The e-htic moduiua of tk bonding material w
reduced by a fnctor of two to ● val!w of 10 GPa, The
wmeqxmding longitudinal wwe speed taken from Fig. 10 is
10UOm/s. The eound speed uf a homogenanu el=tic material
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(3)

The meamred reducticm d 1.39 is very nearly equal
tothequre roatdtwo, indicmtingthe ~icoound
speed h- byheti~dtkbonding material
only. A material with a deneity d 24(MIkg/m3, Poiamn’e ratio
d0.18, d&tic *dud~GWbad~d
3CKMm/q or 2.06 timo the due meaurd in F%. 8. This
isnotsl.lrprining,givu ntkrelatidy SmaUrnlmkoflxmdn
that are p~t.

J.ftheextent ofbcdingisdif krentpriortobding, the
rwponse u rnpi6cantly different. A much MT= mqorm m
okrvedduc tothe89additicmal bcmds that wem~ated

~dw~~ F* ‘k -ia - het”een O,n. Camectd Fig. llohowBmincreMed
wave speed of 1440 m/s, even with the k elastic xrmduluu
d 10 GPL

Equatim 1 shows the depen&nce d the bond mstorbg
fbrce on kcture length. All the bon& h the calculations
~mdthusf~hasfmcturesthat- aly5 percentof
thetetd bondlcngth. ’l’hiswuincreaml to20pcrcent aad
the macrmcopic mud npd owe again drop. F&m 12
Aoun the xupcniw and the round spd obtairwd ~ thim
pbt waa 1150 m/se

SUMMARY

*d cdcubtiom have been presented that - per-
fixmed with the bonded distinct element axk, SKRUBAL.
The results Aow that m -C round e- is greatly in-
fluenced by the micrcutructure. Specifically, the longitudinal
mound speed varieo with the ektic modulus of tk bonding
nnterid, the number of particla that are bonded togethar,
and the initial fruture kngtha within th- individud bonds.
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Fig. 1. Amunal shapeof elasticbondingmaterial, ddbed
by three dimaluicmla Vahu?8.
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Fig. 2. Amarnbly of particb and bcmds. Shaded areua are
regicma where gwu%iclevelcwitiu = averaged fcx
time hiutori-. AU particlca within 0.25 mm (R/4)
are bonded together, as rep~ted by the utraight
Knea.
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Fig. 3. 83 additional bonds are generated aa particles within
0.5 mm (R/2) are bonded together.



Fig. 4.
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Damped wave propagation through the sample in
F~. 2, assuming au el,~ic modulus of 55 GPa and
bonds that are 95% intact. The different cunea
represent the average velocities for the six regions
shown in Figs. 2 and 3.
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Ftg. 5a-f. Vertical velociti- for all partklea at varkm timca
during the loading depicted in Fig. 4. Notice the
rapid reaponw M the boundary particleo are moved.
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Fig. 6. Damped wave propagation thmugb the sample in
Fg. 2, amlming a much 8oftur eladic xuxhdua of 1
GPa. Wade are 9S% intact.
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Fig. 7a-f. Vertical valocitiu for all putick at wit-m times
during the loading depicted in F%. 4. Notia the
Slllggiah response.
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Undamped wave propagation through the eample
ehown in Fig. 2. The elastic moduius is 20 GPu
and the bondn ace 95% intact. Sound speed io 1480
m/s.
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Fig. 9. Energytermsfor the loading Aown in Fig. 8.
The upper awe is total enqy and the cm with
the greatest amplitude change iu the tramdationd
kinetic enargy in the particles. The other harmonic
cunfea are the component of 6tmin enurgy in the

bonds whkh are greateat when particle motion
iE minimized. The energy OtO~ during normal
tension and amp-on of the boadn ie tk greatat
while the etrdn ener~m in the rolling and shearing
torsion nmdee are nearly equal. The lowest curve b
the rotational kinetic ene~ of the partick.



Fig. 10.
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Undamped responw due to identical loading of the
mmple in Fig. 2 m before, except that the elastic
modulus of the bomb hM k decrenad to 10 GP~
Sound speed b 10S0 m/s.
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Fig. 11. ResponM of loading of the aarnpk in Fig. 3. Elastic
modulus of the bon& ie 10 GP~ but the additional
03 bonds m8ke the macmumpic reapoxm rtitkr.
Sound spA b 1440 m/s.
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Velocity time historia fm the sample in Fig. 3. Hem
the bonds are only am.uned to be 80% intect. The
ektic modulus it 10 GPa and there am 480 bon&.
Sound opaxl is 1150 m/a,


