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A Dilatancy Model for Granodiorite

J, T. Chcrry¢
R. N, Schock

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

stress-

E.‘\ dilatancy model is described that, when used in a Lagrangi.
wave c;:de. qualitatively reproduces the stress-strain behavior of granodiorite
subjected to triaxial stress and »niaxial strain compression..

‘The model allows inelastic strains {voids) to progressively develop in a zone
when the stress state exceeds a predeterminced limit. With tension positive,
the inelastic strain is assumed to be in the direetion of the maximum principal
stress of the zone, | Numerical and cxp‘crimemnl comparisons of triaxial
compression, uniaxial strain, and Hugoniot clastic limit data for Climax

stock granodiorite arc presented. These comparisons indicate that the model
can be used to obtain the steess-strain relations that are appropriate for

other brittle rocks subjected to a variety of loading states, l

Introduction

It is well known that brittle rocks subject to triaxial

compression may exhibit i volume ion {dil y) prior to

"No\v at Systems, Scicnce and Software, La Jolla, California 92037,



ultimate faiture, Scholz {1968] found that ¢ dilatancy correlated with the

degree of microfracturing exhibited by a specimen during a trizxeal-
rompression test ay measured by cuml itive seismie ovents,
The availability of Lagr.ngian stress-streain codes such as S0C

{Cherry and Petersen, 1270] and TEXNSOR [Cherry ot al., 1570] has allowed

the sdevelopment of 4 model of ddataat microfractuning that can be tested

against experimental data.  These codes proude s numerical sulution o the

propagation of a stress ce of arbitrary amplitude through a Lagrangian

grid in either one space dimension {SCC) or two space dintensions (TEXSUR),
‘The stress-striain behavior of 1 granodiorite  ender triaxssl conspression i

OR code and

simulated numericaliy by incergoratiag the medel in the T¥
under uniaxial strain loading in the 30C code. \ deseription of the
muodel and 3 comparison of both simulations with esperimental data is the

subject of this paper.

The SOC and TEXSOR Codes

in the SOC and TENSOR codes, .in attempt is made to madel a stresss
wave luop in which a wave propagates because the strain

ficld is aitered by the presence of a stress field, with the strain field in

limax stock granodiorite (rom Area 15 of the Nevada Test Site, This
rock is also referred to in otker reports under the names Hardhat or

Piledriver,


http://ncroerir.il

-3

turn altering the original stress field, A schematic of vne computational
evcle is shown in Figure 1.

A Lagrangian coordinate systen is established in the material and

moves with the material, This means that the material is zoned into
clements whose mass remains constant, The Eulerian equations of motion
are transformed into the Lagrangian coordinate system, and the transformed
vquations are ditferenced, The difference equations provide a functional
relation between the applied stress field and the acceleration of a point in
the Lagramgian mesh,

When these acceelerations are allowed to aet over a small time
increment (At), a new velocity ticld develops,  The new velocitles produce

new displ ts and the grid b Turther distorted. Btrains are

then derived from the grid distortion, Strain changes are related to stress
changes through the cquation of state appropriate for the material being
simulated, The time is incremented by At, and the cycle is repeated with

the new stresses and new zone coordinates,

The Model

Both codes require specific-volume data as a function of mean
pressure as input.  Figure 2 shows the measured hydrostat [Stephens and

Lilley, 1970] for Climax stock granodiorite. At a given volume, the slope

of this pressur lume curve i the bulk dulus (k) of the

material when stress deviators {i. e., shear stresses) are absent from the




e

dtress state, The curve is put directly into the codes in tabular form, The

in volume (i. ¢, to mova off to

dilatancy mosdel allows each zone to increas

me into a matertal region

separating i

the right of the Lydrostat) by

and a void regivn. The voids are assumerd 16 Jevelop at a prescribed

shear-stress level and are presumed to e analogous to the microfractures |
postulated by Schalz.

of Climax stock rranodivrite

reagth (Y

Figure 3 shows the nftimate =
as a function of T as determined from trissial-compression tests [Heard,
1970,

tn the cudes, both Y oand T are obiained from stress iovaciants

son, 1670]:

1:3
B 1<lz|)
P 3 —..’_)

where L), and Iy, are the second and third deviatoric invariants and P s
the mean stress (-IP 3). For a stress state in vhich the instermediate

ssimum or the minimum principal

principal stress is equal to either the



stress, Y equals haif the differesce of and P cquals hall the sum of the

3! and it principal stresses. This intecpretation of ¥ and

P ia sufficient for the results presented in this raper,

For the code calculations, it was arbitrarily assumed that dilatancy
begins at half the maximum strength (lowee curve \'” in Figure 3) vader
triaxial compression, This assumption worked well for granodiorite.
However, the onset of dilatancy may he obtained directly from the triaxial
test results and therefore should be regarder! as a messuyable matertal
parameter,

Y, g Yu) as a function of T are aceepted by the codes in tabular

form, During cach cycle and for cach zonw in the grid, the codes caleulate
the ¥ from the stress n each zone, We call this ¥, When the ¥ for a given

zone exceeds Y, an additional strain (A-.-‘\l\) s allowed to devetop in the

>
direction of the zouue!s maximumn prineipal stress, with tension positive,
This strain is nssumed tu take the form of a »mall tension crack that opeas

in the zone, The erack is oriented normal to the maximum principal stress.

Therefore, i is a amets maximum principal stress, amd i
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b aned thal s least

rucks. The portion of the model that §a mnat dngpeer

Vikely ts change ks given by (1) theaugh (6}, Equaticn ¥ ealy cantrols the

state,

wmount of dilataney that i3 allowed o develnp ot given stres

A dediciency of the ditatancy medel 3 124t it in not Jbic o simalate 3

macerial that both plastically yiclds and dilates simultsnenusty,  This s

vtatoric

hecause of the Luct that the entire adjustenest an the secend o

ivariant, given by 7}, s folded into the vxpression for Seay i 63, Thia

deficiency cotld e pramtoved by allosing saly a portivs of the How roule to

prodiice A contribution to _\u“". The tinal deviaturie stress components

could then be obtained by =i 2.
Throughout the dovelopment of e sindel, ap sitempt 2oy made 10

quantitatively reproduce experbmental dita with a cade ealentation, This

was partly due to sample variability and partly because some of the

cateulations were completed before test Fesults wer aitable. The p u.

in the caleuiatiuny was 230 kbar and was determined from the low-pressire

hulk modulus (k © 487 kbur) [Stephuns and Litley, 1970) the material

density 12.67 g/cma), and the clastic compressinnal velocity (5,54 ki see}

. "
{Hutkovich, 1865}, This equation of state was used as mput to the codes

It.N. Schock and M, Louis, Lasrence Livermore Laboratory, later

measured a velecity of 5.50 kg see in o 3-om-long sasple of Climax stock
granodiorite tmder a confining pressure of 1 bar,  This is Bigher thon the

in-sit value given above, and it probably represents the abyencs of any

effect of large cracks and joints present in tie intrusive.  This interprotation
is reinforced by the valoes of i thot are measured 35 the experiments

described below and that are larger thar the value derived above,
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the grid differed by tess than 0,1% during the caleslatiens, indicating that
the 1 :aec" straln pate is still low enough to give a unifurm stress distribution
over the entire grid,

‘The TENSOR-calculated stress-steain curves can be compared with
the correspomling measurements obtuined during the aquivalent laboratery
expertments, Figure 5 shows the measured sed caleulated axial stress
versus the volumetric strain corresponding to uncosfined compression, ‘The
difference between the curves is because an average gransdiorite strongth
equnl to 1,6 kbar of axtal stress for wnconfined compression was used in the
code, whercas the sample steength obtained from the esperiment was
2,2 kbar, ‘The slight difference in the initial slupes of the curves is because
the measured effective values of ¢ and k ace slightly differceat from those
used a3 input to the code.  The measured value of g in this experiment woz
2635 kbar, The increased level of failure above that shown in Figure 3 may
be because of the abseace of spurious shear stresses at the ends of the

sample that are caused by a i h the sample cads

and a svlid piston, The {ailure level obtained here is reproducible to

within 10%, The data of Heard {19704 were all obtained using @ solid piston,
In the code, shear failure oceurred at a cafeulated volumetrie strain

te,, - Bo, dof <12 X 1075, well off the hurizontal seale, The real

- *
volumetric strain {{V, « V), V) of the zone at failure was -2.6 X 10 1* ihe

—E N - "
‘This strain is ohtained in the code by accumulating volume changes from

eyele to cyele, The zone referced to is the clument in the lower vight-hand

corner of Figure 4 bounded by .2 "R" and "'F" surfaces.
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diffecence between the caleulated and the ic strains

is #t occurs becaune the radial steain 38 no foager equad (o the

tangestiat Strasn when thes ve setric strain associated with dilation is

targe, and because e, :',.~“ i therefore no longer a goud approximation
of the volumetric strain.  Thiv meas

vd experimental votumetric strain at

Tatdure was somewhat greates than -804 > :u", jresumably owing to the

greater strength of the sample,
Figure 6 comjrares the measured and caleulated axial stress versus

the axial strain (er,) for uaconfined compression,  Hoth zurves exhibit an

tacresse in thowe stopes prior to fatlure.  Figere 7 compares the measured

and calculated axial stress versus the tad

stial steain (e ). The modet
o4

- 1y this strain during tire

L S0 the stress P in the 3} direction is a maximum

principal stross,
Figure 8 shows the measured and ealenloted axial stress versus the

ric strain corr to tri

tal compression at a confining

pressure of 0.5 kbar.  The slight difference in the origins of the curves

rupresents the experimental bydrostatic compression to 0.5 kbar heing

tly greater than 2

« table of mpat valaes for k as taken from Figure 2

Agreement in this case {5 quite goed sinee the average strength wsed in

the TENSOR code is close to the sample strongth obtained fram the esperime:.
At higher confiniag pressures, better agrvement would be expected batween

data vbiained by solid-piston anad fuid leading because the shear Stresses
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Wat arise from a compliance mismatel with the solid piston would be
smaller with respect to the overall stress level than when there s no
confining pressure.  In this case, failure occurred at a caleulated
volumetric strain of 2,5 X 10_3, whereas the real columetric strain of the
zone at fuilure was 2,7 X 1070, The inelastic volumeteic steain has
decreased by a factor of 2 compared to the value abtained for unconfined
compression, The measured experimental volumetrie strain at failure

was slightly more than ¢.5 X 1073,

Uniaxial Streain and the liugoniot Elastic Limit

Roth uniaxial-strain and Hugoniot data have been simulated with the

dilataney model in the SOC code, Figure ¢ shows Hugoniot data {Petersen,

1960} fur Climax stack granodiorite, Hugouiot data for Westerly granite
arc shown above 200 kbay, where thuy overiap the granediorite data, in
order to show the likely ioading data for granodiorite at higher pressures.
The Rayleigh line through the Huroniot clastic limit (JIEL) intersccts the
Hupgoniot at about 325 kbar. For shock states below 325 kbar, the first
acrival is the HEL,

Figure 10 shows the SOC calculation for a final shock stats of 200 kbae
in Climax stock granodivrite, The HELU is progagating with o velocity of
about 6 tm/msec and has an amplitude of 35 kbar. o Figure 11, the
experimental ITEL data are compared with the HEL point caleniated by

SOC. The caleulated puint falls within the runge of the experimental data,
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Figures 12 and 13 compare the mo
strain data on Clini stock granvdiorite.  The : light offset between the
calestated und experimental curves in Figere 13 is caused by the sfight
difference hetween the effective Poisson®s rativ measured sn the sample
and the ratio used in the cquation of state in the vode. The effeciive

Po

sonfs ratin determines the slepe of a doading path 3 uniaxial-stran

toading in Y-TF space.

Conclu:

‘The dilatant behavior of brittie rocks prior to nltimate failure is

easily led by ing that an steain develops in the
direction of the maximum principal stress. The size of this strain

depends on an asswined fJow rule.  The flow vale for grasodiorite depends

on how the strength and dilataney-anset values put into the 3OC and TENSOR

codes vary with P, as well as on the stress state tn the zone,  The dilatancy

mode) deseribed in this paper has been exed to ~imulite the results of a
number of rock-mechapics experithents, inchnding triaxial compression,
uniaxial strain, and plane-shock leaduy e emat),

Rock-muechanics tests are bei ot fo 1

nivl amt to attempt to ventrol

earthquakes, The experiments] resalts that b e been ased 2o far are the
stress drop at sheur fatjure and the strengtht reduction from fluid satueation.

In terms of varthquake prediction, silatancy may be a significant tool ence

its effect on the regional strain field is understend,  Singee the model
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presented here has been formulated in terms of strain adjustment, it is

possible that it may be useful, in conjunction with a suitable numerical

in obtaining an under g of this effect,
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FIGURE CAFPTIONS

Fig, 1. Cyele of interactions treated in caleulating stress-wave
propagation,

Fig. 2. Hydrostatic volume compression of Climax stork granodiorite :
{Stephens and Lilley, 1970].

Fig, 3. Strength of Climax stock granodiorite as a function of
confining pressure [Heard, 1070] and the assumead onscet of dilatancy,

Fig, 4. Lagrangian grid used in the TEXSOR code to simulate triaxial
compression,

Fig, 5. Measured and calculated volumetric strain as a function of
axial stress in Climax siock granediorite under a confining pressure of 1 bar,

Fig. 6. Measurcd and ealeulated asial sirain as a function of axial
stress in Climax stock granodiorite under a confining pressure of 1 bar,

Fig. 7. M d and strain as a function of

axial stress in Climas stock granodiorite under a confining pressure of 1 bar.

Fig, 8. Measurcd and calculated volumnetric strain as a function of
axial stress in Climax stock granodiorite under a confining pressure of
0,5 koar.

Fig. 9. Hugoniot and compression data for Climax
stock granndiorite and Westerly granite,

Fig. 10. Calculated normal siress as a function of distance i Climax
stock granuvdiorite, showing the Hugoniot elastic limit for a final shock state
of 200 kbar {t = 3,5 psce),

Fig. 1. Measured and caleulated Hugoniot-clastic-limit data for

Climuax stock graaodinrite,



Fig. 12, Measured and calculated volumetric strain as a function of

axial stress in Climax stock granodiorite under uniaxial~gtrain loading.
Fig, 13, Measured and calenlated stress states in ClHmox stock

granodiorite under uniaxial-strain foading.
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