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Abstract. A thermodynamically consistent strength and failure mddefgranite undedynamic
loading has been developed and evaluated. The model agrees with static streagginements
and describes the effects of pressure hardening, bulking, pa@ampaction, porous dilation,

tensile failure, and failure under compression due to distortional deformations.

This paper briefly

describes the model and the sensitivity of the simulated response to variations rimoded

parameters and in the inelastic deformation processes usedifférent simulations.

1D

simulations of an underground explosion in granite are used in the sensitivity study.

INTRODUCTION

Modeling the dynamic response of rock
materials is a challenging area of research.
Since most strength measurements in rock
materials are performefdr intact samples under
static conditions, the models based on thdata
should account for possible scale and ratects
when being applied to simulation of tlidynamic
response of large scaleock masses. Unlike
intact rock samples, rock masses majycontain
discontinuities which may reduce the strength
and cause anisotropic behavior.

We assume that the material is isotropic for
the problem of interest and apply the
mathematicalstructure of plasticity theory to
capture the basic features of thmechanical
response of geological materials. We use
experimental data obtained understatic
conditions to calibrate the model arfd rate-
dependent model parameters to describe the
dynamic measurements in spherical shock waves.

CONSTITUTIVE EQUATIONS

To model the dynamic response of material to
shock wave loading, the system efjuations

representing the mass, momentum and energy
conservation laws is supplemented by the
following equationfor the unimodular tensor of
elastic distortional deformatioB [1].

A T_2,. A
B =LB +BLT-2(D+1)B A

0 g O (1)
Ap=TpB -———0

H BB
Using B, the deviatoric stressT' can be

expressed a3’ =G @(B—%(B- 1) ,
0

whereG is the shear modulusg, and p are the

initial and the current densitand _ is the
reference porosity.
In Eq. (1), I, specifies the plastic response of

the material and is taken to be a function of the
von Mises effective stresso, and the yield

strengthy [2]:
BGO{oe - Y D2

poga_%i (2)

The conservation laws are integrated
numerically using the second orde€sodunov
scheme.Eq. (1) is integrated using thegelocity
gradient tensorL and its symmetric partD,
approximated by solving the Riemarproblem.
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More details about the numerical algorithm can
be found in [3].

STRENGTH OF MATERIAL

The physical phenomena that influence the
yield strength Y are accountddr by assuming a
simple multiplicative form with Y being given by

(1]
Y =YoF1(&p) 2 (P)F3(Q)F4(B)F5(6) (3)

The functions E in (3) represent hardening
effects due to plastic straifF) and pressure
sensitivity (F,), as well as softening due to
distortional deformation damage (F,) and
melting (F). F, is afunction of the Lode angle.

In our study ofspherical wave propagation in
granite we havefound that the response of the
material is most sensitive to thdirst three
functions in Eq. (3). Theanalytical forms of the
functions F are described ifl]. The damage

parameter, Q, used in the function(F) is

evaluated using the relation

T _T dt *

dQ:<max—th> if £,> ¢, (4)
Tdam Yo

where T,5« IS the most compressive principal
stress, Ty, is the threshold stres$or damage
growth, and t4,, is a characteristic time for
damage. The onset of damage is controlled by a
critical plastic strain parameters,, which can

be chosen to describe the failureurface
measured in static experiments [4] (see Fig.1).

failure surface
Y=Y,RE(S )

o
)

von Mises stress, GPa

yield surface
Y=Y,F;

path in spherical loading
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FIGURE 1. Yield and failure surface.

The divergent flow ofspherical shock loading
leads to a wide variety of stress statescamtrast

to plane waves, where the locus of all states is
represented by a straight line in yield-pressure
space.

POROUS COMPACTION AND BULKING

The equations used to describe the evolution of
porosity are given in [1]. Here we only provide a
brief description.

To describe the increase g@brosity due to
distortional deformation (bulking), théollowing
equation is used:

0=-9g™EER g <G gin < @)

where Q is the rate of dissipation given by

(6)

_1p1-9) R
Q—%p(m M,G(B' B'),

B' is the deviator oB and ¢, @nin are the

maximum and the minimum porositielr all
times. The maximum bulking porosity is

specified by qo*. The rate of bulkingmy is

choosen to be a linear function of porosity and
pressure as

My =Myo + &P +aP, 0<my <1 (7)

Figure 2 shows how well it is possible to fiitis
model to laboratory bulking data.
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FIGURE 2. Volume strain as a function of pressure for
granodiorite during uniaxial stress loading at several confining
pressures. Theointsare experimental data [4], theelid and

dashed lines are calculations with different valuesifgyg.

According to Eq.(5), bulking is not allowed
until the porosity is reduced in compaction to a
fraction__of the initial porosity _ (which is
typically 0.1-1% of the initial porosity). Eq.(5) is
derived from the entropy dissipation condition in
order to satisfy the second law of
thermodynamics when porosityincreases at
positive pressure.

EFFECT OF MODEL PARAMETERS

To study the effect of the model parameters on
the material response we have simulated an
explosion in granite with different constaypteld
strength values. The source was modeled using
ideal gas with granite density. We usedMVae-
Gruneisen EOSor the granite. A morggeneral
tabular EOS was subsequently employed and
produced similar results. The simulation results in
Fig.3 show that using a constant yield strength
we cannot describe the negative phase of the
pulse (so- calledebound). It has been shown in
previous research that yield strengikgradation
is required to obtain a deep and wide rebound
signal [5]. Pressure hardening makes tpalse
even more narrow unless we introduce damage.

Figure 4 shows several velocity waveforms
calculated using the current model. The numbers
on the plot designate the different phases of the
pulse. During phase 1, the materialcempacted
in shock loading. The pressure, and
correspondingly the yield strength amecreasing

depending on the slope of the compaction curve.
Bulking takes place afteporosity drops to a
small fraction of the initial porosity in
compaction, and only if the von Mises stress has
reached the onset of yield surface. Phase 2
begins when the pressure starts decreasiftgr
reaching a maximum value. Phase 3 starts after
the material isfully damaged. This phase may
not happen if the von Mises stress lmading
does not reach the failure surface.

Our simulations show that bulking haslage
effect on the peak stress (se€ig.5). The
calculation without bulking gives 3-4imes less
peak stress. Damage does not change peak stress
attenuation significantly, but it appears to have a
significant effect on the pulse width and
displacement. Hydrodynamic theorjs] agrees
with calculations up to pressures offew GPa
and deviates in the region whereaterial
strength is important.
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FIGURE 3. Velocity historiescalculated for anexplosion in
granite at 204 m with constant yield strength in comparigitin
the experimental data.
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FIGURE 4. Velocity historiescalculatedwith different model
options in comparison with experimental profile (bold line). FIGURE 6. Velocity profiles calculated at the sansealed
Since the damage model developed Sicale- r?er}gg 50m/kt1/3 for  explosionswith different energy
dependent, damage will not happen if the yiews.
characteristic time of theroblem is muchless
than 14,y Which is of the order of 10 ms. This is CONCLUSIONS
illustrated in Fig.6 where scaled velocity
histories areshown. Theshape of thevelocity A new scale-dependent strength addmage
profile becomes morearrow when thescale of model has been developed which givgsod

the problem is reduced. That explains why the agreement with both static tests amynamic
calculated scaled peak displacement is less for measurements of large scale motion caused by

explosions with smaller energy yields alown underground explosions. The model includes the
in F1'09-7- effects of bulking, pressure hardening and
damage due to distortional deformations which
= are found to be important tesimulate the
@ k | mat(_arlal response, especially imspherical
* loading.
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FIGURE 7. Attenuation of scaled peak displacement
calculated for differentyields. The pointsare experimental
data [7].
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