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ABSTRACT 

During underground nuclear tests, rocks may fail by plastic yielding, which limits shear 
strength, or by tensile fracture, wherever maximum principal stress exceeds tensile strength. 
A third mode of failure exists due to friction along closed fractured surfaces. There, friction 
affects slipping and can thus limit stress. In this paper, we study the effect of friction on the 
simulated dynamic response of rocks to underground nuclear explosions. The coefficient of 
friction is the ratio of total shear stress applied to a closed fracture surface to normal applied 
compressive total stress. At low coefficients of friction, the evolving stress field tends to be 
weakened by frictional slip, which also eases closing of fractures. At high coefficients of 
friction, the stress field tends to be strengthened, where fractures have closed, but remains 
weak, where fractures are left open. 

INTRODUCTION 

The goal of this work is to evaluate the role of friction along closed rock fractures on simulated con- 

tainment of underground nuclear explosions. An earlier report 1 provides a complete description of the 

theoretical formulation and numerical implementation of the material model. This analysis will focus on 

the Paleozoic layer, just below the cavity, because the effect of friction is most prominent in this 

region,which shows considerable cracking. 

After summarizing the material model, the effect of friction on the rock response is discussed, for the 

simulation, which was performed using the KDYNA code.2 

MATERIAL MODEL 

Constitutive Model 

In order to satisfy constraints of tensile fracture and plasticity, Rubin1 decomposes the total stress I: 

T=Tu+'rv - (1) 

where T', is the stress in the unfractured material, and 1, is a void stress in response to the fractures in the 

material. A linear relation is assumed between void stress and void strain, p,, which is a continuum tensor 

measure of crack opening: 

T v  = -&(a - 2 ~ 0 s ~  (2) 

where ho is Lame's constant, and Go is the shear modulus. The total pressure is then: 
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where ~(cI. ,  pm) is the pressure in the porous unfractured material, in response to both the current and 

peak values of excess compression: 

where p is the mass density in the present configuration, po is its reference value. 

Deviatoric unfractured stress Tn is determined from a hypoelastic equation: 

v 
where Tt is the Jaurnann stress rate and the rate of plastic deformation Qp is determined by the flow 

rule: 

where l- is determined so that the unfractured deviatoric stress does not exceed a yield strength limit Y, 

according to Rubin's yield model? 

0: = 4 t r ( ~ ~  ru) I Y (7) 

Fracture Frame and Cracking 

In order to follow the direction of crack opening, an orthonormal fracture triad { g l , ~ 2 , ~ 3 }  is intro- 

duced. Before fracturing, this triad coincides with the principal directions of stress. Fracture is initiated 

when the mixirnm principal stress equals the tensile strength. Once a fracture has formed, diagonal com- 

ponents of the void strain (relative to the fracture mad) are determined such that the normal component of 

total stress vanishes, when the fracture is open, but remains compressive, when the fracture is closed. Up 

to three orthogonal fractures are allowed. Complete solution details for one, two, and three fractures are 

given in Reference 1. 

Friction Model 

Off-Diagonal components of void strain (relative to the fracture triad) are determined such that the 

magnitude of the total shear, z*, applied to each closed hcture surface never exceeds a friction coefficient, 

pf, times the normal applied compressive total stress on the closed crack. The complete friction model 

allows for up to three fractures. Here we consider a single closed fracture in the R-Z plane, in axisyrnmet- 

ric geometry. 

The trial shear stress is 

T:~ = TulZ - 2~~e:;: 

Since T13 = 0 in axisymmetry, the total applied shear stress is given by: 

T* = = lr;4 



If Z* > pf (-TI1) then there is slip measured by the slipfraction Pf: 
~ f ( - - % )  

Z* 

If Z* I p f - T )  then there is no slip; i.e. Pf = 0. The final shear stress is limited by slipping: 

T12 = (1 - ~f )$2 (11) 

The new off-diagonal component of void strain becomes: 

jK =(l-Pr )e% + P r ( ~ )  (12) 

EFFECT OF FRICTION ON ROCK RESPONSE 

Results 

Figure 1 shows the geological layering. For a detailed description of the material properties and 

boundary conditions, see Reference 4. 
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Figure 4 shows the effect of friction on the residual out-of-plane hoop stress, shown positive in compres- 
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Figure 1. Geological Layering. creases to 0.5 and 0.8, we 

sion. Notice that with no friction (Figure 4(a)), the stress field is weakest. When pf is increased to 0.5, 

the stress field reaches stronger compressive values over a larger region of the Paleozoic layer. When yf is 
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fuqher increased to 0.8, the stress field remains strong only where cracks are closed (as seen from Figure 

3(c)). However, the stress field remains weak where more cracks have appeared in increasing w from 0.5 

to 0.8 (Figures 3(b, c)). 

Effect of Lavering 

The extensive cracking in the Paleozoic layer allows the effect of friction to be observed. This crack- 

ing may be explained by considering the conaast in material properties4 between the Paleozoic layer and 

the adjoining upper colluvium layer. These material properties show that the impedance ratio between the 

Paleozoic and Colluvium layers is 3.64, while the impedance ratios across other layers are very close to 
unity. Since the impedance ratio at the Paleozoic/Colluvium interface is much greater than at other inter- 

faces, at upper layers, it is not surprising that the explosion's blast wave has such a shattering effect on the 

Paleozoic layer. We can see that a compressive pulse emanating from the explosion is first strongly 

reflected from the Paleozoic layer back to the cavity. There, the compressive pulse will be reflected as an 

intense rarefaction. To understand the effect of the rarefaction, we now consider the yield strength of the 
various layers. Reference 4 shows that the Paintbrush Tuff and Paleozoic layers have greater yield 

strengths than the Colluvium layers or the Fraction Tuff layer. Thus, the unfractured deviatoric stress will 
be limited more severely in the Colluvium layer than in the Paleozoic layer. Consequently, when a 

rarefaction penetrates the Colluvium layer, tensile unfractured deviatoric stress will be limited as the 

material yields (Eq. 7), preventing tensile failure. However, a rarefaction in the Paleozoic layer can cause 
a tensile unf rac~ed  stress without the same low Colluvium layer yield limit, thus allowing tensile failure. 

CONCLUSIONS 

In this simulation, we have examined the role of friction in the dynamic fracture of a high-impedance 

rock layer, when a nuclear explosion is embedded in a nearby low-impedance layer. Friction allows 

observing a new mode of failure, by limiting shear void stress on closed cracks, in addition to plastic fail- 

ure, which limits uncracked deviatoric stress. At low friction coefficients, the residual stress field is weak- 

ened by frictional slip, which eases closing of residual cracks. At high friction coefficients, the residual 

stress field is strengthened, where cracks have remained closed. However, the stress field is forced to 

remain weak, where cracks have remained open. 
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