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Micromechanical model for anisotropic rock joints

Force-deformation relationships of rock joints are important in the study of mechanical behavior of fractured or jointed rocks. Experimental studies have shown that rock joints often exhibit deformation hardening and anisotropic behavior under shearing loads. This paper focuses upon the mathematical modeling of force-deformation behavior of anisotropic rock joints by explicitly considering interaction of asperities on a joint surface. Elastic deformations and inelastic frictional sliding are considered at inclined asperity contacts. A modified spherical harmonic expansion is introduced to model the orientation distribution of asperity contacts. The resultant joint force-deformation model is used to obtain the normal and shear stiffness behavior of anisotropic joints. Results obtained from the model show that the asperity contact orientation distribution is essential for representing the anisotropic nature of interface geometry and for modeling deformation hardening of interfaces. The model results are compared with experimental data culled from the literature. 1. Introduction The geophysical behavior of many geological materials, such as jointed rocks, gravel, and sand, depend significantly on the behavior of block or particle interfaces. In the field of interface behavior, Hertz pioneered the study of effects produced by mutual compression of nonconforming elastic bodies by considering the case in which forces were normal to a perfectly smooth interface surface. Although perfectly smooth surfaces provide an important starting point in the study of interface behavior, they seldom represent realistic situations. The mechanical behavior of rock joints is more complex and influenced by a great variety of factors, such as rock elastic properties, mineral friction, surface adhesion, surface topography, and the presence of fluids and debris at the interface. A number of studies have been published since the pioneering work by Hertz that have aimed to address more realistic interfaces [Johnson, 1985; Hills et al., 1992]. Within the context of contact theories, the present work considers the behavior of rock joints by explicitly modeling the influence of joint surface topography. The intent is to develop forcedeformation relationships for rock joints that may be used in the mechanistic modeling of highly fractured rocks and granular materials [Misra, 1995].

In their study of friction between solid surfaces, Bowden and Tabor [1950] had recognized that the actual contact area at the interface is smaller than the area of contacting surface, and the actual contact area depends on the normal loading condition. The smaller contact area is a manifestation of the fact that at the interface of rough surfaces, the actual contact is between the asperities on the surfaces. Thus the forcedeformation behavior of the interface is determined by the behavior of asperity contacts. Archard [1957] considered the contact between asperities in a paper dealing with the elastic deformation and friction laws of a contacting rough surface and rigid plane. Along these lines, considering asperity

contacts to be Hertzian in nature and using Gaussian distributions of surface heights, Greenwood and Williamson [1966] derived a model for the mechanical behavior of a rough surface contacting a rigid plane. The Greenwood-Williamson model was subsequently extended by J.A. Greenwood and coworkers to study the behavior of contacting rough surfaces under normal loads [see Hills et al., 1992, chapter 14]. Since then, the normal contact of rough surfaces has been widely studied [see [START_REF] Swan | Determination of stiffness and other joint properties from roughness measurements[END_REF]Brown andScholz, 1985, 1986]. Models of contacting rough surfaces under normal loads have also been developed by treating the asperities to be elliptical paraboloids [START_REF] Bush | The elastic contact of a rough surface[END_REF][START_REF] O'callaghan | Static contact under load between nominally flat surfaces in which deformation is purely elastic[END_REF]]. These models have been used to simulate isotropic as well as anisotropic interface surfaces by accounting for aspect ratios and principal axis orientations of elliptical paraboloid asperities [START_REF] Bush | Strongly anisotropic rough surface[END_REF][START_REF] Mccool | The contact of two surfaces having 23,187 anisotropic roughness geometry[END_REF][START_REF] Mccool | Comparison of models for the contact of rough surfaces[END_REF]. The plasticity of asperity contacts has been considered in the context of the Greenwood-Williamson approach [see [START_REF] Chang | An elastic-plastic model for the contact of rough surfaces[END_REF]. Furthermore, the analysis of Greenwood and Williamson has been extended to study the normal and shear behavior of contacting rough surfaces under elastic deformation of asperity contacts [START_REF] Yamada | Mechanisms of elastic contact and friction between rough surfaces[END_REF][START_REF] Swan | Prediction of shear behavior of joints using profiles[END_REF]Yoshioka and Scholz, 1989a, b]. More recent studies have considered the sliding at asperity contact with the aim of obtaining friction behavior of contacting rough surfaces [START_REF] Boitnott | Micromechanics of rock friction 2. Quantitative modeling of initial friction with contact theory[END_REF][START_REF] Ford | Roughness effect on friction for multi-asperity contact between surfaces[END_REF][START_REF] Misra | Mechanistic model for contact between rough surfaces[END_REF]. [START_REF] Yoshioka | A review of the micromechanical approach to the physics of contacting surfaces[END_REF] provides a review of some of the recent micromechanical methods.

In the present paper, we develop a kinematically driven micromechanical methodology for contacting rough surfaces that considers oblique asperity contacts. We introduce a directional distribution function of asperity contact orientations, recognizing that the asperity contacts are not equally likely in all directions. In addition, we utilize an iterative procedure to obtain the asperity contact forces at each load increment, recognizing that the asperity contact force distribution is not always known a priori. Furthermore, in the model derivation the normal and shear behavior of the interface are considered together. Therefore the resultant 23,175 model naturally accounts for the coupling between normal and shear behavior of rough joints, even though at asperity contact level, there is no such coupling. Also, the effects of asperity contact loss and formation of new asperity contacts during shear loading are explicitly modeled. The developed micromechanical metht3dblogy is used to (1) model the anisotropy of interfat•s under shear loading and (2) replicate the deformation h•ifdening of interface shear resistance under shear loading. •is endeavor is motivated by experimental results on (1) directional dependence of interface friction and shear stiffness presented by [START_REF] Jing | An experimental study on the anisotropy and stress-dependency of the strength and deformability of rock joints[END_REF] and (2) the shear hardening behavior measured by [START_REF] Biegel | Micromechanics of rock friction, 1, Effects of surface roughness of initial friction and slip hardening in Westerly Granite[END_REF].

In the discussion that follows we first present a description of the modeling methodology as it pertains to the forcedeformation relationship of an interface. The derived interface force-deformation relationship is subsequently used to study interface behavior for a variety of asperity contact behavior and loading conditions. The predictions of the derived model are compared with experimental data from the literature.

Micromechanical Constitutive Relation of Interface

We consider the interface force-deformation behavior of contacting surfaces, which contact via asperties as shown in Figure 1. As schematically depicted in Figure 1, we develop a micromechanical methodology, wherein the forcedeformation behavior of the interface is obtained by considering the force-deformation behavior of the asperity contacts. At the asperity contact level, a local forcedeformation relationship is defined that accounts for the elastic deformation and inelastic sliding at the contact.

Finally, an overall interface force-deformation relationship is derived, accounting for (1) the geometry of the asperity contacts and (2) the kinematic constraints and equilibrium conditions for the interface.

Asperity Behavior

The interaction at an asperity contact is assumed to be a 

Interface Behavior

The geometry of an interface determines the orientations and the number of asperity contacts under a given loading condition. From the viewpoint of modeling interface behavior the geometry of composite topography of contacting surfaces has been found to be more applicable [START_REF] Francis | Application of spherical indentation mechanics to reversible and irreversible contact between rough surfaces[END_REF][START_REF] Brown | Closure of random elastic surfaces in contacts[END_REF]. For a given resolution the composite topography may be reasonably described via statistics of asperity contact height, curvature, and orientation [START_REF] Nayak | Random process model of rough surfaces[END_REF][START_REF] Adler | A non-Gaussian model for random surfaces[END_REF]. In general, these parameters are not independent of each other, and therefore their distribution functions may not be formulated independently.

Nevertheless, the derivation of a force-deformation relationship is considerably simplified by considering these parameters independently. In this paper, we assume the distributions of asperity contact heights, curvatures, and orientations to be independent of each other. In the subsequent discussions the asperity contact curvatures are taken to be uniform. Only distributions of asperity contact heights and orientations are considered in the derivations and examples presented thereafter.

While the forms of distribution functions of asperity heights are known on the basis of topography measurements of rough surfaces, the distribution function of asperity contact orientation is introduced here for the first time. 

Asperity heights. It is convenient to interpret

Rock Joint Behavior for Constant Asperity

Stiffness

Since the domain of sliding and separated asperity contacts is not always known a priori, numerical effort is typically required to evaluate the integrals in equations ( 22) and ( 23). Nevertheless, under certain simple loading conditions and for linear asperity contacts the integrals in equations ( 22) and ( 23 It is instructive to compare the interface stiffness ratio with the likely asperity contact stiffness ratio for an asperity contact. Assuming that the asperity stiffness is given by the Hertz-Mindlin contact theory for perfectly smooth interface, the following ratio is obtained for elastic contact [START_REF] Mindlin | Elastic spheres in contact under varying oblique forces[END_REF]; also see Misra, 1995]: where {b is the azimuthal angle defined on the plane normal to the interface as shown in Figure 6. Figure 9 gives a polar plot of the interface shear stiffness ratio Cd'C• for asperity contact orientation parameter a = 1, b = 0, and c = 1/3 and 0. For parameter c = 1/3, more asperity contacts are aligned along direction 2 ({b = 0 ø) as opposed to direction 3 ({b = 90ø). Consequently, the shear stiffness is higher along direction 2 = 0 ø) as opposed to direction 3 ({b = 90ø). For parameter c = 0 the interface asperity contact distribution is isotropic, hence the resultant shear stiffness is isotropic as shown by the circle in Figure 9. For constant asperity stiffnesses K,, and Ks that are independent of asperity force or displacement the sliding domain is obtained using the Amonton-Coulomb friction law in equation ( 5 

K•s = 2(1 - v•) (27) 

Inelastic Behavior Under Normal Loading

Rock Joint Behavior for Nonconstant

Asperity Stiffness

As seen from section 3, constant asperity stiffness yields closed-form analytical solutions and initial estimates of interface behavior, albeit under restrictive conditions. For modeling the rock joint behavior under general loading conditions, nonconstant asperity contact stiffnesses, that depend upon contact forces or displacements are preferable.

Considering the Hertz-Mindlin contact theory of perfectly

smooth elastic interfaces as well as other theories of elasticplastic interfaces [see [START_REF] Johnson | Contact Mechanics[END_REF], it is reasonable to assume that the normal asperity stiffness K, depends on the normal asperity deformation •5. according to the following power law:

K n =gKcSn• , ( 33 
)
where K, A, and r/ are constants. The asperity stiffness K, given by equation ( 33) becomes identical to the Hertz-Mindlin stiffness for contact of perfectly smooth elastic spheres when

2-v 1 8Ga•' g=• r/=--K=• (34) 2(l-v) 2 3(2-v)'
where G is the shear modulus, v is Poisson's ratio, and R is asperity radius of curvature. It is noteworthy that the exponent r/ can vary from 0 for perfectly plastic to « for perfectly elastic behavior at contact of perfectly smooth spherical asperities [START_REF] Johnson | Contact Mechanics[END_REF].

The tangential asperity stiffness Ks has, in general, a complex dependence on the asperity loading conditions in the tangential direction as exemplified by the study of [START_REF] Mindlin | Elastic spheres in contact under varying oblique forces[END_REF] stiffness Furthermore, it is noteworthy that the asperity sliding is accounted in accordance with equation (5). For example, the sliding domain under a normal deformation of the interface is given by 0 _• ½ _•2•r and 0s -• 6} _• w2a, where 6}s = arctan For arbitrary shear loading conditions, the sliding domain is not known a priori, and an iterative numerical procedure is utilized to calculate the interface force-displacement relationship. In addition, for subsequent numerical study we admit the possibility of formation of new asperity contacts and loss of the existing contact due to separation as the interface is loaded.

Thus the interface stiffness is obtained 

Initial Shear Stiffness Behavior

In Figures 12a and12b we compare the initial shear stiffness calculated with the present model to the experimental data from Yoshioka and Scholz [1989b] and ring et al. [1992], respectively. As in the case for normal stiffness the smooth interface has higher initial shear stiffness than the rough interface at a given normal stress. It is also observed that the initial shear stiffness increases nonlinearly with normal stress.

The nonlinear behavior is attributable to the formation of new contacts as the normal stress is increased. Furthermore, a majority of the new contact formation occurs at relatively low normal stresses. Therefore the nonlinearity of the initial shear stiffness on normal stress diminishes at higher normal stresses. The evolution of sliding and separation of asperity contacts during shear loading is illustrated in Figure 16, which plots yield. Here interface yield is defined as the point at which the interface shear resistance changes drastically. In contrast, a rough interface, with a relatively broad distribution of asperity heights, has a lower shear resistance and deformation the ratio asperity contacts that are sliding or separated versus hardening. Although the behavior may seem counterintuitive, shear displacement. The ratio of asperity contacts is defined. smooth interfaces exhibit higher shear resistance than rough as the number of sliding or separated conthcts divided by the interfaces because of a larger initial contact area under the total number of asperity contacts. In comparison to the rough interface (a = 3), the sliding at asperity contacts is mobilized at a lower shear displacement and a lower shear resistance for the smooth interface (a = 6). The asperity contact separation, on the other hand, commences at a higher shear displacement Comparison with experimental data also suggests that the average values of asperity heights and asperity contact orientation may not be sufficient to capture all aspects of interface behavior. Asperity contact formation, as described by asperity height distribution, is important for distinguishing the smooth and rough interface stiffness behavior. Furthermore, the roughness of interface, as described by the asperity contact orientation parameters a, b, and c, has a significant effect on the shear stiffness and friction behavior of interface, as shown by deformation hardening and shear anisotropy. 

From a comparison of Figures 12a and 12b

  Figure 1. Schematic depiction of the micromechanical modeling methodology for interfaces.
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 5 Figure 3. Asperity height distributions for a smooth interface and a rough interface.
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 89 Figure 8. Relationship of interface elastic stiffness ratio with (a) asperity orientation parameter a and (b) asperity stiffness ratio K/Kn.

  it is natural to conclude that the measured stiffness ratio in the range 1.1 to 0.78 for a rough quartz interface is a consequence of the asperity contact orientation distribution. The present model reasonably accounts for this effect of the interface geometry. The influence of asperity contact orientation parameters a and b on interface behavior is further illustrated in Figure8b, which gives a
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 10 Figure 10. Asperity contact orientation distribution function showing the orientation of sliding asperity contacts.

  on perfectly smooth elastic spheres subjected to varying normal and tangential forces. Since this paper focuses on monotonic loading of interfaces, we consider the case of constant normal asperity force and monotonically increasing asperity shear force. Mindlin and Deresiewicz have derived the following asperity force-displacement relationship for this loading condition, considering partial slip at contact edge with increasing contact shear displacement: variation from 3K•/2A, for vanishingly small asperity shear force, to 1.063 Kn/g, for asperity shear force at incipient sliding condition.
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 11 Figure 12. Comparison of measured and predicted initial shear stiffness versus normal stress for data from (a) Yoshioka and Scholz [1989b] and (b)ring et al. [1992].

  Figure 13. Comparison of measured and predicted directional dependence of initial shear stiffness for data from ding et al. [ 1992].
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 19 Figure 17. Comparison of measured and predicted interface shear resistance for data from Biegel et al. [1992].

Table 2 . Analytical Expressions for Inelastic Interface Stiffness Under Normal Deformation
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