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Summary. 
Basalt and impact crater ejecta are thought to be two important rock types on Mars. Pyroclastic 

deposits (tuff) have sometimes been used to approximate the mechanical properties of impact crater ejecta, 
and may also represent a locally significant rock type as well. The strength and deformation properties of 
basalts and tuffs differ considerably from an ideal frictional model (Byerlee's law) and from each other. 
Systematic estimates of the relevant properties of basalt and tuff rock masses provide useful new constraints 
on the stresses required to fracture, fault, or buckle strata composed of these materials. 

Introduction. 
Jointed basaltic rock units such as those found on the Columbia Plateau in Washington State provide a 

well constrained example of a highly fractured rock mass that also has a high modulus intact material [I]. A 
complementary example at the other extreme is that of Calico Hills tuff, a highly fractured rock mass 
characterized by low modulus rock. This tuff unit consists primarily of pyroclastic airfall material locally 
reworked into bedded sequences [2]. Calico Hills tuff underlies the Topopah Spring member of the Tertiary 
Paintbrush Tuff, which is currently undergoing engineering evaluations for the proposed high-level nuclear 
waste repository at Yucca Mountain, Nevada. 

The Hoek-Brown criterion [3] is used to represent the bulk properties of basalt and tuff on Mars. The 
tuff of Calico Hills is relatively weak; it provides an estimate of the strength and deformability of cold, 
poorly lithified impact craterhasin ejecta, which probably comprises a substantial part of the near-surface 
rock mass. Mohr envelopes for intact basaltic rock, a rock mass, and Byerlee's law are compared in Figure 
1 .  

Strength parameters for Calico Hills tuff and basalt are very different, both from their intact equivalents 
and from each other. Fracturing of either rock type is associated with a marked reduction in the properties of 
the respective rock masses. For example, the bulk tensile and compressive strengths are reduced by one 
order of magnitude relative to the values for the intact material, as is the bulk cohesion. The deformation 
modulus is reduced by perhaps 50% from Young's modulus; however, Poisson's ratio and friction 
coefficient are not markedly affected by fracturing. 

Mohr envelopes for basalt and tuff are compared in Figure 2. As can be seen from the figure, the 
envelopes for large exposures (e.g., outcrop scale and greater) of basalt and Calico Hills tuff are 
significantly different than those which are based only on the properties of the intact rock. The slopes of the 
rock mass envelopes for basalt (o> 20 MPa) are comparable to the widely cited Byerlee's law, implying 
similar values of friction angle or coefficient. However, the tuff rock mass exhibits much lower angles or 
coefficients of friction, on the order of 10-15" and 0.2 < p < 0.3 respectively. 

The dramatic examples of landslides in the Valles Marineris troughs of Mars have been used to 
constrain the mechanical properties (cohesion and friction) of the failed wallrock in an effort to infer 
indirectly the underlying lithology [4]. Based on a simple slope stability model, values of cohesion between 
0.05 and 5 MPa, and friction angles of 15-40", separate stable and unstable wallrock; smaller values are 
associated with failure and landsliding. The values of bulk cohesion, 1-4 MPa (basalt) and 1.7-4.4. MPa 
(tuff), along with friction angles of -30" for basalt [5] and 10-15" for tuff [2], suggest that a basalt rock 
mass would be marginally stable, whereas the tuff rock mass would be unstable. Although the inversion 
noted above neglects certain factors such as changes in rock-mass properties with depth, the bulk properties 
suggest in addition that the interior layered deposits in Valles Marineris, which have been interpreted by 
some as volcanic or pyroclastic material [6] and lack landslides, are stronger than Calico Hills tuff. If those 
deposits are pyroclastic, they probably contain material having higher Young's modulus and frictional 
properties. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



STRENGTH OF BASALT AND TUFF ROCK MASSES: Schultz, R.A. 

Ternion Compression I (  

Fig. 1. Mohr diagram showing commonly 
used representations of intact and fractured rock 
strengths. The intact envelope, consisting of a 
parabolic Griffith envelope for tensile normal stress 
and a linear Coulomb envelope for compression, 
assumes that microcracks and other flaws are 
minute compared to the size of the rock specimen. 
The "sliding-line" envelope, defined by the 
frictional properties of a single joint, fault, or 
artificial saw-cut surface, implies that a single 
fracture plane completely cuts the rock. Most 
rocks would probably fall between these two 
extremes. 

Fig. 2. Brittle strength envelopes for basalt 
and tuff. Bold curves, Mohr envelopes for basalt or 
tuff rock masses; dashed curves, Modified Griffith 
envelopes for intact basalt (IB) and tuff (IT) rock. 
Dotted curve, Byerlee's law (BL) for pre-existing 
fractures assuming Co = 0 and coefficient of friction 
of 0.85; curve appropriate for o > 5 MPa. Note 
reduction in tensile strength and cohesion for the 
rock masses relative to their intact equivalents. 

TABLE 1. STRENGTH OF BASALT AND TUFF ROCK MASSES 

Property Basalt Basaltic Rh4 Tuff Tuff Rh4 

Uniaxial compressive strength, MPa 262 12-63 22-29 3.3-7.1 
Young's modulus, GPa 73 - 5-6 - 
Deformation modulus, GPa - 5-50 - <6 
Poisson's ratio 0.25 - 0.3 0.1 M . 2 9  = 0.2 
Tensile strength, MPa -14 -0.2 to -2 -1 1.8 -0.8 to -2.6 
Cohesion, MPa 66 1-4 12 1.7-4.4 

Conclusions. 
Fractures having a variety of scales are present in most rock units larger than several meters in size. 

These fractures are associated with marked reductions in strength properties and moduli of rock masses 
relative to an unfractured hand sample or core. Mohr envelopes for fractured rock masses of basalt and 
nonwelded tuff indicate that Byerlee's law should not be used indiscriminately as an indicator of rock mass 
strength near the surface for these rock types. 
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