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ABSTRACT
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Slip-tendency analysis is a new technique that permits rapid assessment of stress
states and related potential fault activity. The tendency of a surface to undergo slip in a
given stress field depends on its frictional characteristics (primarily controlled by rock
type) and the ratio of shear to normal stress acting on the surface, here defined as slip
tendency (determined by orientation of the surface within the stress field). An interactive
computer tool displays the stress tensor in terms of its associated slip-tendency distribution
and the relative likelihood and direction of slip on surfaces of all orientations. The tech-
nique provides easy visualization and rapid evaluation of stress in terms of its potential for
causing slip on individual faults or fault populations for use in seismic-risk and fault-
rupture-risk assessment, exploration for high-risk and earthquake-prone blind faults,
selection of likely earthquake focal mechanism solutions, and for use in analysis of com-
patibility of geologic structures.

INTRODUCTION

Earthquakes pose severe risks to popula-
tion centers or sensitive installations in areas
of active faulting. For example, earthquakes
near the proposed high-level radioactive
waste repository site at Yucca Mountain, Ne-
vada, would pose considerable risk during
construction and after closure of the facility.
Active faults provide riskier hydrocarbon
traps because of the potential for “fault-
valve” behavior (Sibson, 1990). Elevated
fluid pressure can cause faults to “leak” be-
fore stress modification causes the forma-
tion of new faults. Here we present a new
technique, slip-tendency analysis, to assess
slip potential for mapped or suspected faults
in a known or inferred stress state.

In most homogeneous stress states, two
surfaces are optimally oriented for slip
(Anderson, 1951). These surfaces intersect
in the direction of the intermediate principal
compressive stress (o,) and are symmetrical
about o, (e.g., Jaeger and Cook, 1979).
However, Wallace (1951) showed that the
maximum resolved shear stress (magnitude
and orientation) on any surface varies con-
tinuously with the orientation of the surface
in a stress field, and as a function of the
relative magnitudes of the principal stresses.
Bott (1959) stated explicitly: “the maximum
shearing stress within a...plane of frac-
ture . .. may lie in every possible direction
for a variable stress system of given orien-
tation. ...” Bott concluded that principal
stress rotations out of the vertical and hor-
izontal planes are unnecessary to explain
oblique-slip faults.

The distribution of surfaces with high re-
solved shear stress and the variability of the
direction of the maximum resolved shear
stress are expressed naturally in several
ways. Natural and analogue fault systems
tend to be anastomosing networks of slip
surfaces with variable orientations. The
“Andersonian” conjugate system (Ander-
son, 1951) tends to dominate, but many sur-
faces contribute to the overall deformation.
Earthquakes and their associated after-
shocks also occur on a variety of slip sur-
faces, and this phenomenon is utilized to de-
termine the tectonic stress state responsible
for the earthquake (McKenzie, 1969;
Gephart and Forsyth, 1984).

Although well established, the principle
of variation in shear stress within the stress
tensor is difficult to visualize and is of lim-
ited utility as a description of the likelihood
that a surface will slip. This likelihood is a
function of the frictional resistance on the
sliding surface, which is governed by rock
properties and the ratio of shear to normal
stress on the surface. A more useful per-
spective for determining the population of
surfaces that might reasonably slip in a
stress field is to view the ratio of shear to
normal stress and the direction of the max-
imum resolved shear stress. This is the basis
of slip-tendency analysis.

SLIP TENDENCY

Slip is likely to occur on a surface when
the resolved shear stress, 7, equals or ex-
ceeds the frictional resistance to sliding, F,
which is proportional to the normal stress,

Geology; March 1996; v. 24; no. 3; p. 275-278; 4 figures.

o, acting across that surface (Jaeger and
Cook, 1979; Fig. 1). Whether a surface will
actually slip depends upon its cohesive
strength, if any, and the coefficient of static
friction, w. For a cohesionless fault, at the
instant of sliding:

F=1=po, (1)
and
= T/o,. 2

The slip tendency (7,) of a surface is defined
as the ratio of shear stress to normal stress
on that surface:

T, = /oy, 3

Figure 1. Normal stress, o,, and shear stress,
7, on arbitrarily oriented surface within stress
field defined by three principal compressive
stresses o, 0,, and o,
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Figure 2. Graphs of In{o,/0,) vs. In{o,/0;) with contours of R values (heavy solid lines), K values
(dashed lines), and T, (thin solid lines). 0.5 and 1.0 contours of T,,,, bracket most realizable
conditions of stress for earth’s crust (Byerlee, 1978). A, B, and C: Selected slip tendency plots
for four stress states are superimposed on In/In graph of o,/0, vs. 0,/0,; slip tendency plot is
lower hemisphere, equal-angie projection of poles to potential slip surfaces, which are con-
toured by magnitude of the slip tendencies as percentage of T,,,,, (see shade scale). In normal

fault regime (A), o, is vertical, o, is north-south,

and o, is east-west. In reverse fault regime (B},

o, is vertical, o, is north-south, and o, is east-west. In strike-slip fault regime (C), o, is vertical,

a, is north-south, and o, is east-west.

The slip tendency depends solely on the
stress field (stress tensor) and the orienta-
tion of the surface. The coefficient of static
friction, p, is the value of 7T, that will cause
slip on a cohesionless surface and is often
referred to as the fault “strength” in analysis
of earthquake focal mechanisms. Should
slip occur on a surface with a low T, the
fault must have a low . and thus is “weak.”

SLIP TENDENCY AND THE
STRESS TENSOR

The distribution of slip tendency with
fault orientation depends upon the relative
values of the principal stresses (Wallace,
1951; Bott, 1959; Fig. 2) and is very sensitive
to the axial symmetry of the stress tensor. If
the orientations and magnitudes of the prin-
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cipal stresses are known or assumed, it is
possible to determine (Bott, 1959; Ramsay,
1967): (1) the normal stress, o,; (2) the
shear-stress magnitude, 7; and (3) the shear-
stress direction, 7, in the surface. The mag-
nitudes of the normal and shear stresses de-
termine slip tendency (t/o,), and the
direction of the maximum resolved shear
stress indicates the likely direction and sense
of motion.

The 7 field of the stress tensor is most
commonly exploited to determine stress
states from earthquake data (McKenzie,
1969; Gephart, 1990) and paleoslip data
(Angelier, 1979). In these applications, ob-
served or computed slip directions are con-
sidered to reflect the orientations of T within
a homogeneous stress tensor. The observed

distribution is iteratively compared with the
computed 7 fields of a wide variety of stress
tensors to obtain an optimized best fit. Fric-
tion is regarded as secondary in importance
or is not considered, although Wesnousky
and Jones (1994) examined paired-fault sys-
tems for their synergistic qualities by com-
puting states of friction.

We consider the reverse perspective. We
have developed an interactive computer
tool that specifies the stress tensor by choos-
ing the principal stresses and by calculating
and displaying slip-tendency data for sur-
faces of all orientations. The results can be
interactively adjusted by modifying the three
principal stresses to investigate slip ten-
dency and direction (7) on any individual
surface. This procedure is applied to
mapped fault traces to investigate the effects
of various stress fields on known or sus-
pected faults.

Slip Tendency, Surface Orientations,
and Stress Fields

Stress fields can be described in terms of
K and R (the stress difference ratio), where:

K = (o/0)/(o4/o3) (5)
or

K = (0,03)/04,
and

R = (o~ o))/(o) — 03) 6)

Stress fields where K = 1 have strongly bi-
modal distributions of surfaces with high slip
tendencies (Fig. 2, A, B, and C). The distri-
bution of high-slip-tendency surfaces tends
toward a girdle about the o5 axis, where K <
1, and about the o, axis, where K > 1
(Fig. 2).

APPLICATIONS
Fault-Pattern Analysis at Yucca
Mountain, Nevada

Ideally, the tendency for seismic faulting
in a rock volume could be simulated by con-
sidering all potential slip surfaces, their sur-
face areas, positions, and geometries. With
the exception of some three-dimensional
seismic surveys, high-quality data are not
commonly available, so the slip tendencies
of a population of faults can be approxi-
mated by utilizing fault-trace maps and
“tuning” the calculations for specific fault
dips. Slip-tendency computations are linked
to fault-trace maps by changing the pro-
posed stress field. This provides rapid as-
sessment of the compatibility of fault sets for
particular stress fields. A consequence of
this viewing technique is that faults can be
semiquantitatively assessed for their slip po-
tential in a chosen stress field, a first step in
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determining seismic hazard of known or sus-
pected faults.

Stock et al. (1985) provided the only pub-
lished measurements of the in situ stress
state at Yucca Mountain. At depths of be-
tween 1 and 1.3 km, their measurements in-
dicate that o, = vertical = 20.8-27.2 MPa
(lithostatic based on depth and rock densi-
ty); o, = N25°E-N30°E = 16.8-17.9 MPa;

[] Normal fault pole

Ts/ Temax
Il 100%

50%

0%

and o5 = N60°W-N65°W = 10.6-14.8 MPa:
o, varies from 66% to 81% of o,, and o5
varies from 47% to 54% of o, (Stock et al.,
1985). Extrapolating these percentages to a
depth of 5 km and assuming an average rock
density of 2.7 g/em®, o, = 133 MPa, o, =
88-108 MPa, and o5 = 63-72 MPa. Assum-
ing a water-table depth of 600 m (Stock et
al., 1985), and interconnecting permeability,

11l7°W

Nevada

Figure 4

37°'N
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K Normal fault slip vector
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Figure 3. Slip-tendency plot showing that both dip-slip and strike-slip faults with
certain orientation ranges have high slip tendencies in contemporary stress field at

Yucca Mountain, Nevada.

3701'N

hydrostatic pressure at 5 km will be 43 MPa.
Thus, effective principal stresses would be:
o, = vertical = 90 MPa, o, = N25°E-N30°E
= 45-65 MPa (50%-72% of o)), and o5 =
N60°W-N65°W = 20-29 MPa (22%-32%
of o), at 5 km beneath Yucca Mountain.
Harmsen (1994) obtained an R value of 0.35
for the stress field responsible for the 1992
magnitude 5.6 Little Skull Mountain earth-
quake (20 km southeast of Yucca Mountain,
at a depth of about 10 km). Again, assuming
average rock density is 2.7 g/em®, water-
table depth is 600 m, and reasonable values
for p (0.6-0.9), this is equivalent to
o, = 172 MPa, o, = 71%-78% of o,, and
03 = 14%-38% of o, at 10 km depth. Our
estimate for o5 below Yucca Mountain
(based on measurements by Stock et al.,
1985) is within the range derived from
Harmsen’s (1994) data. Estimates of o,
based on the measurements of Stock et al.
(1985) and the analysis of Harmsen (1994)
only overlap in the range of 71%-72% of o ,.
For the purposes of modeling slip-tendency
patterns, we have chosen the high end of our
range (o, = 72% of o,) in order to be
consistent with both data sets. Applying
the stress field, o, = vertical = 90 MPa,
N25°E-N30°E = 65 MPa, and

Gy 1=

Ts/ Tsmx
100%

9 11, .
L7F *;,!{' ) '/;f'/’/ o,
A %W#{’ ‘W@%L/
36°37'N ./ s /4
116738 W 116'13W

A

Figure 4. Slip-tendency plots and associated fault trace maps for three orientations of contemporary principal stresses at Yucca
Mountain, Nevada. Fault traces (after Frizzel and Shulters, 1990) are color coded according to same scale as slip-tendency plots.
Faults are all assumed to dip 65°-80°. A: o, vertical, o,, north-south, o;, east-west; B: o,, vertical, o,, N28°E, o;, N62°W; C: o,

vertical, o,, N60°E, o, N30°W.
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o3 = NOO°W-N65°W = 25 MPa, to the
faults of Yucca Mountain shows that both
strike-slip and normal faults can coexist
(Fig. 3). Moderately to steeply dipping faults
with north-south to northeast-southwest
strikes tend to have high slip tendencies
(Fig. 4B). These conclusions agree with
those of Stock et al. (1985). Many faults are
in orientations of relatively high slip tenden-
cy; however, several large northwest-south-
east-trending faults have orientations of low
slip tendency and are not in favorable ori-
entations for contemporary slip. Conse-
quently, we infer that these faults developed
under different stress conditions and that
the stress field at Yucca Mountain has
evolved from a previous state, similar to that
illustrated in Figure 4A.

All likely Yucca Mountain stress states
have K values of ~0.6-0.8 and R values of
~0.4-0.62. Under these conditions, sur-
faces with high slip tendency have tight bi-
modal or small-circle girdle distributions
about o5 (Fig. 2A). As a result, the orien-
tation of o5 strongly controls orientation of
likely active faults. For example, if o5 is hor-
izontal, trending N90°W, almost all faults
with dips of 65°-80° at Yucca Mountain
have high slip tendency (Fig. 4A). However,
if o is rotated to N30°W, many faults with
high slip tendencies would become less
likely to slip (Fig. 4C).

Assessment of Seismic Hazard

Knowledge of the in situ stress state in an
area permits the evaluation of relative
earthquake hazard for both known and sus-
pected faults. Furthermore, the ability to
predict the slip direction for a fault from the
direction of maximum resolved shear stress
can be used to refine assessment of seismic
hazard, because earthquake ground motion
is a function of the sense of fault slip (Mc-
Garr, 1984).

Focal Mechanism Solutions

Focal mechanism solutions based on first-
motion analysis, especially for earthquakes
with no surface break or other clear indica-
tion of orientation of the slip plane, are in-
herently ambiguous because two possible
fault planes explain the data. The choice of
preferred nodal plane (the slip plane) auto-
matically specifies the slip vector, which lies
in the chosen plane perpendicular to the line
of intersection with the auxiliary plane.
Thus, the preferred choice is typically made
by comparing the slip vectors from the two
possible fault planes to their computed 7
within the inferred stress field. The surface
with the smaller angular difference between
its slip and shear stress vectors is chosen as
the preferred nodal plane. One commonly
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used stress-inversion method for use with
earthquake data, the focal mechanism stress
inversion (FMSI) model (Gephart, 1990),
specifically optimizes the focal-mechanism
slip-vector data with the shear-stress vector
component (7) of the assumed stress tensor.
Therefore, the FMSI model relies solely on
the slip-direction criterion to obtain a best-
fit stress tensor. Such calculations can pro-
duce anomalous results in the form of as-
sumed slip on misoriented surfaces (those
with low values of slip tendency). Gephart
(1990) suggested that a frictional criterion
could be added to the model to eliminate
such anomalies. Slip-tendency analysis
could be incorporated into a model such as
FMSI as an additional constraint on the se-
lection of slipped nodal planes and as part of
the optimization process to estimate the
stress tensor.

CONCLUSIONS

Slip-tendency analysis provides a means
for assessing relative risk of earthquakes and
fault slip, a test for compatibility of geologic
structures thought to have developed in a
single stress field, a new approach to explo-
ration for high-risk and earthquake-prone
blind faults, and an alternative (to shear-
stress vector orientations) for interpretation
of slipped faults from focal-mechanism so-
lutions. Analysis of faults at Yucca Moun-
tain, Nevada, indicates that the key uncer-
tainty in predicting which faults are likely to
slip is the orientation of o;. Under the con-
ditions that are currently thought to exist,
faults with dips of 60°-90° and strikes of
NO°E to N30°E present the greatest risk of
both strike-slip and normal-slip motion. If
o5 were oriented west-east, virtually all
mapped faults in the Yucca Mountain area
would be potentially active, given appropri-
ate magnitudes of the principal stresses.
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