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THE TRIANGULAR STRESS DIAGRAM—A GRAPHICAL
REPRESENTATION OF CRUSTAL STRESS MEASUREMENTS

By HENRI S. SWOLFS

ABSTRACT

A new graphical method is introduced that facilitates the represen-
tation and interpretation of the generally anisotropic in situ states-of-
stress measured in rocks. The purpose of the method is to clearly
and easily display these stress states, each measured in terms of
three values, in two-dimensional space; this is done by projecting
three-dimensional stress space onto a triangular-coordinate (ternary)
diagram and plotting the measured stress states as points. Failure
surfaces determined either by experiment or by invoking hypothetical
failure criteria are plotted on the diagram to enclose the stability
field. Thus, an anisotropic stress condition measured at a given depth
in the Earth’s crust is represented by a single point on the triangular
diagram and its relative position in the enclosed stress space may
yield useful information on the degree of mechanical stability of the
rock mass at the point of measurement. The method also allows the
representation of any number of measured stress states in a given
locality, each plotted in its own position. This method is most useful
as a reconnaissance tool, provided complete measurements of in situ
stress as a function of depth are available, to correlate them with
information obtained by different, more indirect methods. A variety
of stress paths either associated with the measured stress-depth dis-
tribution, or modified by fluid injection or mined excavations, among
others, can be traced or extrapolated to establish whether the im-
posed disturbance leads to failure of crustal rocks.

INTRODUCTION

The development and subsequent use of field tech-
niques to obtain stress measurements in rocks over a
significant range of crustal depths has contributed im-
portant information on the in situ state of stress. Many
of these results have been reported by Renalli and
Chandler (1975), McGarr and Gay (1978), Brown and
Hoek (1978), among others. Because an adverse change
in crustal stresses may result in the eventual instability
of the rock mass, knowledge of their present distribu-
tion in reasonable detail is important. From this detail
can be derived the kind of information that is particu-
larly relevant to the design and long-term maintenance
of underground structures and civil engineering works,
and to the understanding of earthquake mechanics.

A state of stress is completely defined by three prin-
cipal stress components and their orientations,
§:>8,>S; (total stresses) or o,>0,>03 (effective

stresses). Compressive stresses are reckoned positive
and effective stresses are equal to the total stresses
less the interstitial pore pressure (P) provided the rocks
are sufficiently permeable; that is, o=S—P. Failure
criteria generally are expressed in terms of effective
stresses. With reference to crustal stresses, a common
assumption (Anderson, 1951) is that the vertical total
stress, S,, is also a principal stress, S;, S; or Ss.
Likewise, Sjmaz and S, are the maximum and mini-
mum horizontal total stresses and principal stresses.

Figures 1 and 2 summarize the author’s compilation
(Swolfs and others, 1977) of the then available stress
measurements obtained from hydraulic-fracturing tests
in the United States (see also McGarr and Gay, 1978).
Only the data for S, (overburden pressure) and Spymix
(assumed equal to the measured instantaneous shut-in
pressure, ISIP) are plotted against depth to provide
geologic perspective. No attempt at averaging the two
horizontal stress components, Sjq. (if known) and
Symin, has been made because otherwise useful informa-
tion becomes somewhat obscure. A complete listing of
the data used in figures 1 and 2 may be found in table
L }

When the field data are ranked with the type and
geologic age of the rock in which the measurements
were made, several observations can be made. For ex-
ample, at or near the Earth’s surface, the horizontal
stresses tend to equal or exceed the vertical stress,
whereas at greater depths the vertical stress becomes
the more dominant component (figs. 1 and 2). This gen-
eral phenomenon, recognized in many localities around
the world, is perhaps associated with the effects of ero-
sional unloading (denudation) of the rock exposed at the
Earth’s surface (Voight, 1966) and is especially pro-
nounced in the crystalline, brittle rocks. The data also
provide cogent evidence for the proposition (Griggs,
1936) that rocks possess long-term strengths; that is,
in the absence of external influences, rocks are capable
of sustaining finite stress differences over geologically
significant times without continuously deforming. The
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2 THE TRIANGULAR STRESS DIAGRAM
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FIGURE 1.—Summary plot of the positive stress differences in megapascals (MPa) between the vertical stress component (=pgh)
and the minimum horizontal stress component (=ISIP) as a function of depth. Lithologies are identified by the abbreviations:
Gr, granite; Gn, gneiss; Qz, quartzite; Dol, dolomite; Ss, sandstone; Ls, limestone; Sh, shale; Sa, salt; Tf, tuff;, and Ms, marlstone.
In the left panel, the magnitude of the vertical stress component is either intermediate or greatest in value; in the right panel
the vertical stress magnitude is least in value. The line marked “calcite” indicates the stress differences inferred for limestones

in the Gulf coastal region (Friedman and Heard, 1974).

magnitudes of the stress differences (fig. 1) or stress
ratios (fig. 2) depend in large measure on rock type
and increase with pressure (depth) under normal geo-
thermal conditions. At one end of the spectrum (fig.
2), the strong “brittle” rocks, including dolomite, gran-
ite, and quartzite, maintain stresses that approach the
short-term failure strength (see also Handin and others,
1963, figs. 26 and 27). At the other end of the spectrum,
such “ductile” rocks as salt, limestone, and some shales
persist in supporting low stresses that probably are re-
lated to their respective long-term yield or creep
strengths. In support of this latter observation, Fried-
man and Heard (1974) found, by analyzing the growth
of mechanical twins in calcite, that Lower Cretaceous
limestones in the Gulf Coast area have maintained a

nearly constant horizontal-to-vertical stress ratio of 0.91

over a depth range of 6.5 km (calcite line in figs. 1
and 2); this ratio is considered to be a maximum.
Hypothetically, therefore, the suggestion may be en~
tertained that in a typical vertical rock sequence com-
posed of, say, granite, shale, dolomite, limestone, and
sandstone, the stresses in each rock unit are limited
over the long term by the respective strengths, result-
ing in an inhomogeneous horizontal stress distribution
throughout modified to varying degrees by the proces-
ses of burial, denudation, and tectonics. At the same
time, the vertical stresses and, for reasons of equilib-
rium and continuity, the shear stresses, must be smooth
varying functions of depth. The evidence, clearly, is
mixed for the very reason that the already limited data
base also is incomplete (figs. 1 and 2). The resolution
of the ambiguities would require the analyses of com-
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FIGURE 2.—Summary plot of the minimum horizontal to vertical stress ratios as a function of depth. Lithologies are identified by
the abbreviations: Gr, granite; Gn, gneiss; Qz, quartzite; Dol, dolomite; Ss, sandstone; Ls, limestone; Sh, shale; Sa, salt; Tf, tuff;
and Ms, marlstone. The shaded curved band in the far left panel represents the short-term rupture strengths of intact crystalline
rocks tested to failure under conventional triaxial stress conditions and strain rates. The frictional strengths of preexisting faults
and fractures are bounded by two values for the coefficient of sliding friction (1=0.6 and 1.0).

plete states of stress (three-dimensional) and their dis-
tribution in the rock column.

The purpose of this paper is to introduce an alterna-
tive to the three-dimensional space coordinate plot
(Meldahl, 1944) in which the states of stress are unique-
ly represented as points. The present method involves
the transformation of rectangular-coordinate stress
space into a triangular-coordinate system and plotting
the measured states of stress in the Earth’s crust in
dimensionless units in a triangular (ternary) diagram
familiar to geologists.

THE TRIANGULAR STRESS DIAGRAM

A particular compressive state of stress, O, defined
by three principal stresses and their orientations, can
be represented in a rectangular system of coordinates
as a point in principal stress space (fig. 3). Let the
coordinates of the Cartesian set of axes be defined by
the principal stress components SS, S¢, and S¢. The
position of stress state O relative to the space diagonal
H can be represented by the resultant vector r (fig.
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TABLE 1.—Measured stresses in the United States

[MPa, p 1s; leaders (—-) indicate no data]
State Lithology Age Depth Sy Shm n Shmin/Sv Shmax Fracture References!
(meters) (MPa) {MPa) (MPa) direction
California-~ Sandstone-- Tertiary----~« 240 5.1 11.4 2.22 22.5 N. 15° E. 27.
287 6.5 8.2 1.26 —— —— Do.
Granite~--~ Jurassic------ 157 4.2 4.4 1.05 5.2 —— 10,11,14,
210 5.7 4.9 .86 7.0 .- Do.
234 6.3 4.4 .70 7.4 —— Do.
240 6.5 5.1 .78 7.5 ——— Do.
265 7.2 4.9 .68 8.0 -— Do.
292 7.9 5.4 .69 10.9 ——— Do.
308 8.3 5.2 .63 10.0 N. 25° E. Do.
Colorado--- Marlstone- Tertiary~-~=-- 37 .9 1.3 1.44 1.3 —— 4,25.
shale. 158 3.6 3.3 .92 4.8 N. 65° W. Do.
190 4.3 3.9 91 4.8 — Do.
267 6.0 3.5 .58 4.0 ——— Do.
338 7.6 5.3 .70 6.8 - Do.
385 8.7 6.0 .69 8.3 .- Do.
406 9.2 7.0 .76 9.1 N. 90°E. Do.
442 10.2 7.4 .74 8.0 ——- Do.
451 10.2 7.5 .74 9.5 —— Do.
64 1.4 2.2 1,57 4.0 -— Do.
92 2.1 2.5 1.19 —— . Do.
110 2.5 2.3 .92 3.6 E-W Do.
61 1.4 1.9 1.36 — — Do.
425 9.6 7.5 .78 11.8 ——— Do.
443 10.0 7.5 .75 11.3 E-W Do.
449 10.1 7.8 .77 11.3 E-W Do.
269 6.1 4.1 .67 — - Do.
319 7.2 4.9 .68 . ——— Do.
384 8.7 5.2 .60 —— - Do.
423 9.6 5.0 .52 6.6 — Do.
430 9.7 4.7 .48 5.6 —— Do.
313 7.1 5.7 .80 8.6 — Do.
378 8.6 6.8 .79 10.6 ——— Do.
402 9.1 7.1 .78 9.5 - Do.
453 10.2 7.1 .70 9.5 N. 87° E. Do.
476 10.8 7.0 .65 8.3 —— Do.
72 1.6 2.7 1.69 5.0 — Do.
108 2.4 3.1 1.29 5.6 .- Do.
237 5.4 4.3 .80 5.8 — Do.
248 5.6 6.3 1.13 -~ N, 75° W. Do.
320 7.2 5.7 .79 ~-~ N. 45° W. Do.
385 8.7 7.4 .85 13.0 N. 75° W. Do.
216 4.9 2.6 .53 3.1 - Do.
Sandstone-- Pennsylvanian- 1914 42.7 31.4 .74 55,2 N. 70° E. 7,10,19,20.
Permian.
Sandstone-~ Cretaceous---~ 2303 52.1 34.4 .68 -~~~ N. 20° W. 23.
2322 52.5 40.4 .77 -~~~ N. 15° W. Do.
Granite---- Precambrian--- 3660 82.8 35.9 .43 ~ww N. 60° W. 20.
Idaho~eunene Quartzite-- Precambrian--~ 2300 62.0 26.0 .42 42.8 N. 75° W. 13.
IN1inois~~~~ Limestone-~ Pennsylvanian~ 94 2.1 2.3 1.10 ~~~ N. 66° E. 5,6,10.
97 2.2 2.3 1.05 ~-~ N. 58° E. Do.
97 2.2 2.3 1.05 -=~ N. 72° E. Do.
100 2.3 2.7 1.17 ~-- N. 62° E. Do.
Michigan~---- Limestone-- Devonian------ 1230 32.0 29.5 .92 50.5 ——— 10,11,15,
Dolomite-~~ Ordovician---~ 2806 73.0 40.0 .55 56.0 — Do.
Sandstone-~ Cambrian------ 3660 95.0 64.5 .68 88.5 ——— Do.
Shal e~www-n Precambrian--~ 5105 132.5 96.0 72 147.0 —— Do.
1References:
1. Aamodt (1977). 9. Haimson and others (1974).
2. Blair and others (1977). 10. Haimson (1977a).
3. Brechtel and others (1976). 11. Haimson (1976).
4. Bredehoeft and others (1976). 12. Haimson and others (1976).
5. Haimson and Stahl (1969). 13. B. C. Haimson (written commun., 1976).
6. Haimson and Fairhurst (1970). 14, Haimson (1977b).
7. Haimson (1973). 15. Haimson (1977c¢).
8. Haimson (1974).
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TABLE 1.—Measured stresses in the United States—Continued

State Lithology Age Depth Sy Shmin  Shmin/Sv  Shmax Fracture References!
(meters) (MPa) (MPa) (MPa) direction
Nevada------ Tuffemmemmm Tertiary------ 380 7.0 3.1 .44 -— -——— 9,24,
268 4.9 4.1 .84 10.7 -—- Do.
263 4.8 3.3 .69 9.2 N. 35° E. Do.
400 7.3 3.4 .47 9.1 -—- Do.
153 2.8 2.3 .82 7.3 --- Do.
165 3.0 2.8 .93 8.0 --- Do.
183 3.3 3.6 1.09 6.8 -— Do.
214 3.9 3.2 .82 6.9 -—- Do.
235 4.3 3.3 .77 -—- --- Do.
249 4.1 4,1 1.00 -—- -— Do.
326 5.9 3.4 .58 - N. 14° E.  Do.
309 5.6 3.1 .55 -—- -—— Do.
437 7.9 3.4 .43 - --- Do.
437 7.9 3.0 .38 -— -—- Do.
454 8.2 3.1 .38 7.4 --- Do.
420 7.6 6.0 .79 ——- N. 45° E.  Do.
420 7.6 6.4 .84 -— -— Do.
420 7.6 6.0 .79 12.5 -—- Do.
408 7.3 7.7 1.05 13.1 N. 53° E. Do.
416 7.5 7.0 .93 12.3 N. 50° E.  Do.
New Mexico-- Sandstone-- Cretaceous---- 934 21.1 14.5 .69 --- - 18.
' 2150 48.6 32.3 .66 -—- N. 55° E.  Do.
Granite---- Precambrian--- 765 18.0 14.7 .82 -— -— 1,2.
1990 50.4 33.3 .66 - N. 35° E. Do.
2930 75.3 36.7 .49 — --- Do.
New York---- Sandstone-- Devonian------ 491 11.1 12.8 1.15 --- N. 87° E. 5,8.
512 11.6 13.9 1.20 ——— N. 65° E. Do.
510 11.6 14.9 1.28 -—- N. 74° E. Do.
Ohig----=---- Sandstone-- Silurian------ 800 18.8 15.4 .85 — N. 62° E. 5,6,8,10.
812 18.4 14.9 .81 -—- N. 68° E. Do.
815 18.5 15.6 .84 - N. 67° E. Do.
S.C. Shale Tertiary------ 194 4.4 3.0 .68 4.8 N. 51° E. 26.
210 4.7 3.2 .68 --- --- Do.
Gneiss—==--- Precambrian--- 120 3.2 7.0 2.19 8.9 -—- 10,11,14.
150 4.1 10.5 2.56 15.0 -— Do.
180 4.9 11.0 2.24 14.0 -— Do.
215 5.8 15.5 2.67 27.3 --- Do.
245 6.6 15.8 2.39 17.5 N. 60° E. Do.
250 6.9 20.0 2.90 - -— Do.
S. Dak.----- Granite---- Precambrian--- 1890 55.2 18.0 .33 35.9 N. 50° E. 28.
Texas------- Granite---- Precambrian--- 346 8.5 7.6 .89 28.3 N. 67° E. 21.
Utah-------- Shale-~--=- Cretaceous---- 2750 65.0 51.5 .79 56.9 N. 60° W. 3.
W. Va.------ Shale------ Devonian------ 840 22.1 16.3 .74 38.5 N. 50° E. 3,16,
Salt------- Pennsylvanian- 914 20.7 21.2 1.02 .- - 29.
Wisconsin--- Granite---- Precambrian--- 135 3.5 6.8 1.94 15.9 -—- 10,11,12,17.
150 3.9 7.5 1.92 18.5 --- Do.
169 4.4 6.2 1.41 16.0 - Do.
174 4.5 6.3 1.40 17.5 - Do.
188 4.9 7.5 1.53 11.7 -— Do.
Wyoming----- Shale--=--= Tertiary------ 2769 62.6 52.0 .83 -— N. 25° E. 18.
Sandstone-- Jurassic------ 4484  115.1  8l.3 71 - --- 22.
16. Haimson (1977d). 23. Smith and others (1976).
17. Brown and Hoek (1978). 24. Tyler and Vollendorf (1975).
18. Power and others (1975). 25. Wolff and others (1974).
19. Raleigh and others (1972). 26. Zoback and Healy (1977).
20. Raleigh (1972). 27. Zoback and others (1977).
21. Roegiers and Fairhurst (1973). 28. E. R. Hoskins (written commun., 1977).
22. Simonson and Jones (1976). 29. A. H. Jones (oral commun., 1977).
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3) normal to the space diagonal whose magnitude is
given by (Meldahl, 1944)

1 Cc_gC
r:\—/g\/(sfr—s;)2 +(S§~S§)2 +85-85 D

or, in terms of the second stress-deviation invariant,
Jo, as

r=V2J, @)

Both O and r lie in a plane defined by
S§+S,yc +8 §=constant and which is perpendicular to H.
The intersection of this plane with the compressive
quadrant of principal stress space results in the triangle
ABC whose sides make an angle of arc cos (V2)!=45°
with all three rectangular axes. By projecting the stres-
ses S5, 8¢, and S onto the sides of the triangle AB,
CA, and 'BC, respectively, a new set of stress coordi-
nates are obtained such that

S.=V2 85,8, =V25f, and S, =V2 §¢ (3)

This new projection implies that the origin of rectangu-
lar space is projected onto the apices of the triangle
rather than along the space diagonal as it is in the
axionometric projection of Meldahl (1944). An important
result of this new projection is that stress states that
vary only by added hydrostatic pressure occupy differ-
ent positions in the plane of the triangle; other conse-
quences are described later in this section. In terms
of the new triangular stress coordinates, the vector r
is given by

,,=\% \/(sx—sy)2 +(S, -8 +(S.~S. 2 =VT,. (@)
6

)

FIGURE 3.—Representation of a state of stress 0 in rectangular- coor-
dinate space ( S;, %”,and S: ) and, alternatively, in triangular
coordinates (S, S,, and S,) on a plane ABC through 0 perpendicu-
lar to the space diagonal H. The position of 0 relative to H, either
in the positive (compressive) quadrant of rectangular stress space
or in the plane ABC, is given by the vector 7, which is a measure
of the stress deviation. Direction of shading indicates the direction
of projection of the rectangular axes onto the sides of the triangular
plane.

An added convenience is obtained by normalizing the
stress components with respect to their sum
(I;=S;+S,+S,). The state of stress can now be plotted
in dimensionless units (fractions or percent) on triangu-
lar-coordinate graph paper (for example, Dietzgen No.
340-TC’; see also fig. 44). Each of the normalized com-

!Any use of trade names is for descriptive purposes only and does not constitute
endorsement by the U.S. Geological Survey.

FIGURE 4 (facing page).—Construction and properties of the triangular stress diagram. A, Procedure for plotting the point O in the triangular
diagram representing the state of stress S,>8,>S, in dimensionless units (fractions or in percent). B, Distribution of six points in
different positions in the triangular diagram obtained by permutating the three stress components magnitudes along equivalent directions
in an isotropic material. Loci of points where two stress components are equal in magnitude are the lines Aa, Bb, and Cc. The
point of intersection of these three lines defines the state of hydrostatic stress (H). C, Structural definition of the six panels of the
triangular diagram in terms of the preferred mode and orientation of faulting. The seismological focal-mechanism symbols in each
panel indicate the preferred motion on preexisting faults; the P-axis (greatest compression direction) bisects the unshaded quadrant.
D, Definition of states of stress that differ by a hydrostatic pressure. Point O defines the state of total stress (P=0) and point O’
defines the state of effective stress (P=P,). The separation between points O and O’ is proportional to the added hydrostatic pressure
(Po). E, Definition of the stress deviation associated with the state of total stress at O in terms of a dimensionless parameter #;
that is, #=(J3)"%I,, where I, and J, are the first stress invariant and the second stress-deviation invariant, respectively. In an isotropic
material 7 is the radius of a circle that contains all six equivalent stress states shown in figure 4B. Because an added hydrostatic
pressure does not affect the stress deviation, points O and O’ in figure 4D are equivalent in terms of J,, but differ in position by
the ratio 7/7=I,/(I;—3P). F, Definition of the failure surfaces for frictional sliding on suitably oriented faults and fractures. The position
of these surfaces in the triangular diagram vary only with the value of the coefficient of sliding friction (u.=0.6 and 1.0).
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pressive stress components may vary from zero to one
(100 percent), but all three combine in the triangular
plane of projection at a single point, whose position var-
ies with the relative magnitudes of the stress compo-
nents.

Let S., S,, and S, be the total normal stress compo-
nents measured relative to a system of rectangular axes
and transformed into the triangular diagram ABC (fig.
4). If, for the present, the magnitudes of the stresses
are such that S,>S,>S,, then this triad of values can
be represented in a triangular-coordinate graph (fig.
4A) as a single point, O, by (1) normalizing each stress
component with respect to the first stress invariant,
I,=S.+S,+8S., to obtain the ratios

Sx=Sa:/Ilr S-y=Sy/II) and Sz=SZ/Il ’ (5)

(2) finding the values of each ratio, either as a fraction
or in percent, along the appropriate sides of the dia-
gram, AB, CA, and BC, respectively, and, finally, (3)
projecting each value into the interior of the diagram
as shown in figure 4A to plot the point O that now
defines the stress condition S,>S,>S,. The loci of
points where two stress components are equal in mag-
nitude are the lines Aa (S,=S,), Bb (S,=S,), and Cc
(Sz=8,). The intersection (H) of these three lines de-
fines the condition of hydrostatic stress, S,=S,=S,; it
is the normal projection of the space diagonal in rectan-
gular coordinates and, therefore, retains the same defi-
nition. Stress states for which one stress component
is identically zero are plotted along the sides of the
diagram: for example, along AB for S,=0, along CA
for S,=0, and along BC for §,=0 (fig. 4B). Negative
(tensile) stresses are plotted outside the diagram.

Five additional points, P, Q, R, S, and T (fig. 4B),
can be plotted at different positions in the diagram,
provided the rock material is isotropic, by permutating
the same relative magnitudes among the stress compo-
nents. Thus, letting S,>S,, the magnitude assigned to
S, increases from smallest value at O, intermediate at
P to largest at Q. Similarly, but now letting S;,>S,,
points R, S, and T are identified by decreasing mag-
nitudes assigned to S,.

The triangular diagram (fig. 4C) is now divided into
six panels in which the states of stress are distinguished
by magnitude and orientation. Provided that S, is verti-
cal and S, and S_y are horizontal, the panels can be iden-
tified with three types of faulting (Anderson, 1951). For
example, the panels that include the points O and T
are associated with thrust faulting, those that include
P and S with strike-slip (wrench, transcurrent) faulting,
and those that include @ and R with normal faulting.
Likewise, motion on preexisting faults and fractures
characterized by the orientation and inclination of the

slip vector can be classified accordingly in the appropri-
ate panels. The pairs of laterally adjacent, similarly
named panels differ only by the orientation of the con-
sequent or preexisting structures (faults and fractures).
The effective stresses defined by o=S—P, where
P=P, is the ambient interstitial pore pressure, can be
plotted in the diagram (fig. 4D) using the relationship

0'/[1:(;: S_P ’
11_3P

6

and following the plotting procedures as outlined ear-
lier. The new point on the triangular diagram, for ex-
ample O' representing the effective stress condition
0,>0,>0,, is plotted outward from point O on a line
that passes through points O and H. The separation
between points O and O’ is proportional to the mag-
nitude of the ambient pore pressure P,. Thus, as the
pore pressure is increased relative to Py, the new effec-
tive stress states are plotted progressively farther out-
ward from point O' along the same line that passes
through O’, O, and H. This important property of the
triangular diagram is analogous to the translation of
two-dimensional Mohr circles of constant radius (shear
stress) along the normal stress axis in response to
changing pore pressures.

Any point in the triangular diagram also defines a
set of deviatoric stresses. It can be shown (Meldahl,
1944) that, in rectangular principal stress space, the
deviatoric stresses are defined by a vector r normal
to the space diagonal whose magnitude is proportional
to the second stress-deviation invariant, J, (equation
2). By transformation into the triangular diagram (fig.
4F) the normalized vector # originating at H remains
proportional to J, (equation 4); that is,

I, =(Jp)'* )

Consequently, point O and, by permutation of the three
normalized principal total stresses (fig. 4B), points P
through T lie on a circle of radius vector # the circle
being the projection of a cylindrical surface coaxial with
H. The following caveat should be entered at this point:
because fluid pressures do not affect the magnitude of
the stress deviation, points such as O’ (fig. 4D) that
designate the effective stresses must have the same
value of J, as point O. However, because of the way
in which the triangular diagram is constructed, the
radius vector (7,) terminating at point O’ is greater
than 7 by the factor I,/(I,—3P). This is the only excep-
tion to the general rule regarding the fractional length
of the radius vector 7 and its relationship to the mag-
nitude of J» (equation 7).
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Mechanical or structural stability can be assessed by
the proximity of points on the triangular diagram to
failure surfaces or envelopes. The simplest of these, the
Coulomb criterion, can be used to approximate the
limits of mechanical stability and is given, in terms of
two effective principal stresses (6;>03), by the equation

01=2Co(¢)"%+q03 ®

where C, is the cohesive strength of intact rock (free
of throughgoing fractures or faults), g=((n2 +1)2+p,)?,
and p; is the coefficient of internal friction (Jaeger and
Cook, 1968). For fractured or faulted rock with negligi-
ble cohesion (Cy>0), equation 8 reduces to:

o;=go3=((?+ D2+ )0y , 9

where p is the coefficient of sliding friction.

Figure 4F shows a family of failure envelopes corres-
ponding to values of the coefficient of sliding friction
that range from 0.6 to 1.0 (valid for a wide variety
of rocks (Byerlee, 1978)). Points E (oy;=05) and C
(03=032) can be found by using equation 9, assigning
an arbitrary value to either o; or o3, and substituting
the appropriate value for p. By rotating the principal
effective stress components into different orientations,
the envelopes close to form a polygonal set of curves
whose positions in the triangular diagram vary only
with the value assigned to w; these envelopes are the
projections of polygonal cylinders coaxial with H. The
straight-line segments connecting points E and C and
so on around (finding their origin at the apices (4, B,
and C) of the diagram) reflect the implicit assumption
of the Coulomb criterion that the magnitude of the in-
termediate principal stress, o, has no effect on the fric-
tional strength of rock. Fracture-strength (rupture) en-
velopes can be plotted in a similar fashion using equa-
tion 8, except that their positions in the diagram will
vary with Cy, n;, and stress.

This completes the introduction to the triangular
stress diagram. In summation, a particular state of
compressive stress can be represented as a single point
in the diagram. Its position relative to the center of
the diagram (H) defines the operating stress deviation
(that is, #I,=(J)"?), whereas its proximity to an appro-
priate failure surface determines the degree of mechani-
cal stability in the dry state. The incorporation of pore
pressure P shifts the point closer to the failure surfaces
along a prescribed path. Clearly, a succession of com-
plete stress determinations with depth in a certain loc-
ality can be represented by an equal number of points
distributed within the diagram; the distribution of
stress states thus represented perhaps being charac-

teristic of the tectonic setting of the locality. Finally,
the use of failure surfaces is not in the least restricted
to the simplest ones alluded to earlier; more complex
but informative ones may be constructed point by point
provided a sufficient number of experiments involying
different stress states have been made. These latter
items will be elaborated in more detail in the following
sections.

FAILURE SURFACES

The combinations of stresses at which rocks, on the
one hand, fail either by fracture or frictional sliding
or, on the other hand, by intracrystalline or cataclastic
flow are best explored with careful experimentation in
the laboratory (Jaeger, 1967, for review). The experi-
mental results, often involving only two stresses in con-
ventional triaxial compression (0;>0e=03) or extension
(0,=09>03) tests, are conveniently represented as fail-
ure envelopes in the two-dimensional Mohr circle dia-
gram. The fact, however, that the envelopes for com-
pression and extension tests on the same material
rarely coincide (predicted otherwise by the Coulomb
criterion) indicates the important and significant effect
of the intermediate principal effective stress, gy, on
rock behavior, particularly with respect to fracture
propagation (Paterson, 1978, p. 39). Unfortunately, lit-
tle is known about the fracture strengths of intact rock
under truly triaxial stress states (o0,>02>03), and al-
most no knowledge exists about the frictional strengths
of discontinuous rock under the same general stress
conditions despite its obvious importance to practical
rock mechanies.

The shear strengths of intact rock under true triaxial
stress conditions have been investigated using special-
ized techniques and equipment (for example, Mogi,
1971). In triangular coordinates figure 5A shows, as an
example, the measured failure strengths of Mizuho
trachyte (Mogi, 1971, fig. 7b) as a function of o, at
two constant values of o3. The corresponding Coulomb
failure envelopes are shown in figure 5A as thin straight
lines for comparison purposes.

The two failure envelopes measured for the trachyte
(fig. 5A) are only slightly convex outward, but are
otherwise in fair agreement with the “straight-line”
Coulomb envelopes. Taken together as contours, the
measured failure envelopes define a portion of a failure
surface that, with increasing stress levels, converges
slowly toward the hydrostatic axis (H). The generalized
failure surface or its approximate equivalent (equation
8) for intact, isotropic rock material wraps around but
remains symmetric about the hydrostatic axis (fig. 5A
shows only one of the six panels).

The failure strengths of anisotropic model materials
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FIGURE 5.—Experimentally determined failure envelopes or surfaces. A. Panel of the triangular diagram showing the experimentally deter-

mined fracture strengths of Mizuho trachyte as a function of o, at constant o3=45 MPa (solid circle) and 03=100 MPa (solid square)
(replotted from Mogi, 1971). Coulomb envelopes (thin straight lines, equation 8) are shown for comparison. B. Panel of the triangular
diagram showing the variation in strength of a planar anisotropic rock model as a function of the angle B (see inset) between the
least-stress component (o3) and the joint set. The intermediate stress component (o) is parallel to the joint set. The constant applied
stresses are: data line I, 0,=03=0.4 MPa; data line II, 0,=1.0 MPa, 03=0.6 MPa; data line III, 0,=1.2 MPa, 03=0.8 MPa. Lowest
strength is achieved by frictional sliding at B=60° (data replotted from Reik and Zacas, 1978). Thin straight lines are the failure
envelopes obtained by equation 9 (see also fig. 4F) for n=0.6, 0.8, and 1.0. C. Panel of the triangular diagram showing the variation
in strength of a planar anisotropic rock model as a function of the angle (see inset) between the intermediate stress component (o2)
and the joint set, and increasing magnitudes of o,. The least-stress component (o3) is parallel to the joint set and constant at 0.4
MPa. Dashed lines connect data points for the same angle B for values of oz equal to 0.4 MPa, 0.8 MPa and 1.2 MPa (data replotted
from Reik and Zacas, 1978). Thin straight lines are the Coulomb envelopes (equation 9) that imply no effect of the intermediate stress
component (o2) on strength; this condition is true only where g=0°.

under general states of stress have been reported by
Reik and Zacas (1978). Two examples will be considered
here: in the first example the intermediate stress com-
ponent (o) is parallel to the throughgoing set of discon-
tinuities (fig. 5B), whereas in the second example the
least-stress component (o3) is parallel to the planar dis-
continuities in the testing material (fig. 5C). In the first
sequence of tests (og joint parallel), the usual reduction
in strength is observed as the material anisotropy as-
sumes angles (B=60°) for which sliding along preexist-
ing joints is enhanced (fig. 5B8). With reference to the
sliding-friction envelopes obtained using equation 9 (see
also fig. 4F), an approximate value of n=0.8 appears
valid for the model material composed of lightweight
concrete blocks (Reik and Zacas, 1978, table 1). The
influence of the intermediate stress component is, at
most, rather slight. The coefficient of sliding friction
under general states of stress (data lines II and III,
fig. 5B) is only slightly greater compared with that ob-
tained in the conventional tests (data line I, fig. 5B),
and perhaps is attributable to differences in surface
roughness and misfit of the model blocks rather than
to differences in the applied states of stress. Thus, slid-
ing-friction coefficients determined by conventional

compression testing of precut rock samples
(o3=0,=confining pressure) may be readily extrapo-
lated to more general stress states provided no change
in the stress field orientation with respect to the
preexisting planes of weakness has occurred. Notice
should be made that the present interpretation may
change as more experimental results of the same gen-
eral nature become available.

The interchange of the least and intermediate stress
directions relative to the preexisting planes of weakness
(fig. 5C) leads to entirely different results. This situa-
tion may result, for example, from the superposition
of mining-induced stresses on the preexisting state of
stress or, simply, by a reorientation of the stress field.
The preliminary experiments by Reik and Zacas (1978,
fig. 12) on a model material made up of hard plaster
blocks show that, as expected under conventional tri-
axial stress conditions (line H-C, fig. 5C), the strengths
decrease to a minimum value as the joint set assumes
an angle of 30° with respect to o,. However, increasing
o2 by a factor of 3 above the constant o3=0.4 MPa,
increases the strength of the rock model by about 200
percent, even though the joint set is most favorably
oriented to ¢;. In fact, no sliding occurs at B=60° at
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elevated magnitudes of oy; rather, a new shear fracture
parallel to oy is formed in compliance with the Mohr
hypothesis. Clearly, in the o3 joint parallel example,
the effect of the intermediate stress component is to
diminish the material anisotropy to the point of “isotro-
py” (B=0°, fig. 5C) accompanied by a substantial in-
crease in the shear strength; a condition not covered
by the Coulomb criterion.

Although it may not be prudent to compare or even
combine the information contained in figure 5B and 5C
because of the two completely different model materials
used in the tests (Reik and Zacas, 1978, table 1), just
such an attempt will be made to illustrate a possible
geologic situation (fig. 6). Suppose the effective princi-
pal stresses at failure are relabeled as follows: the
greatest stress component is vertical (o,) and the two
remaining stresses are horizontal and are oriented
either parallel to the joint set (o) or at an obtuse angle
to the same (0,,); a stress state associated with normal
faulting. The two failure conditions of a rock mass
whose anisotropy (planes of weakness) is fixed in space
at a small angle (30°) to o,, may then be combined
synthetically into a short section of a single failure en-
velope (dashed line, fig. 6) whose overall shape is not
known, but, for an anisotropic material, may no longer
be symmetric about the hydrostatic axis (H). Depend-
ing upon the magnitude of g, either frictional sliding
(p=constant) along preexisting normal faults is the pre-
ferred mode of failure (left panel) or hardening takes
place (right panel) that eventually leads to the forma-
tion of a new normal fault that cuts across the preexist-
ing planes of weakness.

This brief exposition has been limited by lack of data
to the brittle types of failure, friction and fracture,
which are predominant in the shallow regions of the
Earth’s crust. At greater depths, as pressures and tem-
peratures increase and depending upon the rock types
involved, a transition to ductile types of failure modes
will take place. This general change in behavior will
manifest itself in the shapes of the failure envelopes
or surfaces; they will become more rounded (to some
extent shown in fig. 5C) until, in the purely plastic
state, they assume a nearly circular shape.

STRESS PATHS

The portrayal of complete stress determinations as
a function of depth in crustal rocks will be limited to
a few examples. The data, replotted in the triangular
stress diagram (or part of it), have been taken from
the literature without modifications of any sort. As is
customary, the measured stress components are labeled
by their presumed orientations and, in part, by their
relative magnitudes; also, they are assumed to be prin-

FiGURE 6.—Composite plot consisting of two adjacent panels of
the triangular diagram that combines the test results for =60°
shown in figures 5B and 5C. Coordinates of the plot are re-
labeled as o,—normalized vertical effective stress, o;, —nor-
malized horizontal effective stress parallel to joint set, and
on,—nhormalized horizontal effective stress oriented at 60° to
the joint set. With increasing values of o, from o,,<op; to
Ono>0Ont, the failure mechanism of the joint set changes from
frictional sliding (left panel) to the formation of a new fault that
cuts across the preexisting joint set (right panel). Dashed line
indicates the approximate position and shape (contour) of a fail-
ure envelope that, in the right panel, must bend as it ap-
proaches the Coulomb (isotropic) failure envelope (B=0°, see fig.
5C).

cipal stresses. Accordingly, the vertical and horizontal
total stresses are defined as S,#Spmax #Shmin- Because
Shmin 18 always smaller than Sj,,.q,. in magnitude, only
one-half of the triangular diagram will be used to dis-
play the data; in other words, the right-hand side of
the complete diagram (fig. 4) is deleted, leaving the
intervals along line Cc¢ to measure S, (or o,). In the
resulting half diagram, the three panels may be labeled
with reference to the coordinate stress components by
the letters T, S, and N to indicate the three main types
of faulting or slip along suitably oriented, preexisting
structures (fractures and faults). In the case of slip,
the appropriate seismological focal-mechanism symbols
(see fig. 4C), if known, may also be used to identify
the panels; in fact, by their abundance and distribution
in certain localities, the choice of failure surfaces may
be constrained.
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TOTAL STRESS PATHS

Figures 7 and 8A present the field measurements of
in situ total stress in sedimentary rocks (Bredehoeft
and others, 1976) and in metasedimentary rocks (Gay,
1977), respectively. The range of depth in both sets
of data differ considerably: 37-475 m in the shales and
marlstones of the Piceance Creek basin in Colorado,
and 110-2500 m in the predominantly quartzitic beds
of the Witwatersrand Group in South Africa. The
former were measured with the hydraulic-fracturing
technique in vertical boreholes from the surface (table
1); the latter by overcoring in deep mines (Gay, 1977,
table 1).

Both sets of data show considerable scatter in the
measurements, but when summarized in each of the dia-
grams, some general features become apparent that are
a direct consequence of the rate at which each total
stress component increases with depth. Depth is taken
to be colinear with the hydrostatic axis (H); the data
are thus projected on the diagram such that the shallow
measurements appear near the bottom of the diagram
and migrate upward with increasing depth. For exam-
ple, in the sequence of measurements in sedimentary
rocks (solid symbols, fig. 7), the shallow ones appear
in the 7 panel and progressively deeper ones traverse
through the S panel into the N panel. The overall trend,
whose projection in the diagram is the dashed line in
figure 7, incorporates the majority of total stress states.
This trend is called the “total stress” path.

The South African data (Gay, 1977), summarized in
figure 84, show a somewhat different distribution. As
before, the measured stress states traverse the three
panels with increasing depth following a generalized
total stress path (dashed line, fig. 84). The reflection
of the total stress path at B merely indicates that an
overall azimuthal rotation of the horizontal stress com-
ponents is taking place with increasing depth (see also
Gay, 1977). More important is the observation that the
deviatoric stress values (proportional to # see fig. 4E
and equation 7) diminish at first with depth to a mini-
mum at B (about 500 m) and then increase once again
(fig. 8B). The implication is that the mechanical stability
of this rock system is greatest at those depths where
the deviatoric stresses are smallest and virtually vanish
near the hydrostatic axis (H). In this respect, note that
the frequency of mining-induced earthquakes (tremors)
did not reach a near-steady level of 300 tremors per
year since 1915 until the mining operations exceeded
a depth of about 500 m (Gane and others, 1946).

Several studies have indicated that the otherwise tec-
tonically stable region in southern Africa has been local-
ly disturbed to a significant degree by the gold-mining
process (Cook and others, 1966; McGarr and others,
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FiGURE 7.—Plot of the distribution of the total stress states
(solid symbols) and effective stress states (arrowheads) mea-
sured in shales and marlstones, Piceance Creek basin, Col-
orado (modified from Bredehoeft and others, 1976). Shallow
measurements are projected in the T panel (bottom of the
half diagram) and progressively deeper ones traverse through
the S and N panels along a total stress path (dashed line).
Surfaces connoting frictional sliding along suitable oriented
faults are included in the S and N panels to approximate the
upper limits to the effective stress distribution.

1979). The induced stress magnitudes at the head of
longwall mines are estimated to be of the order of 100
MPa (vertical), which, when superimposed on the in
situ total stresses at depth, are sufficient and of such
orientation to generate new extensional fractures
(cracks coalescing into rupture zones oriented at small
angles to the greatest, vertical stress component
(McGarr and others, 1979, fig. 4)) rather than slip on
preexisting fractures and faults. Because the mines are
apparently free of ground water, the combined stresses
(total plus induced) are effective stresses, and failure
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FIGURE 8.—A, Plot of the distribution of total stress states (solid symbols) measured in the quartzitic beds of the Witwatersrand Group,
South Africa (modified from Gay, 1977). Reflection of the total stress path (dashed line) at R indicates the azimuthal rotation of the
horizontal stress components with increasing depth. B, Vertical section along the total stress path of figure 84 showing the depth
distribution of total stress states as a function of the dimensionless parameter 7 (equation 7). The magnitude of the deviation stress,
VJs, at first decreases with depth from about 5 MPa at shallow depth to near zero (500 m) and then increases to about 20 MPa

at 2.5 km depth.

of intact rock predominates with perhaps one horizontal
stress component approaching tension. An appropriate
failure surface would lie almost at the left border of
the diagram (not shown in fig. 84). The mode of failure
in these deep mines probably is similar to that observed
in the model experiments (fig. 5C) by Reik and Zacas
(1978).

Although the presently available data base is too
sparse to justify any firm conclusions, the apparent dif-
ferences in the total stress paths trends shown in fig-
ures 7 and 8A may reflect differences in the tectonic
environments; that is, sedimentary basins versus crys-

talline basement complexes. For instance, the four
measured total-stress states in the Michigan basin
(table 1) despite the scatter aline themselves in a man-
ner similar to that shown in figure 7. The partial sets
of stress measurements in the crystalline (granites and
gneiss) rock masses in California, South Carolina, and
Wisconsin (table 1), however, tend to group themselves
in different positions in the diagram, but, on the aver-
age, follow trends (total stress paths) more like that
shown by the South African data (fig. 84). The data
from these three different localities, all obtained in
about the same depth interval (100300 m) below the
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surface, also may be partitioned according to the
geologic age of the host rocks; that is, the data from
the Precambrian rocks (South Carolina and Wisconsin)
are contained within the T panel and those from the
Jurassic rocks (California) fall in the S panel. Considera-
bly more work and data are needed before these mat-
ters and their importance or lack thereof can be consi-
dered seriously.

EFFECTIVE STRESS PATHS

Knowledge of the interstitial fluid-pressure distribu-
tion in the Piceance Creek basin sediments (Bredehoeft
and others, 1976, table I) enables the calculation (equa-
tion 6 ) and plotting of the effective stresses with depth
(arrowheads, fig. 7). Each point representing a meas-
ured state of total stress is shifted in the direction of
the “effective stress” path (arrow), a distance that is
proportional to the ambient pore-pressure magnitude
(see fig. 4D). All effective stress paths used extrapolate
back through the hydrostatic axis (#). The distribution
of effective stress state so obtained is closer to the
limits of the stability field.

In conjunction with the sliding-friction envelopes (fig.
4F), the mechanical stability of the faulted sedimentary
sequence at depths greater than 400 m appears to be
tenuous at best (panel N, fig. 7). This general condition
is similar to that inferred in the coastal plains of Texas
and South Carolina (Zoback and others, 1978). A signifi-
cant external disturbance could enhance slow, but over
the longterm, continuous movement along preexisting
and suitably oriented normal faults in the region.
Likewise, at shallower depths, long-term creep may be
accelerated by mined excavations (Agapito and Page,
1976) that cause the threshold creep strength to be ex-
ceeded.

Because the normal faults in the Piceance Creek
basin are known to cut the surface, the use of the slid-
ing-friction envelopes is restricted to the N and S
panels (fig. 7). At these depths, the stress field is favor-
ably oriented to the existing faults (Bredehoeft and
others, 1976, fig. 16). At shallow depths, however,
some other failure surfaceé not associated with frictional
sliding must operate whose general shape and position,
although not known, may in part be located close to
the shallow stress distribution in the T panel.

The probable connection between fluids injected
under pressure through boreholes and the generation
of earthquakes in the subsurface, as well as the accom-
panying mechanisms, have been amply demonstrated
by the controlled field experiments near Rangely, Colo.
(Raleigh and others, 1972, 1976). The essential parame-
ters of the experiment are reproduced in figure 9. Data
point I in the S panel represents the state of total stress

A
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FIGURE 9.—Plot of the stress path associated with increasing
hydrostatic pressure (dotted line). Data points I, II, and III
identify the total, effective and critical stress states, respec-
tively, determined by Raleigh and others (1972) in the Weber
Sandstone, Rangely, Colo. Failure surface for p=0.81 is
shown in the S panel as a limit to the increasing hydrostatic
pressure at which point a preexisting fault system fails and
earthquakes with predominantly strike-slip motions are gener-
ated.

measured by Haimson (1973) at 1.86 km depth in the
Weber Sandstone (table 2). Incorporating the measured
value of the ambient pore pressure (Py=16.2 MPa) in
equation 6 gives data point II, the state of effective
stress, which lies on an effective stress path that origi-
nates at point I and extrapolates back through H, the
hydrostatic axis.

The existence of a subsurface high-angle fault system
and the orientation of the operative stress field was
inferred from the predominantly strike-slip focal
mechanisms and the subsurface geology, and suggested
that the failure mechanism was primarily frictional slid-
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TABLE 2.—In situ stress parameters, Rangely, Colo.
[MPa, megapascals; leaders (---), not applicable]

Stress N I S Py il /T, T

orientation (MPa)  (MPa) (percent) (MPa) (percent) (MPa) (percent)

129.3 .-
42.7 .-

16.2 -—-
33.0 ---

11.9 9.2
32.9 - ——-

Horizontal

maximum----- 42.7 - 48.3 --- ---

Horizontal
minimume---- 31.4 -—- 24.3 --- 18.8 -— ---

ing (Raleigh, 1972). The coefficient of sliding friction
of the sandstone was measured as p=0.81 (Byerlee,
1975). By use of this value in equation 9, the appropri-
ate failure envelope can be drawn in the diagram as
shown in figure 9.

Increasing the fluid pressure in the sandstone reser-
voir by forceful injection from the surface led to the
discovery of a critical pressure (P,=25.7 MPa) above
which a series of swarmlike earthquakes were triggered
(Raleigh and others, 1972). By substituting this value
of P, in equation 6, data point III can be plotted on
the extension of the effective stress path that connects
point I and II, but slightly beyond the failure envelope.
The discrepancy between point III and the intersection
of the effective stress path with the straight friction
envelope (n=0.81) is small. As mentioned earlier, any-
where along this effective stress path the shear stresses
remain unchanged and equal to the value at point I;
that is, 7I;=(J5)"2 (table 2).

The general problem of earthquake triggering, either
by fluid injection, filling of surface reservoirs, or even
earth tides, has been treated rather exhaustively in the
literature (Gupta and Rastogi, 1976; Klein, 1976). Pro-
vided that fluid pressures are transmitted unencum-
bered from the surface into initially highly stressed
rocks at depth, a rather tight juxtaposition of several
geologic factors is required to enhance the likelihood
of induced earthquakes: (1) the presence of near-vertical
faults or fractures, (2) an in situ stress state favorably
oriented with respect to these structures, and (3) the
intermediate stress component oriented in the plane of
the fractures. The predominance of strike-slip motions,
and to a lesser extent dip-slip (Gupta and Rastogi,
1976), associated with hydraulically induced earth-
quakes provides compelling evidence that S, (the inter-
mediate stress component) exerts little or no influence
on the frictional behavior of near-vertical fractures or
faults. Evidently, all that is required to resolve this
problem is a measure of the least and greatest effective
stress components (G, and Opuqs) at the hypocentral
depths and an estimate of the frictional resistance
(Byerlee, 1978) of the fractured mass. In these special
cases (fig. 9), the triangular stress diagram merely re-

produces the same mechanical information that can be
obtained by different constructions (that is, the Mohr
circle diagram, among others). However, the new dia-
gram allows the reconciliation, although speculative de-
pending on the quality and quantity of available data,
of conflicting information obtained by different methods
at the same location.

A case in point is the Lake Jacossee area in South
Carolina. Shallow hydraulic-fracturing measurements
between 120 and 250 m depth in metamorphic rock
(gneiss) obtained by Haimson (1977b) resulted in the
delineation of the states of stress and the orientation
of Spmin:N. 30° W. Composite focal-plane solutions (Tal-
wani, 1977) of swarmlike earthquakes triggered by the
filling of Lake Jacossee, on the other hand, indicated
predominant strike-slip motions on near-vertical frac-
tures or faults at a depth of about 1 km and dip-slip
motions at greater depths to 3 km. The average orienta-
tion of Sy,.i, (T-axis) at these depths is N. 35° E.

Much of the available information is reproduced in
figure 10. The sequence of measured stress states plot-
ted in the T panel suggests a likely, but admittedly
speculative, extrapolation of the stress distribution with
depth by means of a total stress path (dashed line, fig.
10) that, after reflecting at R, continues into the S
panel. With increasing depths, the horizontal stress
components assume new azimuthal directions. The con-
sequent increase of the pore pressure at depth due to
the filling of the surface reservoir may then shift the
stress states closer to the failure surfaces along the ef-
fective stress path (detted line, fig. 10) where the likeli-
hood of slip along preexisting, near-vertical and north-
south-trending faults (see focal-mechanism symbol) is
good. The preponderance of dip-slip events at greater
depths (3 km) is indicated by the dashed arrow (fig.
10). At still greater depths, the effect of the inter-
mediate stress component (Sj.qx) May become impor-
tant and diminish the likelihood for further slip because
of the increased shear strength (hardening) of the frac-
tured rock mass.

This interpretation is in general agreement with the
observed facts (Talwani and Stevenson, 1980). The ap-
parent disagreement between the shallow and deep
stress directions obtained by entirely different methods
may be resolved by assuming that the rate of increase
of the near-surface greatest stress component is smaller
than that of the other two components so that at hypo-
central depths it becomes the least-stress component.
The two remaining stress components increase at about
the same rate. The resulting state of stress at depth
is also sufficiently high and of the proper orientation
in a relatively small interval of depth to culminate in
the generation of earthquakes following a rather small
increase in the fluid pressure. Further occurrence of
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F1GURE 10.—Plot of the probable relation between stress states
measured at shallow depths (solid symbols) by Haimson
(1977b) and focal-mechanism solutions for strike-slip events at
1 km depth (Talwani, 1977; Talwani and Stevensen, 1980) near
Lake Jacossee, S.C., by means of a total stress path (dashed
line) and an effective stress path (dotted line). Dashed arrow
indicates the approximate failure path leading to normal-fault-
ing events at 3 km depth.

earthquakes at much greater depths (>3 km) may be
prevented by the continued rotation of the stress field
with respect to the “fixed” orientation of the prevailing
structures.

One of the main differences between the two exam-
ples discussed in this section is the magnitude and rate
of application of fluid pressures necessary to trigger
the earthquakes. At Lake Jacossee, the earthquake se-
quence commenced about 7 months after the reservoir
had reached its maximum head of 102 m (Talwani,
1977). The surface water-pressure of a hypothetical res-
ervoir required to overcome the frictional resistance of

the subsurface fault at Rangely could have been gener-
ated only by constructing a dam more than 900 m high.
This improbable comparison, nevertheless, serves to
show that the moderately stressed sandstone responded
as it did (elastically) primarily because of the rapidity
of the imposed disturbance; that is, high rates of injec-
tion through a borehole. Had the injection rate been
much lower, as it would be in the hypothetical example
of a manmade lake, then the threshold creep strength
of the sandstone would have been exceeded only incre-
mentally and, on the average, would have attenuated
the protracted disturbance. The crystalline rocks under
Lake Jacossee apparently are stressed near their short-
term strength and readily fail in response to small, but
slow increases in fluid pressure.

DISCUSSION AND CONCLUSIONS

A new graphical method has been introduced that
provides a clear and concise method of representing the
measured stress states and their distribution in crustal
rocks. Point measurements of compressive states of
total stress in rocks, defined by the magnitudes and
orientations of three mutually orthogonal stress compo-
nents, are plotted in dimensionless units -as points in
a triangular plane of projection that is normal to the
axis of hydrostatic stress (hydrostat or space diagonal
in Cartesian coordinates). Each measured state of total
stress occupies a unique position in the diagram and
carries information on the relative depth, spatial order-
ing of the stress components in terms of relative mag-
nitudes and orientations by their appearance in six dif-
ferent panels, and the magnitude of the stress deviation
(stress difference, shear stress).

The dimensionless form of the triangular diagram
provides for the convenient one-to-one comparison of
the measured stress distributions in different structur-
al-geologic environments (figs. 7 and 8A). Given suffi-
cient data as a function of depth, the stress distribution
may assume, with due allowance for scatter, an overall
trend (total stress path) whose direction in the diagram
may, in turn, be characteristic of the structural-geologic
or tectonic environment. Furthermore, the very reason
for the existence of these trends must reside in the
fact that the conditions of equilibrium and continuity
of stress in the rock column are satisfied. An additional
point of interest is the observation, although uncertain
at this time due to insufficient data, that the stress
deviation as measured by the radius-vector + (fig. 4F)
at first decreases with increasing depth to a minimum
value and then increases again (figs. 7, 84, and 10).
The point (depth) of closest approach to the hydrostatic
axis (center of the diagram) varies with each locality,
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but implies the attainment of maximum mechanical sta-
bility, particularly with regard to the strong, brittle
rock types (fig. 84).

Another advantage of the triangular diagram is that
stress states that differ only by an added hydrostatic
pore pressure are plotted as separate points (effective
stresses) along an effective stress path that always rec-
tilinearly extrapolates to the hydrostatic axis (figs. 4F
and 9). All these stress states, however, share the exact
same stress deviation associated with the state of total
stress (pore pressure, P=0) from which the path origi-
nates, even though with increasing hydrostatic pore
pressure the points are plotted farther outward from
the hydrostatic axis.

The stress distributions are limited in the extreme
by some type of surface beyond which the stresses can-
not increase without the rock material rupturing or
yielding. Such surfaces can be constructed only point
by point by conducting experiments or they can be de-
termined approximately by invoking a suitable failure
hypothesis or criterion. The latter approach appears
justified in characterizing the rupture strengths of iso-
tropic rocks (fig. 5A) and the frictional strengths of
properly oriented planar discontinuities (fig. 5B). The
experimental approach evidently is required to deter-
mine fully the strength properties of anisotropic rock
material under general states of stress; a problem of
great practical importance to rock mechanics because
no failure hypothesis of valid generality yet exists.

The main properties of the triangular diagram have
been illustrated, to the extent possible, by using pub-
lished measurements of total stress in crustal rocks
(table 1). Most of these measurements have been ob-
tained by the hydraulic-fracturing method that, in the
least, provides reliable data on the magnitude of the
stress component normal to the induced fracture; there
is a correspondingly greater uncertainty in estimating
the magnitude of the stress component parallel to the
fracture. The vertical stress (only rarely measured) is
calculated directly from the weight of the overburden.
A further restriction stems from the working assump-
tion that everywhere the principal stress components
are vertical and horizontal. Thus direct comparisons
with the results from other techniques (for example,
overcoring) or, in terms of orientations, from earth-
quake focal-plane solutions are often only approximate.
Nevertheless, the triangular diagram provides a practi-
cal means of combining these bits of information and,
by so doing, perhaps improves and furthers the under-
standing of the behavior of crustal rocks.

Also, the examples used here have been restricted
to the localities in which the measurements were ob-
tained. Clearly, no longer can all data be combined
from, say, all hard-rock localities (see figs. 1 and 2)

because each data set plots in different positions or
panels in the diagram and along different trends (com-
pare figs. 84 and 10). The situation is somewhat better
in sedimentary environments that appear or are known
to be tectonically quiescent.

The division of the triangular diagram into six panels
(fig. 4C), or three panels in the half-diagram (figs. 7,
84, 9, and 10), each connoting a precise arrangement
of stress magnitudes and orientations, allows for the
structural or tectonic analysis of the interaction and
probable consequences of the prevailing stress field on
the existing structures, if known. Strictly speaking, the
analysis is a qualitative proposition, with the quantita-
tive aspects improving as the data base increases.
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