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ABSTRACT

We made 29 in situ strain relaxation measure-
ments distributed among eight sites spaced on a 35
km transect across the San Andreas fault and into
the western Mojave desert southeast of Palmdale,
California. Strain was measured by overcoring strain
gauge rosettes bonded to the flattened bottom of
boreholes. Our purpose was to measure the regional
stress field and any modification of 1t by the San
Andreas fault system. At our sites most distant
from the fault we found NNE trending maximum com-
pressive stress (oy) which is parallel to the ¢; in-
ferred from fault-plane sclutions in southern Cali-
fornia. There appears to be a clockwise rotation of
g from NNE to approximately east-west on the north
side of the fault. On the south side of the fauit,
oy varies from N6QG°W to NNE. Along the 35 km tran-

sect o varied from 2.5 b to 32.9 b.

INTRODUCTION

This paper reports the results of a pilet study
designed to test whether in situ strain relaxation
measurements can detect the detailed tectonic stress
field in the vicinity of a locked fault with a high
rupture potential such as along the 1857 break of the
San Andreas fault near Palmdale, California. Pres-
cott and Savage (11) have shown that shear strain is
accumulating in a right-lateral sense at a rate of
0.2 microstrain/year over a 10 to 15 km aperture a-
cross the fault near Palmdale. Yet data from small
aperture triangulation nets (9,5) indicate that creep
is not occurring along this section of the fault. In
addition, the San Andreas fault within the Palmdale
uplift has been almost aseismic for the past forty

years. An increase in low-level earthquakes

(f_ML = 3}, however, has been reported for 1976 and
1977 by McNally and Kanamori (8). Models for strike-
s1ip faults indicate that a medification of regional
stress trajectories should occur near & locked

fault (1).

To test for the effect of the Tocked San An-
dreas fault on the regional stress field, we made
29 in situ measurements at eight sites along a broad
profile perpendicular to the San Andreas fault,
southeast of Palmdale (Figure 1}. Stress orienta-
tions were measured using a strain relaxation tech-
nique that employs a strain cell similar to the one
described by Stephenson and Murray (13) and Leeman
(7). This strain cell is commonly known as the
“doorstoppert,

EXPERIMENTAL TECHNIQUES

Our transducer consists of a hard plastic cy-
linder which contains a low modulus plastic, Sil-
At the base of the
RTY is a foil-resistance strain-gauge rosette with
gauges spaced 120° apart. A thermal compensation
gauge is embedded in the Silguard above the RTV.
The resistance of the compensation gauge is bal-
anced against that of the active components of the
rosette using an AC resistance bridge.

guard, above Dow-Corning RTV.

The strain gauge rosette is exposed at the end
of the transducer and is epoxyed to the flattened
bottom of a borehole. When bonded, each gauge
covers an area of 21 mm® between 1 and 8 mm measured

from the center of the core along a radius. See
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19th U.S. Symposium on Rock Mechanies, 1978, Stateline, Nevada; p. 95-100.



Engelder, T., M. L. Sbar, S. Marshak, and R. Plumb

-34045"

oLitllerock

JPearblossom

ollano

GENERALIZED GEOLOGIC MAP
IN VIGINITY OF SITES;
WESTERN MOJAVE DESERT,
SOUTHERN CALIFORNIA

LEGEND

LATE-TERTIARY - RECENT ALLUVIUM

=

LATE-MIOCENE - EARLY PLIOCENE PUNCHBOWL
FORMATION

PALEOCENE - EOCENE SAN FRANCISQUITO
FORMATION

MESOZOIC QUARTZ MONZONITE; INCLUDES QUAF
DIORITE IN SAN GABRIELS

MESOZOIC GRANITE
HORNBLENDE DIORITE AND GABBRO

GNEISSIC ROCKS:
NOT IMPLIED

FOLIATION ATTITUDE

s B0O8E

FAULT: DOTTED WHERE CONCEALED
34° 30"

Figure 1.
and foothills of the San Gabriel Mountains.
ern part of the map is the San Andreas.
Geology simplified from Dibblee {2).

Jaeger and Cook (6; Figure 15.5, p. 371) for a cross-
section of a transducer and borehole after overcor-

We used a NW oversize diamond bit (79 mm outer
diameter), which produced a 55 mm core, for drilling

ing.

both the initial hole and the overcore. Two bore-
holes were drilled at each site with two or three
measurements in each at depths ranging from 0.5 to

3 m, OQur technique is similar to Stephenson and Mur-
ray's (13) where a cable runs from the doorstopper
through the drill string to our strain indicator to
This enables us

to recover data even if the core broke before the
drilling was completed.

allow readings during overcoring.

We calculated the maximum
and minimum principal strain (e; and ey, respectively}
and their orientation from the strain observed on the

The sites are numbered.
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Map of generalized geology in the vicinity of in situ stress measurement sites, western Mojave Desert,

The Tongest continuous fault in the south-

The Punchbowl fault and various subsidiary faults are also shown.

three gauges of the rosette.

To transform strain to stress, we measured a
mechanical property similar to linear compressibi-
lity, defined by Nye (10, p. 146): "The linear com-
pressibility of a crystal is the relative decrease
in length of a line when the crystal is subjected to
unit hydrostatic pressure."
to a uniform three-dimensional Toad.

This definition applies
Because in our
experiment the sampie is stressed radially, but is
not constrained axially, we refer to the relation
between stress to strain, as the "pseudo-linear com-
pressibility" (PLC).
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The measurements of PLC are done in the field
using a cylindrical test chamber on cores with door-
stoppers still attached [see Sbar, Engelder, Plumb,
and Marshak (12); Figure 27.
stress was applied to the core incrementally from

A uniform radial

zero to about 20 bars, and was then returned incre-
mentally to zero. This was done twice for each sam-
ple. We observed a nonlinear relation between load
and strain, and only a partial recovery of the

Due to the in-

elastic behavior of the samples, particularly upon

strain upon removing the stress.

overcoring, there are undoubtedly errors in the mag-
nitude of PLC used in the stress calculation.
Throughout all cycles, however, the direction of
maximum PLC varied x 5°, so the calculated stress
orientations do not incorporate large errors due to
inelasticity. We arbitrarily used the PLC mea-
sured at 13.6 bars for most of our calculations of
stress.

The PLC is related to the strain {(e;) measured
during radial compression and to the known pressure
(P) applied by the cylindrical test chamber, by the
formula:

€
PLC = 5 = & (1)

Where vy is Poisson's ratio, and E; is Young's mod-
ulus for stress applied parallel to e; {Jaeger and
Cook, 6, p. 134). 1In the above, two-dimensional or-
thorhombic symmetry is assumed.

A1l of our cores are anisotropic to some degree,
as shown by the variation of PLC with direction.
Using the value of PLC parallel to each of the three
gauges of the strain rosette, we can transform the
strain measured on each gauge during overcoring to
the stress which was exerted parallel to that gauge
prior to overcoring by the formula:

Lyl

_ Soc
%c ~ PLC (2)

n=l

where Eoc is the strain that occurred during over-
c Effec-

tively, this is a transformation from tensor strain

coring and 9 is the corresponding stress.
tc tensor stress which, to a first approximation,

incorporates the anisotropy of the sample. From the
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Figure 2. Tensor averages of the maximum and mini-

mum horizontal stress at each site. Dashed lines
indicate tensional stress. The map covers the same
area as Figure 1. A lower hemisphere equal-area
projection of P-axes (compressional axes) for fault-
plane solutions in southern Ca]ifurnid is shown in
the Tower right-hand corner. Sources of these data

are listed in Sbar, Engelder, Plumb and Marshak (12).

three components of stress, the principal stresses
and their orientations may be easily calcuTated.

Equation {1) is exact for a radial load, but
the stresses exerted on the rock in the field are
not equal in all directions. Thus, there is an er-
ror inherent in the transformation from stress to
strain. Fortunately, this error does not signifi-

cantly change the calculated orientation of the
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Table 1. Strain, material properties, and calculated stress for all cvercores
SITE# HOLE  DEPTH STRAIN PSEUDO-LINEAR COMPRESSIBILITY STRESS
£] 7} Azimuth  Ratio Applied Max Hin_] Azimuth  Aniso- oy az Azimuth
6 g of e Pressure bars o bars_, of Max  tropy of oy
m x10 x10 bars x107 x10 bars bars
1 A n 708 409 NE7OW 1.7 o o
201 1098 413 N590W 2.7 17 51.6 18.8 N52°F 6512 7.9 2.7 N5a%
279 1060 484 N4GTW 2.2 13.6 26.6  18.2 NI5°E n 44,4  13.2  nN56%W
B 79 862 706 N787W 1.2 o o
137 966 316 qugu .1 11.6 72.7  3L.5 N237E 57% 24.2 0.4  N6Z W
AVERAGE ol s M 2.0 /I TE w3a E 14 ITT 55 N5IOW
2 A .91 534 353 ulsgu 1.5 14.3 41.9  21.0 Nrsgu 508 19.0 5.7 M-
147 762 385 8 8% 2.2 17 33.5  25.8 NI3OH 231 185 1.4 N
B 107 M 31 nase 1,2 15.3 28,0 17.8 ne% 363 16.1 9.5 9%
AVERAGE 54 356 R 1.5 2.2 738 NIE%R 76X 7.8 91 H-8
3 A 58 72 -1 szgE o o
89 65  -49 N250E 13.6 4.7 12.8 NSBOE 162 2.0 -2.9  N24CE
B 79 n -2 N39CE 13.6 23.9  16.8 H3sow 0% 3.3 -0.1  NA4E
104 9 -8 N33 E 13.6 17.0  12.4 70 271 0.6 -1.5 N320E
AVERAGE n 2 N23°E 17.6 14.8 HZ1%  TET 2.5 -1.4 N3I%
4 A 46 394 -8%0 N89OE 13.6 22,4 13.2 1% s 15.7 -31.7  HNse’e
64 124 13 NB5oH
B 150 544 __16 NE3CH _ S —_— ———  —p=
AVERAGE 327 -p20 a4 i 72.4 13.2 1% rits 15.7 -31.7 Ne&°E
5 A 120 300 168 NalgE 1.8 o 0
B 7 454 77 N84°E 5.9 13.6 30.6 24.2 N76%E 21% 12.5 2.7 N8
152 1356 15 N6OOE  90.6
188 42 . NRPE oe o
AVERAGE 556 &5 N74°E  T0.1 30.6 24.2 W76°E favd Z3 %7 8%
6 A 147 100 2 N63°E 50 13.6 12.4 6.3 Nang 49 7.6 1.2 HTOgE
213 134 37 Nangu 36 13.6 17.4  12.4 K14 29% 8.6 1.8 N7GW
8 152 60  -45 NS5CE 13.6 7.8 6.2 N4OOE 238 6.3 4.8 N54OF
203 8 _1 NEIE  12.3 13,6 13.2 5.7 no%E 491 8.0 0.8  NBAW
AVERAGE BE 9 N73°E 9.6 2.6 8.0 H28%F 3z 5.6 0.7 N7
7 A 152 157 -20 N ng o o
226 253 42 N 10E 6.0 13.6 24.1 0.2 N 80F 57% 8.9 4.7 N7W
8 183 124  -63 Na0%E 13.6 16.) 9.3 N22OE 91 1.0 5.2 Nag°e
AVERAGE 160 3.2 N13°E 380 7.1 9.8 H 9% 33z 8.7 07 m3E
8 A n 132 35 msgz 3.8 13.6 4.5 2.4 H30% a7 32.9 8.2 N34%E
8 107 m -7 N24 E
170 25 33 NTE 23 = e o o
AVERAGE 105 18 NEE 5.3 1.5 Z.4 B TR 23 W.Z R3E

g1 and 3, o) and oy are principal strains and stresses, respectively. Ratio is max/min. Anisotropy is
{max-min}/max. The applied pressure s the radial stress at which the pseudo-]inear compressibility was mea-

sured. A1l of the averages are tensor averages,

principal stresses, although it does affect their
magnitude.

A further correction must be applied to the

stress data to account for the concentration of stress

that occurs at the end of a horehole. We used an

experimentally derived correction suggested by Lee-
man (7):

o; = di' + 0.75 (0.645 + v) a,

(3)

where oF is one component of the applied stress in
the earth, oi' is the stress computed from strain re-
laxation at the end of a borehole, v is Poisson's
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ratio {which we take as 0.25), and o, is the verti-
cal stress assumed to equal density times gravita-
tional acceleration times depth. This correction
does not change the direction of the principal
stresses. Once we applied all of the corrections,
we calculated tensor averages for all the reliable
stress and strain measurements at a given site

(Table 1).

DATA

We made 29 successful strain relaxation mea-
surements over the course of one month in the field.
Usually six measurements were attempted at each of
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the eight sites, but failures occurred because of
fractures beneath or near the gauges and because of
separation of the wires from the gauge. Because we
did not always obtain the 10 cm length core neces-
sary for mechanical tests, only eighteen stress cal-
culations could be made. A1l ocur data - strain re-
laxation, linear compressibility and stress - are
tabulated in Table 1,

The variation in orientation of the principal
strains at the individual sites ranges from 15° to
45° for measurements where the ratio of maximum to
minimum strain is greater than 1.5. The variation
in orientation of the maximum PLC at the individual
sites is 35° to 79°, for cores with mechanical an-
isotropies greater than 15%. This is slightly
greater than the variation in orientation for the
principal strains. As might be expected, the sites
with the greatest anisotropy had the least variation
in orientation of maximum PLC, and vice-versa. In
general, the ratio of maximum to minimum PLC was
lower than the ratio of maximum to minimum strain.
The anisotropy of the cores varied from 9% to 65%.

At sites 7 and 8, farthest from the San Andreas
fault, o; (tensor average) trends NNE (Figure 2). At
sites 4, 5, and 6 the next closest on the northeast
side, o, trends ENE to east-west. Sites 1, 2, and 3
southwest of the fault show a rotation of from N60O°W
parallel to the fault to N30°E going from northwest
te southeast, AlT three sites were equidistant from
the trace of the 1857 fault break on the San Andreas.

INTERPRETATION

The strain relaxation observed at a site is in-
fluenced not only by regional tectonic stress, but
also by topographic stress, residual stress, and the
degree of oputcrop coupling across fractures. One of
the difficulties of near-surface strain relaxation
measurements is the estimation of the relative con-
tributions of.regional tectonic stress and noise
sources for each measurement.

Residual stress is locked into a rock during
the course of its thermal, tectonic, and burial his-
tory. Its presence can be determined by double over-

coring where a second overcore is drilled within the
first. The strain measured during the second gver-
core represents residual stress because the core has
already been relieved of all applied stress. Time
constraints allowed us to make double overcores only
in the sedimentary rocks of site 1. MNo significant
residual stress was observed.

Both topographic and regional tectonic stress
are applied rather than residual. Topography may
add a compoenent of stress to the regional tectonic
stress in two ways. First, lithostatic loading at
the base of hillslgpes can cause a Poisson expansion
that is perpendicular to the mountain front or the
axis of a valley (6, p. 356-358). Second, the slope
of valleys causes a concentration of tectonic stress
perpendicular to the valley axis (4). Sites 3, 4,
and 5 were adjacent to steep-sided siopes; of these,
sites 3 and 4 were in valleys. Only at site 4 was
o1 perpendicular to a valley axis. Topographic
stress may be superimposed on the tectonic stress
at sites 3 and 5, although o, was not perpendicular
to the slopes in either case. From our measurements
it is difficult to quantify the effect topography had
on the in situ stress measured at sites 3, 4, and 5.

Coupling of the outcrop on which the measure-
ments are made to the earth is a problem which ap-
pears to affect the magnitude and possibly the di-
rection of the stress observed. Engelder and Shar
(3) found that the magnitude and reproducibility of
surface strain relaxation measurements in northern
New York appeared to be directly proportional to the
horizontal dimensions of blocks bounded by vertical
joints. If coupling across horizontal joints were a
significant problem, we would expect a noticeable
difference in measurements above and below sheet
fractures. This was not observed in our data.

The mechanical properties of strata below the
outcrop may also weaken the coupling to earth strain
at depth. The formation at site 3 is a sequence of
interbedded sandstones and shales. Since we observed
very low stress there (Figure 2 and Table 1}, we sus-
pect that coupling may have been poor across the
shaly layers.
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The variation in magnitude of the principal
stresses from site to site as shown in Figure 2 may
not represent a real variation in the stress at
depth, but may be a function primarily of the coup-
1ing of the outcrop to the earth. The largest mag-
nitude for the maximum compressive stress (g1) is
about 35 bars. This may represent the true Tower
limit for the near-surface stress which might be
extrapolated to depth to find the state of stress
near the San Andreas fault.

T. Tullis (14) made strain relaxation measure-
ments, using the U, $. Bureau of Mines borehole de-
formation gauge, at four sites near ours. His re-
sults are quite similar toours both in crientation
of principal stresses and in the variation of magni-
tude from site to site. Because of this similarity
we feel confident that our results are not an arti-
fact of our measurement technique and that the inter-
pretation of these data in terms of tectonic stress

is valid.

The goal of this research is to determine if we

can measure the regional tectonic stress and its
modification in the vicinity of a fault with a high
earthquake potential. Such modification can be
caused by buildup of strain across the fault, by the
geometry of the fault, and by Tocal strain release
in the form of earthquakes. Parameters such as re-
sidual stress and topographic stress are, in essence,

"noise” which may obscure the tectonic stress.

At sites 3, 7, and 8, o, is oriented NNE, ap-
proximately parallel to the regional tectonic stress
inferred from fault-plane solutions (Figure 2). Such
an orientation is understandable for sites 7 and 8
which were distant from the fault and might not be
influenced by the presence of the fault.

Qur measurements show that as the fault is ap-
proached from the north side there is a clockwise
rotation of ¢; from NNE at sites 7 and 8 to about
N70-75°E at sites 5 and 6 to NB4°W at site 4. South
of the fault, in the fault zone, our 3 measurements
were equidistant from the fault. They indicate a
rotation of oy from N60°W at site 1 to NNE at site 3.
The agreement of Tullis' data (14) and ours with the

100

regional stress inferred from fault-plane solutions
suggests that both techniques did record the actual
near-surface stress field. Our measurements near
the fault indicate a complexity in the stress field.
This is supported by the unusual localized region of
low-level seismicity reported at Juniper Hills by
McNally and Kanamori {8) just te the northwest of
site 1. The fault-plane sclutions they determined
indicate thrust faulting with no significant strike-
s1ip component and a variation of compression axes

by as much as 90°.

CONCLUSTONS

Qur in situ stress measurements far from the
fault appear to reflect the regional tectonic stress
field as inferred from fault-plane solutions and
geologic structures. Near the fault, our principal
stress orientations deviate considerably frem the
regional trend. Thus, we might infer that the stress
orientations we observed were indicative of influ-
ence by the fault on the regional stress field.

Other near-surface strain relaxation measurements
in the same area {Tullis, 14) are consistent in ori-

entation and magnitude with our measurements.

The doorstopper technique is relatively fast
and inexpensive. It can work in areas inaccessible
to hydrofracture equipment and in rocks too frac-
tured for work with the U. S. Bureau of Mines tech-
nique. Our pilot study has shown that tectonic
stress can be detected by near-surface in situ

stress measurements.
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