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INTRODUCTION

This investigation was made at the recommendation of the 1
Lawrence Radiation Laboratory and funded by the Atomic Energy Com-
mission under Memorandum of Understanding AT(29-2)-91%, dated
1% September 1959 and amended by Modifications 9, December 1963.
The objectives of this investigation were:

(1) To perform surveillance of the stress measurement made by
Lucius Pitkin, Inc. (LPI), New York City, in Tunnels G, B, E, P, and
N, Madison and Yuba Events;

(2) To determine the mechanical properties of the rock from
the tunnel sites specified in (1);

(3) To analyze the results obtained in (1) and (2) and to ?
prepare interim and summary reports.

The Lawrence Radiation Laboratory!s interest in this inves-
tigation was specified in a telegram to L. Obert, O. H. Roehlke,
and W. P. Bennett from J. E. Carothers, LRL, dated 12 September
1962, which stated that, "LRL’s interest in measurements of over-
burden stresses with the APRL technique in our tunnels is to deter-
mine preshot conditions in the rock surrounding the shot rooms énd
at the massive concrete plugs. In the explosion of a nuclear device
the cavity presumably grows until the pressure within the cavity falls
to the overburden pressure. As the cavity vents into the tunnel,

material will escape to the surface if the pressure exceeds the

overburden pressure at the plug or between the shot room and plug,




% or if the pressure exceeds the strength of the plug. With the
limited data already available it appears thﬁt in situ overburden
stresses in Rainier Mesa may be about those calculated from the
lithostatic load. Our present interest is to have measurements of
in situ stresses made in Rainier Mesa tunnels in sufficient quantity
so that we can use the data to help improve our understanding of
phenomena involved in effective containment of our explosions." ;

Interim letter reports dated March 4, 1963 and June 28, 1963 |
were sent to Dr. Roger G. Preston, IRL, reviewing the progress of
the stress measurements made by LPI in which preliminary comments

were made regarding the stress measurements in Tunnel G. This report
L

includes an analysis of the stress measurements made in Tunnels G, B,.':*-"

e

E, P, and N, and also inresents the mechanical properties of the rock

from these sites.

SELECTION AND DESCRIPTION OF TEST SITES
The test sites were selected on the basis of several factors.
First, and sometimes a factor that resulted in some compromise, the

site had to be such that the drilling equipment would not interfer

with tlr;e normal operation in the tunnel. Second, consideration was
given to the rock type. An attempt was made to select areas in which
the rock was relatively unfactured and reasonably competent. On the
other hand, in the various tunnels an effort was made to include a
representative range of the rock types. Third, usually one site

was selected so that it was under a maximum depth of cover. Fourth,




the tunnel opening had to be of such a dimension that it would accom-
modate the drilling equipment.

The above conditions were reasonsz:ly satisfied at the sites
indicated in figures 1 through 10. A detailed plan and section of
each site are shown in figures 11 through 19, and the coordinates,
floor elevation, and overburden depth are given in table 1. A brief
description of the geology and petrology of each site is given below

(from LPI report).

Geology and Petrology

Site 1 in tunnel G is in the lower member of the Indian Trail
Formation of Miocene of Pliocene Age. The rock consists of moist
zeolitic tuff or volcanic origin. It is a reddish-brown mass containing
small white flecks of pumice.

Site 2 in tunnel G is in Bed A-3 of the Tertiary Oak Springs
Formation -~ bottom member of TOS 3. The rock is a uniform red-
brown tuff of uniform medium fine grain size with fragments of white
pumice. - The rock is wet-softer, and more shattered than that at
site 1.

Site 1 in tunnel B is in the Survey Butte Member of the Piapi
Canyon Formation. The rock is a soft, white tuff, non-welded vitric
type with considerable jointing; it is fine grained and sandy, and con-
tains black cherty nodules and larger inclusions of soft white pumice.

The rock was wet, and indurated with moisture.
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Site 2 in tunnel B is in the Survey Butte Member of the Piapi

Canyon Formation. The tuff was soft, weak and severely fractured.

Site 3 in tunnel B is in the Survey Butte Member of the Piapi
Canyon Formation. This rock was highly fractured, weak, and broke
in thin discs.

Site 1 in tunnel E is in subunit H2 of tunnel bed 4, the upper
unit of the lower member of the Oak Springs Formation of Tertiary Age;
The rock is a non-welded tuff with yellowish, zeolitized material,
alternating with red patches giving a somewhat mottled appearance.

It consists of fine lapilli sized pumice, phenocrysts and lithic frag-
ments in a fine-grained matrix.

Site 1 of tunnel P is in subunit P-25 Survey Butte Member, Piapi
Canyon Formation, Pliocene Age. The roof of this site was in subunit
P-26. The rock is & hard, light tan vitric tuff, partially zeolitized
and silcified. The grain size was fine to coarse, and the lower part
of the walls was laminated white and brown. Subunit 26 is a soft,
grayish green to white tuff interbedded with brown, gray and green
chert.

Site 1 in tunnel N is in the Indian Trail Formetion, Beds 3 or L (?).

Site 2 in tunnel N, main drift, is in the Indian Trail Formation
bed. The rock is structurally bedded and contains zeolitic tuff.

Figures 11 through 19 also show the position and bearing of each
of the stress-relief holes drilled at these sites. The designation

and bearings of these holes are given in table 2. Not included in the




Plan and Sections, or table 2, are the NX and 5-5/8-inch diameter
holes drilled to obtain solid cores for mechanical property tests.
These cores were taken from holes drilled parallel to the stress-
relief holes carrying the same designation. Of the 38 holes in which
stress-relief measurements were attempted, 15 were considered nonfeasible,
due to the fact that the rock was fractured to the degree that long
enough core lengths could not be drilled. A part of this fracturing
was of geological origin that naturally occurred in the rock and a part
was due to either the low strength of the rock or the high stress level
in the proximity of the stress relief hole. The low strength rock broke
in some instances due to drilling vibration. The high stress levels
caused the rock to "disc" as noted later in the report.
MECHANICAL PROFERTIES OF THE ROCK

The following mechanical properties of the tuff from the Madison
and Yuba sites were measured: the uniaxiel compressive strength (by LPI);
the triaxial compressive and shear strength, the fracture angle, and
coefficient of internal friction (by APL); the biaxial modulus of
elasticity (by LPI); and the triaxial modulus of elasticity (by APL).
The strength data, fracture angle, and coefficient of internal friction
are given in table 1, and the biaxial and triaxial elastic property
data, in table 2. The LPI compressive strength data were obtained from
tests on 1D specimens cut from NX core using a procedure equivalent to
that specified in U. S. Bureau of Mines Report of Investigations 3891,
"Standardized Tests for Determining the Physical Properties of Mine

1/
Rock" (2). A total of 27 specimens were tested. The results show

;/ Underlined numbers in parentheses refer to references given at the
end of this report.
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that there was a 30 fold renge in the inter-site unconfined compressive
strength of the rock, the variation ranging from 402 psi in hole B-1-1
to 12,000 psi in hole P-1-2. However, except for Site P the intra-site
variation in the uniaxial compressive strength was about +20 percent.
Thus, it can be concluded that the variation in the rock strength at a
given site was comparatively smell but the site-to-site variation was
exceptionally large. The variation in the rock strength is even less if
the sampling is restricted to that from a given hole rather than from
a given site. It is probable that the strength of the tuff is dependent
on the local geology, varying from member to member or possibly from
bed to bed. However, the sampling was inadequate to establish this
point. It should also be noted that there were a number of sites,
termed non-feasible, in which a satisfactory core could not be obtained.
The rock at these sites may have been even less competent than that
at site B-l, which was the weakest of the rocks included in this test.
The triaxial strengths, fracture angle and coefficient of internal
friction were measured by APL on 15 specimens selected and sent to the
laboratory by LPI. The test equipmenu used in measuring the properties
of these specimens are described by Obert (3). The axial stress, radial
pressure, and fracture angle for each specimen, figure 20, are given in
table 1. Three of the fractured test specimens are shown in figure 21.
The compressive and shear strength of each specimen were obtained as
follows:

Referring to figure 22; a Mohr'!s circle for the failure stresses




was drawn for each specimen, for example, for specimen N-1-%-28 inches

4

the failure stresses were g - 6,6lL4 psi, designated by ¢ ‘’, and
3 3

po = 1,000 psi, designated by ol ‘¢, The fracture angle 6 was 37 degrees.
A radius at 26‘° =T4 degrees was drawn, and a tangent to the circle
perpendicular to this radius (line AB) was extended to the T-axis. The
intercept of this tangent on the T-axis is the shear strength of the rock
(s ‘L 1,850 psi), provided that the Coulomb-Navier theory of failure is
vacl)id, that is, that the tangent to Mohr’s circle continues to the

T-axis as a straight line. A similar Mohr's circle was drawn for specimen
N-1-%-260 inches (which was from the same hole as specimen N-1-4-28
inches) and a corresponding tangent (line CD) drawn. The intercept

of this tangent with tlhe T-axis gives So = 950 psi. A Mohr's straight
line envelope was drawn tangent to the stress circles for the two specimens
(line EF) and the value of the intercept with the T-axis is S =1,000 psi.
Hence, a value of the shear strength can be obtained from a s(i).ngle
triaxial test, although a better value is obtained if two or more

specirans are tested. The envelope curve to a number of Mohr's circles
may, for some rock types, curve downward and hence the intercept of a
straight line envelope with a T-axis will give the upper limit of the
shear strength.

The compressive strength, Co, of a triaxial specimen or group of
specimens can be obtained by drawing a Mohr’s circle tangent to the
envelope, with ol equal to zero, (which is equivalent to Py =0
figure 22. The 03 intercept of this circle with the O-axis is The

uniaxial compressive strength of the specimen(s). The compressive
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strength can also be obtained by plotting on the (i 03 plane, p°=gl
and 03 , figure 23. The intercept of the o % curve with the 03 axis

is the uniaxial compressive strength. These two procedures should give
the same values of the uniaxial compressive strength.

The values of the triaxial compressive strength Co' are given in
table 3, colum 9. Note that the variation in these values is not as
great as that obtained by the uniaxial procedure. However, the
correlation between the uniaxial and triaxial values is such that it
appears that the larger part of the difference is due to either, local
variations in the rock or specimen size or both. Again, the data are
too meager to permit an appraisal of this effect. -

The biaxial and triaxial secant modulus of elasticity of specimens
from the Madison and Yuba sites are given in table 4. The biaxial
measurements by LPI were made using the procedure and apparatus described
by Fitzpatrick (l_) In each specimen the modulus of elasticity was
determined for two gage orientations 90 degrees apart. This was done
to check the isotropy of the specimen (although the two measurements do
not necessarily indicate the minimum and maximum values). Generally,
the difference between the values of the two orientations was small
and hence they were averaged and this average value was used in all
stress calculations. The radial stress (hyd.raulic pressure = p ) versus
borehole deformation curves obtained from the specimens from tu:nel G

and P were linear, whereas the corresponding curves from tunnels B, E,

and N were non-linear. Representative linear and non-linear curves are




shown in figures 24 and 25. In computing the modulus of elasticity
from the borehole deformation data the secant slope of the curves was
used, hence the biaxial modulus of elasticity data given in table L
are secant values.

The maximum radial stress that can be applied to a biaxial specimen
is iimited by tensile strain strength in the axial direction. As a
consequence, a number of the biaxial elastic constants measurements
were not made at a stress comparable to that experienced by the in
situ rock. This defect can be remedied by subjecting the cores to

2
triaxial stress, a procedure that has been developed by Obert (ﬁ)‘/

2/ In press

Twenty-six specimens, similar to that shown in figure 21D, were tested
by APL using the triaxial method. The data are given in table 4, colums

6 and 7. In general, the agreement between the biaxial and triaxial data

were within the normal specimen-to-specimen variation range. If any
difference existed the triaxial data usually gave the higher values.
This is characteristic of the triaxial method as noted in the above-
mentioned report and is probably a result of the additional confinement
to which the specimen is subjected. The difference between the biaxial
and triaxial secant modulii were not considered large enough to warrant

any correction of the stress calculations made by LPI.




IN SITU STRESS DETERMINATIONS

The stress determinations were made by LPI using the borehole

deformation-overcoring method described by Obert (5).

The borehole

deformation data, the procedure for selecting an average modulus of

elasticity, and the stress calculations derived from these data are

given in LPI reports titled, "Stress Measurements by Borehole Defor-

mation Method in Tuff, Report No. 5608, Tunnel G, February 27, 1963;

Tunnel B, May T, 1963; Tunnel E, July 10, 1963; Tunnel N, August 12,

1963, and Tunnel P, September 9, 1963". These reports also include.

photographs of the cores taken from the verious test sites.

Tunnel G, Site 1 (drift G .01)

The bearingsof the stress relief holes at Site G-l are shown

in figure 11. A representative section of the stress relief core

from hole G-1-1 is shown in figure 26, and the secondary principal

stresses S and T, that is, the maximum and minimum compressive

stresses in the plane perpendicular to the axis of the stress relief

hole, are given in figure 27 as a function of the distance from the

face to the point of measurement.

In elastic rock a stress concentration occurs on or near the

surface of underground openings. In this report the ratio sm/s,,

will be used as a measure of this concentration, where Snnx

is the

maximum value of the larger compressive stress (which usually occurs

on or near the surface of the opening), and Sy is the value of the

larger compressive stress determined at a point sufficiently distant
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from the opening so as not to be affected by the presence of the
opening. Correspondingly, me is the meximum value of the smaller
compressive stress, and Tw is the value of the smaller compressive
stress at a point outside of the stress concentration zone. The
specification regarding the limit of the stress concentration zone is
approximately satisfied if in an elastic rock Smand T, are measured
at a distance from the surface of the opening twice the smaller cross
sectional dimension of the opening.

These results from hole G-1-1 show that over the length of this
hole the direction of S was approximtel)'f vertical. The magnitude of
S varied from a maximum value of 1900 psi (sm) at a gage depth of
20 inches, to 320 psi (S ) at a gage depth of 100 inches. This latter
value is much lower than the value of the vertical component of stress
calculated from the weight of the overlying rock. For a depth of 1180
feet and a unit weight for the rock of 120 lbs £t the calculated
gravity stress would be approximately 1075 psi. This low value was
attributed to the fault zone that was intersected at a hole depth of
129 inches. The fragments of core recovered :trom the fault zone
(between 129 and 150 inches) are shown in figure 28. The smaller
compressive stress averaged about 50 percent of the larger compressive
stress, i.e., (S/T) = 0.5, a value that is normal. Between the face
and a hole depth ofa;;) inches the rock was too badly fractured

(presumebly from blasting) to obtain satisfactory stress measurements.

1




The stress relief core from hole G-1-2 and a representative
section of this core are shown in figures 29 and 30. The secondary
principal stress data from G-1-2 is presented in figure 31. The
direction of S was vertical, in agreement with the results from Hole
G-1-1. The maximm compressive stress, Smx’ (1670 psi) occurred at
a point 30 inches from the surface of the opening, a value that also is
in reasonable agreement with the maximum stress measured in hole G-1-1. 4
S decreased with the distance from the opening to a value of 670 psi
(s ) at a depth of 130 inches from the face. The latter value is
greater than that obtained in hole G-l-1 but is still much smaller
than that calculated from the weight of the overlying rock (l ,075 psi).
Thus, the stress field in the proximity of Site G-l appears to be
affected by the local geology in this area. ‘he ratio (T/s) was

av.

about 0.6, ‘a value that is within the normal range. The measured

stress concentration for the larger compressive stress was 2.5

(1,675 psi/670 psi). Compared with the calculated gravity stress,

the stress concentration would be 1.5 (1,670 psi/1,075 psi). The

stress data from the vertical (down) hole G-1-3 is given in figure 32,

and a representative section of the core is presented in figure 33.

The maximum horizontal compressive stress (S) measured in hole G-1-3
at a depth of 40 inches from the face was 950 psi, and approximately
in the north-south direction.

Summarizing the results from Site G-1, it can be concluded that

near the surface of the opening the magnitudes of the secondary

12
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t es (S Y to 1 for the depth at this site
stresses ( mx/’ mx) appear to be normal fo pth a is 5
but that the stress field values (S , T ) are low, presumably because

© ®
of the effects of faulting in the area. The area does not appear to
be under the effect of any tectonic force because the maximum compressive

stress in all instances was approximately vertical.

Tunnel G, Site 2

A detailed plan and section of Site G-2 are given in figure 12,
which also includes the bearings of the seven stress relief holes at
this site. The secondary principal stress data for hole G-2-1 are
given in figure 34, and the core from this hole is shown in figure 35.
This core broke into relatively short pieces due to naturally occurring
joints and fractures in the rock. S varied from 15 to 30 degrees from
the vertical, an indication that a relatively small tectonic force was
acting in the area. There was no stress concentration near the surface
of this opening, a condition that indicates a relatively high plasticity
in the rock, and/or a high degree of near surface fracture. The ratio
of (T/S)av was approximately 0.5. The vertical component of stress
at the end.of hole G-2-1, calculated from the ellipse for the secondary
principal stresses at this point, was 500 psi, a value in good agreement
with the calculated gravity stress at this point, namely, 540 psi.

Stress-relief hole G-2-5 was drilled parallel to, and within 2L

inches of hole G-2~1. A representative section of the core is shown

in figure 36, and the stress results are presented in figure 37.

13
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The direction of S averaged approximately 15 degrees from the vertical
and in the same general direction as that in hole G-2-1, as would be
expected. Also, as in G-2-1, there was virtually no stress concentration
near the surface of the opening, although Sm.x v@s lower than that
measured in hole G-2-1. The vertical component of stress at the end of
hole G-2-5, calculated from the ellipse for the secondary principal
stresses, was 135 psi which is lower than the calculated gravity stress
at this point. The ratio (T/S)a.v. ranged from about 0.3 at the collar
of the hole to 0.7 at the end of the hole.

The other five holes attempted at this site were declared non-
feasible because stress-relief cores broke into lengths too short to
permit a stress determination. A section of the core from hole G-2-i
figure 38, exemplifies the degree of fracture in the rock at Slte 2.

Summarizing the results from Site G-2, the rock at this Site was
either inelastic or fractured to the degree that stress concentrations
on or near the surface of the opening had been relieved. The direction
of S was averaged approximately 15 degrees from the vertical indicating
a small tectonic force. The vertical component of stress at the end of

stress relief holes G-2-1 and G-2-5 was in fairly good agreement with

the calculated vertical component of stress at this point.

Tunnel B, Site 1 (drift B .0l)

The bearing of the five stress relief holes at Site B-1 are given

in figure 13. The core from hole B-1-1 is shown in figure 39 and a
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closer view of a section of core from this hole is shown in figure %O.

The stress results from hole B-l-1 are presented in figure L4l. These

results indicate that, except near the surface, the direction of the stress

field was almost vertical, and Smx was 660 psi, which occurred at a depth
from %0 to 50 inches from the face. The value of S mglso inches) was
480 psi, a value that is lower than the computed gravity stress (650 psi).
The maximum measured stress concentration, at 45 inches fromt he surface,

was 1.4, although this value may be high because of the low value of the

stress measured at the end of the hole. The ratio (T/S)av was approximately

0.5.

Hole B-1-2 was drilled parallel to and within 2L inches of hole
B-1-1. A section of the core from this hole is shown in figure 42 and
the corresponding stress results are given in figure 43. The stress
results obtained from this hole are essentially the same as those from
hole B-l-1 except that S t”wa.s 530 psi, a value more nearly in agreement
with the calculated gravity stress at this point. Also, because of
this higher value the maximum stress concentration which occurred at
a depth of 60 inches was smaller, viz., 1.2. Horizontal paralled holes
B-1-3 and B-1-4 were drilled perpendicular to holes B-1-1 and B-1-2.
The core from B-l-l is shown in figure 44 and a closer view of this
core is shown in figure L45. The stress results from holes B-1-3 and
B-1-4 are given in figures 46 and 47, respectively. The results from
these holes are essentially identical. The direction of S was approxi-

mately 45 degrees from vertical at depths from the face up to 80 inches s
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but became almost horizontal from 100 inches to the end of the hole.
This rotation of the maximum stress often occurs in the proximity of
faults or major joint planes. The snn.x varied from approximately
900 psi near the face, to 400 to 460 psi at the end of the hole. The
measured vertical component of stress (determined from the secondary
stress ellipse) at a depth of 140 inches was 450 psi , a value smaller
than the calculated gravity stress which, as previously noted, was
650 psi. This lower w;alue also may result from the fact that a fault
or major joint occurred near the ends of these holes. The maximum
stress concentration determined from the measured stresses was approxi-
mately 2, but this value may be high because of the low value of the
vertical stress measured near the end of the hole.

The stress results from hole B-1-5 (d.rilled vertical up), given
in figure 48, indicate that there is virtually no stress concentration
near the horizontal (roof) surface of the opening. From a depth of
60 inches to the bottom of the hole the direction of S was approximately
north-south and the magnitude of S was 260 psi, which is somewhat
lower than the north-south component of S estimated from the stress

measuremrnts in holes B-1-1, B-1-2, B-1-3, and B-l-i, viz., 325 psi.

Tunnel B, Sites 2 and 3

Test Sites B-2 and B-3, plans and section of which are given in
figures 1% and 15, were non-feasible. In these areas the cores
generally broke into thin wafers, indicating an extremely weak rock
a.nd/or a relatively high stress compared to the strength of the rock.

A part of the core from hole B-2-1 is showvn in figure 9.
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In general the tuff from all of the tunnel B sites was non-
linear-elastic as indicated by the hydraulic pressure versus bore-
hole deformation results from a representative specimen from
Site B-1, figure 50. These curves are similar to those obtained
from specimens taken from Sites B-2 and B-3, This non-linearity
may account in part for the low stress values obtained at Site B=1l,
Most of the biaxial elastic constant determinations were made at
comparatively low stress levels, and as the modulus of elasticity
increases with the stress, it is possible that the in situ elastic

constant of the rock is higher than that determined in the laboratory.
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Tunnel E, Site 1

The bearings of the six stress relief holes drilled at Site E-1
are indicated in the site plan and sections, figure 16. The core
from parallel holes E-1-2 and E-1-5 are shown in figures 51 and 52,
respectively. The texture of the rock is shown in the annular cuts
made at %43 and 180 inches, figure 53. The stress results from parallel
holes E-1-2 and E-1-5 are given in figures 54 and 55. This pair of holes
intersected a fault (or shear zone) between a hole depth of €0 and 180
inches, as shown in the core photographs, figures 51 and 52, and in the
sketch of the geological structure, figure 56. No satisfactory bore-
hole deformation data were obtained in this fault zone. The stress
relief results from holes E-1-2 and E-1-5 are similar. The maximum
compressive stress, Smax’ which occurred at a depth of 60 inches, was
800 psi. At the end of these holes (240 inches) S _was inclined
approximately 20 degrees from the horizontal and its magnitude was
640 psi in hole E-1-2, and 515 psi in hole E-1-5. Thus, the stress
concentration in this pair of holes averaged approximately 1.3. The #
minimim compressive stress, T, was within 120 degrees of wvertical.
me, averaged for t he two holes, was approximately 600 psi at a depth |
of 60 inches, and T, was 380 psi at 240 inches. The latter value was i
mich lower than the calculated gravity stress, which was 1100 psi.
This low value was probably due to the close proximity of the fault
zone to these holes.

Parallel holes E-1-3 and E-1-6 were drilled in the horizontal

direction, and perpendicular to holes E-1-2 and E-1-5. The cores

from these holes are shown in figures 57 and 58, and the stress

results are presented in figures 59 and 60.
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The results were similar to those obtained in E-1-2 and E-1-5.

S tended to lie in the horizontal direction. Sma.x occurred within 20
inches from the face and its magnitude was 850 psi in hole E-1-3 and
620 psi in hole E-1-6. Swwa.s 360 psi at a depth of approximately

200. inches from the face in both holes. T, which was in the approximate
vertical direction, varied over the length of the hole. me was

570 psi at 48 inches in hole E-1-3 and L0 psi at 108 inches in hole ;
E-1-6. At a depth of 200 inches in both holes T was approximately ,
230 psi, a value mucy lower than the calculated gravity stress at this
point. From all indications both holes E-1-3 and E-1-6 are affected
by the proximity of the fault that runs approximately parallel to this
hole and at a distance of 9 feet to the west. Tt cannot be concluded
that the larger horizontal component of stress was due to a regional
tectonic action because of the inordinately small values that were

measured in the wvertical direction.

The core from vertical (up) hole E-l-I is shown in figure 61

and the stress results are presented in figure 62. These results

indicate that S and T increased with the depth.

Tunnel P, Site 1

The plan and section of Site T-1 includes the bearings of the
six stress-relief holes drilled at this site. The core from P-1-1 ’

is shown in figure 63, and a cluser view of a section of this core is

shown in figure 6L. The stress results are given in figure 65.
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In hole P-1-1 Sma.x was 1,200 psi at a distance from the face of 40
inches and S decreased erratically to a value of 960 psi at the bottom
of the hole (approximately 190 inches from the face). The direction
of S in the bottom 80 inches of the hole was within 20 degrees of
horizontal. Correspondingly, T was within 20 degrees of vertical

and its value was THO psi. The vertical component of stress calculated
from the ellipse for the secondary stresses was approximately T50 psi,
a value that is in fair agreement with the calculated gravity stress
at this point, which for a depth of 780 feet is 650 psi. (T/s_ )

was approximately 0.75. Thus, at this site and in the horizontal
direction approximately normal to hole P-1-1 there is evidence of a
tectonic force which caused the stress in the horizontal section to

be larger than that in the vertical direction.

The core from horizontal hole P-1-2 which was perpendicular to
hole P-1-1, is shown in figure 66. This core was more strongly
fractured than that from P-1-1 as indicated in the section shown in
figure 67. The stress results from hole P-1-2 are given in figure 68.
In this hole the S was very close to vertical, and at all points
the vertical component of stress was much larger than the horizontal
component. S_.. was 1 ,680 psi which occurred at a depth of 160 inches
from the face. S dropped to 1,160 psi at a depth of 250 inches, a
value that is much higher than the computed gravity stress at this

point, which is 650 psi. The cause of this abnormal high stress is
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not known but it may be associated with jointing that obliquely
intersected the core from this hole at frequent intervals. T, was
470 psi, which is somewhat higher than the computed vertical
gravitational stress.

The modulus of elasticity data for the rock from both holes
P-1-1 and P-1-2 indicated a very linear-elastic material. Also,
this rock was the strongest that was encountered in any of the Madison and
Yuba sites, although LPI compressive tests on 1D NX specimens
indicatéd that the core from hole P-1-2 averaged about TO percent
greater than that from hole P-l-1l. Two attempts were made to drill
vertical (up) holes at this site but both were unsuccessful as the
core fractured along the axis of the core at frequent intervals, as

illustrated in figure 69.

Tunnel N, Site 1 (drift L.0.S. No. 2)

The bearings of the seven stress-relief holes drilled at Site N-1
are given in the detailed plan and section, figure 18. The core from
hole N-1-1 is shown in figure TO, and enlarged views of this core are
shown in figures Tl and T2. The discing which was evident in this
core, especially near the surface indicated that the stress level
was high compared with the rock strength. In the areas where the
core disced no stress data could be obtained, but it is probable
that the stress values in these areas were higher than the maximum
values measured in the adjoining rock. The stress results from
parallel holes N-1-1 and N-1-2 are given in figures T3 and Th. The

direction of S and T in both was virtually identical, and invarient
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H over the length of the holes. Also, Sy and T, were essentially the
same in both holes, the average values being 1210 psi and 570 psi,
respectively. S _, was within 20 degrees of horizontal and greater
than twice the vertical components of stress, which was 580 psi
(calculated from the stress ellipse). The vertical component of
stress is in good agreement with the calculated vertical gravity
stress, which is 560 psi. Hence, a tectonic force appears to be
acting in this area. The ratio (T/S)av. was approximately O.5.

The stress results from hole N-1-1 and N-1 2 differ in that in hole
N-1-1 there was a near surface stress concentration of 1.3, with So
equal to 1620 psi at a hole depth of 60 inches, whereas in hole N-1-2
the magnitude of both S and T was almost constant over the length
of the hole.

The bearings of parallel holes N-1-% and N-1-5, which were
drilled at right angles to N-1-1 and N-1-2 are given in figure 18.
The core from hole N-1-4 is shown in figure 75 and an enlarged view
of the section of core from 85 inches and 140 inches is shown in
figure T6. The stress results for both holes N-1-4 and N-1-5 are
shown in figures T7 and T8, respectively.

Both the magnitude and direction of S and T in parallel holes
N-1-% and N-1-5 (which were perpendicular to holes N-1-1 and N-1-2)
were essentially identical over the length of these holes. There was
no stress concentration at or near the surface, although both S and

T varied along the length of the hole. S, and T, for both holes aver-

aged 640 psi and 450 psi, and the vertical component of stress was 510 psi
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compared with the vertical gravity stress of 560 psi. (T/S)av. was
about 0.7. The inclination of the larger compressive stress from
vertical is probably caused by the tectonic force acting in this area.

Horizontal hole N-1-3, up hole N-1-6, and down hole N-1-T were
declared non-feasible because of excessive core fracture, in fact a
large part of the core in these holes disced. The core from hole
N-1-6 ig shown in figure T9.

Tunnel N, Site 2

Figure 18 shows the bearings of the four stress-relief holes
drilled at Site N-2. A section of the core from hole N-2-1 is shown
in figure G0 and the corresponding stress results are given in figure
81. In hole N-2-1 the direction of S was approximately vertical and
there was no stress concentration on or near the surface of the opening.
At a depth of 230 inches S ,was LLO psi, as compared with the computed
vertical gravity component of stress which was 580 psi.

The core from hole N-2-2 is shown in figure 82 and an enlarged
section of the core is shown in figure 83. The stress results from
hole N-2-2 are given in figure 84. These results are similar to those
from hole N-2-1, which was perpendicular to hole N-2-2. There was no
near surface stress concentration and the direction of S was within
15 degrees of vertical. S _ was 480 psi at a depth of 260 inches, as
compared with the computed vertical gravity stress of 580 psi. (T/S)av.

was approximately 0.5. In both holes N-2-1 and N-2-2 the stress values

varied erratically from point to point, a result that is attributed to




the natural fracture that occurred in this rock.

Vertical down holes N=2-3 and N-2-4 were declared non-

feasible because the core from both holes disced and fractured.

The core from hole N-2-3 is shown in figure 85.
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SUMMARY OF MECHANICAL PROPERTY AND STRESS

The mechanical property data given in tables 3 and 4 indicate
that the tuff from the various Madison and Yuba sites was extremely
variable. The uniaxial compressive strength range amounted to 30
fold, and the biaxial modulus of elasticity range was 20 fold. Thus,
the tuff from Site P-2 would be classified as a relatively competent
rock with a compressive strength greater than 11,000 psi and a
modulus of elasticity greater than 2 x 10° psi, whereas the uniaxial
compressive strength of the tuff from Site B-1 averaged less than
500 psi and the corresponding modulus of elasticity awveraged 0.33 x 108
psi.

The stress measurements made in the Madison and Yuba sites are
summarized in table 5. At Sites G-2, P-l1, and N-1 there is an
indication of tectonic forces acting in the horizontal direction, in
fact, at Site N-1 the horizontal component of stress is greater than
twice the vertical component of stress, and the vertical component
of stress is in reasonable agreement with the value calculated from
the weight of the overlying rock (a condition necessary to satisfy
static equilibrium). At Sites G-1, B-1, E-1, and N-2 there was no
indication of tectonic forces acting in the horizontal directions,
and hence the stress field is presumed to be that due to only the

gravitational load. However, the vertical component of the stress
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field, S, , was in most instances less than the computed vertical
component of stress. As the measurements at these sites were made
in fractured, jointed, and faulted areas, it is possible that these
low stress values resulted from these geological factors, and that
in adjoining areas higher vertical stresses are present such that
the average stress in the vertical direction is equal to the gravity
load.

Although the stress distribution curves showed that in most
instances the secondary principal stresses varied erratically with
'the gage dep’(':h, and sometimes between wide limits, the fact that
almost identical results were obtained in ajoining and parallel
holes shows that this erratic variation is not a consequence of
measurement inaccuracies. Rather, these stress variations are
presumably due to jointing and fracturing in the rock. It is
interesting to note that the direction of the secondary principal
stresses is not as variable as the magnitude. This observation is
consistent with that obtained from measurements in other rock types.

With one exception the vstres\s concentration on or near the
surface of openings was less than 2.5. The exception was in Lole
G-1 in which the stress concentration was 6 but in which the
magnitude of S, was inordinately small and presumably affected by
local geology.

In general, stress concentration on the walls of tunnel openings

of a rectangular shape would be greater than 3 and possibly as high
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as 5 or 6 (the exact value depending on the geometry of the opening).

The fact that these high values were not found indicates that there

has been a strong near-surface stress relaxation which may be due to

a loosening of the surface rock from blasting or other mining operations,
or to plastic and/br viscoelastic properties of the rock that permit

a tinme -dependent movement and a corresponding stress relaxation in

the rock. In both the biaxial and triaxial elastic constant deter-
minations it was noted that there is a tendency for the tuff from

the Madison and Yuba sites to creep when subjected to a constant -
load and hence the latter factor is considered to be the mare likely

cause of the low stress concentrations.
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Figure 23 - Triaxial compressive strength of specimens from hole N-1-4
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Figure 43 - Stress versus distance from face - hole B=1-2
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Figure 52
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Figure 54 - Stress versus distance from face - hole E-1-2
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Figure 62 - Stress versus distance from face -
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Figure 64
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Figure 65 - Stress versus distance from face - hole P=1-1
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Figure 68 - Stress versus distance from face - hole P-1-2
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Figure 72
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Table 2. Designation and bearing of stress-relief holes

Tunnel Site Hole

Bearing of hole

Comments

G-1-1
G-1-2
G-1-3

2 G-2-la
G-2-1
G-2-2
G-2-3
G-2-4
G-2-5
G-2-6

B-d-1
B-1-2
. 0
B-1-L
B-1-5

2 B-2-1
3 B-3-1
E-1-1

E-1-2
E-1-3
E-1-4
E-1-5
E-1-6

P-1-1
P-1-2
P-1-3

P-1-k

N-1-1
N-1-2
N-1-3
N-1-k4
N-1-5
N-1-6
N-1-7

2 N-2-1
N-2-2
N-2-3
N-2-h

Horizontal
Horizontal
Vertical (down)

Horizontal
Horizontal
Horizontal
Vertical (down)
Horizontal
Horizontal
Vertical (down)

Horizontal
Horizontal
Horizontal
Horizontal
Vertical

Horizontal
Horizontal
Horizontal

Horizontal
Horizontal
Vertical (up)
Horizontal
Horizontal

Horizontal
Horizontal
Vertical (up)

Vertical (up)

Horizontal
Horizontal
Horizontal
Horizontal
Horizontal
Vertical (up)
Vertical (down)

Horizontal
Horizontal
Vertical gdown)
Vertical (up)

s 75° 31' W
N 140 30' W
8 75° 31' w(y,)

N 22° 40' W
N 22° 4o' W
N 66° 50' W
N 22° 40' w(u_)
N 66° 50' E 1
N 22° 40!
N 22° 30! w(ul)

=«

S 39° 20' W
s 39° 20' W
N 49° 4o' W
N 499 L4Oo' W
S 39° 20! w(ul)

N 63° 10' W
s 89° 30!
8 87° 55¢
s 87° 55'
N 09 Ll
S 8710 55!

87° 55°
c>Z k5

=

16° 57
56"

HE =iz =
=

=
~
[=]

2 =2=Z=2 =2on
(o]
=
~

w(ul)

=

n

°

o
HEEE s

=
n
-
o
=
o
4 =

Non-feasible

Non-feasible
Non-feasible
Non-feasible

Non-feasible

Non-feasible

Non-feasible

Data insuf-
ficient

Data insuf-
ficient
Data insuf-
ficient

Non-feasible

Non-feasible
Non-feasible

Non-feasible
Non-feasible

S |




5 Table 3. Uniaxial and triaxisl strengths of tuff from Madison and Yuba sites L/
¢ ]
Depth  C Po = 8 8 s (w)d ¢ "
inch 2 % i degrees a °( °
Hole psi psi psi pei psi psi
G-1-1 21 4,360
G-1-2 3 -2,700
G-1-3 68 -2,860
G-2-1 21 -2,4k0 .
G-2-1 5 -3,720 500 3 1,000 0.32
G-2-2 6 -5,663  =1,000 o 1,800 } 900A } -35% 0.18
G-2-2 88 -2,775
B-1-1 16 =423
B-1-1 24 402
B-1-3 19 4k
B-1-3 26 -560
E-1-2 2k9 -3,870
E-1-2 252 -3,540
E-1-2 269 -3,638 -4oo 30 850 0.58
E-1-2 288 -2,852 -4oo 0
E-1-3 188 -1,840
E-1-3 191 -2,060 9 s %
E-1-3 205 -3,762 33 950 0.
E-1-3 2ks -3,638 200 22 550 } 1304 }'2‘”0 1.04
E-1-4 14 -2,040
E-1-4 17 -1,980
P-1-1 36 -10,335 -250 27 2,450 0.73
P-1-1 59 -6,500 ;
g & i 6,118 600 48
P-1-2 -6,11 -250 17 1.
P-1-2 11 -10,045 -250 16 1,000 }80A } 900 1.60
P-1-2 1 -12,100
P-1.2 146 -11,680
N-1-1 263 -6,200
N-1-1 265 -6,280 & ) 0
: N-1-1 237 -5,870 - 33 1,500 0.
¢ N-1-1 257 -6,61% 333 22 850 ]’ L,175 A } 4500 1.04
i N-1-% 28y -2,230
- - 6,614 8
N-1 29 -1,000 37 1,850 1,000 E A 0.29
N-1-3 260 4961 2500 29 950 }1,hoo A } -33%0 0.62
N-2-1 %o 4,880
N-2-1 21 -3,910 - i s
N-2-1 3 - - 31 750 E 0.53
N-2-1 By DAk 0 27 o  tios e 0.73
N-2-2 18 " -2,%0
N-2-2 50 -2,200

5 i
'l‘g
*
B
b4

1/ Definition of symbols
C, = Uniaxial compressive strength - 1D - NX specimen (psi) (Negative values indicate compression)
03 = Axial load on 5-5/8 x 10-1/2-inch triaxial specimen (psi)

P, = Radial pressure on 5-5/8 x 10-1/2-inch triaxial specimen (psi)

) = Fracture angle with respect to 03, triaxial specimen (degrees)
Sy = Triaxial shear strength (from Mohr's envelope) (psi)
8?(Av)- Average triaxial shear strength (psi)
C'o = Triaxial compressive strength (from Mohr's envelope) (psi)
= Coefficient of internal friction cot 26.

M
2 By LPI

A designates S, Av; obtained from average of so.

E daesignates s,(Av) obtained from Mohr's envelope for 2 specimens.

£ 91
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Table 4. PBiaxial and triaxial elastic properties of tuff from

Madison and Yuba sites
Depth from | Biaxial secant modulus of Triaxial secant modulus
Hole Collar- elasticity, psi, at gage of elasticity,
inch orientation psi by
o, P
; o° 90° Aver. j u—°-
G-1-1(vx)L 16 1.26
G-1-1 25 1.27  l.27 1.27
G-1-1 82 0.92 1.18
G-1-1 121 0.90 1.00 0.95
G-1-2 28 0.76
G-1-2 T 1. 1.37 1.39
G-1-2 133 0.96 0.94 0.95
G-1-3 37 0.86 0.83 0.85
G-1-3 61 0.T1 0.80 0.Th
G-1-3 78 0.72
G-2-1(Nx)y 32 0.55
G-2~1 34 0.79 0.60 0.70
G-2-1 137 0.69 0.59 0.64
G-2-2 29 0.55 0.% 0.48
G-2-2 92 0.77 0.76 0.T7 1.05 ,
G-2-3 T 1.20 0.92 1.06 0.70 1.31
G-2-5 33 0.31 0.22 }
G-2-5 158 0.26 0.34 0.30 0.24 E
G-2-5 17 0.36 0.21 4
B-1-1 10 0.26 0.27 0.26 4
B-l-la 33 0.27
B-1-1 120 0.26
B-1-1 140 0.26 0.28 0.27
B-1-2 4o 0.32 0.33 0.32
B-1-2 97 0.29 0.35 0.32
: B-1-3 21 0.k2  0.48 0.45
‘ B-1-3 113 0.43 0.45 0.4k
: B-1-4 112 0.29 0.33 0.31
l B-1-5 Y 66 0.99
E-1-2 s} 0.48 0.61 0.55
E-1-2 184 0.85 0.64 0.75 v
E-1-2 247 0.78 0.77
E-1-3 T 0.46  0.59 0.53
E-1-3 170 0.62 0.68 0.65
E-l1-4 45 0.65 0.62
E-1-k 56 0.69 0.66 0.68
E-1-k 109 0.67 0.69
E-1-4 113 0.52  0.54 0.53
E-1-5 212 0.57 0.54 0.56
E-1-6 ST 0.50 0.42 0.4
E-1-6 193 0.46 0.4 0.43
P-l-1 9 1.37 1.8 1.43
P-l-1 28 1.54 1.67
P-1-1 133 1.82 2.05
P-l-1 11&13 1.28 1.90 1.84
P-1-2 1.65 1.72
1.78  1.68 }1 n




Teble L. Continued

_by

Po

psi

of elasticity,

Triaxial secant modulus

orientation

Aver.

elasticity, psi, at gage

233
&

fole

1.86

1.73

P1-2
P-1-2

1.62

238
18

P-1-2

0.73

0.58

0.88
0.7k
0.62

N-1-1
N-l-1
N-1-1

0.93

146
193

N-1-2
N-1-2
N-1-2
N-1-2
N-1-k
N-1-4

0.93

0.70

0.62

0.54

0.69

156
185

0

&~
Qo

75

&0

-3

&

3%
oo

%

[ M=)

0.45

N-1-5
N-1-5
N-2-1

£ 5

£ L

Ed%%

cooo

("2
TE83
0000

137
59

0.45
0.21

N-2-1
N-2-1

0.29

0.33

0.13

0.1k

N-2-1
N-2-2

]
2.2,
ARA3
6coo
Q0

-~
[=NeNeNe]

85
b |

N-2-2
N-2-2

0.27

&

H&

co

0.35
0.35

233
237

N-2-2

N-2-2
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