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HIGH PRESSURE MECHANICAL PROPERTIES OF AN AREA 12,
NEVADA TEST SITE TUFF

ABSTRACT

The mechaniéal properties of tuff from instrument hole UG3, tunnel Ul2e.06 at
the Nevada Test Site have been investigated to 1400 MPa, The shear strength in-
creases from about 5 MPa unconfined to 12 MPa at 300 MPa mean pressure. A brittle-
ductile transition was indicated at about 280 MPa. In uniaxial strain, the sample loads
to the vicinity of the failure envelope and then'is parallel to that envelope up to the high-
est stresses, 420 MPa. Hydrostatic pressuré of 1400' MPa produces about 9% volume

compression and 1.3% permanent compaction in this apparently saturated tuff.

INTRODUCTION

Major concerns in the underground nuclear testing program of the Defense
Nuclear Agency (DNA) are stemming and containment., To adequately model ground
motions relevant to these problems, the high pressure mechanical properties of the
surrounding media are needed as input to numerical code calculations. Here, we
describe the behavior of tuff from tunnel Ul2e.06, instrument hole UG3, Area 12,
Nevada Test Site. The following tests were performed at strain rates of about 10_4/3:
(1) the pressure-volume (P-V) relafionship on loading to and unloading from 100 and
1400 MPuy, (2) lhe fallure envelope Lo 300 MPy, (3) unlaxlal siress loadlug puaths at 0.1,
.20, 30, 50, and 100 MPa to near failure with subsequent unloading, and (4) uniaxial
strain loading and unloading paths to and from 80 and 420 MPa confining pressure.

The tuff was received as NX cores (~50-mm diam) wrapped in foil and coated
with beeswax. Apparent water saturation of the cores was determined as 100% by
measuring and weighing portions of each core as feceived, after drying at 85°C for
20 h, and after resaturation with water at a pressure of about 0.1 MPa, Samples were
cut and cored using water as coolant, and the saturation was maintained by storing over
water in a sealed container. The average density of the samples prepared from these
cores (cores used in these tests were from depths of 14,2 to 14.7 m and 17.5 to 17.9 m)
was 1,87 £ 0,03 Mg/mg. The dry density was 1.54 +0.04 Mg/mg, indicating about 18%
water by weight or 33% by volume,
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EXPERIMENTAL PROC EDURE

The éamples used in all tests were fabricated into right circular cylinders 20 to
30 mm in diam and 30 to 100 mm long., For the uniaxial stress, uniaxial strain, and
P-V measurements, 0,5-mm-thick lead jackets were fitted to the rock by application of
a pressure of 0.4 MPa. The failure envelope was determined from samples jacketed
with tygon., In each case, the jacket strength was considered in the data reduction
process. The P-V relationship to hydrostatic pressures of 1400 MPa Was determined
from measurements made by foil strain gages bonded to jacketed specimens. Uniaxial
strain loading and uniaxial stress loading were performed on similarly jacketed and
instrumented samples. Hydrostatic pressuré, either constant or increasing (depending
on the type of test), was maintained while uniaxial loading was accomplished with a
solid piston. The locus of failure points based on the principal stresses from uniaxial
stress tests was used to determiné the shear strength-mean pressure failure envelope.

Experimental procedures and techniques are discussed in detail elsewhere.l-5

PRESSURE-VOLUME C HARACTERISTICS

The P-V relationship for the tuff from both the 14.2- to 14.7-m and 17.5- to 17.9-m
levels was measured as a function of hydrostatic loading and unloading to pressures of
either 100 or 1400 MPa. In some samples loaded to 100 MPa, extremely unusual unload-
ing paths were noted. The sample either unloaded to a higher volume than its starting
point, yielding an apparent negative permanent compaction; or the unloading curve
criss-crossed the loading curve. This tuff is very heterogeneous and some samples
contain large pumice fragments. If the pumice fragments have a relatively large air-
filled porosity, they would undergo more compression on loading than the water which
saturates the non-air-filled pores. The compression of the pumice results in pore
collapse, producing permanent compaction of the pumice. However, upon unloading,
the expansion of the collapsed pumice is less than that of water; thus, an originally
"saturated' rock becomes supersaturated. We believe that the unusual unloading paths
observed in this study result from excess water decoupling the jacket from some of the
samples upon unloading, Eight of the 13 samples loaded to 100 MPa showed what is
considered ''normal'' unloading behavior (tig. 1), After unloading from 100 MPa, all
samples showed less than 1% permanent volume change, whether compaction or
expansion, '

Figure 1 shows the P-V relationship for this tuff to 100 MPa. The rather large
error bar for the unloading portion is the consequence of the unusual unloading behav-
ior. Figure 2 shows the P-V relationship to 1400 MPa, No unusual unloading behavior
was observed in samples loaded to this pressure. The magnitude of the water transi-
tion at about 1100 MPa indicates a free water content of about 10% by volume, which is

less than one-third the total water indicated by the density determinations. Between

-2-
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Table 1. Bulk modulus K as a function
of pressure for tuff Ul2e.06.

0.1 and 1050 MPa, the P-V curve indi-

cates a monotonically increasing bulk

Pressure A K modulus K. The value of K, initially
(MPa) (GPa) 0.65 GPa, increases to 19 GPa at
0.1' 0.65 1000 MPa confining pressure, Table 1
5 4 9.3 ) lists K at several pressures as deter-
10 : 3.7 mined graphically from- Fig. 2.
30 6.7
60 : 8.7 UNIAXIAL STRESS
100 10;0 MEASUREMENTS (FAILURE)
200 12.3 -
500 155 Two types of tcsts were made to
determine the failure behavior of sam-

1000 18.7 .

ples of the core from 14.2 to 14.7 m.,

‘ ) The .first involved uniaxial compression
of tygon-jacketed sémples at confining pressures up to 300 MPa, The second type was
the indirect tensile (Brazil) test. Although the latter test was performed only at atmos-
pheric pressure (0.1 MPa), the calculated tensile strengths are believed to be rela-
tively independent of confining pressure Og-

Values for the maximum principal stresses at the failure point for each test type
define the shear stress-mean pressure failure (7 —Pm) envelope shown in Fig, 3.
Although it has been demonstrated that the shear stress determined at failure for sev-
eraﬁl ?ifferent rock types is influenced by the relative value of o, compared to o4 and
A, ?" the effect of Oy becomes important only at pressures much greater than 0.1 MPa.
Thus, the Brazil test at atmospheric pressure may be safely included with the com-
pression results, ’

The dominant failure mechanism for all tests at pressures less than 200 MPa
was by a combination of shear and tensile fractures resulting in loss of cohesion of the
sampie. At the highest pressure attempted (300 MPa) no through-going fractures were
noted after the test, although at least 10% axial strain was attained. We observed that
this sample was barrelled and possessed excellent cohesion. . Bccause the sample at
200 MPa was intermediate to the two extremes just discussed, the transition from
brittle to ductile behavior is judged to occur at pressures somewhat greater than
200 MPa but less than 300 MPa (Fig. 3). Ductile behavior is defined as 5% axial strain
beyond the elastic 1imit.8 The failure data are summarized in Table 2,

The shear strength-mean pressure failure envelape for the saturated Ul2e.06
tuff is 10 to 40 MPa at 300 MPa mean pressure (Fig. 3), which is lower than that re-
ported for Area 16, NTS tuifs.”’10
the -Ul2e.06 tuff, the Area 16 tuffs were only about 85% saturated, We believe the

marked difference in shear strength among all these tuffs to be a consequence primar-

Although of similar grain size and appearance as

ily of water saturation. Fine-grained Mt. Helen tuff shows an inverse correlation of

shear strength with water content11 and has a shear strength (saturated) ranging up to

-5-
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Table 2. Summary of failure properties Ul2e.06 tuff, saturated.

94 Oy Og . T Pm

‘ Test type (MPa) (MPa) (MPa) (MPa) (MPa) Behavior
Brazil 3.6 - 0.1 - -1.2 2.4 L2 Brittle
Uniaxial ' .

compression | 11 0.1 0.1 6 4 Brittle
Uniaxial

compression 36 25 25 6 29 Brittle
Uniaxial

compression 64 50 50 7 55 Brittle
Uniaxial ‘ _

compression 89 75 75 7 80 Brittle
Uniaxial .

compression 119 100 100 10 106 Brittle
Uniaxial ‘

compression 222 - 200 200 11 207 Transitional
Uniaxial

compression 324 300 300 12 308 Ductile

about 20 MPa at 300 MPa mean pressure, The shear strength of the Ul2e.06 tuff is
lower than that for saturated Mt, Helen tuff, but somewhat higher than that for the
coarse-grained NTS tuffs. Stoddard (Area 2), Hudson Seal (Area 12), and Scroll
(Area 19).12 Thus, there appears to be an inverse correlation of shear strength with
water content and grain size in these tuffs. The shear strength-mean pressure data

for all these tuffs are compared in Fig. 4.

THREE-DIMENSIONAL STRESS-STRAIN MEASUREMENTS

The stress-strain behavior of strain-gaged samples from the core at 14,2 to
14,7 m was measured under conditions of uniaxial stress- and uniaxial strain-loading
using techniques described in detail elsewhere.g-s Uniaxial stress loading was accom-
plished by axially loading the sarriple to failure at a constant‘confining pressure by the
same procedure discussed in the previous section, Uniaxial strain loading is accom- A
plished by increasing the confining pressure, while the axial stress is increased, to
maintain constant radial strain., Uniaxial strain is considered to model loading by a
plane shock wave; however, the strain rates under shock loading are very much larger
than the ones used here. In both uniaxial stress and uniaxial strain loading, the princi-
pal strains are measured to determine loading moduli as a function of deviatoric stress‘

and confining pressure along different loading and unloading paths.
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UNIAXIAL STRESS

Tests were run at 0.1, 20, 30, 50, and 100 MPa confining pressure. Unlike the
uniaxial stress measurements discussed above, the specimens were not loaded directly
to failure. Rather, the samples were loaded to a stress near the failure envelopé

“ (Fig. 3), unloaded to hydrostatic conditions, and then some were recycled to either
failure or near failure. '

Figures 5 and 6 show the circumferential (er) and axial (6£) strain as a function

of o, - og for this tuff at confining pressures of 0.1 and 20 MPa. The test at 0,1 MPa

yielclis an initial effective Poisson's ratio v that is less than 0.5 (i.e., |e [ < 0.5 |€ ).
However, as o, - 04°is increased above 1.5 MPa, v exceeds 0.5 (i.e., |er| > 0.5 |e£|),
At all higher confining pressures in this study the initial v was greater than 0.5, an
indication of dilatational behavior (Fig. 7).

Figure 7 indicales the paths followed for all 5 confining pressures in volume
strain-mean pressure (6V - Pm) space. The resulting b(lekllavior during initial loading is
similar to that observed for the saturated Mt, Helen tuff” = below 100 MPa; there is
little or no observable compaction,- and the rock apparently dilates with the first
increase in axial stress. The bulk and shear moduli calculated from initial loading at

each confining pressure are given in Table 3. The apparent negative bulk moduli on

Table 3. Initial loading moduli, saturated Ul2e.06 tuff.,

og [T K Vs Vp
(MPa) (GPa) (GPa) (km /s) (kin/s)
Uniaxial 0.1 0.6 4.5 0.57 1,69
Stress 20 2.7 -7.1 1.20 —_
Tests 30 3.0 -3.5 1.46 —
50 2.9 -3.4 1,45 —_
100 3.0 -1.4 1.46 —
Uniaxial strain 0.6 1.3 1.2 0.81 1.04

Tests 0.1 - 1.5 1.7 ' 0.96 1.07

initial loading for the four tests above 0.1 MPa confining pressure are the consequence

of the dilatational behavior on initial loading.

UNIAXIAL STRAIN

Two samples were loaded in uniaxial strain., One sample was loaded from 0.1 to
80 MPa confining pressure, then unloaded. The other was loaded from 0.6 to 420 MPa

confining pressure and unloaded. Over the range of overlap the two runs are in good

-g9-
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agreement (Figs. 8 and 10). The shear stress loading paths (Fig. 8) indicate that both
samples load to stresses typical of the failure envelope and then load along that envelope
to higher pressures. This phenomenon has not been observed in less porous materials

10,11

such as granite and graywacke4 but has been reported for other tuffs and for a

highly porous, dry sandstone.13

Since there are no shock data on the tuff from Ul2e.06 with which to compare, an
indication of the strain rate effect on the loading behavior may be gained by comparing
our uniaxial strain results with those for a nearby tuff of similar density and saturation.
The tuff from a high-energy explosive site (DB7) in the Hudson Moon tunnel (Ul2e,12)
is within 500 m of Ul2e,06, UG3. Both shock14'and quasi—static15 data exist for com-
parison. The wet and dry densities for this tuff (1.88 + 0,02 and 1.53 £ 0,02 Mg/ms,
r‘espectively)14 compare well with those determined for the Ul12e.06 tuff, Figure 9
compares the hydrostats and oy loading paths in uniaxial strain loading for these two
tuffs. Also shown in Fig. 9 are the three points in this pressure range determined for
4 The Hudson Moon tuff, which

shows less compression under hydrostatic conditions at low pressures than the Ul2e.06

the Hudson Moon tuff under conditions of shock loading.1

tuff, shows more compression with increasing pressure and has undergone 20% more-
compression at 300 MPa, Slightly less divergence is noted between the quasi-static 9
loading paths of these two tuffs in uniaxial strain. The three shock points for the
Hudson Moon tuff in this pressure range indicate much less compression than the quasi-
static uniaxial strain loading, Since the difference in oy loading baths in uniaxial strain
loading between the two tuffs is slight in comparison with the offset observed between
shock and quasi-static loading, it is reasonable to assume that the shock loading data for
the Ul2e.06 tuff would be slightly higher than that observed for the Hudson Moon tuff.
The "best fit" line ? to the shock data is included in Fig. 9. Note that the lowest
pressure point lies considerably above this line., Although data are insufficient for
more lhan a qualitative statement, it appears that this tuff could have a ''Hugoniot
elastic limit' of less than 400 MPa. It should be remarked that this "best fit" line is
based on data collected to 2500 MPa14
show scatter comparable to that displayed in the pressure range of Fig, 8, More low

and that some of the 18 points at higher pressure

pressure data under conditions of shock loading are necessary before a definitive state-
ment can be made. )

Figure 10 compares the compression of two samples of the Ul2e,06 tuff in uniax-
ial strain under quasi-static loading with that determined from hydrostatic loading
(Fig. 1). Unlike the Mt. Helen tuff'! the axial stress curve for Ul2e.06 tuff loads
slightly below the hydrostat at 0,> 20 MPa (Fig. 10). Although this is the first rock we
have studied that shows this behavior, it is similar to the behavior reported by Green
gt_gl.ls for the Hudson Moon tuff. The o4 loading curve is below the hydrostat, indicat-
ing that a shock loading path cannot be constructed from the hydrostat using failure
data (Fig. 3). Rather, one must consider enhanced compaction in the presence of a
macroscopic shear stress by using the mean pressure curve obtained under conditions

of uniaxial strain, This has been demonstrated for porous sandstones that also

-13-



30

T -0'3—MPa

Tuff U12e.06

Po

= 1.87 Mg /m°

|

Fig. 8.

100

200

Confining pressure — MPa

300 400

Axial stress difference vs confining pressure for uniaxial strain loading tests
to and from 80 and 420 MPa confining pressure.
shown for comparison.

— 19 -

Failure envelope from Fig. 3



N
400 -5
¢
s 300 _
(=8
s
| e
£ N
o N
A N
o 200{— N -
N
AN
e | pte
- Ref. 14, DB7, Area 12 FE N\

... Ref. 15, DB7, Area 12
100 = —— Present data, Ul12e.06
A Permanent € v’ Ul2e.06

o e~10/s -

| | | :
0.05 0.04 0.03 0.02 0.01 0

2 AV/VO

Fig. 9. Axial stress (01) and mean pressure (Pp,) vs volume strain for uniaxial sirain
loading compared with the hydrostat from Fig. 2, Ul12e.06 tuff. Shown for
comparison are o1 vs volume, strain for uniaxial strain loading and the hydro-
stat for the Hudson Moon tuff!® as well as shock loading data for that tuff.

-15-



e \ | T |
\ Hydrostat ( Fig. 1) Tuff Ul2e.06
\ P 01503 Py =1.87 Mg/m°
75 \\ ! b L ; -
&
=
&
o
=
25 =
| | | . | —
245 2:0 15 1.0 0.5 0

- AV/V0

Fig. 10. Axial stress (01) and mean pressure (Pp) vs volume strain for two uniaxial
strain runs, Ul2e.06 tuff, compared with the hydrostat from Fig. 1. One P,
run omitted for clarity.

5B



compact at high mean pr‘essure.‘l"16 However, this curve itself is likely to be strain-
‘rate dependent and, since the failure enveiope is also strain-rate dependent, calcula- -
tion of a Hugoniot loading path based on low strain rate data is subject to large
uncertainties, .

Table 3 includes effective bulk (K) and shear (u) moduli and the compressional
(Vp) and shear (VS) velocities calculated from stress-strain data on initial loading.
The initial K from uniaxial strain loading is larger than that determined under hydro-
static loading and smaller than that determined from uniaxial stress loading. The
initial u from uniaxial strain loading is larger than that determined for uniaxial stress
loading. The calculated V_ is considerably lower than the 1,92 km/s derived from
seismic d'atal4 and is cons?istent with most comparisons of quasi-static laboratory and

17 Unfortunately, there are no laboratory ultrasonic

field data since Zisman's work.
velocity measurements on this tuff against which to compare our Vp and Vs calculated
from static measurements., However, our calculated velocities are comparable to those
determined from the uniaxial strain tests for the saturated Mt. Helen 1:uff11 (Vp = 1,23,
Vs = 0.77). The velocities determined ultrasonically at atmospheric pressure for the
saturated Mt. Helen tuff were Vp = 2.60 and VS = 1,30 and we would expect the qltra—
sonic velocities in the Ul2e,.06 to be similar, The variation between velocities meas-
ured ultrasonically and those calculated from static measurements are due to cracks
and pores that affect static moduli more than dynamic rnoduli.18

The permanent compactions after the uniaxial strain tests to 80 and 420 MPa
were 0.8 and 1.3% respectively., The value of 1.3% compares favorably with the 1.25%
observed after hydrostatic compression to 1400 MPa and indicates at least 1.3% by
volume air-filled porosity in the tﬁ_‘ff as tested. Since care was taken to maintain as-
received water contents in the tuff during all stages of sample preparation and since
less than 10 minutes exposure to the laboratory atmosphere was allowed for all sam-
ples, it is reasonable to assume that the tuff had at least this air-filled porosity when

received,
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