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ABSTRACT

Previous laboratory investigations of tuff have shown that porosity has a dominant, general
effect on niechanical properties. As a result, it is very important for the interpretation of mechan-
ical property data that porosity is measured on each sample tested. Porosity alone, however, does
not address all of the issues important to mechanical behavior. Variability in size and distribution
of pore space produceé significantly different mechanical properties. A nondestructive technique
for characterizing the internal structure of the sample prior to testing is being developed and
the results are being analyzed. The information obtained from ‘his technique can help in both

qualitative and quantitative interpretation of test results.
INTRODUCTION

The general applicability of laboratory data for engineering purposes is a prime concern for
the design and licensing of a potential repository of high level nuclear waste at Yucca Mountain,
Nevada. One specific example involves mechanical property results obtained from experiments
in a rock mechanics laboratory for the Yucca Mountain Site Characterization Project (YMP).
In order for the resulis of these experiments to be applicable to the repository scale, the data
must be scaled to in situ size and conditions. The standard approach to this problem is for the
mechanical behavior of the intact (i.e., non-fractured) rock and fractured rock to be evaluated in
separate experiments. The results are then input to realistic constitutive models to predict rock
mass response to certain sets of environmental conditions. In order to validate these models, the

prediéted results are compared to data obtained in large scale experiments that are performed in

LThis work was performed under the auspices of the U.S. Department of Energy, Office of Civilian Radioactive
Wnrate Management, Yucca Mountain Site Characterization Project, under contract DE-AC04-76DP00789.
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« situ. This paper focuses on one aspect of these issues: evaluation of the scale dependence of the

mechanical properties of intact rock and how porosity is a major factor in that effect.

Mechanical properties of intact rock vary with scale as a result of the inclusion of increasingly
larger inhomogeneities (e.g., pores, vugs, and lithic fragments) with larger sample sizes. In previ-
ously reported work!?34, significant differences in elastic moduli and fracture strengths of rocks
have been observed at different measurement scales. These studies include testing of many types
of rock, including welded tuff from Yucca Mountain®. Generally, the inclusion of larger “flaws”
(i.e., porosity) will decrease the Young’s modulus and strength properties of a rock® and lithic frag-
ments (i.e., relatively strong inclusions) can stiffen and strengthen a rock®. Most laboratory data
suggest that as the sample size increases the strength of the rock decreases, indicating the effect

of porosity on sample strength is more pronounced than the effect of more competent inclusions.
LABORATORY EXPERIMENTS

Samples are routinely deformed in compression experiments in the laboratory. The mechanical
properties measured in these experiments are normally elastic moduli and ultimate strength. In
order to aid in the interpretation of the these data and to determine applicability for their use in
predicting the in situ properties of tuff, an extensive effort has been undertaken to characterize
each rock as thoroughly as possible prior to testing. Routinely, careful measurements are made of
sample bulk densities (dry and saturated) and ultrasonic wave velocities (compressional and chear).
In addition, a general description of the sample petrology is made, the sample is photographed,

and a CT (computerized tomography) scan is taken of each sample.

Because of its significant effect on mechanical properties, porosity is being determined on
all samples prepared for laboratory mechanical testing for the YMP. Generally, the porosity is
calculated from pre-test measurements of the finished sample dimensions, the dry bulk weight,
and the saturated bulk weight. Analyses of existing mechanical property experiments on tuffs
from Yucca Mountain have shown that the values of Young’s moduli and strengths have a large
scatter; however, they are systematically dependent on functional porosity®. (NOTE: Functional
porosity is defined as actual pore space plus the volume of montmorillonite - a common mineral in
Yucca Mountain tuffs with effectively no shear strength.) In addition, a study on welded tuff from
the potential repository horizon has shown that intact strength varies in 5 predictable manner
with sample size3. These studies indicate that total porosity is only one aspect of the effect of the

pore space on mechanical behavior.



The distribution of the porosity is also a very important issue. For example, consider three
hypothetical samples with the same total porosity of 20%. These three samples may mechanically
behave very differently. Consider the first sample with the majority of porosity concentrated in
microcracks (fractures that occur across a grain or along a grain boundary) oriented subparallel to
the sam) «e axis. This sample would have a relatively low Young’s modulus, a high Poisson’s ratio,
a low strength, and a very nonlinear stress-strain relationship. The second sample could have
the majority of porosity concentrated in a single, large cavity within the sample. This sample
would have a moderate (initial) Young’s modulus, a moderate Poisson’s ratio, a low strength,
and a nonlinear stress-strain relationship. The porosity in the third sample could be very small,
oblate spheroid pores distributed homogeneously throughout the sample, resulting in a relatively
high Young’s modulus, a moderate Poisson’s ratio, a high strength, and a linear stress-strain

relationship.

The tuffs of Yucca Mountain do not have the petrofabric characteristics of the first hypothetical
rock; however, there are tuffs similar to the other two examples described above. Four sizes of
porosity are present in the Topopah Spring Member tuff from Yucca Mountain’. These pores
range from lithophysal cavities (a few millimeters to several centimeters), small pores (under 0.2
mm) in vapor-phase-altered zones, 1-5 pm intergranular pores in vapor-phase-altered zones, and
submicroscopic intergranular pores in the devitrified matrix. The vapor-phase-altered zones are
low density (high porosity) regions of welded tuff matrix that have been altered by gases released
during or very soon after deposition of the volcanic ash. The lithophysal cavities are also related
to trapped gases. Both features vary in size, but are often a centimeter or more across. As a
result, it is important for the researcher to know if one or more of these features occur within a

sample being tested.

Surficial descriptions and photographs of the sample exterior yield a great deal of informatioh,
but some of the test samples contain completely enclosed weak zones or pores. In order to obtain
as much information as possible from a limited set of samples, the internal structure of each sample
is being characterized using CT scans and ultrasonic velocities. By taking the CT scans of the
pre-test samples, a direct visualization of each specimen’s unique pore geometry and distribution
is available. These qualitative results and the related quantitative measurements from the images
help in the interpretation of the mechanical property results and allow for prediction of larger

scale rock response to tn situ stress and environmental conditions.
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Additional diagnostic information may be obtained from compressional and shear wave veloc-
ities, which vary due to microcrack density, pore geometry, and density. Taking careful measure-
ments of these properties in the pre-test rock helps in such areas as the (1) interpretation of the
mechanical property results from static tests (e.g., the comparison of the dynamic and the static
moduli), (2) prediction of in situ static moduli following the measurement of rock mass velocity

characteristics, and (3) characterization of mechanical anisotropy.
RESULTS

The previous work on porosity effects® was performed on samples with nominal diameter of
25 mm that were tested under fully saturated conditions at room pressure and temperature using
a constant, nominal axial strain rate of 10~°s~!. The study determined the following empirical

relationship between Young’s modulus and functional porosity:
E = 85.5¢76-%6"

where F is Young’s modulus in GPa and n is functional porosity in volume fraction. The same
study also determined the following empirical relationship between strength and functional poros-
ity:

oy = 4.04n7185,
where o, is ultimate strength in MPa. Plots of these relationships are presented in Figures 1 and

2, respectively.
Figure 1. Young’s modulus versus functional porosity.
Figure 2. Ultimate strength versus functional porosity.

A related study® of the effect of sample size indicated that ultimate strengths of the welded tuff
from the potential repository horizon (within the Topopah Spring Member) decrease systematically
with an increase in sample size. The samples tested in this study were 25, 51, 83, 127, and 229
mm (nominal diameter), all with a length to diameter ratio of approximately 2:1. This study
involving room temperature and pressure experiments at a nominal axial strain rate of 10=5s~!

produced the following strength-size relationship:
o, = 5.63D7°8¢ 1. 69.5,

where o, is the ultimate sample strength in MPa and D is the samgle diameter in m. A plot of

this relationship is presented in Figure 3.
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Figure 3. Ultimate strength versus sample diameter.

In recent work, a series of six saturated samples have been tested under room temperature
and pressure conditions. The samples were deformed at a nominal axial strain rate of 1079 s71.
Porosity (¢), strength (o), and static Young’s modulus (E,) data were collected for each sample.
In addition, a dynamic Young's modulus (Ey) was calculated from density, p-wave velocity, and

s-wave velocities measured on saturated samples. Table 1 lists the data for these samples.

TABLE 1. Results From Laboratory Experiments

Sample ID ¢ Ou E, Eq4

% MPa GPa GPa
BB-10AE-24Z-SNL 104 108.5 "38.1 44.3
BB-10AE-11Y-SNL 9.0 974 34.1 415
BB-10AE-6Y-SNL 10.8 929 38.8 45.3
BB-10AE-11Z-SNL 10.0 87.2 33.6 429
BB-10AE-5x-SNL 12.0 81.2 324 447
BB-10AE-49W-SNL 11.7 45.3 26.1 38.5

Also, one CT scan through a central, two-dimensional slice of each sample was taken. Initially,
the scans were used exclusively as a qualitative indication of the density contrasts in the sample.
Figures 4a and 4b are two examples of the CT scans, Figure 4a is sample 247 and Figure 4b is
49W.

Figure 4. (a) CT scan of sample BB-10AE-24Z-SNL. (b) CT scan of sample BB-10AE-49W-
SNL. The white areas represent pores. The shades of gray illustrate differences in material density,
with darker shades depicting increasing density. For example. many of the light gray zones are

vapor-phase-altered zones.

Recently, a study was initiated to analyze the CT scans for quantitative measures of porosity
that may aid in the interpretation of the resulting mechanical property data. In this analysis,
detailed point counts (approximately 100 points per sample) of the relatively solid material and
visual pores were performed on the CT scans of the six specimens in the low strain rate study. It
can be shown statistically that with 100 points in the analysis, the counts are roughly equivalent
to volume percent (and in this case, the counts indicate approximate porosity of the sample). The
visible pores counted represent the population of larger pores as described in an earlier study”

and above. Furthermore, counts also indicate zones of very low density, earlier referred to as
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vapor-phase-altered zones, which includes the second and third types of porosity. So, while these
two types of pores are not counted directly and the submicroscopic pores (the fourth type) are not
counted at all, the large pores and the large, low density zones are counted. These features are
the ‘flaws’ discussed above, that tend to dominate mechanical properties (e.g., sample failure), by
creating instabilities. The results of the point counts are illustrated in Figures 5 and 6. Figure 5 is
a plot of ultimate strength versus pore counts. These data indicate a general trend of decreasing
strength with an increase in pore counts. This trend is consistent with earlier results® and with
general instability theory. Figure 6 shows plots of static and dynamic Young’s moduli versus pore
counts. These trends also generally agree with earlier work, with modulus generally decreasing

with porosity, this trend is more distinct for the static data.

Figure 5. Ultimate strength versus pore counts.

Figure 6. Young’s modulus versus pore c~unts.
CONCLUSIONS

Several studies have shown that porosity has a significant effect on mechanical properties. In
addition to standard measurements of sample porosity, other techniques are being developed to

obtain a more detailed characterization of the pore volume and distribution of a test sample.

Computerized tomography (CT') scans are an important pre-test characterization tool for qual-
itative evaluation of the mechanical ‘quality’ of a sample. Initial results of a recent quantitative,
point count study of the scans has produced general results similar to previous studies analyzing
the effect of porosity on mechanical properties. This technique offers great promise for this type
of analysis and future work will expand on the study described in this report. For example, an
additional study will be performed on the aspect ratio of pores and the size distribution of the
porosity. Also, as the project proceeds, this type of detailed study will be extended to incorporate
larger specimens. Analysis techniques such as these will be extremely useful in establishing scaling

laws for specimens tested in the laboratory.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



t

. REFERENCES

L.F. HEUZE, “Scale Effects in the Determination of Rock Mass Strength and Deformability,”
Rock Mech., 12, 167-192 (1980).

2H. SWOLFS, “Aspects of the Size-Strength Relationship of Unjointed Rocks, in Proceedings
of the 24** U.S. Symposium on Rock Mechanics: Rock Mechanics, Theory - Ezperiment - Practice,
501-510 (1983).

3-R. H. PRICE, “Effects of Sample Size on the Mechanical Behavior of Topopah Spring Tuff,”
SANDS85-0709, Sandia National Laboratories, (1986).

4“M. ASHBY and C. SAMMIS, “The Damage Mechanics of Brittle Solids in Compression,”
Pure and Applied Geophysics, 133, 489-521 (1990).

5R. H. PRICE and S. J. BAUER, “Analysis of the Elastic and Strength Properties of Yucca
Mountain Tuff, Nevada,” in Proceedings of the 24** U.S. Symposium on Rock Mechanics: Research
and Engineering Applications in Rock Masses, 89-96 (1985).

5-R. H. PRICE, “Effects of Anhydrite and Pressure on the Mechanical Behavior of Synthetic
Rocksalt,” Geophysical Research Letters, 63, 7, 1029-1032 (1982).

"“R. H. PRICE, F. B. NIMICK, J. R. CONNOLLY, K. KEIL, B. M. SCHWARTZ, and S. J.
SPENCE, “Preliminary Characterization of the Petrologic, Bulk, and Mechanical Properties of a
Lithophysal Zone Within the Topopah Spring Member of the Paintbrush Tuff,” SAND84-0860,
Sandia National Laboratories (1985).



ALISO¥0d TVNOILONNA

GL 0 0S50 ‘ YA 000
1 1 1 1 — 1 B _ 1 1 i 1
B o N
A i ¢ — s PO 7]
l// Twmno—umooNNl._.omz_,olm -
C S so|dwps pejbJnjpbs .
— N - }JN} UIDJUNOW DOdN A =1
~N
N
- / -
~N
CN
_ 4 0l
o C’ =
Voo ® GG8 =13
H ~
r | ! | 1 ) i I ] ] 1 ] OO_\

SNTNAON S.ONNOA

(Pd9)



3

ALISOY0d TVNOILONNA
¢ z

lel

I

i j ]

,-Sc_0l =20,22=L1"DdN 1’0 ="d
se|dwps ps}binips

}4N} UIDJUNOW DOON X

()3

001

H1ONJHLS JLVIANLLTIN

(PdW)



(sdefow)  ¥ILIAVIQ F1IAVS

0620 002°0 0510 0010 0500 0000
1 Ll 1 _ 1 1 I I _ I i I I ﬂ i ] 1 I — 1 1 # O
- UOl}DIABD PJOPUDIS BUOTF @ | M
i oNpA UDBW : O ]
I - ]
=
- ] =
i A2 T i <
- N _ 4 00} >
- . / - J —_
™
I L i %
- —
= v - H
- A m
\. 1 i
I - @
- : o =Np il ’ -
B N - 00Z —,
I - <
i 1)
[ S0 =30,22=L1PdN 1'0="d |
i se|dwps pajbinjbs L i
L Jih] Jequuspy Buiudg yododo |
i ] ] | _ 1 I | 1 _ 1 i | 1 _ 1 1 1 1 _ 1 1 i

00€



i

(BT

Floure Y

[EIEETN

*4

TT R

-

w
w
et
ﬁ.u.w
=
=

Flovre S




SINNOD ROd

81 Ll 9l Gl 14 ¢l ¢l bl 0l
_ _ ! - T ! _
- S 01 =20,22=10dN 1'0="d -
B sejdwps pe}p.nyos ]
= O -
: }jn] Jequisiy Buludg 11pdodo | -
! |
n |
: |
- .
- o —
I~ O e
! |
- o -
B o
, 0 u
| _ _ | _ |

0¢

34

09

08

001

0cl

HLONJYLS JLVAILTIN

(0di)




SINNOJ 340d
Ll 91 Sl 4! gl 4! b

0l

| | _ _ I~ _ _
lINpows OD}s : O
1 Sg-0L =20,22=10dN 1'0="d

se|dwps pejb.inibs

[jnpow DJWDUAp : X

}jn} Jequuisy Buludg ypdodo |

l
o
N

SNTNAOA S.ONNOA

-1 OF

0¢

(odN)

0S




TR







