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SHEAR STRENGTH AND WEAKENING OF ZEOLI']iIZEI)
TUFFS FROM THE NEVADA TEST SITE, NEVADA

Rosonr E. RrBcron .cNn Tuoxrr\s P. RooNrv, Air F-orce Cambrid.ge
Research Laborator'ies (C RJ|t/) BedJord., Mass.

AsslnA.cr

Experimental shear deformation of Tertiary zeolitized tuffs has demonstrated rveaken-
ing of 43-63 percent at temperatures between 27"C and 500'C. Tests were made to pres-

sures of 60 kb, temperatures to 900oC and at a constant strain rate of 10/sec Weakening
probably results from dehydration of clinoptilolite. Dehydration reduces effective confining
pressure by increasing pore pressure

INtnoouctrow

Contained nuclear testing in various rock types has been carried on at
the Nevada Test Site since September of 1957. Short (1965), Nordyke
(1962), Cummings (1965), Johnson and Higgins (1965) and others have
shown that the physical and mechanical properties of the rocks fre-
quently affect the phemonena of contained explosions. The shear strength
and mechanical behavior of NTS tuffs were investigated in 1966 as part
of a larger study to determine the behavior of test-site rocks under vari-
ous pressures, temperatures and Ioading rates. A complete discussion of
results for the materials tested appears elsewhere (Riecker and Roonev,
1966b). We discuss here, a significant weakening effect which appeared
during shear deformation tests of tuffs from the U12G tunnel, Rainier
Mesa, Nevada Test Site, N1'e Co., Nevada.

MBesunnlreNrs

Shear tests were accomplished in an opposed anvil shear apparatus
(Riecker 1964a, 1964b) to maximum normal pressures of 60 kb, tempera-
tures to 900"C, at a constant strain rate of 10/sec. This apparatus appiies
a gross shearing stress to thin sample wafers compressed between the
opposed anvils. Shear strength is determined from the resistance to
shear exhibited by the sample, as shown in Riecker and Seifert (1964)
a{ ter  Br idgman (1937).

The two tuff samples tested both originated from Tunnel Beds 2 and 4,
lower member, Indian Trail Formation (Tertiary) at U12G Tunnel posi-
tions 24*00' and 43f 00'. Shear-strength versus normal-pressure curves
resulting from deformation of the two samples are shown in Figure 1,
with the test conditions appearing in Table 1.

A 63 percent weakening for the Tl samples is exhibited by tests at 40 kb
and 500"C as compared with tests at 27o C. Weakening for the T2 samples
is 43 percent under similar conditions of temperature and pressure. This
large weakening effect at increased temperature is inconsistent with pre-
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vious experience for deformed silicate rocks and minerals at high temper-
atures and at relatively fast strain rates (Handin, 1966).

Chemical analyses (Table 2) show that the tuffs are water-rich, con-
taining 4.40 weight percent water for Tl and 5.40 weight percent for T2.
Petrographic examination and X-ray diffraction analysis of the tuff
specimens indicate that the most abundant phase in the rocks is a zeolite
mineral, clinoptilolite. Clinoptilolite, which gives an X-ray pattern al-
most identical to heulandite, was identif ied on the basis of X-ray data
after heating at 600oC for 24 hours. The identification was confirmed us-

SHEAR STRENGTH-KILOBARS

Frc. 1. Shear-strength normal-pressure curves for deformed tuffs
showing large strength decrease at high temperatures.

ing DTA techniques suggested by Mason and Sand (1960) and Mumpton
(1960). Mumpton (1960) states that at about 230oC heulandite trans-
forms to "heulandite B", and at 350oC it becomes amorphous, whereas
clinoptilolite remains stable to about 700oC without reaction at lower
temperatures (Koizumi and Roy, 1960). Clinoptilolite has been reported
in other NTS tuffs by Dickey and Monk (1963), Gibbons et al (1960),
Shepard (1961), and Wilmarth et al (1960). In addition to clinopti lolite,
the tuff samples contain phenocrysts (10/s by volume) of sanidine,
quartz, plagioclase, mica, and iron oxides.

DrscussroN

The weakening observed in shear tests on tuff may be accounted for by
the dehydration of clinoptilolite with a consequent reduction in effective
confining pressure caused by the development of a high pore pressure in
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Tnela 1 Shear Strengths and Test Conditions (All tests run at strain
rate of 10/sec)

Test number Pressure Kb Temperature oc shea;lur;tion 
Shear strength Kb

T1 1
Tl-2
T1-3
T1-4
T1-5

'r1-6

Tt-7
T 1  8
T1-9
T1-10

T 1 - 1 1
T1-12
T1-13
Tt  14

T2-l
' r )  a

I  Z . J

T2-4
T2-5

T2-6
T2-7
T2-8
T2-9
T2-10

I  . 9 5
19.90
29 .85
39.79
49.74

59.69
9 . 9 5

19 .90
29 .85
39.79

9  . 9 5
19 90
29 85
39.79

13 93
2 5  6 l

45.76
13 .93
19.90

29 .85
s 9 . 7 9
19 .90
2 9 . 8 5
39.79

1 n

6 . 1
8 . 3
9 . +

1 0 . 6

t l  . 7
1 . 6
2 . 3
2 . 8
3 +

l . J

1 . 8
L . J

2 9

3 . 9
7 . 6

1 0  . 4
2 8
3 5

+ . 1

5 3
2 . 5
3 . 5
A )

J 7
,,7

27
27
27

27
500
500
500
500

16
t 2
1 1
t 2
9

5
o
6
7
.5

3
3
3

1 1
5
5
4
6

o
7
5
5
.5

900
900
900
900

27
27
27

500
500

500
500
900
900
900

the sample (Terzaghi, 1936). Hubbert and Rubey (1959) have shown that
the strength of rocks may be greatly influenced by the presence of water.
Raleigh and Paterson (1965) investigated the anomalous embritt lement
and weakening of serpentinite from 300 to 600'C. They ascribe the weak-
ening in part to the reduction of effective confining pressure caused by

Trrl-n 2 Cnpurcar- ANlr,vsrs or Tull Saupr-ns

Oxides (weight percent)

SiO: TiOr AlzOs FerOr FeO MnO MeO CaO NarO KrO HrO- HzO+ COr Total

r  . 50
1 4 7

T I
T2

7 2 . 5  0  2 1  l t  4
7 t o  o 1 9  1 2 5

0 . 5  0  0 4 6  0  3 5  0 . 9 0  2  4 2
0 . 0 5  0  0 6  0 . 3 5  0 . 7 3  3  2 6

4 1 0
3 4 0

1 . 4 8  4 . 4 0
2 . 1 0  5 . 4 0

99 91
100 6 l

0 . 1
0 1
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pore pressure of water released by dehydration of serpentine. Handin
(1964) observed similar weakening in AMSOC Puerto Rico serpentinites.
Heard and Rubey (1963) observed a ten-fold strength decrease in gypsum
during triaxial compression tests when the temperature was increased
from 100 to 150'C. Riecker and Rooney (1966a) found a 30 percent weak-
ening in dunite associated with 5 percent by weight of serpentine and a 55
percent decrease in strength in serpentinite when the temperature was
increased from 300"C to 520oC. All of these studies demonstrate that a
significant weakening mechanism operates in confined tests at moderate
temperatures where water vapor is generated by the breakdown of hy-
drous minerals.

Griggs (1966) lists four different processes by which water weakening
might be explained: (1) increase of pore pressure reducing the effective
confining pressure; (2) penetration of water into intergranular boundaries
reducing cohesive strength; (3) promotion of recrystallization by the
presence of water, greatly reducing strength at low strain ratesl and (4)
hydrolytic weakening of crystals. It has not been possible to determine in
this study whether or not hydrolytic weakening has occurred or to evalu-
ate quantitatively the irnportance of each of the other three mechanisms.
It is probable that the reduction of cohesive strength by the appearance
of new phases in pores and the promotion of recrystallization have been
effective in reducing strength, but no evidence exists to evaluate their
relative importance. We believe that the first process listed by Griggs is
reasonable in view of the Iarge amount of water vapor released by dehy-
dration of the zeolite in these tuffs. Therefore, the reduction of strength
seen in Figure 1 can be explained by increasing pore pressure and reduc-
tion of effective confining pressure due to dehydration of clinoptilolite.

The geologic effects of rocks weakened by high pore pressure was dem-
onstrated originally by Hubbert and Rubey (1959), and more recently
by Secor (1965), Evans (1966), and Riecker (1966). Weakening of rocks
by dehydration effects provides a powerful tool to explain variations in
strength observed in the laboratory and field.
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