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Abstract

Weak clay minerals have been suggested as important members of

fault gauge to explait:l aseismic creep. The Bombolakis silt-clay model

seeks to account for aseismic creep and recurrent stress drops along

natural faults by the electrical orientation of clay sheets and thix

otropic hardening. Experimental'evidence here using bentonite clay

supports the Bombolakis model, and further, the relationships of water

content, clay content, and the amount of previous shear are indicated

as the primary factors influencing the stable sliding behavior of

silt-clay and pure clay gouges.

The silt fraction do:ninates the pre-sliding frictional character

istics while the clay reduces the peak shear stress and dominates the

stability of the sliding mode. Clay content appears to enhance the

homogeneity of deformation within the gouge whether dry or saturated.

\iater content in the sil t-clay system imposes a weakened, initial,

non-linear yield on the saturated specimen but decreases in effect with

further shear di sp'Lacement , A significant work -harderu.ng characterizes

the sliding behavior of silt-clay gouges containing at least 50}b clay.

The presence of this behavior depends upon the content of 50;6 or more

clay by volume to insure that deforma.tion takes place within the gouge

and not just at the gouge-rock interface.
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INTRODUCTION

8arthquakes are releases of seismic energy caused by the slip-

pa.ge of crustal blocks along a zone of high stress concentration.

The properties of the rock along this faulted zone art; of primary

interest to those who study earthquake prediction aad control.

Kisslinger (1974) has described the parameters involved in these pro-

parties as functions of the relative motions of the Ea.rth's crust and

mantle, the rate of strain accumulation in rocks, and their strengths.

However, the knowledge of these in situ conditions is limited to

indirect geological observation and gross geophysi ca.L measurement.s ,

Every conceivable avenue into the development of a coherent prediction

program is being investigated, including the abnormal behavior of

some animals prior to large seismic events. l'he trust in physical

studies, however, is dependent la.rgely upon the accuracy Hith which

experimental and theoretical data can duplicate the measured behavi.o.r

of ear-thquakes , Numerable theoretical modeLs exist, based upon current

physical and chemical lfiboratory test.s which m�y Vitxy any number of

parcuneters deemed significant by field observation of known a.ctive

faults.

Inherent in any such model must be the provision for a sliding

surface behavior ca.lled "etick.-sl i.p'", This descr i.oes what most earth

scientists think is the process by which strained rocks along a pre-

existing fault are displaced in a jerky motion, releasing stored stress

and resulting in seismic events, or earthquakes. In fact, most

The citations on the following pages follow the style of Th�

Geological Society of America Bulletin.
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earthquakes originate along such pre-existing faults, and in the case

of the San Andreas fault system, occur within 15 kID. of the surface.

Knowledge of this type helps to delimit the range of physical and

chemical parameters that must b@ varied to test their relation to

the creation of stick-slip displacement in the laboratory.

Once displacement has occurred along Gil. fault, frictional debris,

called gouge, is present and may influence the ahility of this zone

to accumulate further stress. The displacement along some active

earthquake prone systems is very large. For instance, the total rela

tive displacement along the San Andreas fault can be measured in terms

of over 100 miles. The frictional cha.racteristics of gouge then

clearly must be a factor in understanding the characteristic stress

accumula.tion in pre-existing faults prior to earthquakes.

One conclusion as to the interaction of mineral grains in gouge

has associa.ted sta.ble sliding with low percentage mixtures of very

weak minerals and those of much greater instability. Wu (1975) reported

compositions in surface exposures of gouge collected from the San

Andreas fault to be high in percentages of clay minerals (.-v 20-4<Y;6) •

The existence of such large percentages of clay, even though in expo ....

8Urf�S subjected to weathering, prompts a special interest in the rob

of clay in the deformation mechanisms of pure and mixed gouges. Clay

minerals, such as vermiculite and montmorillonite contain Hater layers

between sheet structures of extremely fine grain size. Bombola.kis has

suggested a fault creep and stress drop model for saturated silt-clay

gouges. It requires the existe�� of at least 60% silt (that is,

clastic particles) in a supportive, homogeneous framework. This
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framework allows the silica sheets in clay to undergo thixotropic

hardening, a rotatbn to an interlocking pa.rtiliiLl electrical equili

brium, during periods of shear stress relaxation.

'r�e purpose of this report is to investigate the effect of sodium

montmorillonite (bentonite) on the sliding behavior of gouges containing

various percentages of an unstable mineral (calcite). Several experi

ments were performed under saturated conditions in order to observe

the effect of this clay's capacity for the absorption of Hater on the

frictional characteristics of mixed gouge. The pure clay and silt-

clay gouge models suggested by Bornbolakis (1978) are used as a tenative

background for the partial interpretation of stress/strain curves.

The validity of these interpretations remains to be seen, pending the

outcome of �xperimental Berea/Tennessee Sandstone precuts without

gouge and microscopic evaluation of post-deformational structure in

the silt-clay gouge specimen.
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PREVIOUS STUDIES

Experimental

Results (Shimamoto, 1976) associate stable sliding in gouge

with lOH percentage mixtures of weak clay minerals and those of much

greater instability. It has also been indicated that gouge minerals

of intermediate hardness, such as apatite, dolomite, and calcite,

under dry conditions, are associated l'ii th the most unstable behavior

( i. e. stick-slip). �:iuartz, orthoclase, and pyrite, harder minerals,

have shown stable sliding up to 200 fljPa confining pressure. Ivjinerals

wi th hardness approximately below 3 on r"ioh' s hardness scale gener�J.lly

exhibit only stable sliding in triaxial tests. hardness, however,.has

not proven to be a unique or necessary determinant in the sliding

behavior of monomineralic gouges. There may also be layering or mixing

of the different mineral grains and sizes coincident with displace

ment in polymineralic gouges. Conditions at the gouge-rock interface

may be saturated or dry, or may alternate with the influx of pore

fluids suggested to occur prior to some earthquakes due to dilatancy.

Under dry laboratory conditions, the bentonites dominate the

behavior of gouge composed of equal gortions of kaolinite, illite,

chlorite, calcium bentonite, and sodium bentonite. It should be noted

that gouges composed of illite a.nd kaolinite beha.ve similiil.rly to those

composed of qUdXtz or crushed granite, and exhibit stick-slip at high

confining pressures. However, those clay minerals having sheet

structures, such as montmorillonite or vermiculite, exhibit stable

sliding and very low friction as high as 600 NPa confining pressure.
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Shimamoto hypothesized that bentonites, when present with miner�ls

of higher shear strength, tend to become mixed with these stronger

materials. Different percentages of dry, homogeneously mixed, clay

with unstable minerals have been investigated (ibid.) in terms of their

ability to inhibit stick-slip. In the case of sodium montmorillonite

(Wyoming Bentonite), this stablizing effect on anhydrite takes place

for as little as 15% bentonite by volume. Further, the stablizing

effect of a cla.y on an unstable mineral seems related to its frictional

strength. However, layering of the clay within the fault zone dramati

cally increases the stablizing effect due to the internal structure

of the layering.

Theoretica.l

The depth of our understanding of the deformation mechanisms

present in clay dominated gouges may be represented by the accuracy

of a theoretical model. 8ombolokis (1978) has presented a fault creep

and stress drop model for saturated silt-clay gouge. This model

attempts to account for the dominant mode of displacement along the

San Andreas fault (aseismic creep) in a way which also allows recur

rent seismic eve�ts. It is assumed that due to the huge amount of

displacement along the Sa.n Andreas Fault, brittle gouge minerals have,

in many ca.ses, reached a minimum particle si�e and are no longer

susceptible to producing large' stress dr9pS from high-pressure granu

lation. It is intrinsic then to the development of the model, that

the behavior of the colloidal fraction of sheet structure minerals

in a saturated gouge may lead to instabilities which eventua.lly result

in stress drops.
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The gouge would consist of three phases: the brittle silt-sized

particles, the free pore water, and the clay and colloidal size

pa.rticl�s of sheet structure minerals with their absorbed wa.ter.

Electrical forces on the tiny sheets result in ion adsorption and the

development of iii. diffuse double layer of absorbed water. Nechanical

properties of the clay change greatly as more water is absorbed.

(Figure la) shows the Atterburg plastic and liquid limits as the

content of water in a pure clay is increased (�.). The plastic

limit defines where the clay deforms at its residual strength without

crumbling, and the liquid limit defines that minimum point where the

material displays the short term properties of a liquid. This range is

the plasticity index, Le. the range over which the residual shear is

a property of the water content. (Figure Ib) represents the 'salt'

type floccula.ted structure which seems to be mechanically stable to

very large (800 NFa) effective stresses. Once shear strains have become

sufficiently large for deformation to reach the residual strength, the

platelets transform to the dispers(!}d. structure of (li'igure lC).

The frictional contacts are initially face-to-face with electro

viscosity controlling the resistance to shear. Displacement under

this mode is cle.arly time dependent. Viscous contacts have a limited

lifetime, whereupon effective friction betw$en the platelets themselves

takes place. (Figure 2) shows (ibid.) hOH the mobilization of the

effective friction takes p.l.ace during shear. Only after this time-

d epa ndent mobilization can total collapse of the flocculated structure

occur. Failure is then damped by the remaining effective cohesion.

Although no cyclic experiments were done in this research, the



f'ol l.ow.i.ng d.iscuasion provides an extremely visual appreciation of the

gouge model. A recurrence deformation sequence (ibid.) is described

by (Figure 3). Strain hardening leads to a peak, subsequent stress

drop, and dispersed structure, as shown in episode 1. A period of

shear stress relaxation then allows thixotropic hardening to occur.

This describes an electrical reorientation of the clay pIa t.e Le ts into

a 'salt' type flocculated structure. Deformation once again occurs,

a.nd the platelets are rotated to a dilatant 'cardhouse' structure at

the peak stress in episode 2. The' cardnouse ' fails, and a dispersed

orientation again results.

}i'or thixotropic hardening to occur, a support.ive silt framework

must maintain the effective stress below 10 HPa in the colloidal phase.

This requires 60/0 silt content for reasons outlined in the BomboLak i,s

article (ibid.). The mechanism of failure in such a layer is not yet

clear; however, it may involve the transformation of the gouge to a

semiliquid condition due to locally high pore pre ssures s.

7
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P'LaatLcI ty index and clay fabrics. (a) Relation
between plasticity index and the Atterburg liquid
and plastic limits.- (b) A 'salt' type flocculated
structure in pure saturated clay. Arrows represent
state of stress during consolidation. (c) Dis

persed structure developed by extensive shear

displacement (dashed arrows). Each colloidal clay
platelet is surrounded by adsorbed water.
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�xample of the mobilization of effective friction

during progressive shear (afte2:' i3jerrum, 1974).
Clay platelets a are locked in position. Platelets
b !TiUS t rotate In GO a locked po si tion during pro
gressive shear before their full effective friction
is no b.iLi.zed ,

FIGUR� 2

I- Dt::FORt1ATION �P\::'ODS. \ "" DtFORMATION b.PISO\)� II �
.sTAG� STAG£.

A B

D I SPLACf;_t'-"\ t; NT

Recurrence deformation model for saturated pure
cLays , Thixotropic narderii.ng occurs during stages
A and B, which represent quiescent periods separa
ting deformation e�isodes.

FIGUR[ 3
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EXPERIHENTAL PROCEDURE

Right circuLa.r cylindrical specimens of Berea and Tennessee

Sandstone were sawcut at 350 to provide halves for seven dilithologic

experiments. Berea Sandstone was used as the upper member and

Tennessee as the lower in all experiments in which the displacement

rates ((2-5)xl0-4 cm/sec) and effective confining pressures (100 NPa)

were held constant at r'oom temperature. Pore pressures in satura'ted

experiments were constant at 10 HPa.

Berea Sandstone was used, despite its weakness compared to

Tennessee Sandstone, to acheive good communication of pore fluids

to the interface. Five polyolefin jackets were used around each

specimen, and molycote Lubr-icarrt was used on all end surfaces except

where it would interfere Hith the communication of pore fluids. A

.25" solid steel spacer was used at the top end except for saturated

specimens, and then it was used on the bo ttom , Approximate dimensions

of the cylinders were initially: 1.86u diameter, 4.0" length.

All flat surfaces were ground using an 80 grit wheel. �lyoming

Bentonite bought from Wards Scientific Supply was used (Na. Nontmoril

lonite) and crushed ��le f'larble was used as the calcite source.

Both viere reduced in grain size to extremely fine grain, almost ash

like. Quantities were Vleit,hed on the analytical balance and mixed

for 20 seconds in the Bull Nill. One millimeter g_uantity was

calculated using the formula for th� area of a ellipse (conic section)

and calculating the volume percent of minerals needed for each trial.

Loss of gouge rnaterial during application was minimal.

10
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The apparatus used is pictured in (Figure 4). It employs a

variable speed mechanical loading system which compresses the rock

specimen inside a constant vo Iume pressure vessel. Confining pressure

is applied to the oil in the ve�)sel to achieve an external ·t:,hree

dimensional stress field (sigma 2 = sigma J). Pore pressure is created

by pressurizing the saturated specimen through the hollm-f upper piston.

All experiments were monitored by simultaneous force versus

displacement graphs a...'1cl, in addition, pore pressure versus displace

ment was monitored for saturated runs. Force/displacement graphs

were later digitized and plotted as stress versus strain using the

program listed in the appendix. No surface �rea corrections have been

made on stress/strain data.
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EXP£HINENTAL RESULTS

Nixtures of silt to clay in proportions of 0, 10, and 50% were

observed in saturated dry loading tests using dili thologic spec imens s.

The 100% calcite, dry, experiment was performed using Tennessee Sand

stone only (Shimamoto).

Sharp transitions from elastic to inelastic deformation are present

in the stress/strain curves for the dry 100}� and both 50% clay runs.

The 10a;;� dry stress/strain shows an almost flat curve during sliding,

while in the lOOl� saturated as well as in both 50j� dry and saturated

runs a linear vo'rk-hardern.ng mode is indicated in later sliding behav

ior. �[ithin this range also, the saturated runs exhibit an initial

non-linear sliding mode and later linear, but work-hardening, sliding.

No stress drop occurred in either 50% mixture experiment while stress

drops Here present in both 100;6 clay runs. Both the 100}; and .5010, -dry,

clay experiments lack the initial non-linear portion; however, the sim

ilarity ends there. Later displacement in the 50/0 saturated mixture

run produced a stress/strain curve parallel to that of the 5O;I� dry

experiment. A long-term, non-linear sliding mode also seems to be

present in the 100% saturated run prior to acheiving peak stress.

A work-softening mechanism seems to be present in both 10}b clay stress/
strain curves prior to peak stress. Unfortunately, the dry lc»b experi

ment is inconclusive of the gouge sliding behavior since the effective

stress exceeded that of the maximum Berea strength. In this test,

the Berea entered a transitionary brittle-ductile strain; no sliding

along the precut was evident in the specimen. Sliding did occur in the

lai� saturated run, however , with the stress/strain curve being
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�ssentially fla.t after a very small peak stress drop (@ several tenths

of a MPa). Friction coefficients at the ped� stresses varied greatly

from .511 for 100}6 clay saturated to 1.3 for the 100/:� calcite, dry run.

A list of coefficients for peak stresses is contained in (Table 1).

Pore pressure changes during the sliding mode of saturated experiments

were very small (increased). Displacement/time graphs did not provide

enough resolution for detection of different displacement rates within

each experinent. Attempts to impregnate dry specimens for thin

section were not successful in the time frame of this research.



15

VOLUNE ;"& PEAK
ELSN NO. i3EhTONITE PORE FLUID l"inI�RAL CONTENT STRESS FRICTION COEFF.

I

515 QJ dry 308.41 peak- 1.3000/0

NPa

- -

bentonite- r843 10}b I dry .439 g I
! calcite ....

J.960 g
I

.-- ,�,

1.:1!
bentonite-

848 10;0 wet .441 g 188.80 peak-
calcite- ViPa sliding-

J.9Sr) _g -

1.2310

558 50;;;) dry 81.70 peak- 1.0423 i
BPa

I

\
I

-

berrt.orri.te-

853 50}� wet 1.483 g 60.73 peak- .9517
ca1cite- BFa

2.27Lr s;

bentonite-
840 100;0 dry 2.964 g 56.68 peak- .9296

L��a sliding-
-.._... ....

.9370

bentonite-

839 100}6 wet 2.963 g 16.93 peak- .5109
FlPa

---- ...........,._"'-- .. -��----- --,,_....,._

NOTE: Increased value of frictional coefficient in sliding mode may
be due to the decrease in apparent area of contact.

TABL� 1
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Figure 5a. Stress and frictional coefficient versus axial

shortening curve and stress accumulation rate curve are

shown. The specimen was Berea and Tennessee Sandstones

with 1 mm of pure, dry, bentonite gouge along a 350 precut.
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Figure 5b. Stress and frictional coefficient versus

axial shortening curve and stress accumulation rate curve

are shown. The specimen Ha.S Berea and Tennessee Sandstones

with 1 mm of pure, saturated, bentonite gouge along a

350 precut.
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Figure 6a. stress and frictional coefficient versus axial

shortening curve and $treS$ accumulation rate curve are shown.

The specimen was Tennessee Sandstone with 1 rnrn of dry, 50fo

bent.oni, t.e , 50;J6 calcite gouge along a 350 precut.

20



2,1

.l.N::3 : c- ; ��1":::t;::1:>
�

j N[ r ..l.::� ! ��

.. 1'4
In f'1

r
- - ---- .- � _,

1 :r

I

rlJ -t
r-- fT1

----
t-----..._

f\l

'?..

�

ri
.l .....�

ffi
t11 ��

G,
- I

uJ \ tn

....." ... t= !2
:i: S c
v

� .J:),.. 6
�

r'

\ � �
�
0

m8 G LJ.1
L.n r-

..J
a: tn "6 a:: cCtil uJ ......

�t1i )- � 0: :J
z I-

tr1 0

\
:;:, 8 u

I:: }- 1:

><
Z § Lr1 �rr.: u1

u,:r rD 4-
..,

�

� zrt>

a

(TI Lf)

!n
1"1

f\l I

�
I

oJ
I



Figure 6b. Stress and frictional coefficient versus axial

shortening curve and stress accumulation rate curve are showe.

The specimen was Berea and Tennessee Sandstones with 1 mm

of saturated, 50% bentonite, 50fo calcite gouge along a 35°

precut.
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Figure 7a. Stress versus axial shortening curve and stress

accumulation rate curve are shown. The sp(!cimen was Berea

and 'I'enne saee Sandstones with 1 mm of dry, 107; bentonite,

90,:b calcite gouge along a 350 precut.
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Figure 7b. stress and frictional coefficient versus axi�l

shortening curve and stress a.ccumulation rate curve are

shown. The specimen was Berea and Tendessee Sandstone with

1 mm of saturated, 10% bentonite, 9016 calcite gouge along a

350 precut.
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Figur��. Stress and frictional coefficient versus axial

shortening curve for Tennessee Sandstone specimen with Ii.

1 mm thick layer of pure, dry, calcite gouge �long a 350

precut (Shimamato, 1976).
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Figure 9. Stress and frictional coefficient versus axial

shortening curves for 1 mm, 100;6 bentonite gouge saturated

(LSR 839) and dry (LSR 840). The specimens were Berea.

and Tennessee Sandstones with a 35° precut.
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Figure 10. Stress and frictional coefficient versus axial

shortening curves for 1 mm , 50;6 ben toni t.e , 50)6 calcite gouge

saturCitted (LSR 853) and dry (LSR 558) .. The specimens were

Berea and Tennessee Sandstones with a 35° precut.
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Figure 11. Stress versus axial shortening curves for 1 rnm,

10% bentonite, 90% ca.lcite gouge saturated (LSR (48) and dry

(LSH 84)). Frictiona.l coefficient values apply only to the

saturated run. The specimens were Berea and Tennessee

Sandstones with a 350 precut.
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Figure 12. Stress and frictional coefficient versus axi�l

shortening curves for 1 mm, dry gouges of varying com

positions.
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F'igure 13. Stress and frictional coefficient versus axial

shortening curves for 1 mrn, saturated gouges of varying

compositions.
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DISCUSSION OF RESULTS

This research has brought to light several factors of deformation,

in gouges containing Nontmorillonite, which inf�uence the behavior of

precut specimens. Although these factors appear to have defininite

relationships to one another, no attempt has been made hare to quan

tify or isolate them.

The presence of at least 10;:'b bentonite in the homogeneous, satur

ared silt-clay gouge is enough to impose stable sliding behavior on

precut spec Lmens under moderate confining pressure. The initial yield

strength of the calcite dominated the pre-sliding frictional character

istics, however, upon initiation of sliding/bentonite caused the

friction to remain stable, yet quite hi�h. All experiments containing

a silt-clay gouge exhibited a pre-sliding elastic ffild/or work-softening

behavior characteristic of calcite. During sliding, the di sp.Lacement

was very stable for all mixtures except for slight unlinearities in the:

stress/strain curves of saturated specimens. It is supposed that

these unlinearities may be explained by the release of Heakly held inter

layer Hater which is released through shear displacement. Nore evidence

of the effect of interlayer water on pure, saturated clay are the

regions of the stress/strain curve prior to and after the peak stress

for 100/0 bentonite. BomboLaki.s (19'78) suggests that the unlinear be

havior of clays may be due to electro-viscous sliding during the initial

phases of deformation. He woul.d expect a slowly building frictional

resistance, as water is released, culminating in a stress drop. 7his

is the behavior observed, although Bombola..kis has in no Hay quantified

his descriptions and therefore no conclusions can oe made here on that
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basis.

A wo.rk-harden ing sliding behavior was shown in both 5i.)}� bentonite

runs. This may indicate a relatively homogeneous deformation within

the gouge involving frictional contact between grains of calcite and

berrtoni t.e , 1")03siole grain size reduction of the clay platelets i,l(� thi_I}.

the gouge is responsible for the work-hardening. V,�ry flat stress/strain

curves characterize the sliding of 1001; dry aud 10/; vet bentonite

experiments. Perhaps this behavior is du.e primarily to slip at the

gouge-rock interface instead of involving internal deformation of the

gouge. In the 10� bentonite, saturated run, this type of deformation

seems plausible due to the lack of a significant percerrtage of weak

minerals and water wi thin the gouge. The dry, 100;'; bentonite run may

not be characteristic of high percentages of clay, however. Two factors

may have a hand in bearing out this opinion. First, in saturated

experiments the confining pressure was applied fully prior to applica

tion of pore pressure. This may have a.l.Lowed the gouge layer to become

essentially impermeable to any external introduction of water.

Therefore, the confining pressure on the gouge wou.Id have been the

effective confining pressure on the specimen pI1!§. the pore pressure

,;1ithin the specimen. He might expect a greater frictional contact be

tween grains and consequently a higher coefficient of friction within the

gouge than might be expected. rhe second factor which might explain the

stabili ty of the 100)� dry experiment is simply that there weren't suf

ficient silt grains within the gouge to grind the platelets down, which

increases the friction with increasing displacement. Indeed, clay

content in the 50% bentonite experiments seems to enhance the homogeneous



deformation of the gouge, so that it is unlikely that displacement in

the 100% run was only along the interface.

Sliding behavior in the 50% tests is perhaps the most diagnostic

of the effects of saturated versus unsaturated clays. It may inciicah

that enough water was eliminated from the saturated layer to produce a

gouge whose plasticity was essentially the same as the dry gouge.

Note that both runs are essentially the same except for magnitude and a

non-linear transition zone in the saturated run. The lack of a stress

drop in these runs may be caused by the much greater frictional strength

of the calcite aosorbing the greater load upon failure of the clay frac

tion. The same could be inferred for the very small drop in the satur

ated 10;i bentonite run.

lvIany limi t.ations may be placed upon the conclusions offered here,

none of which are less important than the lack of tests for reproducibil

ity. However, several other uncerta.inties remain in the d@scription of

mechanic� preceding. In saturated specimens containing a high percen

tage of clay, the permeability may be considered extremely low, if not

non-existent over the time frame of these experiments. Combined with the

layered effect of grain size reduction at the gouge-rock boundary and

compaction, the possibili_ty of having local failure of pressure cells

of trapped water is greatly enhanced. Since this is an inhomogeneous

effect and the Bombolakis model is based on ho.nogeneous deformation wi th

in the gouge, the implications of this mechanism is not yet clear.

Another effect that may have influence the behavior of saturated clay

was saturating the gouge prior to confining it. This would enhance the

mobility of the clay sheets to achieve the 'cardhouse' structure of

42



electrical equilibrium prior to loading. The same high water content

may negate this effect upon compaction by escaping the gouge zone and

rotating the sh�ets in a laminar flow.

By using Berea Sandstone as the upper member in the specimens,

unknmm factors of deformation are introduced along the interface Hith

the build-up of high differential stresses. This effect may be better

resolved in research Hith rock-on-rock dilithologic specimens.
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Summary - Conclusion

The following points are suggested as explanations or weaknesses of

this research.

1.) Unsaturated silt-clay ;ouges offer stable frictional resistance

to the extent that the sheet structures are able to interact Hith

one another, not blocked laterally by silt particles, thus prevent

ing a 'locked' frictional contact to dominate the re s ist.ence to

shear stress.

2.) Saturated silt-clay gouges produce even greater stability and

weaker frictional resistance but behave very similarly to unsatu

rated <;ouges af t.er an initial non-linear eLi.d i.ng mode , Peak shear

stress reduction in the saturated state seems much Grreater than the

reduction of the sliding frictional stress.

J.) Relatively homogeneous deformation seems to occur in satura.ted

and unsaturated silt-clay mixtures for 50}b clay content and more.

Grain size reduction of clay particles within the gouge accounts

for the substantial Hork-hardening of the sliding wode in both

saturated and unsd.turated tests.

4.) Fact.ors which should be further isolated include:

a. The interaction be tween the frictional characteristics of

clay and silt at the interface a.nd inside the gouge zone.

b. Effect of the peak yield stress of the silt fraction on the

homogeneity of gouge deformation.

c. Inhomogeneous structural failure associated with pressure

cell failure or other mechanisms.

d. Isolation of a sliding mode prior to peak stress in very
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high clay concentration saturated gouges.

e. Effect of the weaker rock (Berea) on the initial yield

characteristics of high silt content gouges.

l"licroscope study is essential in isolating the deformation mech

anisms involved in these tests. Increased resolution of the non-linear

ities in some saturated stress/strain curves should be helpful in des

cribing the transition from electro-viscous to frictional shear.
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Appendix



STRESS /STRAIN PHOGRAI1

(Hewlett-Packard 9820A)

0, ENT "STRAIN;:;/IN't ,R1001,"r'lAX S'l'!iAIN (IN)n ,X, "FOHCE/I�t (LB)",3
1: ENT "rfjAX. FORCE (IN) II

, Y , ItL( 0) (IN)", R990, "RADIUS" , C+R995, f':pC C)" ,
R988

2: B/145.5+H1002 ;2YR1002/Ct21r+Y ;R1001X ..X ;0+Rl00i+.R1005+R989

3: Ern HSTRAIN-TICtt ,A+R993, "STHESS-TIC" ,B ..R997:x+A.X

4: SCL -2A,X+2A,-Y/4,Y;INT (Y-2E) ...H992;FXD OiX+R996;FLT

5: ENT "rUN REG NO.", IUOOO+C

6: PLT o,H992;PLT O,O;PLT R996,0;PLT R996,R992;PLT 0,R992;PEN ;

B+C

7& LTR O,C,112;FXD OjPLT l;FLT ;LTR -.8A,C,211iFXD O;PLT C;FLT ;

3+C�C ;IF H992>C ;JlviP 0

8: A+C ;LTR -1.5A,Y/5, 122 ;PLT !IDIFF�RENTIAL STRESS U1PA) II

9: LTR C,O,l1J;FXD O;PLT l;FLT ;LTR C,-.73,211;FXD O;IF' M:INT A;
FXD 1

10: PLT C;FLT ;A+C+C;IF R996>C;GTO -1

11: LTR R996/3, -1. 7B, 211 jPLT rtFERCEIrr AXIAL SHORTENING"

12: LTR R996/3,R992+1.4R997.211;:PLT "AXIAL DISPLACEV�NT (Cli)"

13: 2.54R990R996/100+B;R996/B�B;.lB�C
14: LTR C,R992,111;FXD OjPLT l;Fl,J'i' ;LTR C,R992+.4R997,211;FXD 1;

PLT C/BjFLT

15: • re-c-c ; IF R996- .1B> C ;GTO -1

16: .a::NT "SLIDING?" t Z; IF Z ;i.:;NT "sAvICUT ANGLE", R989

17: IF 2=0; Jf'IP 5

18: LTR R996+1.65R993,Y/5, 122 ;i)1If "fRICTIONAL COEFFICIs:n,I1;. J+C
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20: 2CR988/(1-CTAN R989)SIN (2H989)+A

21: IF A:>R992 ;JI>lP .5

22: LTR R996,A,114;FXD 0 ;PLT 1 ;FLT ;LTR R996+.4R993,A,211 iFXD 1;
PL'I' CjFLT

23 : IF FLG 4( 1�C) ;GTO -3;. 2+C.C ; IF FLG .5; C -

• 1 +C

24: IF l>C;.3+C+C;IF C�1.5;GTO -4

25: .1+C�;IF.C�1.5;GTO-5

26: ENT "NO. OF HUNS'f,Z;Z+l ...Z;Ll'R X-INT (2+ZR993),Y-4R997,211;
PLT ItLSR "

27: ENT tI�mN NO.?tI,Z;IF Z;FXD OjPLT u(";PLT Z;PLT tI)tI;PHT "LSR",Z
FLT ;JNP 0

28: tlD";Hl000..c:;ENT "}JLOT PEN",Z,"lI:NTER DATA?If,Z;IF Z;JI'IP 3

29: ENT "LOAD DATA?",Z;Ili' Z;.i£NT "FILE NO.!I,Z;LDF Z

JO: GTO "PLOTH

31: PHT UENTER" p "STRAIN, FORCE" ." (1ST X,lST y)" t liTO INDICATE",
"END OF DATA"

32: SPC 8;�NT nlST X",R998+RC,'11ST Y",R999+R(C+l);C+2..c

33: "S8" ;ENT 'fSTRAIW' ,HC, "li'if ,R(C+l) ;HC-H998+RC;L1:(C+l)-H999+H(C+l)

34: Rl001BC+HCiHl002R(C+l)!H99.5tZ".....R(C+l)

3.5: HI �o ;C+2+C ;GTO "SS"

36: Ii'XD 0 jI-RT "MAX REG NO.", C ;FLT ;SPC 2

37: UpLOTffjRl000+C;CFG l;.cjNT "LINE=O,DOT=l",Z;IF Z;SFG 1

38: "F" ;H' R989R(C+l) ;1/(2R988/R(C+l)SIN (2R989)+TAJ."1" R989)+R991

39: IF FLG JiGI'O "C"

40: IF R991>Rl00.5;R?91.Rl005

41: PLT HC,R(C+1);IF R(C+2)�O;C+2"'C;IF FLG l;PEH

42: IF R(C+2)==O;PLT RC,R(C+l) ;JFiP 2
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43: GTO "Ii''' ;IF (R1005>R991)RCR( C+3; (esc-e) ; c-6+c ;H991+R1003 ;SFG 3

'-14: PEN ;6NT "DERIVATIVE FLOT?1f t Z

4-.5: GTO IIH";TF1 Z;ENT "PEN'I?,Z;SF'G 14;O ...R1009;Rl000+C;GTO "DP"

46: "DP" ;(R(C+3)-R(C+l) )/(R(C+2)-RC)+R10l0

47: IF CABS Rl010>Rl009)(Rl010j:l/0);ABS Rl010+R1oo9

1.1-8: GTO "DP"; IF R( C+4) fO; C+2+C ; IF RC>X-2; JNP 1

49: R1000�;Y/2R1009+Y

50: IF R(C+2»HC;PLT RC,(R(C+3)-R(C+1))Y/CR(C+2)-RC)iPEN
51: IF R(C+4)IO;C+2+C;GTO -1

52: "N" ; PHT
"
__

�
It

53: ENT "j'·IORE FLOTS?",Z;GTO lIEHD";IF Z;ll:NT ffJvlIN REG NO.",R1000;
GTO HD"

54= ftc"; IF R989(R991�Rl005);FXD Lr;PRT flSTRAllf),b",R(C+2),"COEF
FICIENT",Rl005;FLT ;SPC

55: c+6�C;CFG 3;GTO ''F'';Rl003+R1005

56: "END";IF R989;SPC 7

57: DSP "ENDIt;END
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