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Brittle-Ductile Transition in Rocks 

JAMES D. BYERLEE 

U. $. Geological Survey, Silver Sp•ng, Maryland 2'09'10 

The deformational characteristics of two limestones, one gabbro, and one dunire have been 
investigated as a function of confining pressure. It was found that friction of these rocks and 
friction of granite and serpentinite studied elsewhere are nearly identical and that the brittle- 
ductile transition pressure is simply the pressure at which the stress required to form a fault 
is equal to the stress required to cause sliding on the fault. The transition pressure is higher 
in extension than it is in compression. This difference occurs because the frictional shear stress 
required to cause sliding is determined not by confining pressure but by the principal stresses 
and the angle of the fault. For the same frictional shear stress on a fault surface, the con- 
fining pressure is much higher in extension than it is in compression. 

INTRODUCTION 

yon Kdrmdn [1911], Robertson [19'55], 
Handin and Hater [1957], Paterson [1958], 
Heard [19'60], Mogi [1966], and others found 
that at low confining pressure many rocks are 
brittle. That is, when the differentia.1 stress is 
sufficiently high, a fault is formed, and after 
faulting the compressive strength is decreased. 
At high confining pressure, however, the same 
rocks may be ductile. That is, they may fault or 
otherwise deform without loss of compressive 
strength. 

A possible physical explanation for the phe- 
nomenon was given by Orowan [1960]. Ite sug- 
gested that, at high confining pressure, friction 
may increase to such an extent that it requires 
as much stress to overcome friction as it does 

to cause faulting; hence, strength does not 
drop after faulting. Maurer [1965] studied the 
friction of rocks and found that, with the excep- 
tion .of shale, friction does not vary signifi- 
cantly with rock type. Following Orowan, he 
suggested that the .brittle-ductile transition may 
occur when friction along the fracture surface 
exceeds the shear strength of the rock. Un- 
fortunately his experiments were not performed 
at sufficiently high confining pressure to test 
this hypothesis critically. 

Mogi [1966] examined most of the published 
data on the fracture and yield strength of 
rocks and concluded that at least for the sili- 

cate rocks the frictional hypothesis was valid 
but for the weaker carbonate rocks the 'brittle- 

ductile transition pressure was not determined 
by friction. The basic assumption made by 

Mogi was that the coefficient of friction of 
rocks is independent of confining pressure. The 
coefficient of friction is found ,by dividing the 
shear stress required to cause sliding by the 
normal stress across the surfaces. Maurer 

[1965], Handin and Stearns [1964], Raleigh 
and Paterson [1965], and Byeflee [1967a] have 
shown that for rocks the coefficient of friction 

depends on confining pressure or normal stress, 
and hence Mott's basic assumption is incorrect. 

Byeflee [1967a] studied the frictional, char- 
acteristics of granite and found that at 10 kb 
confining pressure the rock deforms without 
loss of compressive strength, •oecause at this 
pressure the strength of the rock at faulting 
is equal to the strength after faulting. 

The frictional hypothesis for the brittle- 
ductile transition is attractive, but previously 
sufficient data on the friction of rocks were not 

available to test the generality of this theory. 
This lack of frictional data is unusual consider- 

ing the vast amount of research that has been 
done on the mechanical behavior of rocks. 

Friction can b.e determined very simply ,by con- 
tinuing deformation after faulting. If the angle 
of the fault and the stresses required to cause 
movement are known, friction can be deter- 
mined b.y a simple calculation. Unfortunately, 
in only a few cases do the data exist in 
the published literature. There are two reasons 
for the a•sence of these data. The first is that 

many investigators use copper as the iacketing 
material, and, when faulting occurs, the jacket 
is broken. The ,broken iacket allows the con- 
fining pressure medium to enter the rock so 
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TABLE 1. Description of Materials 
Both limestones may contain dolomite or other impurities. 

Rock 

Av. Grain 

Diameter, 
Density Porosity mm Modal Analysis* 

Solenhofen limestone 2.663 
Oak Hall limestone 2.748 
Nahant gabbro 3.084 

Spruce Pine dunite 3.262 

0.048 0.01 
0.003 0.1 
0.001 5.2 

0.002 0.5 

99 Ca? 
99 Ca? 

40 Py, 20 S, 15 01, 
10 Arno, 10 Mi, 3 0 
96 01, 3 S, 1 0 

* Ca, calcite; S, serpentine; O, oxides, Py, pyroxene; O1, olivine; An, anorthite; Mi, mica. 

that the effective confining pressure on the 
sample becomes zero. The other reason is that 
most investigations have been made to deter- 
mine the stress at faulting, and, when faulting 
occurs, the experiments are terminated. 

The present investigation determines friction 
for a number of rocks to determine whether, 
as in granite, the brittle-ductile transition pres- 
sure is simply the pressure at which the stress 
required to form a fault is equal to the stress 
required to cause sliding on the fault. 

EXPERIMENTAL METHOD 

Differential stress was measured as a func- 

tion of strain for four rocks at room tempera- 
ture and at confining pressures up to about 
5 kb. Porosity, grain size, and modal analysis 
of the rocks studied are given in Table 1. 
Precisely ground cylinders of the rocks, 3.8 cm 
long and 1.58 cm in diameter, were jacketed in 
a gum rubber tube with a wall thickness of 
3.17 mm. The ends were sealed with a wire 

clamped to hardened steel end plugs. It was 
found that after deformation the specimens 
fell to pieces on removal of the rubber jacket. 
To prevent this, a copper cylinder with a wall 
thickness of 0.13 mm was placed over the speci- 
men before finally jacketing in rubber. This 
copper cylinder gave the specimen a slight 
mechanical strength, so that the rock stayed 
intact and permitted accurate measurement of 
the angle of the fault surface after completion 
of an experiment. 

The pressure vessel used in the experiments 
was described by Brace [1964]. Axial force 
was applied to the piston with a ball screw 
driven by an electric motor through a reduction 
gear box. The force was measured with a load 

cell outside the pressure vessel. Strain rate of 
2.4 X 10-•/see was maintained constant 
throughout the experiments. Axial displace- 
ment of the piston was measured with a San- 
born DCDT 500 transducer attached to the 

piston. The confining pressure was measured 
with a manganin coil situated inside the pres- 
sure vessel. To keep the pressure constant as 
the piston advanced into the pressure vessel, 
the volume of the hydraulic system was kept 
constant. This was done by automatic switch- 
ing of an electric motor that advanced or with- 
drew a piston from an auxiliary pressure vessel 
connected hydraulically to the main pressure 
vessel. The direction of the motor was con- 

trolled by a logic discriminator circuit, which 

I i I 
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Fig. l. Stress-strain curves for Oak Hall lime- 
stone. Uncorrected for change in length or cross- 
sectional area. Numbers at the ends of the curves 
are the confining pressures. 
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determined automatically whether the pressure 
had to be increased or decreased. The pressure 
could be maintained constant within --+5 bars 
with this device. 

The output from the differential transformer 
measuring displacement was fed directly int•o 
one axis of a Mosely model 136 XYY recorder. 
The manganin coil and force cell were connected 
to bridge circuits, the output from which was 
fed into the other two axis of the recorder. 

The axial force F measured by the load cell 
is given by 

where P is the confining pressure, A• and A, 
are the area of the piston and the rock, respec- 
tively, A• is the differential stress in the speci- 
men, and • is the frictional force at the 0 ring 
through which the piston moves. Before the 
piston comes into contact with the specimen, 
the force measured by the load cell is the sum 
of the first two terms. If the confining pressure 
and velocity of the piston is maintained con- 
stant throughout the experiment, these two 
terms remain constant. The differential stress 

times the cross-sectional area of the specimen 
was found simply by subtracting the force re- 
quired to advance the piston against the con- 
fining pressure medium from the total force re- 
corded. 

Fig. 3. Stress-strain curves for Nahant gabbro. 
Uncorrected for change in length or cross-sectional 
area. Numbers at the ends of the curves are the 

confining pressures. 

The differential force could 'be measured with 

an accuracy of _1%, and the axial displace- 
ment had an accuracy of better than 0.1 mm. 
Fault angles could not be measured with an 
accuracy of better than _2 ø because of the 
irregularity of the faults, particularly the faults 
formed at low confining pressure. 
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Fig. 2. Stress-strain curves for Solenhofen lime- 
stone. Uncorrected for change in length or cross- 
sectional area. Numbers at the ends of the curves 

are the confining pressures. 

EXPERIMENTAL RESULTS 

Figures 1 through 4 are typical, tracings of 
the differential force axial displacement curves 
as displayed on the recorder. For clarity in the 
figures, some of the experimental results have 
not been shown. Differential stress and strain 

were calculated by using the initial cross- 
sectional area and length of the specimen. For 
large strains, the true stress in the specimen 
is different from the value shown because the 

area of the specimen supporting the load 
changes during deformation. The dashed lines 
in the figures indicate where deformation oc- 
curred with a sudden release of elastic energy. 
In all other cases the deformation occurred 
stably. 

The differential stress at fracture, or at 5% 
strain if the specimen was ductile, is plotted 
in Figure 5 for all the experiments. The sig- 
nificance of the solid line in Figure 5 will be 
explained below. There is a change in the cross- 
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Fig. 4. Stress-strain curves for Spruce Pine 
dunitc. Uncorrected for change in length or cross- 
sectional area. Numbers at the end of the curves 
are the confining pressures. 

sectional area of the specimen, particularly 
in the brittle region [Brace et al., 1966], but 
its precise value is dimcult to determine. The 
change in area preceding fracture is small, how- 
ever, and the error introduced by neglecting it 
does not exceed 3%. 

After faulting the differential stress required 
to cause frictional sliding on the fault increases 
with displacement. The normal and shear 
stresses • and • across the surfaces at the 
minimum, indicated by open circles in Figures 
I through 4, were calculated by the equations 

• = (A•/2) sin 2a 

: + •* 2 

where .a is the angle that the fault surface 
makes with the axis of the specimen, A• is 
the differential stress, and p is the confining 
pressure. There is a change in the cross-sec- 
tional area of the specimen supporting the load 
as movement occurs on the fault surface. This 

area change was corrected for use is calculating 
the stresses. The results ,from all the experi- 
ments are plotted in Figure 6. 

Near the pressure of the brittle-ductile tran- 
sition, multiple faulting occurs and there is 
considerable uncertainty in the cross-sectional 
area of the specimen at any point on the stress- 

strain curve. For this reason, the data near the 
transition could not be used to calculate fric- 
tion. More than one fault was also formed at 

lower pressures, but the distance of sliding 
between successive faults was large. The initial 
fault could be easily identified, and there was 
no ambiguity in identifying the minimum on 
the stress-strain curves. The number of ½aults 

formed in the specimen was equal to the num- 
ber of downward breaks in the stress-strain 
curves. It was assumed that these disconti- 

nuities indicated faulting. This assumption was 
checked in the following way. When two con- 
jugate faults were formed, displacement on 
the second fault was calculated from the angle 
of the fault and the axial displacement. This 
distance was found to be equal to the offset of 
the first fault. The angle that the faults made 
with the axis of the specimen increased with 
an increase in confining pressure, and near the 
brittle-ductile transition pressure it was about 
30øø 

I)ISCUSSIOI•I 

Stress-strain curves for Cabramurra serpenti- 
hire, in which deformation was continued after 
faulting, have been published by Raleigh and 
Paterson [1965]. The fricti. onal shear stress 
and normal stress were calculated from their 

stress-strain curves and an average fault angle 
of 30 ø . The results are plotted in Figure 6. 
Frictional data for sliding on mated surfaces 
of granite [Byerice, 1967a, b] are also shown. 

It should be noted that, on surfaces of gran- 
ite, the differential. stress required to cause 
sliding decreases slightly with displacement, 
whereas, on surfaces of the rocks in this study, 
it increased with displacement. Also, in the 
case of granite, sliding occurs by stick slip; 
that is, movement is accompanied by a sudden 
release of elastic energy, whereas movement be- 
tween the surfaces of the rock studied here 

generally took place smoothly. A necessary 
condition for stick slip to occur is that the 
frictional stress must decrease with displace- 
ment [Rabinowicz, 19'65], and this seems to be 
borne out here. This study shows that some 
rocks deform by stick slip and others do not, 
and this may have important consequences if 
sudden movement on a pre-existing fault is 
responsible for crustal earthquakes [Brace and 
Byeflee, 1966]. The phenomenon of stick slip 
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has been studied in detail, and the results will 
be presented in a later paper. 

Figure 6 shows that at low pressures the 
frictional shear stress increases rapidly as nor- 
mal stress increases. Beyond 2 kb, the frictional 
stress rises less rapidly and there is a nearly 
linear relationship between shear and normal 
stress. Byeflee [1967a, b] studied the friction 
of granite in detail and gave the following ex- 
planation for the relationship between shear 
and normal stress for sliding. At low normal 
stresses, surfaces may slide by lifting over the 
irregularities on the surfaces. The shear stress 
required to do this is determined by the angle 
made by the irregularities with the plane of 
sliding. A larger shear stress is required to lift 
the surfaces over one another i,f the asperities 

are steep than is required if they are inclined 
at a lower angle. For a fixed configuration of 
the surfaces in contact, the shear stress re- 
quired to cause sliding in this manner increases 
linearly as normal stress increases. A stage is 
reached, however, at which it is easier to slide 
by breaking through the asperities than by lift- 
ing over them. In the case of granite, this point 
seems to occur at a normal stress of about 2 

kb, and, beyond this point, the increase in 
frictional shear stress with normal stress repre- 
sents the change in strength of the material 
with pressure. At normal stresses •etween about 
100 bars and 2 kb, the behavior is transitional. 
That is, the most steeply inclined asperities 
break, but the surfaces may lift over the less 
steeply inclined ones. In this region there is 
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was ductile. Open symbols indicate brittle behavior; closed symbols, ductile. Solid line is the 
boundary between the brittle and ductile regions determined from friction data (Figure 6). 
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Shear stress versus normal stress for friction. Cabramurra serpentinite data from 
Raleigh and Paterson [1965] and Westerly granite data from Byerlee [1967a, hi. 

a nonlinear increase of the frictional shear stress 
with normal stress. 

This explanation is cons;.stent with the re- 
suits presented here for other rock types. 

The most remarkable feature of the friction 

of rocks as shown in Figure 6, is that it is 
almost independent of rock type. Maurer 
[1965] also found this to 'be true at low 
normal stresses. Byeflee [1967b] developed a 
theory of friction based on brittle fracture. The 
theory predicts that, when contact is made 
only at the tips of asperities, the coefi%ient of 
friction, which is the ratio of shear to normal 
stress, should be independent of the material 
and have a value of 0.1. For geometrical situ- 
ations that were close to the theoretical model 

this prediction was found to be correct. The 
theory could not, however, be extended to a 
general situation in which the irregularities on 

the surfaces were completely interlocked. From 
the present results, however, where there is 
almost certainly a high degree of interlocking, 
it seems that friction is almost independent of 
the material. 

It was found in the present study that, near 
the pressure of the brittle-ductile transition, the 
angle that the fault surfaces made with the 
axis of the specimens was close to 30 ø for all the 
rocks. The reason for this is not clear, but it 
seems to be generally true for rocks [Handin 
and Hager, 1957]. Perhaps this phenomenon 
is related in some way to the fact that friction 
is nearly independent of mineralogy for inter- 
locked surfaces. 

Before we discuss the brittle-ductile transi- 

tion, we will first transform the line through 
the points in Figure 6 into Art, p coordinates 
by means of the equations 
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• ---- (A,/2) sin 2a 

= (-)cos2 O'n 2 

If the arg].e a, which the fault surface makes 
with the axis of the specimen, is 30 •, the above 
equations reduce to 

A• = 2.31• 

P = •n-- 0.58• 

The transformation was carried out numeri- 

cally, and the result is shown as a solid line in 
Figure 5. 

If the friction hypothesis for the brittle- 
ductile transition in rocks is valid, the rock 
will be brittle if at any confining pressure the 
differential stress that a rock can support at 
failure falls above the line; the rock will be 
ductile if the differential stress falls below the 

line. In other words, the brittle-ductile transi- 
tion pressure should be the pressure at which 
the stress required to form a fault is equal to 
the stress required to cause sliding on the fault. 
Figure 5 shows that this statement seems to be 
true for the rocks studied here. The open ssqn- 
bols to the left of the line represent brittle 
behavior; the solid symbols to the right of the 
line represent ductile behavior. Slight depar- 
tures can be accounted for by the small de- 
pendence of friction on rock type. For example, 
the transition pressure is slightly lower for 
Oak Hall limestone and slightly higher for 
Nahant gabbro than the values predicted. From 
Figure 6, however, it can be seen that the fric- 
tional shear stress of Oak Hall limestone is 

slightly higher and that of Nahant gabbro, 
which is slightly lower than the line used in 
calculating the boundary between the brittle 
and ductile regions. 

Mogi [1966] has collected from the published 
literature the strength data for a wide variety 
of rock types. These data are shown in Figure 
7 for the silicate rocks and in Figure 8 for the 
weaker carbonate rocks. The open circles repre- 
sent brittle behavior and the closed circles duc- 

tile behavior. Mogi labeled the ordinate in his 
figures axial strength. The original data were 
checked, and it was found that axial strength 
is, in the notation used in this paper, differential 
stress. Mogi divided the brittle and the ductile 
regions by a straight line, shown as the dashed 

lines in Figures 7 and 8. The transition pressure 
in silicate rocks fell near this line, but, for 
the weaker carbonate rocks, the transition took 
place at much lower pressures. He inferred 
from this that the friction hypothesis for the 
brittle-ductile transition may be correct for 
the silicates but friction could not be the con- 
trolling mechanism for the carbonates. The 
basic assumption made by Mogi was that the 
coefficient of friction for rocks is independent 
of confining pressure. The boundary between 
the two regions should therefore be a straight 
line passing through the origin. 

The present work shows that his basic as- 
sumption was incorrect. The solid line in Fig- 
ures 7 and 8 is the friction boundary line be- 
tween the two regions found in this study, and 
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Fig. 7. Di•erenti•l stres• versus co•ning pres- 
sure for silicate rocks [from •og•, 1966]. Solid 
line is the boundary between the brittle and duc- 
tile regions determined from friction data. Dashed 
line i• the friction boundary suggested by Mogi. 
Open symbo]• indicate brittle behavior; half 
closed symbols, transitional; clo•ed symbols, duc- 
tile. 
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the transition pressure for both the silicates 
and the carbonates falls close to this line. The 

frictional hypothesis seems, therefore, to be 
generally true for most rock types. Moqi [1900] 
found that the transition pressure for shale is 
very much higher, but this higher pressure 
seems to occur because the frictional shear 

stress required to cause sliding on surfaces of 
shale at any given normal stress is very much 
lower than it is for other rocks [Maurer, 190.5]. 
For the weaker silicates in Figure 7, the transi- 
tion pressure seems to be slightly higher than 
the value predicted. The transition pressure is 
also slightly higher for porous tuffs; it would 
be of interest to find out whether this relation 

occurs because this rock type has lower fric- 
tion than other rocks. 

Heard [1900'] has found that the britfie- 
ductile transition pressure is very much higher 
in extension than it is in compression. Before it 
can be determined whether the friction hy- 
pothesis is valid for extension, friction must 
first be converted into this new coordinate sys- 
tem. In extension 
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where a is the angle that the fault surface 
makes with the maximum principal stress. In 
extension, Heard [1960] found that for 8olen- 
hofen limestone near the transition pressure 
the angle is •bout 20 ø. With this value the 
a•bove equations reduce to 

A• : 3.11r 

p: o',• d- 2.75r 
The transformation was made numerically, and 
the result is plotted as a solid line in Figure 9. 

This line should mark the boundary between 
brittle and ductile behavior in extension. The 

open symbols in the figure represent brittle 
behavior; the solid symbols, ductile behavior. 
The circles were plotted from the data pub- 
lished by Heard [1960']; the triangles, from the 
data published by Handin et al. [19'6.7]. The 
brittle-ductile transition takes place at a pres- 
sure slightly below the predicted value, ,but, 
considering the uncertainties in the strength, 
friction, and fault angle, the transition pressure 
in extension is consistent with the friction hy- 
pothesis. 

It may well be argued that the intermediate 
stress may have an effect on friction, but Byef- 
lee (1967a and more recent unpublished re- 
suits) has shown that, for granite in compres- 
sion, the frictional, shear stress at any given 
normal stress is the same for sliding surfaces 
inclined at 30 ø and 45 ø to the axis of the 

specimen. For example, at a normal stress of 
8 kb, the shear stress required to cause sliding 
on surfaces of granite is 5.3 kb for both 30 ø 
and 45 ø . In both cases the intermediate stress 

is the confining pressure P. If the angle is 45 ø, 
P is 2.7 kb, but it is 4.94 kb if the angle is 30 ø. 
This indicates that within the experimental 
error, the intermediate stress has no effect on 
friction. 

One question that still remains unanswered 
is what determines the stress a rock will sup- 
port at any given confining pressure. There 
is at present no satisfactory theory to predict 
the stress required to form a fault surface in 
rocks in the brittle region [Brace and Byeflee, 
1967]. In the ductile region, it is also not clear 
just what determines the stress that a rock will 
support. In some rocks, particularly limestones, 
plastic deformation of the individual crystals 
may occur during deformation; for fully plastic 

2c• materials, the yield stress-and-strain hardening 
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Fig. 9. Differential stress versus confining pressure at fracture or 5% strain for 8olenhofen 
limestone in extension. Solid line is the boundary between the brittle and ductile regions 
determined from friction data. Open symbols indicate brittle behavior; closed symbols, ductile. 

10 

rate is almost independent of confining pres- 
sure. These effects are illustrated by the work 
of Paterson [1964]. I-Ie showed that, for copper, 
the stress-strain curve at a pressure of 8 kb 
does not differ by more than a few per cent 
from the curve at atmospheric pressure. This is 
clearly not true for limestone. Figures '1 and 2 
show that the strain strengthening rate in- 
creases remarkzbly with confining pressure. 

Cataclasis (that is crushing of the grains) 
may be the controlling mechanism of deforma- 
tion at room temperature over the confining 
pressure range investigated. At present, how- 
ever, there is no theory that can be used to 
predict either the stress required to deform a 
rock in this manner or the effect confining pres- 
sure should have on the strain strengthening 
rate. Clearly the problem requires further work. 

The present experiments were performed at 

room temperature and at strain rates of 2.4 X 
10-4/sec. Recent unpublished results for granite 
show that, withim the experimental error, fric- 
tion is not different at strain rates of 2.4 X 

10-6/sec and 2.4 X 10-4/see. The effect of strain 
rate on the fricti. on of other rock types remains 
to be determined, however, high temperature 
and chemical environment may also have an 
effect on .friction, and this possibility should 
be investigated. 

The present work shows that the 'brittle- 
ductile transition pressure in rocks at room 
temperature both in compression and in exten- 
sion is the pressure at which the stress re- 
quired to form a fault surface is equal to the 
stress required to cause sliding on the fault. 
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