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Scale effects or sampling bias?

N. Barton
NGlI, Oslo, Norway

ABSTRACT: A wide range of scale effects and potential scale effects in rock engineering
are reviewed. These include uniaxial compression strength, joint roughness and shear
strength, conductivity-shear coupling, shear stiffness, failure modes, and stress-
strain behaviour. Sampling bias and sampling disturbance effects may be responsible
for incorrect conclusions concerning some of the apparent scale effects.

1 INTRODUCTION

Numerous potential scale effects are evi- shear strength. An equally wide range of
dent in rock mechanics. Many are real rock types may have been tested in each
effects, but many are undoubtedly caused case.

by the difficulties in obtaining represen- Figure 1 illusrates these different
tative samples. Large samples are more ranges of shear strength. It also

easily damaged and may therefore illustrates the approximate ratio of test
demonstrate lower strength or stiffness sizes: small-finger-size cylinders may
since the larger sampling size tends to represent apparatus test 1imits when
include more "flaws", a fundamental scale measuring the triaxial shear strength of
effect would of course be expected; "faulted rock" specimens at normal stress
however, it may be exaggerated out of pro- levels in the kilobar range of stresses.
portion by the sampling preparation, This reduced specimen size is not showing
extraction or testing process. In this a reversed scale effect. It is the enor-
paper a fairly wide ranging 1ook will be mous stress that is removing the effects
taken at many of the areas where scale of variable rock strength and discon-
effects are expected or suspected. The tinuity roughness, otherwise seen in tests
author's personal experiences lend support on discontinuities in rock.

to many of the interesting observations The stippled envelopes shown in Figure 1
made by authors to this workshop on Scale indicate the potential scale effect for
Effects in Rock Masses. rock joints at low (engineering) stress

levels. The scale effect at kilobar
stress levels can only be inferred from

2 THE DILEMMA OF STRESS EFFECTS geotectonics; but it is presumeably much

less marked than the scale effect we as
It may be wise to start this review by rock engineers must live with in engi-
pointing out one scale effect problem neering design.

which may never be resolved, before going
on to more tangible problems which have
been explained or show potential for being 3 SCALE EFFECT ON UNIAXIAL COMPRESSION

explained. STRENGTH

Compilation of direct shear test data
for rock joints tested under low stress This fundamental index of rock strength
levels, show very large variations in has been the subject of numerous scale
shear strength, while compilations of high effect investigations over the last 30 to
stress triaxial data for faulted rock spe- 40 years. A useful compilation of data is

cimens show relatively small variations in that given by Lama and Gonano (1976),
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Figure 1. Different magnitudes of scale effect are expected under high and low stress.

Adapted from Barton (1976).

which is reproduced in Figure 2.

Hoek and Brown's (1980) empirical
equation for the unconfined compression
strength of 10 mm to 200 mm diameter
laboratory specimens has been successfully
extrapolated by South African workers (see
Wagner, 1987) for application to frac-
turing in excavations in massive quart-
zites of 2 and 3 metres in span. Based on
the experimental curve shown in Figure 3,
and Hoek and Brown's equation, a logical
simplification would be:

0c = Oc50 (50/d)°-? (1)

Additional data from Byerlee (1978).

where

0c50 = unconfined compression strength
of 50 mm specimens
d = specimen diameter (mm)

This equation will later be compared with
scaling rules used for extrapolating the
shear strength of rock joints. It will
also be of interest to compare the data
for 63 mm and 194 mm samples of Lac du
Bonnet granite reported by Jackson and Lau
(1990) in this workshop, with the above
equation.
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Figure 2. Scale effect on uniaxial
strength, after Lama and Gonano (1976).
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Figure 3. Empirical equations for scale
effect on uniaxial strength, after Hoek
and Brown (1980) and Wagner (1987).

4 THE SURFACE GEOMETRY SCALE EFFECT

It is undoubtedly true that discon-
tinuities in rock can exhibit both higher
and lower shear strength when size is
increased. Large scale undulations may
become relevant in slope design, which
could not be sampled in laboratory
samples, or in in-situ tests. Small
steps in a joint caused by cross jointing
would tend to be avoided in any sampling
programme, likewise intact portions bet-
ween joints ("intact bridges"). If we
ignore these complicating, but very real
components of strength, and concentrate
our attention on continuous joints sampled
at different scale, some fundamental and
well known results are evident.

Figure 4 illustrates two classic repre-
sentations of joint roughness by Patton
(1966) and Fecker and Rengers (1971), and
an illustrative application of the
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Figure 4. Measurement of (i) values in the
field, after Patton (1966), Fecker and
Rengers (1971) and Richards and Cowland
(1982).

compass-with-base-plate method by Richards
and Cowland (1982). The mean trend of
reducing (i) values with sampling length
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Figure 5a. Computational analysis of (i)

values at different scale, Barton (1971).
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Figure 5b. Results from statistical analy-
sis of roughness for seven types of frac-
ture surface including stepped (m).
Barton (1971).

is expected, and in many ways is similar

to small scale measurements of the same

phenomena, as reported by Barton (1971).
Figure 5a illustrates computer drawn
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Figure 5c. Analogous behaviour of dilation
(dp® = S.D.i) and stress/strength ratio
(op/oc x 100 = 2 x AB%) compared with (i)
value statistics, Barton (1971).

roughness profiles of stereographically
measured tension fracture surfaces in
various model materials. "“Sampling" of
roughness with different "asperity base"
lengths produces a consistently reducing
(i) value as scale is increased. The plot
of asperity base (%) versus the standard
deviation of (i) values (Figure 5b) shows
remarkable similarity to a plot of the
peak dilation angles measured over a range
of stress to strength (op/0¢) ratios for
the same samples.

The standard deviation ot the (i) values
is the position on a histogram for a par-
ticular asperity base, such that 67% of
the observations lie below the S.D.(i)
value, and 33% above it. Viewed as a
shearing analogy, the 33% of observations
of steeper (i) values are "sheared"
through, while the 67% of shallower angles
remain "unsheared".

The angle S.D(i)° and the asperity base
length A.B.% represent only the up-slope
of an imaginary controlling "asperity",
which just remains unsheared at the normal
stress simulated. By doubling this base
length the whole controlling "asperity" is
simulated. In other words asperity base
(A.B.%) is really a misnomer since, as
calculated, it is only half a real



asperity base. It can be concluded from
Figure 5 (b,c) that the following are use-
ful approximations for relating roughness
with the peak dilation angle (dp) under a
given stress to strength ratio.
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(on/0c + 100 (%) = 2 + A.B.(%)

2, & S.Dei(1)° (2)
We should of course note the fact that the
uniaxial strength may itself reduce with
increasing asperity size, as discussed
later.

It is interesting to note the work
reported by Maerz and Franklin (1990) to
this workshop, concering roughness scale
effect and fractal dimension. Their
results also showed an apparent increase
in roughness with decreasing baselength,
based on "shadow profilometry" of a 5 m
long joint surface. Their roughness pro-
file was determined not to be a fractal
object, and a roughness scale effect was
therefore confirmed.

The reducing (i) value with increased
sampling length shown in Figure 4 does not
solve the problem of shear strength input
for slope stability, even if it was
possible to claim that (i) = 8° was repre-
sentative. The remaining unknown is the
basic frictional strength that should be
added to this (i) value.

Hencher and Richards (1982 and 1989)
approach this problem by performing
multistage shear tests on joints recovered
in drill core, and making careful measure-
ments of the dilation (or contraction) at
each stage of a test. Their proceedure is
illustrated in Figure 6.

The dilation-corrected multi-stage tests
suggest that an angle of 40° can be added
to the above (i) value of 8° in the par-
ticular case of sheeting joints in Hong
Kong granites.

At first sight this approach appears
sound. It is easy to imagine that the
corrected ¢ value (= 40°) is higher than
the usual basic friction angle (¢p) for
planar surfaces in granite (about 30°) due
to the component of asperity strength that
is not corrected for when subtracting the
dilation angle. The problem is caused by
scale effect on this asperity strength
component. Bandis et al. (1981)
demonstrated that the asperity strength
component could fall by as much as 8° in
progressing from 60 mm to 360 mm test
samples.

Figure 7(a) illustrates the classic
Newland and Allely (1957) equation for
sliding up an inclined plane, and the (i)
value dilemma (Figure 7b) faced by all
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Hencher and Richards (1982, 1989).
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Figure 7. Angular components of shear
strength (Barton, 1971).

rock slope engineers. The three basic
angular components of shear strength are
illustrated in Figure 7(c). The upper
block dilates at a peak dilation angle
(dy) that may have 1ittle relation to any
of the (i) values. The total angular com-
ponent also contains the term S, (asperity
failure component) which is strongly scale
dependent for rough surfaces, as will be
shown again later.

It is unlikely that the laboratory
dilation-corrected "basic" friction angle
of 40° derived by Hencher and Richards
(1982, 1989) can justifiably be added to
an estimated field-scale (i) value of 8°
to obtain a field design value of 48°. Of
course the in situ value may well be this
high due to the steps and rock bridge
problems referred to earlier; it may also
be lower than 48° unless effective normal
stress levels are unusally low.

5 AN ALTERNATIVE APPROACH TO SHEAR
STRENGTH ESTIMATION AT DIFFERENT SCALES

An alternative to the ¢+i approach to rock
joint shear strength and scale effect
allowance is the JRC, JCS empirical method
developed by Barton and Choubey (1977) and
later refined by Barton and Bandis (1982).
In this approach:

: JCSy
"o+i" = JRCO ]Og W + Qr (3)

The roughness term (JRC)q and the
logarithmic strength/stress ratio repre-
sent a stress- and roughness-dependent (i)
value. A further improvement to this (i)
value estimation was the introduction of
size-dependent JRC and JCS values, termed
JRC,, and JCSp.

Roughness profiles representing 100 mm
long joint surfaces and corresponding
measured JRCy values are reproduced from
Barton and Choubey (1977) in Figure 8.

TYPICAL ROUGHNESS PROFILES for JRC range:
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Figure 8. Joint roughness coefficient
(JRCy) and corresponding surface roughness
profiles at 100 mm scale. Barton and
Choubey (1977).



2

8.1 TUFF
e

17.2 SANDSTONE
F~—r——T

.2 CONCRETE

2.2 SANDSTONE

® 1| @

CONCRETE

®

5.3 TUFF

CONCRETE 0 soo
L P ST L v 1 |
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Corresponding results for much larger sur-
faces are reproduced in Figure 9. A
reduction in the value of JRC is obviously
apparent at the larger scale, and the tilt
angles required to attain shear failure
along these surfaces is also noticeably
less than that measured in tilt tests on
the roughest laboratory-size samples,
which may exceed 80°.

Tilt tests as illustrated at two dif-
ferent scales in Figure 10 cannot be
utilized unless drill core or sufficient
joint sets are available to release
jointed blocks. An alternative, and
rather crude approach to roughness
measurement is illustrated in Figure 11.
Reducing JRC with increased sample length
is usual, but may of course be reversed if
steps or large scale waviness are signifi-
cant factors in the local joint geometry.

The method of peak shear strength esti-
mation favoured by the author is the uti-
lization of reduced JRC and JCS values to
allow for the natural block size within
the rockmass of interest. The reduction
coefficients for JRCh/JRCy and JCSp/JCSq
derived by Bandis et al. (1981) from tests
on rock joints and model joint replicas
are reproduced in Figure 12. Full scale
strength can be estimated from the
following equation:

JCSp .
¢' = JRCp log = + op + i (4)

USUAL RANGE
N
OF pp=25°-35°

Figure 10. Tilt tests for measuring JRC at
laboratory and field scale.

Where i = large scale waviness not sampled
at natural block size. Approximate
equations for estimating JRC, and JCS, at
larger scale are as follows:

-0.02 JRC,

Ln
JRCp = JRCq T (5)
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Figure 11. Roughness amplitude measurement
at different scales for first approxima-
tion of the JRC value.

Lp|-0.03 JRC
JCSy = Jcso[—”} o (6)
Lo
where Ly = laboratory size joint samples
(nominal 100 mm)
Ln = natural block size

It is of interest to compare equation 6
representing the empirically observed
reduction in joint wall compression
strength ("asperity strength") with
equation 1 for uniaxial compressive
strength. The forms of the two equations,
which were derived quite independently,
are almost identical:

(0¢)n = (0¢)o [EB]_O'Z (7)
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Figure 12. Method of estimating JRC, and
JCSp values for larger sizes of rock

joint, based on laboratory-size values
(JRCy and JCSy) after Bandis et al. (1981).

An analysis of the consequences of
incorrect allowance for scale effects in
shear strength estimation is given in
Figure 13. the relative error (%) is
defined as:

T(peak)[actual + error] - T(peak)[actual]
T(peak)[actual]

X 100%

It is apparent that roughness is of domi-
nating importance at lower stress levels,
while ¢, (which is assumed not to be scale
dependent) is of great importance at
higher stress levels. These observations
are appararently consistent with the sche-
matic diagrams of scale effects at low and
high stress given in Figure 1.
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Figure 13. Consequences of parameter
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mating shear strength. Barton (1980).

6 EFFECT OF BLOCK SIZE ON STRENGTH AND
DEFORMABILITY

It is extremely difficult to perform
realistic three-dimensional testing of
rockmasses to evaluate the real effects of
the test size or block size. However,
simplified tests can be performed which
help to clarify certain aspects of beha-
viour.

A very basic test shown in Figure 14
demonstrates quite convincingly that block
size effects JRC. The measured tilt angle
of 59° for the large jointed slab of gra-
nite represents a JRC value of 5.5, com-
pared to 8.8 for the mean tilt angle of
69° for the eighteen small joint samples
sawn from the same slab.

Figure 15 demonstrates even geater dif-
ferences when an assembly of small blocks
is tilted en masse. The latter were joint
replicas fabricated with the same batch of
model material and cast against the same
joint surface.

Presumeably the increased degree of
freedom for small block rotations allows
the smaller, steeper asperities to be pro-
perly "sampled", as compared to the poorer
degree of "sampling" achieved by a large,
stiff monolithic block.

The next logical step in a block size
investigation, following the above simple
cases, is the shearing of an assembly of
blocks of different sizes. Figure 16
shows schematically the approximate effect
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Figure 14. Scale effect on tilt angle
caused by block size. Single block tests
(Barton and Choubey 1977).

Figure 15. Scale effect on tilt angle
caused by block size. Bandis et al.
(1981).

of individual block size on the shear
strength of the jointed mass. Biaxial
samples consisting of 4000, 1000 and 250
blocks were created in the same model
material using a double-bladed guillotine
device.

Measured shear stress (o, - 0;) - strain
behaviour in major principal (e,) and
minor principal (e,) strain directions are
shown in Figure 17. Local translational
shear failure accurred at lower differen-
tial stress level in the assembly with
larger blocks. The assemblies with
smallest blocks always failed in rotation,
in the manner of kink band formation.

This failure mode did not however, occur
until higher differential stresses were
reached, i.e. the heavily jointed assembly
had higher shear resistance than the more
massive "rock masses".
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As expected the latter had great stiff- It is of considerable interest to com-
ness. Deformation moduli, when converted pare the different shapes of the stress-
to prototype scale, were 18.5, 13.1 and strain curves. The assemblies with large
7.5 GPa respectively for the largest and intermediate sized blocks showed
intermediate and smallest block sizes. classic concave shape, signifying joint
Very large mass "Poisson ratios" were shear as the dominant mode. The assembly
recorded as compared to intact rock, due of smallest blocks showed virtually linear
to the joint shears, dilations and rota- stress-strain behaviour all the way up to
tions that were occurring. failure.
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Bandis et al. (1981, 1983).

Potential explanations for the various
forms of load-deformation curves
registered in large scale loading tests of
rock masses are given in Figure 18. They
relate to the shape of individual joint
closure (N) and joint shear (S) com-
ponents.

An interesting question arizes when
trying to understand the linear stress-
strain behaviour of the heavily jointed
assembly (Figure 17, 4000 blocks). Is
this because of type 1 (small block) shear
behaviour (see Figure 18 II), or is it
because of combined shearing (S) and clo-
sure (N) when so many blocks are loaded
simultaneously?
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Barton (1986),

7 SCALE EFFECTS ON PEAK SHEAR
DISPLACEMENT

Figure 19 is a highly schematic
exaggerated drawing of the effect of block
size on the displacement needed to reach
peak shear strength in jointed rock masses.
An assembly of some 600 direct shear test
data points indicate the wide variation of
the ration 8/L for various discontinuity
classes.

Histograms of the same data (Figure 20)
when divided into three groups of test
size (30 - 300 mm, 300 mm - 3 m,
3m- 12 m) indicate log-normal type
distributions in general. The "tails" may



Figure 19. Schematic of the effect of
block size on &§(peak).

be caused by poorly located displacement
measurement instrumentation. In many
causes, the true shear displacement of the
discontinuity is obviously smaller than
that measured.

Figure 21 illustrates the apparent con-
sistency in displacements observed in
shear tests that involve loading in shear,
and earthquake slip magnitudes which
involve unloading in shear. An analysis
of the data indicates that the following
equation gives a reasonable approximation
to the observed values:

L i

L [JRC|O-33 (8)
500 | L

where § = s1ip magnitude required to mobi-
lize peak strength, or that
occurring during unloading in an
earthquake

L = length of joint or faulted block
(meters)

JRC = joint roughness coefficient (>0)
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Figure 20. Histograms showing distribution
of peak displacements as a function of
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Example 1. Laboratory Specimen
Assume: JRC = 15 (rough)
L=0.1m

Equation 8 gives § = 1.0 mm

Example 2. Natural Jointed Block
Assume: JRC = 7.5
L=1.0m

Equation 8 gives 6§ = 3.9 mm

Earthquake Fault
Assume: JRC = 0.5 = residual

L = 100 km
Equation 8 gives 6§ = 3.6 m

Example 3.

The above examples of size effects
illustrate that equation 4 gives an accep-
table degree of accuracy for most prac-
tical applications. The implication that
(8) is smaller when surfaces are smoother
or closer to residual (JRC = 0) also
appears to be consistent with obser-
vations.
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8 SCALE EFFECTS ON SHEAR STIFFNESS

Increased block size has been shown to:

increase  &§(peak)
reduce JRC
reduce JCS

The combined effect is to noticably reduce
the peak shear stiffness (Ks) which was
defined to Goodman (1970) as:

oh tan ¢'

Kg = ——m88 9
= §(peak) )
A useful approximation to Kg is given by
rearrangement of equations 3, 8 and 9

T & oh tan[JRC 10g(JCS/ap) + ¢p] (10)
o5 L JRC]“-”

500 | L

Measured values of Kg derived from a wide
ranging review of test data are shown in

Figure 22, each as a function of block
size. The stippled lines representing
normal stress levels were located using
the mean values of JRC, JCS and ¢,
obtained from the 137 shear tests on rock
joints reported by Barton and Choubey
(1977):

JRC = 8.9
JCS = 92 MPa
or = 27.5°
L=0.1m

The most frequently measured value of
§(peak) was 0.6 mm, giving a peak shear
stiffness value of 1.7 MPa/mm under a nor-
mal stress of 1 MPa. The gradient of the
normal stress lines was derived from the
best fit relationships (equations 5 and 6)
to the data shown in Figure 12.

These equations were derived from shear
tests over a ten-fold range of block
sizes, and linear extrapolation outside
the size range 100 mm - 1 m has been
assumed when drawing the effective normal
stress diagonals in Figure 22. It will be
noted that the earthquake fault stiff-
nesses (mean values from Nur, 1974) are
bracketed by the effective normal stress
diagonals 100-1000 MPa (1-10 Kbars).

Tentative application of equations 10,5
and 6 over a two order of magnitude range
of block sizes shown in Figure 23 suggests
that there may be a gradual flattening out
of the normal stress diagonals with
increasing block size. Tentative scaling
of the same data to earthquake fault sizes
indicates normal stress levels closer to
the range 5-20 MPa (50-200 bars). This is
conveniently close to the effective normal
stress levels operating at depth in the
vicinity of the San Adreas fault (Zoback
et al. 1980).

Remarkably, equations 5 and 6 also pre-
dict near residual (JRC = 1.0) surfaces
with over-consolidated clay-1like proper-
ties (JCS = 1 to 10 MPa) at fault scale.

It will be noticed that the stiffness of
the rough, competent joint and that of the
weaker smooth joint (Figure 23) converges
when either the stress level, or block
size is increased.

The above method of estimating peak
shear stiffness for rock joints is speci-
fically directed at clay-free discon-
tinuities. When clay is present,
preventing (to a greater or lesser extent)
rock-to-rock contact, the peak shear
stiffness tends not to be so size-
dependent, and is also somewhat less
stress dependent, due to the low shear
strength (Infanti and Kanji, 1978).
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Figure 22. Laboratory and in situ shear stiffness data reported in the
literature, indicate the important influence of block size (Barton 1982)

9 CHOOSING APPROPRIATE SHEAR STIFFNESS
FOR DESIGN

The choice of appropriate shear stiff-
nesses in engineering design studies may
be critical in decision making. A case in
point is the seismic stability of a
nuclear power plant foundation, shown
schemetically in Figure 24.

We can make the immediate assumption
that laboratory scale stiffnesses are
1ikely to be meaningless in the stiffness
estimation exercise. The next question
that arizes is whether the natural block
sizes (Lp) are large enough. In some
cases the answer may be yes. However, the
discontinuity structure sketched in Figur
24 has been deliberately designed to
include larger blocks (L,) and those
defined by regional scale jointing and by
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major bedding planes (L,). These features
are likely to have lower JRC, JCS and ¢r
values than the smaller block sizes, and
may therefore represent the actual divi-
sion of the foundation into discrete ele-
ments.

A numerical experiment, for example
using Cundall's (1980) Universal Discrete
Element Code (UDEC), could resolve which
of the block sizes were most "active"
during dynamic motion. The input to such
a model would determine the quality of the
result. Appropriately scaled values of
JRC and JCS for block sizes (L) and (L,),
and appropriately chosen values of JRC,
JCS and ¢ for the major clay-filled
features (L.) would be decisive to the
reliability of the modelled behaviour.

Choice, or measurement of the
corresponding normal stiffnesses would
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Figure 23. Calculated scale effect on
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present less problem. Normal stiffness is
not expected to be scale-dependent along
any given discontinuity, but obviously
varies considerably from discontinuity to
discontinuity, depending on the scale of
the given feature; whether it is clay-
coated, clay-filled, rough-mating or
smooth-mating etc.

An interesting large scale application
of low shear stiffnesses in numerical ana-
lyses are the UDEC studies of the Ekofisk
reservoir subsidence performed by NGI
(Barton et al. 1988).

It appeared inherently reasonable to
argue that an overburden consisting of 150
km® of shale with interbeds of limestone,
could not behave in practice as a con-
tinuum. Bedding planes and sub-vertical or
vertical regional joints and faults
obviously disected this huge mass of rock
into countless major slabs and blocks,
together with the detailed structures that
were too numerous to ever consider in any
modelling exercise.

When such a body of rock is strained due
to an underlying compaction process,
deformation occurs by slip rather than
bending. Seen in detail, the deformation
will resemble the flexure of a leaf
spring, with interbed slip due to the
stretching required to accommodate the
subsidence. Zones of large strains may
also cause slip on sub-vertical features,
as seen in the more extreme case of long-
wall mining.

Since the 150 km? of overburden had to
be modelled with a very small number of
blocks, each joint was of fault-like
dimensions. Input parameters were chosen
using the results of normal and shear
loading tests on joints, with extrapola-
t1§ns to fault-sized features (Figures 22,
23).
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Figure 24. Schematic of nuclear power plant foundation.

Choice of appropriate block

size for shear stiffness estimation is critical.
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Figure 25. Axisymmetric analyses of reser-
voir subsidence at Ekofisk using the UDEC
method: a) bedding and faults, b) defor-
mation vectors, c¢) shear displacements.

Initial runs with UDEC, using a linear
joint model, and small-scale, high shear
stiffnesses, showed continuum type beha-
viour, with limited slip and charac-
teristically small values of the
subsidence-compaction ratio. When shear
stiffnesses of the order of 0.01 MPa/mm
were used; appropriate to kilometer size
faults, behaviour was dominated by bedding
plane and fault slip, and ratios of sub-
sidence to compaction were as high as 0.86
to 0.95, which appeared to be consistent
with the approximate initial estimates of
compaction obtained from logs.

The type of behaviour obtained with
realistically low shear stiffnesses is
shown in Figure 25. The three diagrams
show the assumed geometry, deformation
vectors, and zones of joint slip (where
line thickness is proportional to slip
magnitude).

Maximum values of discontiuity shear
were concentrated on vertical and sub-
vertical features, the shearing reaching a
maximum (for the assumed block size) of 25
cm immediately above the reservoir at a
radius of 3 km. The maximum shear on
modelled bedding planes was approximately
10 cm, and occurred at the boundary bet-

ween layers of different stiffness at
1600 m depth.

An interesting parallel to this pre-
dicted behaviour is the interbed shear of
23 cm and seismicity (magnitude 2.4 - 3.2)
reported at the Wilmington oil field in
California (Mayuga and Allen, 1970). In
this classic reservoir subsidence problem
a maximum surface subsidence of at least 9
m was registered. The reported interbed
shear caused damage to numerous oil well
casings. In this instance, movement was
concentrated along thin interbeds of
claystone and shale sandwiched between
thick massive beds of sandstone and
siltstone. Numerous wells at Ekofisk have
subsequently been damaged, perhaps by
similar mechanisms.

10 SCALE EFFECTS CAUSED BY BOUNDARY
CONDITIONS

The foregoing example was an extreme case,
where choice of input data caused radi-
cally different performence in numerical
models. However, it is believed that the
scale effect is equally important at
"normal" engineering scale, for example in
tunnel, shaft, rock slope or dam foun-
dation design.

Researchers who have doubted the vali-
dity of data showing scale effects, have
cited the more complex natual boundary
conditions than usually applied in test
set-ups. A typical criticism is the
failure to test joints in shear with
increasing normal stress or normal stiff-
ness control.

Clearly a joint surrounding a tunnel
will experience a dilation-related
increase in normal stress if it is sheared
in this confined environment. It's shear
strength may therefore increase with shear
displacement. This increase will not of
course be seen under a rock slope, or in a
shear test conducted under constant normal
stress, and shear resitance would in this
case gradually decrease following mobili-
zation of the peak shear resistance.

An arguement that is occasionally heard
is that scale effects on shear strength
might not be obtained, if the tests were
conducted with normal stiffness control or
varying (increasing) normal stress. In
fact the opposite is true. Shear tests at
different scale conducted with normal
stiffness control would experience less
increase in normal stress at the larger
scale due to reduced dilation. The scale
effect would therefore be even more marked
than in constant normal stress tests.



SCALE EFFECTS IN CONSTITUTIVE STRESS
DISPLACEMENT MODELLING

11

In a companion paper in the Rock Joint
Conference; Barton and Bandis (1990) indi-
cate how shear stress - shear displacement
curves can be generated for use in
discrete element models. The acquisition
of input data is also summarized. It is
appropriate in the present review paper to
concentrate attention on the effect of
scale on these and other behaviour modes,
for example the dilation and change of
joint aperture or conductivity with shear.
We have seen that JRC,JCS and §(peak)
are each sensitive to the size of joint
surfaces or block sizes involved.
Equations have been derived to estimate
these scale dependencies (refer to
equations 5, 6 and 8). We will take
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Figure 26. Predicted scale effects on
stress-displacement and dilation-
displacement behaviour of a rough undu-
lating rock joint (Barton, 1982).
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several steps forward and present a joint
behaviour model that predicts the onset of
dilation with shear under a given normal
stress. Numerical models with this dila-
tion subroutine built in will then be
capable of tracking the changing normal
stress that actually occurs during shear,
and continually updating the resulting
shear resistance, which is block-size
dependent.

Figure 26 illustrates an example of this
scale-dependent modelling of shear stress-
displacemnt and dilation-displacement
behaviour. The table in the upper figure
demonstrates quite marked scale effects on
the parameters JRC, JCS and &(peak), due
to the marked roughness (JRCy = 15) of the
assumed joint. Note the double circles on
the three dilation curves, signifying the
instant of peak shear resistance. Delayed
dilation is also an important feature of
the scale effect.

If we consider dilation curve #3, and
imagine that it's distance above the axis
represents the increased physical aperture
(AE) of the joint, then we can add this
increased aperture to the initial joint
aperture Eg and follow the changing physi-
cal aperture (Eg + AE) under shear.

Relating this physical aperture (E) to a
conducting aperture (e) must be performed
empirically using the relationship shown
in Figure 27. This relationship ignores
the production of gouge during shear which
may tend to block flow channals in softer
rocks tested under high stress levels
(Makurat et al. 1990a).

_ (JRCg)?+*
T (Ele)?

(um) (11)

RATIO OF (E/e)

1 {.
1000 500 300200 100 50 30 20 10 5 3 2 1
THEORETICAL SMOOTH WALL APERATURE [e] um

Figure 27. A joint roughness model
relating conducting aperture (e) to mecha-
nical aperture (E).
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The dilation curves #1 and #3 for the

0.1 m and 2.0 m size blocks shown in
Figure 26, result in dramatic increases in
predicted conductivity with shear, and
show correspondingly marked scale effects.
Predicted results are shown in Figure 28.
An initial physical aperture

(Eg) = 174 pym, and an initial conducting
aperture (eg) = 35 pym have been assumed in
each case. Note that two normal stress
levels have been modelled; 2 MPa (as in
Figure 26) and 20 MPa. Gouge produced at
the higher stress level would probably
block some of the flow channels. The
above conductivity predictions must there-
fore be considered as maxima. Such mecha-
nisms might be favourable under rock
slopes (increased drainage), but unfa-
vourable in a dam abutment (increased
leakage).

12 SCALE EFFECT CAUSED BY SAMPLING BIAS

NGI is presently involved as one of the
Principal Investigators having respon-
sibility for rock mechanics studies in the
Stripa Phase III Research programme called

Site Characterization and Validation.
Performance of this work during the past
two years has made us particularly aware
of the fact that sampling bias can cause
apparent scale effects. Awareness of
these possibilities is obviously impor-
tant.

Figure 29 illustrates the stages of
investigation that have been followed.

The objectives of the rock mechanics
programme are as follows:

- to utilize simple joint index testing
of numerous joints recovered in drill core
to predict the hydromechanical coupled
behaviour of joints in the disturbed zone
surrounding the validation drift.

- to test the hydromechanical behaviour
of selected joints recovered in 200 m
cores, using NGI's coupled stress-closure-
flow, shear-dilation-flow test (CSFT) (see
Makurat et al. 1990b).

- to test the hydromechanical behaviour
of an "undisturbed" joint in situ at even
larger scale, using a block test with
coupled stress-closure-flow, and shear-
dilation-flow along the 1400 mm long
joint.

- to compare the behaviour of the joints
at different scales, as a basis for
improving the modelling of the rock mass
in the disturbed zone surrounding the
validation drift.

A schematic presentation of the various
stages of this rock mechanics test
programme are given in Figure 29. Joints
have been characterized at successively
larger scales and in smaller number, as
Stage 1 passed into Stage 3.

- Stage 1 174 joints, 100 mm diameter core (NGI)
- Stage 3 5 joints, 200 mm core (NGI, MUN, LULER)
- Stage 3 1 joint, 1000x1000 mm block test (NGI)

Coupled stress-flow tests have also been
performed at 200 mm scale in the Memorial
University of Newfoundland by John Gale,
and at the Technical University of Luled
by Eva Hakami.

The Stage 1 tests have been purely
mechanical; utilizing tilt (low stress)
shear tests to characterize joint rough-
ness (JRC), and Schmidt hammer rebound
testing to characterize joint wall
strength (JCS).

Stage 3 tests on the larger joint
samples consist of flow testing in com-
bination with mechanical loading. Changes
of normal stress (Aop) and changes of
shear stress (At) cause changes of con-
ducting aperture (Ae) which are of con-
sequence in the final modelling of
disturbed zone effects on measured
inflows. A sample size effect on all
these parameters must be anticipated. The
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Figure 29. Characterization of joint properties is performed at suc-
cessively larger scale, in order to predict disturbed zone effects
when excavating a tunnel (validation drift).

ultimate scale of testing in Stage 3 is
the in situ block test which has been con-
ducted on a jointed block of natural size
in the floor of the 3D drift at Stripa.
The joints selected for the coupled CSFT
200 mm lab testing and for the 1400 mm
block test, needed to be continuous and
reasonably planar, so that problems with
stepped surfaces or rock bridges were
absent. This choice immediately incor-
porates a sampling bias, since the most
continuous and easily recognized joints at
Stripa are rather planar, mineral coated
and in many cases actually minor faults.
The CSFT laboratory flow testing was
actually conducted on joints with JRCy
values (200 mm scale) of 1.9 and 3.8. It
is immediately clear from the histogram in
Figure 30 that they are at the smoothest
end of the roughness statistic. The same
also applied to the 1400 mm long joint
tested in the block test which was the
same joint (JRCy = 3.8) as sampled at
200 mm scale.
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Measured stress-flow coupling and shear-
dilation-flow coupling is therefore only
relevant to the mineral (chlorite) coated
minor faults, and bears only moderate
resemblance to the expected large scale
behaviour of the majority of joints at
Stripa.

Set A: Numerous tests at 100 mm scale:

mean: JRC = 7.1 JCS = 120 MPa ¢, = 24.3°
Set A: Individual CSFT labtests:
JRC = 1.9, 3.8 JCS = 125 MPa ¢, = 25.1°

13 SCALE EFFECT STRATEGIES FOR DISCRETE
ELEMENT MODELLING

Awareness of the statistical variation of
joint properties is essential if the above
sampling bias and it's effect on measured
results is to be correctly incorporated in
numerical models. Figure 31 (bottom)
illustrates hypothetical statistics for
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JRC, JCS and ¢, for all the joints imme- Figure 31. Input data strategy for numeri-
diately surrounding a conceptual nuclear cal modelling should consider the length-
waste vault. At the top of the figure an dependent properties of joints.
assumed log-normal distribution of joint
lengths is given: There are perhaps four Reference to our Rock Joints Conference
numerical modelling strategies for this proceedings (cover photograph) reproduced
problem, and only one of them may be more in Figure 32, will perhaps provide con-
or less equivalent to reality: vincing though exaggerated visual evidence

that joint length should be considered
when assigning mechanical (and hydraulic)
1 Assume #1 character for all joints properties in a rock mass, or in a

(over-conservative) discrete element model of the rock mass.

2 Assume #2 character for all joints

(unrealistic) 14 SCALE EFFECT INVESTIGATIONS WITH IN

SITU STRESS MEASUREMENTS
3 Assume #3 character for all joints

(unsafe assumption) Great interest in potential scale effects
i on stress measurements is apparent in this
4 Assume length dependent properties workshop. A most interesting and compre-
(usually correct) hensive study is reported by Martin et al.
" ol (1990) from URL in Canada. These authors
i.e. character 1111 for longest joints have symbolized the range of studies per-
i.e. character 2222 for average length ;?gﬁig ;g.the ek e
Jjoints Although scale effects are implied in
. o the form of presentation, these authors in
i.e. character 3333 for shortest joints fact conclude that the chief result of the
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Figure 32. Shorter joints tend to have
higher values of JRC, JCS and ¢ than more
continuous joints.

stress measurement dimension is in the
scatter of results. Greatest ranges of
measured stress were obtained from the
smallest (96 mm) overcores, with suc-
cessive reduction in measured range at 150
mm. Significantly, the unique 600 mm
overcore produced a result almost iden-
tical to the mean (Figure 34). No signi-
ficant scale effect trend beyond this
scatter, was identified.

Hydraulic fracturing events produced at
different scale in the Camborne Geothermal
Energy Research Project were used by Pine
et al. (1990, this workshop) to conclude
that good quantitative agreement was
obtained between methods. They conclude
that conventional minifracs, large scale
MHF (with water and gel) and microseismic
monitoring (of shearing events) give quan-
titatively consistent results as regards
minimum horizontal stress magnitude and
principle stress directions.

It is of interest to note the poten-
tially complicating presence of jointing

96 mm
Over:ove
-
= 150 mm Hydraulic
[ Ovsrcon Fracturing T
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Figure 33. Schematic showing AECL's
program to investigate the potential
effect of scale on in situ stress measure-
ments (Martin et al. 1990).
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Figure 34. Results of AECL's scale effect
investigation. Martin et al. (1990).

in MHF, as shown schematically in Figure
35. To what extent numerical modelling
correctly accounts for hydraulically
induced shearing events is an interesting
exercise in scale effect evaluations, as
discussed earlier.

Interesting observations of the
influence of wellbore diameter on break-
down pressure in hydraulic fracturing are
reported by Ito et al. (1990, this
workshop). They produced convincing
experimental and theoretical evidence for
reduced breakdown pressure with increasing
wellbore diameter.

15 SCALE EFFECT FROM EXCAVATION DIMENSION

An obvious extension of the above beha-
viour from the extensional to the
compressional stress regime arizes when
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Figure 35. Jointing that is not parallel
with the principal stress direction,
complicates the interpretation of large
scale injection, due to scale effects.

one compares the stability of boreholes
and tunnels through the same rockmass. A
discussion of such phenomena immediately
involves consideration of block size, and
the stress-concentration-relieving-
qualities of jointing. Both tensile and
compressive stresses need to be
considered.

Dynamic release of thin plates of rock
from tunnel walls (stress slabbing) may
occur in an underground excavation if too
much extensional strain is experienced by
the rock in question. However, if
jointing is present, extensional strain
and shear strain can be accommodated more
readily and are partially dissipated.
Paradoxically, the excavation of an
underground opening in a highly stressed
environment is likely to be less hazardous
when the rock is jointed than when it is
intact. This is a form of scale effect
caused by joint spacing or block size.

Stress levels at 900 m depth in basalt
at the Hanford Site (previously nominated
for USA's nuclear waste disposal) indi-
cated high levels of differential stress
(oy/oy = 2.3-2.7) which caused extensive
core discing in the relevant 900-1000 m
depth, and extensively damaged ("dog
eared") borehole walls, with increased
dimensions across their E-W diameters,
perpendicular to the oy direction. This
observation in boreholes and drillcore
caused obvious concern when considering
the performance of shafts and repository
tunnels at equivalent depths. It was
estimated at the time that when thermal
loading is superimposed on the virgin

(a) Boreholes in "massive" rock.

(b) Tunnels in jointed rock.

Figure 36. Large relative block sizes
experienced by boreholes A and B cause
borehole wall failure ("dog-earing").
Tunnels driven in the same highly stressed
rock might suffer stress slabbing in case
C, but not in case D, owing to the strain
relieving nature of the joints.

stress field, due to the highly radioac-
tive waste, the effective value of oy may
be as high as 100 MPa locally, resulting
in stress concentrations as high as 150
MPa round the elliptical tunnels.

Application of the tunnel reinforcement
guidelines in the Q system (Barton, 1987)
to this problem suggested that mild rock
bursting or stress slabbing might occur in
the massive colonnade section of the
basalt flow with its charcteristic hexago-
nal columns, but was unlikely in the more
heavily jointed entablature. The
occurrence of "dog-earing" in excavatons
of borehole size may will be due to the
relative scarcity of strain relieving
joints at this scale. As suggested in
Figure 36, the problem is dependent on
relative block size which can be defined
as the ratio of the excavation span and
the average block size.




Physical model studies reported by
Barton & Hansteen (1979) provide some sup-
port for this hypothesis. Model tunnels
were excavated in highly anisotropic
stress fields. In most of the excava-
tions, the smallest top headings had a
relative block size of 1/12, i.e. 12
blocks per span width. In no cases were
blocks fractured by the highly anisotropic
stress. Tunnel deformation was marked
(0.5% of span) and was caused mainly by
extensional strain relief and shear on the
joints.

A model with particularly large joint
spacing was specially constructed to faci-
litate simulation, using a jointed finite
element code. The model contained only
1200 discrete blocks instead of the usual
20 000 blocks. It had the same extreme
stress distribution, the same joint orien-
tations and the same excavation methods
were used. Deformation around the opening
was greatly reduced, and stress slabbing
was observed. The relative block size was
in this casel/2. Jointing can be advan-
tageous when excavating in high stress
fields, and is clearly responsible for a
block size scale effect.

The effects caused by increasing the
dimensions of the top heading of a rock
cavern to the full cross-section either in
physical models, FEM, UDEC, or in prac-
tice, are obvious, and should perhaps not
be included in a discussion on scale
effects. Nevertheless, some interesting
comments on scale effects that extend the
above discussion to underground excava-
tions in general are made by Fukushima
(1990, this workshop).

CONCLUSIONS

1. Scale effects have been identified in
numerous processes of concern to rock
mechanics engineers. Nevertheless, the
scale effect that may be induced by the
sampling process should never be
underestimated. Larger samples are more
difficult to gain access to, they are more
difficult to prepare, and the result of
all these preparatory steps may result in
an exaggerated observation of the actual
scale effect, which might have been minor.

2. Scale effects on compression strength
and on deformability in general, appear to
be inevitable due to the "flawed" and
jointed nature of rocks and rock masses
respectively. A wealth of data is
available to support this widely accepted
view.

3. Scale effects are particularly well
documented for joint behaviour in shear.
Fundamental geometrical scale effects are
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evident when sampling (i) angles at dif-
ferent scale. These are evident in the
joint roughness coefficient (JRC) scale
effect. Since asperities may fail in
shear, the size of asperity that is loaded
may cause an additional compression or
tensile strength scale effect. This can
be accounted for by scale correction fac-
tors for the joint compression strength
(JCS) parameter.

4, The shear displacement required to
mobilize peak strength is also scale
dependent, increasing with larger joint
samples or with larger block sizes. For
this reason the shear stiffness of a joint
may be doubly scale dependent.

5. The statistical variation of joint
parameters within one joint set, and
within the rock mass as a whole, should be
carefully considerd when selecting samples
for special tests, for example in situ
block tests. Due to the expense of the
special test, there may be an temptation
to assume that the results obtained are
generally applicable. The special test
may in fact have been performed on an
"extreme value" discontinuity, due to the
ease of recognition and areal extent of
such features.

6. Investigations of potential scale
effects on stress measurements by over-
coring appear to show larger scatter at
small scale, but otherwise no significant
trends in terms of mean magnitudes.
Evaluation of scale effects in hydraulic
fracturing appear to show scale effects on
breakdown pressure, but not for minimum
principal stress or stress orientations.
The complicating influence of joint
shearing may need special consideration
here, due to the scale dependence of
shear-dilation-conductivity coupling.

7. Block size appears to be an extremely
important parameter for explaining a wide
range of scale effects in rock engineering
including compression strength, defor-
mation modulus, shear strength, dilation,
conductivity, shear stiffness, failure
mode, stress-strain behaviour, tunnel clo-
sure, reinforcement requirements, etc.
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