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Abstract

The mechanical behaviour of natural, unfilled rock joints is influenced by the interaction between surface roughness and
matedness of the contact surfaces. In the field, natural rock joints normally exhibit a mismatch between the contact sur-
faces, mainly due to different geological processes such as weathering or deformations. Various attempts have been made
to estimate how matedness of rock joints influences their peak shear strength. However, the proposed methodologies imply
certain difficulties since they are intended to estimate the matedness of rock joints based mainly on visual inspection, and
by relating an initial shear displacement to the length of the analysed sample or by relating the opening of saw-tooth and
two-dimensional joint profiles with the degree of interlocking. Therefore, a tested peak shear strength criterion for natural,
unfilled rock joints that realistically accounts for the influence of matedness on their peak shear strength is still lacking. This
paper presents a methodology where objective measurements of the average aperture of natural, unfilled rock joints are used
to estimate their matedness as a step in the prediction of the peak shear strength. This measured average aperture is based
on high-resolution optical scanning of the surface roughness. The proposed relationship between measured average aperture
and matedness of natural rock joints has been included in a further developed peak shear strength criterion. The verification
against ten natural rock joint samples of coarse-grained granite showed that the revised criterion can predict the peak shear
strength considering rock joint matedness.

Keywords Natural rock joints - Peak shear strength - Rock joint matedness - Rock joint aperture

Abbreviations Roman Letters

ATOS Advanced topometric optical sensor a Rock joint average aperture

BIPS  Borehole image processing system a Amplitude constant based on asperity base length
CNL  Constant normal load A Area of the rock joint sample

JRC Joint roughness coefficient A Maximum potential contact area ratio

JMC  Joint matching coefficient A Total contact area

LVDT Linear variable differential transformer A Potential contact area ratio

cp
C Roughness parameter
hyp Asperity height
H Hurst exponent
i Dilation angle
P4 Francisco Rios-Bayona Iy Dilation angle at grain scale
frrb@kth.se i Dilation angle at sample scale
Fredrik Johansson Ipeak Dilation angle at the peak shear strength
fredrik.johansson @byv.kth.se k Matedness constant
Diego Mas-Ivars Ly Asperity base length
diego.masivars @skb.se L,pe  Average length of the asperities in contact at size
' Division of Soil and Rock Mechanics, Department of Civil associated with grain size . .
and Architectural Engineering, KTH Royal Institute L,pn  Average length of the asperities in contact at size
of Technology, Brinellviigen 23, 100 44 Stockholm, Sweden associated with sample size
2 SKB Swedish Nuclear Fuel and Waste Management Co, L, Scale of the asperities associated with grain size
Solna, Sweden L, Length of the rock joint sample at full scale
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n Normal vector to the joint surface

N, Coordinate points over a digitised joint surface
parallel to shear direction

N, Coordinate points over a digitised joint surface
perpendicular to shear direction

R’ Coefficient of determination

t Shear vector

u Total shear displacement at the peak shear
strength

u; Initial shear displacement before a shear test

Z, Root mean square of the first derivate of the joint
surface

Greek Letters

On Normal displacement

Opeak Shear displacement at peak shear strength

O, Shear displacement

Au Additional shear displacement to reach the peak
shear strength

Ax Sampling distance parallel to shear direction

Ay Sampling distance perpendicular to the shear
direction

0" Apparent dip angle

0 Maximum apparent dip angle

O Uniaxial compressive strength of the joint surface

o Effective normal stress

¢ Mobilised friction angle

by Basic friction angle

by Peak friction angle

1 Introduction

The assessment of rock joint shear strength is one of the
most common problems that engineers face in the design and
construction of engineering structures on or in rock masses
(e.g., stability analysis of dams, block and arching stability
in tunnels, slope stability analysis). It is widely recognised
that the peak shear strength of rock joints is affected by a
number of different parameters, for example the normal
stress acting on the joint surface, the degree of weather-
ing, mineral coatings and infillings, surface roughness, the
matedness of the rock joint and the scale. For this reason,
the peak shear strength of rock joints has been under study
in recent decades.

Patton (1966) was one of the first researchers to
describe the shear behaviour of rock joints with regular
and saw-tooth asperities. Based on the same idealized rock
joint model, Ladanyi and Archambault (1969) approached
the problem of shear strength of rock joints by identifying
those areas where sliding on and shearing of the asperi-
ties are most likely to occur depending on the degree of
interlocking. Barton (1973) and Barton and Choubey
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(1977) proposed an empirical shear strength criterion
that included the contribution from joint roughness and
joint surface compressive strength of a rock joint. Surface
roughness is expressed in this criterion by the well-known
joint roughness coefficient (JRC). This parameter is nor-
mally estimated subjectively in the field through compari-
son with predefined roughness profiles, or preferably by
back-calculation based on a single tilt test of the analysed
rock joint (Barton and Choubey 1977). Efforts have been
made to gain more insight into the mechanical behaviour
of rock joints based on a statistical description of surface
roughness (Reeves 1985), energy considerations (Saeb
1990; Saeb and Amadei 1992; Amadei et al. 1998), ani-
sotropy of the surface roughness (Jing et al. 1993), fractal
theory (Kulatilake et al. 1995) and elasto-plasticity (Ple-
sha 1987; Seidel and Haberfield 2002). Over the past few
years, technical developments have shown that surface
roughness can be accurately and easily characterised in
three dimensions using high-resolution optical scanning
measurements (Lanaro et al. 1998; Grasselli 2006). This
approach led to new criteria that tried to explain rock joint
shear strength behaviour based on three-dimensional quan-
tification of surface roughness (Grasselli and Egger 2003;
Yang et al. 2016; Dong et al. 2017; Liu et al. 2017). More
recently, the mechanical behaviour of rock joints has also
been tackled from a semi-analytical stochastic perspective
(Casagrande et al. 2018).

However, a major limitation of the aforementioned cri-
teria is that they are either based on simplified joint profiles
(Patton 1966; Ladanyi and Archambault 1969) or are only
applicable to perfectly mated rock joints (Reeves 1985; Saeb
1990; Saeb and Amadei 1992; Amadei et al. 1998; Jing et al.
1993; Kulatilake et al. 1995; Plesha 1987; Seidel and Haber-
field 2002; Grasselli and Egger 2003; Yang et al. 2016; Dong
et al. 2017; Liu et al. 2017; Casagrande et al. 2018), which
is often not the case with natural rock joints in the field.
One exception to the criteria above is Barton and Choubey’s
empirical criterion. In the field, natural rock joints have
undergone various geological processes, such as weather-
ing or deformations in the rock mass. Due to these processes,
natural rock joints normally exhibit a mismatch between the
upper and lower surfaces. Barton and Choubey’s criterion
has the capability of indirectly accounting for the matedness
of natural rock joints when the JRC is estimated based on tilt
tests. Nevertheless, it is not possible to separate the influence
from matedness and roughness on the peak shear strength
when using only the JRC parameter. Barton and Choubey’s
empirical criterion was later revised by Zhao (1997a, b)
who introduced the joint matching coefficient (JMC), which
accounts for the matedness of natural rock joints. One limi-
tation of this approach is that the estimation of the JMC is
mainly performed by visual inspection and prediction of the
percentage of the rock joint surfaces in contact. Therefore,



Prediction of Peak Shear Strength of Natural, Unfilled Rock Joints Accounting for Matedness... 1535

the reliability of this parameter to express the matedness of
natural rock joints is unclear.

In recent years, various attempts have been made to
develop empirical and analytical criteria to increase under-
standing about how the matedness interacts with the sur-
face roughness of a rock joint and contributes to the peak
shear strength. During laboratory experiments, Johansson
(2016) and Tang and Wong (2016) studied the mechanical
behaviour of perfectly mated rock joints where the upper
parts of the samples had been initially dislocated a certain
shear displacement relative to the lower parts prior the
shear tests. They used the relationship between the initial
relative shear displacements prior the shear tests and the
total length of the analysed rock joint samples to express
the degree of matedness. However, Tang and Wong them-
selves recognised that imposing a dislocation on perfectly
mated rock joints may not be realistic for natural, unmated
rock joints in the field. Oh and Kim (2010) approached the
matedness problem by theoretically studying the effect of
opening on the shear behaviour of rock joints. Based on the
geometric configuration of a regular, saw-tooth rock joint,
they related the joint aperture with the degree of interlocking
previously proposed by Ladanyi and Archambault (1969).
This approach was later investigated in the laboratory by
imposing a certain dislocation between the two contact sur-
faces of artificial rock joints with regular profiles (Li et al.
20164, b) and incorporated in a new shear strength criterion
based on fractal theory (Li et al. 2017). However, the abil-
ity to apply this criterion has not been verified against real,
natural rock joints. Furthermore, their results are based on
two-dimensional profiles and it is unclear how the criterion
captures the three-dimensional characteristics of surface
roughness of real rock joints.

The above review shows that a tested peak shear strength
criterion for natural, unfilled rock joints that accounts for
both the three-dimensional characteristics of surface rough-
ness and the influence of matedness on peak shear strength
is still lacking. Taking up this challenge, this paper presents
a methodology that uses objective measurements of the aver-
age aperture between the joint surfaces of natural, unfilled
rock joints to estimate their matedness. The measured aver-
age aperture utilised in this work is based on high-resolution
optical scanning of the surface roughness. Furthermore, the
relationship between the measured average aperture and
the matedness of natural, unfilled rock joints has been inte-
grated in a revised version of the peak shear strength crite-
rion developed by Johansson and Stille (2014). Instead of
using an initial shear displacement as a measure of the active
asperities in contact, as was originally proposed by Johans-
son (2016), it is suggested that they are expressed in terms
of the measured average aperture and the inclination of the
active asperities in contact. The novelty of this approach lies
in the use of measured average aperture of natural, unfilled

rock joints based on high-resolution optical scanning to
account for matedness as a step in the calculation of their
peak shear strength.

2 Johansson and Stille’s Peak Shear
Strength Criterion and Integration
of the Average Aperture

2.1 Rationale of Johansson and Stille’s Peak Shear
Strength Criterion

The peak shear strength criterion developed by Johansson
and Stille (2014) for fresh, unweathered rock joints is based
on the understanding of the different failure modes for a
single asperity, the adhesion theory of friction and an ideal-
ised description of a rock joint surface roughness based on
fractal theory. Furthermore, the criterion accounts for the
change in the dilation angle at grain scale and the variation
of the number and size of the active asperities at contact due
to scale and matedness.

To understand how a single asperity can fail, Johansson
and Stille (2014) studied the transition between different fail-
ure modes of an idealised asperity at different dilation angles
(i), where the side of the asperity facing the shear direction
was assumed to be subjected to a normal stress (ar'l) equal
to the uniaxial compressive strength of the intact rock (o).
The results of the analysis showed that for low values of i, it
is sliding failure that controls the shear strength. At higher
inclinations, shearing through the asperity becomes the gov-
erning failure mode. Finally, when the asperity inclination
increases further, tensile failure occurs. They concluded
that the value of i, where the transition between sliding and
shearing failure occurs, depends on the strength of the indi-
vidual asperity. However, asperity inclinations above this
transition value will not contribute to reach a higher mobi-
lised shear strength. For this reason, according to Johans-
son and Stille (2014), the shear strength of a single asperity
with a mobilised friction angle below the transition between
sliding and shear failure can be expressed as was originally
suggested by Patton (1966):

by = by + i, )

where ¢, is the peak friction angle, ¢, is the basic friction
angle for a dry and sawn surface and i, is the dilation angle
at sample scale.

This peak shear strength criterion extends the analysis
performed for a single asperity to sample scale based on
the idea that surface roughness can be described with frac-
tal theory (Mandelbrot 1985; Renard et al. 2006; Stigsson
and Mas Ivars 2019). Based on this assumption, surface
roughness may be idealised as a superposition of different
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asperities at multiple scales (i.e., with different heights
and lengths). Furthermore, Brown (1987) and Malinverno
(1990) both showed that a self-affine fractal profile keeps a
power law relationship between the variation of the asper-
ity height and the span of the measured profile. Taking up
these findings, Johansson and Stille (2014) assumed that
there also exists a scaling relationship between the asperity
height (h,,) and the asperity base length (L,g,) of differ-
ent sized asperities on a rock joint profile. This scaling
relationship is given by
hasp = a*Lg o )
where a* is an amplitude constant and H is the Hurst
exponent.

In addition, for an idealised asperity there exists a geo-
metric relation between the parameters h,g, and L,,, given
by

asp

Lﬂsp .
hasp = T tan (l) (3)

By combining Eqgs. (2) and (3), Johansson and Stille
(2014) established an expression that relates the length and
inclination of the asperities at contact, given by

1 1/H-1)
L :[tan(l)] .

P 2a* @
Based on the adhesion theory, Johansson and Stille’s
peak shear strength criterion assumes that for a given al;,
the contact area (A_) for a fresh and unweathered rock joint
increases proportionally to the area of the sample (A). This
can be expressed as

¢ _ %
Le o §)

Previous observations on sheared rock joint surfaces have
shown that the total contact area during the shearing process
is only a small portion of the total area of the rock joint sam-
ple (Grasselli et al. 2002). Furthermore, these contact areas
occur where the steepest asperities facing the shear direc-
tion are located (Kimura and Esaki 1995; Grasselli et al.
2002). After analysing a large number of scanning data from
rock joint surfaces, Grasselli (2001) proposed the following
empirical relationship to express the potential contact area
ratio (A ) at different asperity inclinations for a perfectly
mated rock joint:

0;‘;13)( B 0* ¢
Acp=Ao| 20— - (©)

max
£

where A is the maximum possible contact area ratio, 0 _is
the maximum apparent dip angle in the shearing direction,
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0* is the apparent dip angle and C is a roughness parameter
that governs the concavity of the curve.

For a fresh and unweathered rock joint, the value of A; can
be obtained by the product of A, , and A. By combining the
adhesion theory and the potential contact area ratio in Egs. (5)
and (6), Johansson and Stille (2014) suggested the following
expression to estimate the dilation angle at grain scale (i) for
a perfectly mated rock joint:

’
o]
logq ﬁ—:i—logloAO

7
]eilax : ( )

ig = e:;lax - 10[

Johansson and Stille (2014) further discussed how the size
of the asperities at contact varies due to scale and matedness.
According to the adhesion theory, the ratio between A, and A
for a rock joint surface is only dependent on the applied ar'l and
its o; [see Eq. (5)]. Consequently, this ratio is independent of

scale, and the following expression can be derived:
A, A

Ay A, ®

n g

The subscripts n and g in Eq. (8) indicate sample and grain
size, respectively (Johansson and Stille 2014).

Furthermore, the true contact area is the sum of all the
individual contact points on the rock joint which, together
with Eq. (8), expresses how the number and size of the con-
tact asperities on a rock joint change with the sample scale
under constant normal load (CNL) conditions. Based on these
assumptions, Johansson and Stille (2014) suggested an expres-
sion to estimate the average length of the asperities in contact

at a size associated with sample size (L, ), given by
LK
n
Lasp,n = Lasp,g <L_> > (&)
2
where L, , is the average length of the asperities in contact

at grain size, L, is the length of the sample, L, is the scale of
the asperities associated with grain size and k is the mated-
ness constant.

Finally, by combining Egs. (2), (3), (4), (7) and (9), it is
then possible to derive the equation that expresses i, given by

L\ KH=D
i, = arctan ltan (ig) (L—"> ] . (10)

g

2.2 Integration of the Average Aperture to Account
for Matedness

The peak shear strength criterion developed by Johans-
son and Stille (2014) has the ability of explaining how the
compressive strength, roughness, scale and matedness of a
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fresh, unweathered rock joint surface interact to form the
peak shear strength under CNL conditions. However, the
criterion has only been tested against tensile induced rock
joints (Johansson and Stille 2014; Johansson 2016).

The parameter k proposed by Johansson and Stille (2014)
describes how the number and size of the active asperities
taking part in the shearing process between two joint sur-
faces vary proportionally with shear displacement. The value
of this parameter varies between 0 for a rock joint with per-
fect match and 1 for a totally mismatched rock joint. The
equation for k is given by

1Ogl() u-— loglOLasp,g/2

- 10g10Ln/2—10g10Lg/2’ (11

where u is the total shear displacement at the peak (Johans-
son 2016).

During laboratory experiments on perfectly mated rock
joints, Johansson (2016) proposed a relationship between
an initial relative shear displacement or dislocation between
lower and upper parts prior the shear test (¢;) and the length
of the analysed rock joint sample. This relationship was
used to estimate k with Eq. (11). According to Johansson
(2016), for a perfectly mated rock joint, the size of the active
asperities at contact at peak shear strength is associated
with grain scale, L,g, , = L,. This means that when using
Eq. (11), k = 0, and consequently, the peak shear strength
in a shear test occurs at au = L, /2. Conversely, for a rock
joint sample where the upper and lower surfaces have under-
gone a certain displacement u;, the number of contact points
decreases, and the size of the asperities at contact increases.
This also means that an additional shear displacement (Au)
in the performed shear test is needed to reach the peak shear
strength of the analysed unmated rock joint. As a result,
u = u; + Au, and the parameter k differs from O in these
cases. Based on the principles of self-affine fractal theory
and the idealisation of surface roughness as a superposition
of different asperities at multiple scales, Johansson (2016)
explained that it is reasonable to assume that a direct asso-
ciation exists between u; of an unmated rock joint and the
average length of the asperities in contact during the shear-
ing process (Lasp,n)~ Johansson (2016) further explained that
due to the association between u; and L, ,, the additional
deformation Au that is needed to reach the peak must also be
directly proportional to u; and L,g, ,. The additional deforma-
tion of Au required to reach the peak shear strength therefore
becomes equal to L, , /2. This implies that Au = u;, leading
to u = 2u;. The limitation of this assumption is connected to
the possibility of describing surface roughness using self-
affine fractal theory. For instance, this assumption should
not be applied to predict the peak shear strength of blasted
joint surfaces, saw-tooth rock joints or rock-concrete contact
surfaces.

However, a drawback of the approach introduced by
Johansson (2016) to account for the matedness is that it can-
not be used with natural, unmated rock joints that exhibit
an aperture. The main reason for this is that the estimation
of ; is in itself difficult when calculation of the peak shear
strength of natural rock joints in the field is intended.

To account for this, we propose a revised version of
Johansson and Stille’s peak shear strength criterion. This
revised peak shear strength criterion incorporates the use
of objective measurements of a natural rock joint average
aperture (a) to account for its matedness as a step in the
calculation of its ¢,. In this new approach, it is suggested
that the natural rock joint is assumed to be equal to an ini-
tially perfectly mated rock joint where the upper and lower
parts have been dislocated a certain ;. If sliding along active
asperities is assumed, this virtual u; in the perfectly mated
rock joint will lead to changes in the aperture until a value
of a equal to the one measured in the natural rock joint is
reached. This principle is illustrated in Fig. 1. Additionally,
this implies that aperture changes may theoretically be asso-
ciated with the inclination of the active asperities in contact
that contributes to the peak shear strength. By extension, this
means that if a for a natural rock joint is known, a virtual ;
can be estimated by applying the relationship suggested by
Ladanyi and Archambault (1969) and Oh and Kim (2010):

_a
YT an (in) (12)

Since it can be assumed that u = 2u; as described above,
the parameter & in Eq. (11) can be redefined as

logIO t,‘mzﬁ - 1OgIO Lasp,g/2

13)
10g10 Ln/2 - logIO Lg/2
Therefore, the revised peak shear strength criterion uses
measurements of a to estimate i, and k by performing an
iterative process with Eqs. (7), (10) and (13) and calculating
¢, with Eq. (1).

3 General Methodology

To investigate the ability of this new approach to account
for the matedness of natural, unfilled rock joints using their
measured a when calculating their ¢, with the revised crite-
rion, a series of laboratory direct shear tests was conducted
under CNL conditions. The main steps described in this sec-
tion are supported by the flow chart in Fig. 2.

For each of the analysed rock joint samples, high-reso-
lution optical scanning of the joint surfaces was performed
prior to the direct shear tests to capture the roughness.
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Fig. 1 Illustration of an
assumed initially perfectly
mated rock joint where upper
and lower parts have been

Shear direction ::>

displaced a virtual u; until the
same value of @ measured in the
natural rock joint is reached

Based on the information from the optical scanning, the
three parameters describing surface roughness at grain
scale (07 . C and A,) were derived. Together with the
applied o'r'l and o of the joint surfaces, it enabled the esti-
mation of i, using Eq. (7). By superposing the digitised
upper and lower joint surfaces, aperture measurements for
the analysed rock joints were objectively obtained. Based
on the measured a and application of Eqgs. (10) and (13),
i, and k were estimated. Finally, ¢, was calculated using
Eq. (1). These results were compared with the measured
values of ¢, obtained in the laboratory direct shear tests
to test the revised criterion.

4 Description of Rock Joint Samples
and Surface Characterization

4.1 Rock Joint Samples

The analysed rock joint samples were obtained by over-
drilling through an existing rock joint adjacent to the
foundation of the Storfinnforsen buttress dam. The intact
rock beneath the dam’s foundation consists of grey coarse-
grained granite. Figure 3 shows two of the analysed sam-
ples from Storfinnforsen.

Additionally, two rock joint samples taken from an
existing rock joint adjacent to the foundation of the Lang-
bjorn concrete dam were included in this analysis. These
rock joint samples consisted of grey coarse-grained granite
and were slightly weathered. These samples were previ-
ously sheared in the laboratory by Johansson (2009).

The dimensions of the natural, unfilled rock joint
samples from Storfinnforsen (S1 to S8) and Langbjorn
(L1 and L2), together with the test conditions during the
direct shear tests, are shown in Table 1.

@ Springer

4.2 Optical Scanning and Parameters
for the Description of Surface Roughness

High-resolution optical scanning of the rock joints from
Storfinnforsen (S1 to S8) was performed with an ATOS
Compact Scan 5M system. The performed measurements on
these eight samples had an accuracy of +0.02 mm. The rock
joint samples from Langbjorn (L1 and L2) were scanned
with an ATOS III system by Johansson (2009). The measure-
ments of these two samples had an accuracy of +0.05 mm.
Before performing the direct shear tests, the upper and lower
joint surfaces were scanned separately. The upper and lower
parts of each rock joint sample were then put together and
scanned again, making it possible to analyse the degree of
contact between both surfaces prior to the direct shear tests.
To maintain consistency with the global reference system,
circular reference points were placed around the upper and
lower parts of all analysed samples, see Fig. 3. The scanned
rock joint surfaces were re-generated with a resolution of
0.3 by 0.3 mm. This resolution was assumed to be appropri-
ate to capture L, on the rock joints according to previous
recommendations by Grasselli and Egger (2003) and Tatone
and Grasselli (2009). The parameters >, C and A, for the
analysed joint surfaces were determined based on the digit-
ised surfaces using the following methodology: first, normal
vectors (n;) were generated for each element on the 0.3 by
0.3 mm grid. By defining the shear direction (¢), the values
of 6 for each asperity facing the shear test direction were
determined using

|n; - 1|

cos (90° - 91*) = |n| e
1

(14)

This principle is illustrated in Fig. 4a. As an example, the
measured values of 8* with respect to the defined ¢ for the
lower and upper parts of sample S1 are illustrated in Fig. 4b, c,
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Fig.2 Flow chart with the main steps used to account for the matedness of natural, unfilled rock joints based on their measured a in the verifica-

tion of the revised peak shear strength criterion

respectively. The calculated values of 8* for the lower and  as the sum of all the areas with a certain inclination facing
upper parts of each rock joint sample were sorted separately ~ the shear direction was determined using Eq. (6). Measured
in descending order. For each 6%, the parameter A, , defined ~ values of the relationship between 6* and A , for the lower
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Fig.3 Example of two
analysed rock joint samples
from Storfinnforsen placed in
concrete moulds after shearing
and circular reference points
that were used during the high-
resolution optical scanning

Table 1 Size and test conditions during the shear tests on the ana-
lysed natural, unfilled rock joint samples

Sample Length Average Area (cm?) Test conditions

(mm)?* width
(mm)
S1 137.0 1900 2603 CNL (o, = 1 MPa)
S2 202.5 1900 3848 CNL (5, = 1 MPa)
S3 213.0 189.0  402.6 CNL (o, = 1 MPa)
S4 188.5 1625 306.3 CNL (5, = 1 MPa)
S5 135.0 191.0 2579 CNL (o), = 1 MPa)
S6 185.0 1775 3284 CNL (6, = 1 MPa)
S7 195.0 1912 3729 CNL (¢, = 1 MPa)
S8 126.0 1780 2243 CNL (o, = 1 MPa)
L1® 1250 1250 1563 CNL (o, =0.85 MPa)
L2"  240.0 2400  576.0 CNL (¢, =0.90 MPa)

#Measured in the shear direction

"Direct shear tests performed byJohansson (2009)

and upper surfaces of sample S1 at a resolution of 0.3 by
0.3 mm are shown in Fig. 4d. Data from these two curves
were used to calculate 07, C and A, by best-fit regression
analysis [see Eq. (6)]. Table 2 presents the results of the
regression analysis for the analysed rock joint samples.
The relationship between h,g, and L, established in
Eq. (3) was estimated by calculating the root mean square
of the first derivative (Z,) for different sampling intervals
along the shear direction (Ax) in the digitised joint sur-
faces. Each digitised joint surface was divided into pro-
files separated by a constant distance perpendicular to the

@ Springer

shear direction (Ay). The parameter Z, describes therefore
the average inclination of the asperities over a certain Ax
and for each profile separated a distance Ay. This can be
expressed as

, N —1
2 - - .~ . - B
(N,—1) N, = S \ Xy — X

where N, and N, are the number of coordinate points over
a digitised rock joint surface parallel and perpendicular
to the shear direction, respectively. The pairs (x;;,z;;) and
(x,»HJ-,z,-HJ) are adjacent coordinates in the same profile
along the shear direction separated by a constant distance
Ax (Myers 1962).

The values of Ax and Ay were equal and varied between
0.3 mm and 9.6 mm for the digitised rock joint surfaces. As
an example, Table 3 shows the results of the calculation of
h,s, for different L, for sample S1. Based on these results,
the values of H for the analysed rock joint samples were
determined through regression analysis using Eq. (2).

Additionally, the aperture of all the tested rock joint sam-
ples was measured after superposing the lower and upper
digitised surfaces and calculating the difference in eleva-
tion between points with same x- and y-coordinates. This
was possible since both upper and lower joint surfaces of
the tested rock samples were scanned in the same global
reference system. Figure 5 shows the rock joint aperture
for sample S1. After calculating the difference in elevation
for each point in the upper and lower digitised surfaces the
parameter a was obtained by
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where zzf.)per and zzf;.wer are the elevation of two points with
same x- and y-coordinates situated in the upper and lower
digitised surfaces with a resolution of 0.3 by 0.3 mm,
respectively.
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with respect to the defined ¢ for the upper part of sample S1; d rela-
tionship between measured values of A_, and 6" for the lower and
upper parts of sample S1 and the obtained regression analysis

The values of H, together with the measurements of a
and the estimation of k and i, for the analysed rock joints,
are shown in Table 4.

5 Laboratory Shear Test Procedure
The rock joint samples were sheared at Lulea University
of Technology. The direct shear tests were conducted in a

servo-controlled shear machine with the capacity to per-
form shear tests according to the methodology suggested
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Table 2 Values of Ay, C and 0 = obtained through regression analy-
sis for the analysed rock joint samples

Sample A4G)  CH O RO
S1 lower part 0.572 5.16 76.60 0.991
S1 upper part 0.577 5.13 78.33 0.991
Average 0.575 5.15 76.22 0.991
S2 lower part 0.496 5.38 62.14 0.993
S2 upper part 0.511 6.91 78.75 0.996
Average 0.504 6.15 67.50 0.995
S3 lower part 0.504 5.58 79.08 0.997
S3 upper part 0.562 5.68 79.57 0.995
Average 0.533 5.63 78.34 0.996
S4 lower part 0.571 4.13 55.83 0.995
S4 upper part 0.612 6.21 74.19 0.981
Average 0.591 5.17 62.33 0.988
S5 lower part 0.619 5.95 79.19 0.994
S5 upper part 0.586 5.31 74.62 0.988
Average 0.603 5.63 74.67 0.991
S6 lower part 0.580 6.27 79.25 0.982
S6 upper part 0.621 6.93 81.70 0.978
Average 0.600 6.60 76.41 0.980
S7 lower part 0.516 5.78 78.43 0.985
S7 upper part 0.519 4.89 69.58 0.993
Average 0.517 5.34 71.72 0.989
S8 lower part 0.667 4.73 58.53 0.980
S8 upper part 0.676 4.44 56.67 0.976
Average 0.672 4.59 53.67 0.978
L1 lower part 0.266 7.25 54.45 0.804
L1 upper part 0.318 8.38 58.08 0.893
Average 0.292 7.82 45.74 0.848
L2 lower part 0.656 6.75 57.90 0.993
L2 upper part 0.652 7.92 67.69 0.990
Average 0.654 7.34 60.01 0.991

by ISRM (Muralha et al. 2014). The normal and shear
capacity of this machine is 500 kN. As previously men-
tioned, the direct shear tests on rock joint samples L1 and
L2 were conducted by Johansson (2009) in the same shear
test machine.

A summary of the preparation process prior the shear
tests is illustrated in Fig. 6. The shear tests were performed
at a shear displacement rate of 0.1 mm/minute until reach-
ing a maximum shear displacement of 5 mm. The nominal
contact area between the upper and lower parts of the joint
surfaces was continuously updated by considering its reduc-
tion due to the relative shear displacement. In addition, both
loads and displacements were continuously monitored in the
shear and normal directions during the shear tests. Loads
were measured with load cells and displacements were
measured with LVDTSs. In the normal direction, normal dis-
placements (8,) were measured with four LVDTs, two on
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each side of the sample. In the shear direction, the shear
displacement (J,) was measured with two LVDTs installed
at the front of the sample, one on each side. A detailed pic-
ture taken sideways with the arrangement of the installed
LVDTs on one of the tested rock joint samples is illustrated
in Fig. 6d. The utilised LVDTs measured displacements on
the range of 0—25 mm and had an accuracy of better than
0.1%. Data were registered during the conducted shear tests
at an interval of 0.5 s. The average values of the registered
data of 6, and 6, were used to calculate the value of i for each
of the tested rock joint samples using

_ (20
= ar n .
1 = arcta % (17)

s

A constant increment in the shear direction (d§,) of
0.1 mm was used in the calculation of i.

6 Shear Test Results and Verification
of the Revised Peak Shear Strength
Criterion

6.1 Shear Test Results

Conventionally, the results of direct shear tests are pre-
sented by plotting shear stress and normal displacement
versus shear displacement (Muralha et al. 2014). However,
the revised peak shear strength criterion expresses the ¢, in
degrees. To maintain consistency in the comparison between
the conducted shear tests and the predicted ¢,, of the ana-
lysed rock joint samples with the revised criterion, plots
containing mobilised friction angle (¢) versus §; have been
presented in this study.

The results of ¢ and &, versus 6, measured during the
laboratory direct shear tests conducted on the analysed rock
joint samples are presented in Fig. 7. Additionally, values
of measured ¢, dilation angle at the peak (i) and shear
displacement at the peak (6,,) are presented in Table 5.
Rock joint samples S1 to S8 showed a measured ¢, vary-
ing between 50.5° and 71.8°. On average, the measured ¢,
was 59.3°. These rock joint samples showed a measured i
between 9.0° and 35.1°. The measured values of ¢, and i,
were 44.6° and 7.3° for sample L1, and 42.4° and 7.6° for
L2.

Two different mechanical behaviours were observed when
comparing the measured ¢ versus &, of the analysed rock
joint samples (see Fig. 7a). The results of the direct shear
tests for samples S1, S3, S4 and S5 showed a clear peak and
post-peak behaviour. For these rock joint samples, the reg-
istered 6y, varied between 0.26 and 1.2 mm (see Table 5).
On the contrary, samples S2, S6, S7 and S8 had a smoother

peak
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Table 3 Measured values of /g, for different L, for sample S1

Ax (mm) S1—Ilower surface
Ly, (mm) Z, () i(°) Ty, (mm)
0.3 0.6 0.34 12.93 0.102
0.6 1.2 0.33 12.59 0.195
1.2 24 0.30 11.96 0.365
2.4 4.8 0.27 11.09 0.657
4.8 9.6 0.24 10.54 1.166
9.6 19.2 0.21 10.44 1.998
Ax (mm) S1—upper surface
Ly, (mm) Z, () i(°) hyp (mm)
0.3 0.6 0.36 13.44 0.109
0.6 1.2 0.35 12.96 0.207
1.2 24 0.32 12.14 0.381
2.4 4.8 0.28 11.23 0.674
4.8 9.6 0.25 10.83 1.175
9.6 19.2 0.21 10.29 2.031
Fig.5 Aperture measurements 240

derived after superposing the

upper and lower digitised rock

joint surfaces obtained from the 220
performed high-resolution opti-

cal scanning on sample S1

200
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Table 4 Values of H together with measured a and estimated values
of k and i, for the analysed rock joint samples

Sample H(-) a (mm) k(=) i, (®)
S1 0.85 0.79 0.38 33.7
S2 0.82 0.87 0.47 21.4
S3 0.85 0.77 0.37 31.5
S4 0.84 0.47 0.31 27.3
S5 0.79 0.65 0.39 27.8
S6 0.79 0.81 0.47 22.9
S7 0.84 1.28 0.49 26.4
S8 0.84 0.50 0.37 25.3
L1 0.83 0.91 0.66 10.1
L2 0.81 1.00 0.52 16.6

transition into post-peak behaviour and a clear peak could
not be observed. The registered 6, for these samples varied
between 0.69 and 4.1 mm. The rock joint samples L1 and
L2 showed also a smooth transition into post-peak behaviour

with a registered 6., 0f 3.22 and 2.20 mm, respectively.
This observed mechanical behaviour with a smooth transi-
tion into post-peak shear strength is consistent with other
results reported by Johansson (2009, 2016) on unmated rock
joints.

The comparison between measured 6, versus 6, in Fig. 7b
showed a similar mechanical behaviour for all the analysed
rock joint samples. The results showed an initial closure fol-
lowed by a relative opening between the lower and upper
parts of the analysed samples. The measured 6, at 5 mm
shear displacement varied between 0.9 and 2.1 mm for
samples S1 to S8. Samples L1 and L2 had a measured &,
of 0.24 and 0.31 mm, respectively. Sample L1 was sheared
4 mm and sample L2 was sheared 5 mm. In comparison with
samples S1 to S8, samples L1 and L2 had a lower measured
6,. The observed mechanical behaviour of L1 and L2 was
as expected since they presented a smoother surface rough-
ness and a higher measured a than samples S1 to S8 (see
Tables 2, 4).

Fig.6 Preparation of the analysed rock joint samples from Storfinn-
forsen: a levelling of one of the analysed rock joint samples to keep
it horizontal; b casting of the rock joint samples with concrete; ¢ rock

@ Springer

joint sample S4 being placed in the shear machine; d rock joint sam-
ple S4 ready for shearing with mounted LVDTs
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Fig.7 Results from the laboratory shear tests conducted on samples S1 to S8, L1 and L2: a mobilised friction angle, ¢ vs. shear displacement,

6 b normal displacement, 6, vs. shear displacement, &,

Table 5 Measured values of ¢, i, and 6, obtained in the labora-
tory shear tests of the analysed rock joint samples

Sample &, () fpeak () Opeak (MM)
S1 62.1 22.4 0.66
S2 50.5 14.7 0.69
S3 71.8 35.1 0.36
S4 63.1 9.0 0.26
S5 59.9 31.2 1.16
S6 53.5 15.8 3.70
S7 55.3 17.7 1.74
S8 58.1 23.0 4.13
L1 44.6 7.3 3.22
L2 424 7.6 2.20

6.2 Verification of the Revised Peak Shear Strength
Criterion

A comparison between calculated ¢, with the revised cri-
terion and measured ¢, in the laboratory for the analysed
rock joint samples is presented in Fig. 8a. The value of ¢,
obtained by means of tilt tests was estimated as 31° for the
analysed rock joint samples (S1 to S8, L1 and L2). The o of
these ten rock joint samples was estimated using the Schmidt
Hammer Index as suggested by Barton and Choubey (1977).
The o; obtained for samples S1 to S8 was 110 MPa. Rock
joint samples L1 and L2 had a o of 140 MPa (Johans-
son 2009). The applied o-r'1 on the analysed rock joints is

presented in Table 1. Parameters 67, C and A are provided
in Table 2. Values of H, a, k and i, are provided in Table 4.

The calculated values of ¢, with the revised criterion
were in good agreement with the results from the direct
shear tests conducted in the laboratory. The results show
that for samples S1 to S8, the calculated d)p varied between
52.4° and 64.7°. The average value of the calculated ¢, on
these samples with the revised criterion was 58.0°. The dif-
ference between measured and calculated d)p, as expressed
in absolute values, varied between 0.4° and 4.8°. The excep-
tion was sample S3, which showed a less good agreement.
In this rock joint sample, the difference between measured
and calculated ¢, was 9.3°. Samples L1 and L2 had a calcu-
lated value of ¢, of 41.1° and 47.6°, respectively. For these
two samples, the difference between measured and calcu-
lated ¢p, as expressed in absolute values, was 3.5° and 5.2°,
respectively.

To increase the completeness of this study, Fig. 8a also
includes the results from six direct shear tests previously per-
formed by Johansson (2016) on fresh tensile-induced rock
joints with dimensions of 60 by 60 mm and 200 by 200 mm.
These rock joint samples came from the Flivik quarry in
Sweden and consisted of grey coarse-grained granite. The
values of ¢, were predicted using the peak shear strength
criterion developed by Johansson and Stille (2014) with
k = 0. This assumption is considered reasonable, since ten-
sile-induced rock joints exhibit a perfect match between the
upper and lower parts (Johansson 2016). The main reason
for including them in this analysis is to provide a comparison
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Fig.8 Comparison between calculated and measured ¢, and obtained
linear fit through regression analysis for the rock joint samples from
Storfinnforsen, Langbjorn (Johansson 2009) and Flivik (Johansson
2016): a calculated values of ¢, with the revised peak shear strength

between three different groups of rock joints with different
joint matedness. In total, the comparison between measured
and calculated ¢, comprises 16 rock joint samples.

7 Discussion

7.1 Comparison Between Calculated and Measured
Peak Shear Strength

The analysis performed on the rock joint samples from
Storfinnforsen (S1 to S8) showed that the calculated values
of ¢, with the revised criterion were in good agreement with
the measured values of ¢, in the laboratory. However, the
comparison between calculated and measured ¢, for sample
S3 deviated from the expected behaviour. The reason for this
discrepancy (9.3°) is not clear. During the laboratory shear
tests, the observed 6., for this sample was 0.36 mm. The
measured 6., gives an indication of the size of the effective
asperities contributing to the shear resistance at the peak.
The results from the laboratory direct shear tests on the six
perfectly mated rock joints performed by Johansson (2016)
showed an average 6., of approximately 0.3 mm. This may
indicate that the joint surfaces of sample S3 had similar
conditions to a perfectly mated rock joint. Consequently,
the application of the methodology proposed in this paper
might underestimate the matedness of sample S3, leading to
a larger discrepancy between measured and calculated ¢,,.
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criterion and Johansson (2016); b calculated values of b, with the
peak shear strength criteria previously developed by Grasselli and
Egger (2003) and Johansson and Stille (2014)

The comparison between measured and calculated values
of ¢,, for the rock joint samples from Langbjorn (L1 and L2)
was also in good agreement. Note that the revised criterion
was able to predict well the d)p of samples L1 and L2, which,
compared with the other group of analysed rock joints
(S1 to S8), had a higher degree of weathering, a lower ¢,
and a higher registered 6., measured in the laboratory (see
Fig. 7a). The reason for this is that L1 and L2 had, on aver-
age, higher values of C in combination with lower values of
0 .. than samples S1 to S8 (see Table 2). Higher values of C
are associated with low surface roughness where a large por-
tion of the asperities facing the shear direction is less steep
than 87 (Grasselli 2001). In addition, L1 and L2 had a high
measured a, which led to high values of k and low values
of i, (see Table 4). This combination between C, 0  and a
shows how surface roughness interacts with the matedness
in the revised criterion to form gbp. Furthermore, these results
also show how the description of surface roughness using
self-affine fractal theory and the direct association between
asperities at multiple scales is accounted for in the revised
criterion. As it is observed in Fig. 7a, b, the analysed rock
joint samples with higher measured a had a higher registered
Speak and a lower 6, at maximum shear displacement.

The calculated values of ¢, for the rock joint samples
from Flivik were also in good agreement with the results
from the direct shear tests conducted in the laboratory by
Johansson (2016).
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A discrepancy was observed when comparing the meas-
ured i, during the conducted direct shear tests and the
calculated i, with the revised criterion of the analysed rock
Joint samples. The average values of measured i, and cal-
culated i, for all ten samples were 18.4° and 24.3°, respec-
tively (see Tables 4, 5). The average calculated i, was 5.9°
higher than the average measured i.,. A possible reason
for this discrepancy between measured i, and calculated i,
may be due to the existence of an asperity failure component
in the performed shear tests. The peak shear strength crite-
rion by Johansson and Stille (2014) and the revised criterion
both assume that sliding along the active asperities is the
predominant failure mode governing the shearing process.
However, the contribution from an asperity failure compo-
nent is close to the contribution from sliding—at least under
the assumption that the contact pressure on the asperities is
equal to o, (Johansson and Stille 2014; Johansson 2016).
Therefore, even though a discrepancy was observed between
average i, and i,, the comparison between measured and
calculated ¢, will show a good agreement. Furthermore, this
discrepancy will not influence the calculation of ¢, with the
revised criterion, since the calculation of k and i, originates
from an initial measured a of the natural rock joint.

A similar discrepancy could also be observed when com-
paring the average values of measured ¢, — i (37.8°) with
¢y, (31°) measured in the tilt tests (see Table 5). The average
measured ¢, — i, Was 6.8° higher than the measured ¢,
This discrepancy may be due to the existence of an asperity
failure component as previously discussed. Another possi-
ble reason is an uncertainty in the measurements of 7 in the
performed shear tests since it is influenced by the selected
dé,. The values of i were calculated with a constant dé, of
0.1 mm. Selecting a value of dé, higher than 0.1 mm will
result in lower values of measured i in the performed shear
tests. On the other hand, values of dé, lower than 0.1 mm
will result in a large scattering when measuring i since the
measured do, for each do is becoming close to the accuracy
of the installed LVDTs. Additionally, Johansson (2016) sug-
gested that it is necessary that the selected do to calculate i
from the shear tests is of the same magnitude as the micro-
scale roughness of the sawn samples used to determine
¢y, with tilt tests in order for them to be compatible. The
ISRM Suggested Method for determining ¢, recommends
using saw blades with teeth or rim grits on the range of
60—100 US Mesh during the specimen preparation (Alejano
et al. 2018). Bruce et al. (1989) also observed that reason-
able values of ¢, for quartzite and dolostone were obtained
when their surfaces were roughened with a No. 80 grit. They
observed that the roughness of the prepared plates had a
Centre Line Average (CLA) of 200 um for the quartzite and
150 pm for the dolostone. The selected do, (100 um) for the
calculation of i in the performed shear tests in this study is
in the same range as the observed values of CLA by Bruce

et al. (1989) and therefore it is considered suitable for the
measurements of i. The uncertainties in the measured .,
and the compatibility between ¢, and i may also be a pos-
sible reason for the observed discrepancy between measured
Ipeak during the conducted direct shear tests and the calcu-
lated i, previously discussed.

7.2 Influence of the Aperture on the Peak Shear
Strength

To study the influence of @ on the estimation of k and the
calculation of ¢, with the revised criterion, a sensitivity
analysis was performed. This sensitivity analysis included
samples S1 to S8, L1 and L2. Figure 9 shows the variation of
k and calculated ¢, with different values of measured a. The
results showed that both the parameter k and the calculated
¢, showed steep variation when the measured a was within
arange of between 0 and approximately 1 mm. For instance,
for the values of @ within the range between 0 and 1 mm, the
parameter k increased between 0.42 and 0.67 in the analysed
rock joint samples (see Fig. 9a). For the same range of a, the
calculated ¢, decreased between 7.9° and 13.9° for the ana-
lysed samples (see Fig. 9b). This variation in the estimated
value of k and calculated ¢, was less abrupt at higher ranges
of the measured a.

To increase the completeness of this sensitivity analysis,
the ¢, of the rock joint samples presented in this study was
also calculated with the peak shear strength criteria previ-
ously developed by Grasselli and Egger (2003) and Johans-
son and Stille (2014). The input data required to apply these
criteria to samples S1 to S8, L1, L2 and the perfectly mated
rock joints from Flivik are provided in Tables 1, 2 and 4
and in the study performed by Johansson (2016). The peak
shear strength criterion by Johansson and Stille (2014) was
implemented in the analysed rock joint samples by setting
the parameter k = 0. Since the upper and lower parts of the
rock joint samples from Storfinnforsen and Langbjorn were
not dislocated prior the laboratory shear tests, the values
of u; and k were equal to 0 according to Johansson (2016).
A comparison was made between values of measured and
calculated ¢, with the peak shear strength criteria by Gras-
selli and Egger (2003) and Johansson and Stille (2014),
which is illustrated in Fig. 8b. The results for the perfectly
mated rock joints from Johansson (2016) showed that the
calculated values of ¢, obtained with Grasselli and Egger
(2003) and Johansson and Stille (2014) peak shear strength
criteria were in good agreement with the measured ¢, in
the laboratory. However, the comparison was less good for
rock joint samples S1 to S8, L1 and L2. The calculated val-
ues of ¢, with Grasselli and Egger (2003) and Johansson
and Stille (2014) generally overestimated the ¢, measured
in the laboratory. Furthermore, the slope of the obtained lin-
ear fit through regression analysis for the peak shear strength
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criteria from Grasselli and Egger (2003) and Johansson and
Stille (2014) was 0.3 and 0.4, respectively. This is not sur-
prising, since both criteria assume a perfect match between
the lower and upper parts joints, which is not the case of the
natural, unfilled rock joint samples presented in this study.

7.3 Prediction of in-situ Peak Shear Strength

The novelty of this paper lies in the use of high-resolution
optical scanning to objectively derive a and to calculate the
matedness of natural, unfilled rock joints as a step in the
prediction of their q’)p. Howeyver, there are still some issues
concerning the suggested methodology which require further
study before it can be applied in the field.

Using the equipment and measurement techniques cur-
rently available makes it possible to obtain the necessary
information from visible rock exposures, for example in tun-
nels or from core-drilling through existing rock joints under
a dam foundation. For instance, aperture measurements can
be determined through Borehole Image Processing System
(BIPS) of the boreholes. The resolution with this technique,
however, is limited to approximately 0.5 mm. Therefore,
BIPS might be more suitable for rock joints with larger
apertures where the upper and lower surfaces of the joints
are not in contact with each other, while high-resolution
optical scanning could be used directly on core samples for
rock joints with smaller aperture, where contact between the
upper and lower surfaces exists.

Taken together with additional information from the rock

core samples, such as roughness parameters (6, C and
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Ay), H and o; of the rock joint surfaces, these techniques
might be sufficient to apply the methodology presented in
this paper and to calculate ¢, using the revised criterion.
Furthermore, the information from the rock core samples
would also be sufficient to account for surface anisotropy
when applying the revised criterion. For instance, the param-
eters 07, C and A, presented in this study were calculated
for a defined shear direction in the conducted direct shear
tests. They would have been slightly different if another
shear direction had been applied. In the field, it is therefore
important to account for all potential shear directions when
the rock joint surface roughness is characterised before the
application of the revised criterion, unless the shear direc-
tion is known. The evaluation of roughness anisotropy using
three-dimensional surface measurements can be done by
applying the methodology described by Tatone and Gras-
selli (2009). The extent of the pre-investigations that need to
be performed to realistically account for the aperture when
predicting the ¢, of large-scale natural rock joints is subject
of further investigation. The size of a large-scale natural rock
joint can be considered in the revised criterion by increasing
the parameter that represents the sample size, L,,.

A limitation with the current study is that the revised crite-
rion has only been tested against coarse-grained granite sam-
ples. However, Johansson and Stille (2014) tested the criterion
against perfectly mated rock joints of different rock types tested
in the laboratory by Grasselli (2001). The results by Johansson
and Stille (2014) showed a good agreement between measured
and calculated contribution from roughness. The exception
was the samples of gneiss, which deviated from the expected
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behaviour. According to Johansson and Stille (2014), this devia-
tion was most likely due to the anisotropic o of the gneiss.
They further explained that it was uncertain how the shear load
during the direct shear tests performed by Grasselli (2001) had
been applied with respect to the schistosity planes of the gneiss
samples. The ability of the revised criterion to predict the ¢, of
natural, unfilled rock joints of other rock types is recommended
to be further studied.

Finally, the original criterion by Johansson and Stille
(2014) was developed to assess the safety of concrete dams
against sliding in the rock foundation under low normal
stress to joint compressive strength ratios, which are typi-
cal in civil engineering applications. In this paper, all sam-
ples were tested with low normal stress to joint wall com-
pressive strength ratios of approximately 0.01. The ability
of the proposed methodology together with the revised
criterion to predict the ¢, of natural, unfilled rock joints
under higher normal loads needs to be further studied to
verify its applicability under such conditions.

8 Conclusions

In this paper we present a revised peak shear strength
criterion with the ability to account for both the three-
dimensional characteristics of the surface roughness and
the matedness of natural, unfilled rock joints. Based on the
performed analysis and experiments in the laboratory, it
can be concluded that the revised peak shear strength cri-
terion is able to predict the peak shear strength of natural,
unfilled rock joints under the conditions tested in this study.

The revised peak shear strength criterion uses a new
methodology where objective measurements of the average
aperture between the joint surfaces of natural, unfilled rock
joints derived from high-resolution optical scanning are used
to estimate their matedness, as a step in the calculation of
their peak shear strength. The main benefit of this approach
is that aperture measurements can be obtained directly from
visible rock mass exposures or from core-drilling. This
makes it possible to account for the influence of matedness
on the peak shear strength of natural, unfilled rock joints
under conditions where this otherwise is difficult to assess,
such as the rock foundation under an existing concrete dam.

All samples were tested with low normal stress to joint
wall compressive strength ratios of approximately 0.01. It
is therefore recommended that further studies are conducted
at higher levels of normal stress to joint wall compressive
strength ratios to assess the applicability of the revised cri-
terion under such conditions. The methodology presented
in this paper has not yet been applied to large-scale natural,
unfilled rock joints in the field. Further studies are required
to study the applicability of the revised peak shear strength
criterion at larger scales in-situ.
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