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a b s t r a c t

The location and geometry of large-scale asperity present at the foundation of concrete gravity dams and
buttress dams affect the shear resistance of the concrete-rock interface. However, the parameters
describing the frictional resistance of the interface usually do not account for these asperities. This could
result in an underestimate of the peak shear strength, which leads to significantly conservative design for
new dams or unnecessary stability enhancing measures for existing ones. The aim of this work was to
investigate the effect of the location of first-order asperity on the peak shear strength of a concrete-rock
interface under eccentric load and the model discrepancy associated with the commonly used rigid body
methods for calculating the factor of safety (FS) against sliding. For this, a series of direct and eccentric
shear tests under constant normal load (CNL) was carried out on concrete-rock samples. The peak shear
strengths measured in the tests were compared in terms of asperity location and with the predicted
values from analytical rigid body methods. The results showed that the large-scale asperity under
eccentric load significantly affected the peak shear strength. Furthermore, unlike the conventional
assumption of sliding or shear failure of an asperity in direct shear, under the effect of eccentric shear
load, a tensile failure in the rock or in the concrete could occur, resulting in a lower shear strength
compared with that of direct shear tests. These results could have important implications for assessment
of the FS against sliding failure in the concrete-rock interface.
� 2020 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The safety evaluation of existing concrete gravity dams or
buttress dams is generally conducted by checking the safety of the
dam using three different failure modes: sliding, overturning and
overstressing. To evaluate the safety against sliding, the analytical
rigid body methods, i.e. the shear friction method (SFM) and the
limit equilibrium method (LEM), are commonly used (Nicholson,
1983; Krounis et al., 2015). The Mohr-Coulomb (MC) failure crite-
rion is recommended in both the SFM and the LEM for calculating
the peak shear strength (speak) of the potential failure plane bymost
of the guidelines in practise for dams (ANCOLD, 1991; USACE, 1995;
FERC, 2002; IS, 2003; NVE, 2005; USACE, 2005; CFBR, 2012;
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
Canadian Dam Association, 2013; FERC, 2017). Sliding safety is
generally evaluated for different potential failure planes, i.e. the
dam foundation interface, the construction joints in the dam body,
and the sub-horizontal rock joints in the dam foundation (CFBR,
2012). Among the guidelines mentioned above, FERC (2002), IS
(2003), NVE (2005), and FERC (2017) use the SFM for sliding sta-
bility analysis.

In the SFM, failure is assumed along a plane, representing the
average inclination of the sliding surface. The factor of safety (FS) is
calculated as:

FSSFM ¼ T
.X

H (1)

where T is the shear capacity of the sliding plane and
P

H is the sum
of forces parallel to the sliding plane, and T can be written as

T ¼ cAþ
X

N0 tan f (2)
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where
P

N0 is the sum of effective forces normal to the sliding
plane, f is the friction angle, c is the cohesion, and A is the area of
the sliding plane.

To calculate the FS with the LEM, the sliding plane can be
divided into different sections (slip surfaces):

FSLEM ¼ sR=s (3)

where sR and s are the available shear stress and resultant shear
stress required for equilibrium, respectively. sR is defined by theMC
criterion as

sR ¼ cþ s0n tan f (4)

where s0n is the effective normal stress.
The MC failure criterion is widely used due to its simplicity and

ease of use. However, in derivation of the parameters in this cri-
terion, the local variations of geometry at the interface and its
location, or the elastic deformations of materials, are not directly
considered. These are indirectly built into the criterion as average
values of cohesion and friction parameters representing the overall
surface. These values are normally obtained by carrying out labo-
ratory or in situ shear tests or from recommended values in
guidelines. However, these parameters also vary spatially within
the dam foundation interface. For example, Altarejos-García et al.
(2015) and Krounis et al. (2015) showed that the FS can vary
significantly when taking into account the spatial variability
compared with a homogeneous interface using the same average
values of these parameters. Furthermore, the value of the cohesion
is difficult to obtain for a dam foundation, because of its spatial
variability and dependence on a number of unknowns, such as
surface preparation, loading history, surface degradation, and
joints’ roughness characteristics (Krounis et al., 2016; Mouzannar
et al., 2017). Hence, cohesion is usually ignored, or a larger FS is
used if cohesion is considered in rigid body analysis of dams
(ICOLD, 2004).

A dam foundation interface is normally prepared by removing a
top layer of rock by blasting. Hence, the rock surface can have
roughness at different scales and amplitudes compared with rock
joints. An example of this from a plate dam in Norway is illustrated
in Fig. 1a. The large asperities are called first-order roughness or
waviness (in metre- or decimetre-scale), and smaller asperities are
called second-order roughness or unevenness (in centimetre- or
Fig. 1. (a) Example of first-order roughness and (b) Distribution of front leg angle of first-or
millimetre-scale) (Patton, 1966). For a blasted surface, these large-
scale asperities are usually highly irregular with large amplitude
and large asperity inclinations, a, against the shear direction (see
Fig. 1b). Laboratory and in situ tests fail to represent the dam
foundation geometry because of scale difference between the
sample and the large-scale irregularities at the dam foundation
interface. Hence, the speak obtained from laboratory only represents
the second-order roughness and does not capture the effect of
large-scale asperity at the decimetre- or metre-scale (Barton, 1978).
However, the large-scale asperities present in the interface are
normally those determining the overall behaviour of an interface
(Patton, 1966; Grasselli, 2001; Asadi et al., 2013; Gravel et al., 2015;
Zhang et al., 2016).

In order to better access the uncertainties associated with
different parameters included in stability analysis of dams,
reliability-based analyses have generally been used (e.g. Wilde and
Johansson, 2013, 2016; Altarejos-García et al., 2015; Bernier et al.,
2016). However, even though reliability-based analyses account
for the variability of the parameters compared to deterministic
methods, the acceptance level for the probability of failure of dams
is still debatable (Altarejos-García et al., 2015). The deterministic
methods of FS assessment are still popular and commonly used for
the safety evaluation of dams (ICOLD, 2004; Donnelly, 2007).

Several criteria have been developed over the years to calculate
the speak of joints based on empirical methods (e.g. Schneider, 1976;
Barton and Choubey, 1977; Maksimovi�c, 1996; Yang et al., 2016;
Zhang et al., 2016), fractal methods (e.g. Brown and Scholz, 1985;
Huang et al., 1992; Odling, 1994; Kulatilake et al., 1995; Den Outer
et al., 1995; Kulatilake et al., 2006), energy and work principles
(e.g. Ladanyi and Archambault,1970; Plesha,1987; Li et al., 2015; Oh
et al., 2015), and quantified surface description (e.g. Grasselli, 2006;
Johansson and Stille, 2014; Xia et al., 2014). The main aim of these
criteria is to quantify the natural roughness of the rock surface and
these works are mostly based on laboratory-scale samples. Only
second-order roughness of the concrete-rock interface of a dam
foundation is represented by these criteria. Hencher and Richards
(2015) proposed a method for estimating the shear strength at
project-scale using dilation-corrected basic friction angle and
considering the contribution of roughness at multi-scale. The
contribution of large-scale roughness was calculated by adjusting
the friction angle for the dip of the large-scale roughness assuming
a sliding failure over the large-scale. However, for dams where the
artificially prepared surface may have high angle first-order
der asperity with length greater than 10% of dam height from Kalhovd dam in Norway.
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asperities (see Fig. 1), failure modes other than sliding over the
asperity need to be considered. Furthermore, the above-mentioned
criteria are basically based on pure shear load on the samples
assuming a constant normal stress. However, the resultant force
applied on the dam usually falls downstream of the interface
centroid resulting in a moment by stresses. This is defined as
eccentric load in this paper, which creates an uneven distribution of
normal stress at the interface, with higher normal stresses at the
downstream side and lower ones at the upstream side.

Fishman (2008) investigated the failure mechanism under
compressive shear load. Tests were carried out on blocks of
continuous material and blocks with bonded and unbonded block-
foundation interface. Fishman (2008) concluded that under
compressive shear load, over a certain normal stress value, the
failure initiates through a primary tensile crack, followed by a
compressive crack. Furthermore, the unbonded interface acts as a
single unit above a certain normal stress. However, this criterion
does not take into account to what extent the asperity on the
interface contributes to the speak.

Since the normal stress in a dam varies along the interface
because of an eccentric load, the asperities at different locations are
subjected to different levels of normal stresses. This may result in
different failure modes of the asperities; hence, asperities at
different locations contribute differently to the speak. However, the
effect of the location of first-order asperity on the speak under
eccentric load has not been reported yet to date.

The aim of this study is to investigate the effect of the location of
first-order asperity on the speak and the mode by which asperity
fails under eccentric load compared to direct shear with a constant
normal stress. The paper also investigates the potential model
discrepancy associated with the commonly used rigid body
methods for sliding stability when the asperity is not considered. A
series of direct shear tests and eccentric shear tests (i.e. shear tests
subjected to an eccentric load) was carried out on concrete-rock
joints with asperities at different locations. A monitoring system
based on digital image correlation (DIC) was used to record full-
field measurements for the samples. The results were analysed
with respect to the location of asperity and thereafter compared
with predicted values from analytical rigid bodymethods. Based on
these results, the failure mode of asperity and its contribution to
the speak, together with the model discrepancies and potential
implications for dam safety, were discussed.
2. Laboratory shear test

2.1. Experimental programme

In order to investigate the effect of asperity location on the speak
under direct load and eccentric load, a series of concrete-rock
Fig. 2. Detail dimensions of samples (mm): (a) Asperity at the fr
samples with size of 280 mm � 270 mm � 130 mm
(length � width � thickness) was prepared. The samples having a
symmetric triangular shaped asperity of 60 mm length and 45�

angle (height of asperity of 30mm) at the front, middle, and end are
shown in Fig. 2. Three asperity locations were chosen because the
normal stress acting at the front, middle, and endwill be the lowest,
median, and highest under eccentric load, respectively. A total of 22
samples were tested under two different types of loadings: (a)
direct shear and (b) eccentric shear (see Section 2.4). Four samples
without asperities, two for each loading scenario, were also tested
to serve as a reference to those samples with an asperity. The
samples were tested under three different normal stresses, i.e.
0.2 MPa, 0.6 MPa and 1.0 MPa. These normal stresses were selected
based on themaximumnormal stresses acting on the upstream and
downstream sides of a plate/buttress damwith a height of 2e15 m.
A summary of the shear test programme is given in Table 1. A
unique identity was created for each sample. The first letter refers
to the loading set-up (direct shear test ¼ D, eccentric shear
test ¼ E), the second letter refers to the location of asperity in the
sample (no asperity ¼ N, front ¼ F, middle ¼ M, end ¼ E), and the
number at the end refers to the normal pressure (MPa) applied to
the sample. For example, a sample with an identity DE0.6 would
read the one used for direct shear test, with asperity at its end and
normal pressure of 0.6 MPa applied to the sample during the test.
2.2. Sample selection

For simplicity, a regular triangular-shaped asperity was chosen.
A 45� angle was selected for the tests with two main reasons: (1)
the angle of the asperity was corresponding to those observed in
field where the surface was prepared by blasting (Fig. 1b); (2) for
test series, the objective was to compare the results of direct shear
and eccentric shear tests. Under direct shearing scenarios, a sample
with a low angle asperity (<30�) normally fails due to sliding over
the asperity (Johansson, 2009; Liahagen et al., 2012). The contri-
bution of asperity to the shear strength will be less when it fails at
sliding over the asperity. Hence, it was hypothesized that, a high
angled asperity could give a greater difference between the direct
shear and eccentric shear tests. Therefore, an angle of 45� was
chosen for the test.
2.3. Sample preparation

The granite samples were extracted from a quarry and prepared
by sawing into specified dimensions. The compressive strength of
the rock was determined by compression tests on six cylindrical
rock cores as per ASTM D7012-14 (2014). Similarly, the tensile
strength of the rock was determined by splitting tests on ten
samples as per ASTM D3967-16 (2016). The rock used for the tests
ont, (b) Asperity in the middle, and (c) Asperity at the end.



Table 1
Summary of shear tests.

Test No asperity Front Middle End

Direct shear DN1.0 DN0.6 DF1.0 DF0.6 DF0.2 DM1.0 DM0.6 DM0.2 DE1.0 DE0.6 DE0.2
Eccentric shear EN1.0 EN0.6 EF1.0 EF0.6 EF0.2 EM1.0 EM0.6 EM0.2 EE1.0 EE0.6 EE0.2

Fig. 4. Luleå University of Technology’s direct shear machine.
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had an average uniaxial compressive strength (sci) of 181 MPa and
an average tensile strength (sti) of 13.5 MPa. A thin layer of rubber
spray paint was applied on the rock surface to prevent it from
bonding with concrete (see Fig. 3a). It was found that the rubber
paint effectively prevented bonding between rock and concrete and
gave the best surface representation of rock on concrete from the
materials tested. The rubber paint that was sprayed over the rock
surface developed into a thin film upon drying. Prior to testing, the
rubber paint was peeled off the rock surface by hand.

The rock samples were then placed in steel formworks (see
Fig. 3b) and the concrete was cast over the surface. Compression
tests on 12 concrete cylinders were carried out as per ASTM C39/
C39M-17 (2017). The concrete used in the test had an average
characteristic cylindrical strength of 25.8 MPa after 28 d. The
samples were then cured in water for 28 d.

2.4. Test set-up and loading strategy

Two different loading set-ups were used for the test: direct
shear test under constant normal load (CNL) and eccentric shear
test under CNL. The normal load was applied to the samples
continuously at a constant rate of 0.01 MPa/s as specified in
Muralha et al. (2014).

2.4.1. Direct shear test
The shear testing machine at Luleå University of Technology

(LTU) was designed for direct shear tests at CNL as described by
Johansson (2009), and among others (see Figs. 4 and 5a). The ma-
chine is capable of carrying out shear tests on samples with side
length up to 280 mm, in accordance with the International Society
for Rock Mechanics (ISRM) suggested method given by Muralha
et al. (2014). The lower shear box was fixed while the upper one
could translate on a horizontal plane when shear load was applied.
During the direct shear test, samples were sheared at a constant
rate of 0.5 mm/min. This low shear rate was chosen to avoid un-
controlled failure and excess displacements in the sample.

2.4.2. Eccentric shear test
The shear box used for the direct shear tests was modified to

apply an eccentric shear load. An iron strip with thickness of 8 mm
and width of 30 mm was mounted on the inner side of the upper
shear box. The centre of the strip was located 100 mm above the
concrete-rock interface (see Fig. 5b). A shear load was applied on
Fig. 3. (a) Applying rubber paint to prevent bonding, (b) Placement o
the shear box with a hydraulically controlled external load cell
mounted on the steel frame. The load cell was mounted at the same
height as the iron strip over the interface. This set-up allows the top
concrete to rotate if there is any rotation induced by the eccentric
shear force while keeping the rock on the lower shear box fixed.
2.5. Instrumentation

Two optical measurement systems, based on DIC, ARAMIS (GOM
GmbH, 2017a) and GOM Snap 2D (GOM GmbH, 2017b), were used
to monitor and record the testing data. A stochastic point pattern
was created by spraying paint onto one side of the sample while a
stochastic black dot pattern was created on the shear box using a
stencil. ARAMIS was used to monitor the area around the asperity
while GOM Snap 2D was used to monitor the overall sample and
the movements of the shear box. The data from ARAMIS and GOM
Snap 2D were processed and analysed with GOM Correlate Pro-
fessional (GOM GmbH, 2018).

In addition to the DIC systems, linear variable differential
transformers (LVDTs) were also used for monitoring the movement
of the shear box. Furthermore, video recordings and still pictures
were taken to supplement these measurements.
f samples in formworks, and (c) Samples under direct shear test.



Fig. 5. Schematic diagram of loading set-up for (a) Direct shear test and (b) Eccentric shear test.
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3. Results

A summary of the results obtained from the tests is shown in
Fig. 6. The shear rate applied in the sample DM0.6 was set 10 times
higher than the planned due to an error on the piston control,
leading to uncontrolled shear behaviour of this sample. Hence
sample DM0.6 has been excluded from the results.
3.1. Tests with no asperity

The samples with no asperity failed by sliding over the interface.
No differences in failure mode and strength were observed be-
tween direct shear and eccentric shear tests for these samples (see
Fig. 6). These tests were used to determine the basic friction angle
(fb) of the concrete-rock samples, which was found to be 39.3�.
This value is similar to the suggested fb for concrete-rock joints by
Wilde and Johansson (2016).
3.2. Direct shear test

A summary of the results obtained from the direct shear tests is
shown in Fig. 6a. For the samples with asperity, the highest speak of
Fig. 6. Results of laboratory shear tests: (a) Direct shear tests, and (b
2.7 MPa was obtained with a normal pressure of 1.0 MPa and the
lowest speak of 0.9 MPa was obtained at 0.2 MPa normal pressure.

The progression of the tests can be described as follows. Initially,
when the shear load was applied, the concrete slightly slid over the
rock asperity. This opened up the contact between the concrete and
the rock blocks at all the interfaces, except at the front leg of the
asperity, which then undertook the entire normal load applied. As
the shear load further increased, a tensile crack developed from the
base of the asperity and progressed below the asperity. In Fig. 7, it
can be observed that the cracks in the samples at the peak shear
load occurred in the areas where the major strain (ε1) reached its
maximum of approximately 1.5% (shown in red colour in the
figure). The major strain on the surface of the samples shown in
Figs. 7 and 8 was plotted by measuring the deformation of random
points on the surface of the samples by ARAMIS (GOM GmbH,
2017a). The development of this tensile crack is similar to that by
Fishman (2008) under compressive shear load. Cracks were seen in
the concrete between the asperity and the shear box prior to speak,
for samples with the asperity at the front and middle. However, the
shear capacity decreased only when cracks appeared in the rock
asperity because the concrete that cracked before reaching speak
was confined in the shear box. This allowed the concrete to take the
load even after cracking.
) Eccentric shear tests. noasp means no asperity in the samples.



Fig. 7. Major strain (ε1) plot of samples in direct shear tests (for all samples, the loading direction is from right to left). The red colour shows areas with higher strains. Sample DM0.6
has been excluded due to an error on the piston control.
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From the direct shear tests, it was seen that there was no effect
caused by the location of the asperity (see Fig. 6a). The reason for
this is that the direct shear test set-up only allows a translation in
the horizontal direction of the upper shear box and does not allow
free rotation of the top concrete. This results in similar normal
stresses on the asperity for all the locations of the asperity. Hence, a
similar failure mechanism of the asperity was observed for all the
samples in the direct shear tests, suggesting that the failure
mechanismwas not affected by asperity location for these samples
(see Fig. 6). This is also apparent from the MC parameters, which
were derived based on a linear best fit of the test results under
different normal stresses. The MC parameters show similar values
of cohesion and friction angle for all the locations of asperity (see
Table 2). Hence, it can be concluded that the MC parameters ob-
tained from direct shear tests are not influenced by the location of
asperity. Failure through the rock asperity was observed for all the
samples except DE0.2. The recorded speak of the sample DE0.2
corresponded to sliding of the concrete over the rock asperity. The
ultimate failure of sample DE0.2 occurred when shearing through
approximately 1/3 of the asperity, while the remaining part
remained intact (see Fig. 7g).
3.3. Eccentric shear test

A summary of the results obtained from the eccentric shear tests
is shown in Fig. 6b. From the results, it was seen that the location of
the asperity significantly affected the speak of the samples. The
highest speak of 2.4 MPa was obtained for the sample with asperity
at the end under normal pressure of 1.0 MPa and the lowest speak of
0.4 MPa for the sample with asperity at the front under normal
pressure of 0.2 MPa.

For all the samples, as the shear load was applied, the concrete
slid up the asperity by a small distance and the contact at the rear
leg of the asperity opened up (see Fig. 8). When the eccentric shear
force was applied, the normal force was redistributed, with the
lowest normal stress at the loading side and the highest at the
opposite. With further application of shear load, a part of the
interface towards the loading side opened up (for samples with
asperity at the middle and the end) and the normal stress was
further redistributed, resulting in higher normal stress at the end.

In the samples with asperity at the front (see Fig. 8aec), a tensile
crack developed in the concrete from the asperity tip and pro-
gressed towards the loading point. speak occurred when the crack



Fig. 8. Major strain (ε1) plot of samples in eccentric shear tests (for all samples, the loading direction is from right to left).
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started, and the shear strength thereafter decreased continuously
as the crack propagated.

In the samples with asperity at the middle (see Fig. 8def), the
top concrete rotated with the point of rotation approximately
located at the asperity end. Hence, at speak, no contact between
concrete and rock was observed at the flat interface in front of the
asperity towards the loading side while the interface behind the
asperity was in contact. These samples failed by cracking of con-
crete between the asperity and the loading point. Furthermore, in
the samples with asperities at the end (see Fig. 8gei), similar to the
samples with asperity at the middle, rotation of the concrete was
observed approximately on the asperity end. At speak, no contact
between concrete and rock was observed at the flat interface in
Table 2
Mohr-Coulomb parameters calculated for the laboratory samples.

Asperity Direct shear test Eccentric shear test

c (MPa) f (�) c (MPa) f (�)

No 0.08 35.2 �0.22 46.1
Front 0.54 64.5 0.22 26.7
Middle 0.71 62.7 0.27 51.6
End 0.4 65.8 0.28 65.8
front of the asperity and the applied load was resisted by the
asperity alone. A tensile crack started in the rock at the asperity
base and progressed below the asperity. The failure mechanism of
these samples was similar to that of samples under direct shear
tests.

Under eccentric shear test, the failure mode of the samples
varied for different locations of asperity. Furthermore, the area of
the rock-concrete interface in contact was different for different
locations of asperity. This resulted in an increase in the friction
angle with increasing distance of the asperity from the front of the
sample, while the cohesion remained fairly constant for all the lo-
cations of the asperity (see Table 2). This variation in the MC pa-
rameters with asperity location clearly shows that the asperity
location under eccentric load has a significant influence on the
speak.

4. Discussion

4.1. Effect of location of asperity under eccentric load

Under an eccentric shear load, speak of samples with an asperity
at the end was about 3e4.5 times higher than that of samples
without an asperity at the same normal pressures. The speak of
samples with an asperity at the middle was about 1.8e2.8 times
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higher than that of samples without an asperity. On the other hand,
the sample with an asperity at the front had a similar speak as the
one without an asperity. Thus, it can be concluded that the location
of asperity under eccentric load significantly affects the speak.

In the samples under eccentric shear load with an asperity at the
end, due to the moment induced by the load, only the front leg of
the asperity was in contact (see Fig. 8gei). No clear shear failure of
the asperity was observed in the samples. A tensile crack started at
the base of the asperity and the failure occurred by opening of this
crack and rotation of the sample at the asperity end. This failure
mechanism is similar to that reported by Fishman (2008).

In order to illustrate the failure mode and calculate the shear
strength of the sample with an asperity at the end, stress distri-
bution due to normal and shear stresseswere assumed, as shown in
Fig. 9. Shear resistance from three individual failure modes of the
asperity was calculated using the method as described by
Johansson and Stille (2014), i.e. sliding failure over the asperity,
shear failure of the asperity through its base, and tensile failure of
the asperity.

For sliding failure over the asperity, the peak shear load, Tsliding,
is calculated using the criterion by Patton (1966):

Tsliding ¼ N tanðfb þ iÞ (5)

where N is the normal load applied, and i is the angle of asperity.
For a shear failure through the base of asperity, the peak shear

load, Tshear, is calculated with the MC criterion:

Tshear ¼ ciwLasp þ N tanðfiÞ (6)

where ci and fi are the cohesion and internal friction angle of intact
rock, respectively; w is the width of asperity; and Lasp is the length
of asperity.

Tensile failure of the asperity will start at the base of asperity
towards the loading side when (Johansson and Stille, 2014)

st � sc ¼ sti (7)

where st is the tensile stress due to the resulting moment, SM,
caused by N and T; sc is the average compressive stress due to
normal load N; and sti is the tensile strength of the rock. Since the
Fig. 9. Assumed stress distribution due to normal load (N) and shear load (T) for a
sample with an asperity at the end. Dimension is in mm.
samples are only in contact at the front leg of the asperity, the
normal stress, sc, is assumed to be distributed only in the projected
area of the front leg of the asperity. The resulting tensile stress at
the front of the asperity due to SM can be calculated according to
classical beam theory. Hence, Eq. (7) can be written as (note that
tensile stress is defined as positive and compressive stress as
negative):

sti ¼
P

M
I

Lasp
4

� N
0:5Laspw

(8)
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�
(9)

I ¼ wL3asp
12

(10)

where I is the inertia moment of the base of asperity, h is the ec-
centricity of the resultant shear load, and L is the length of the
sample.

Combining Eqs. (8) and (9), Ttensile gives

Ttensile ¼

�
sti þ N

0:5Laspw

�
4I
Lasp

þ N
�

L
2 � 3

4Lasp

�

h
(11)

where Ttensile is the peak shear load against tensile failure.
The smallest shear resistance calculated by Eqs. (5), (6) and (11)

will govern the failure mode of the asperity. The results from this
calculationwill be referred to as ‘asperity model’ in this paper. fb of
39.3� and sti of 13.5 MPa were used for calculation, which were
obtained from laboratory tests. The value of cohesion for the intact
rock ‘ci’ was taken twice the sti, i.e. 27 MPa, based on the Griffith
theory of fracture (Brace, 1960), and fi of 68� was chosen (Stowe,
1969; Lanaro and Fredriksson, 2005) for the intact rock. ‘h’ was
measured from the rock concrete interface to the middle of the
loading iron strip, which was 100 mm (see Fig. 5b).

For the eccentric shear tests with an asperity at the end, Eq. (11),
i.e. the tensile failure of the asperity, gave speak closest to the values
observed in the tests (see Fig. 10). Even though the model used to
calculate Ttensile was based only on an approximation of the true
stress state in the asperity, the results are in agreement with the
failure mode observed in the test, where a tensile failure mode was
observed.

In a direct shear test, the shear load theoretically acts on the
interface. However, due to practical limitations in a test set-up,
some eccentricity of the shear load is expected. Since the eccen-
tricity of shear load in the direct shear test set-up is unknown, an
analytical calculation of tests under direct shear by the asperity
model is not performed.

For samples under eccentric shear tests, with the asperity at the
front or middle, the stress was redistributed among the surfaces in
contact, i.e. the front leg of asperity and the flat interface behind the
asperity. The accurate estimate of redistributed stress is a complex
process that requires advanced numerical calculations (Haberfield
and Johnston, 1994). Therefore, calculations with the asperity
model were not performed for these models, and the variation of
speak for these samples was only explained qualitatively.

For samples under eccentric shear tests, with an asperity at the
front (see Fig. 8aec), failure occurred due to tensile failure in the
concrete, which started at the asperity tip and progressed towards
the loading point. Hence, the shear resistance was provided by the
tensile strength of the concrete between the asperity and the shear



Fig. 10. Comparison between test results and the estimated speak from the asperity
model for samples with an asperity at the end under eccentric shear load.
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box and the frictional resistance between the concrete and the rock
behind the asperity. Furthermore, as concrete is weak in tension
and the length of the failure surface through the concrete is small,
only a small percentage of the total resistance is provided by the
concrete, with a greater part mobilised by the friction between the
concrete and rock. Therefore, the resistance provided by these
samples was less compared to samples with the asperity at the
middle and the end.

For the samples with the asperity at the middle (see Fig. 8def),
since the contact between concrete and rock opened up at the flat
interface in front of the asperity, the shear load was resisted by the
rock asperity and by frictional resistance at the flat interface after
the asperity. The samples failed for the development of crack in the
concrete between the asperity and the loading point, and a crack at
the rock asperity also appeared simultaneously (see Fig. 8e,f). It
could not be detected which failure occurred corresponding to the
speak. However, as the length of crack in concrete was longer than
that of samples with the asperity at the front, and as the strength of
rock is higher than that of concrete, the speak of these samples was
higher than that of samples with asperities at the front.

These results indicate that a tensile failure, in the asperity or in
the concrete, is a possible failuremode for first-order asperity in the
concrete-rock interface under eccentric load, especially when the
asperity is located at the front or at the end. This failure mode is
generally not considered in failure criteria developed for direct
shear. Assuming that sliding or shearing of first-order asperity
takes place may therefore imply that the shear strength is
overestimated.
Fig. 11. Assumed failure plane (dotted line in the figure) for sample with asperity at
the end.
4.2. Comparison of results with rigid body methods

The SFM and LEM used in the dam safety guidelines suggest
using the MC criterion to calculate the available shear strength of
the concrete-rock interface. As mentioned in Section 1, the effect of
first-order asperity is usually not considered when the FS is
calculated with these methods. As an illustrative example, to obtain
the magnitude of the potential model discrepancy when first-order
asperities are not considered, speak values of all the samples were
predicted using the MC criterion. The failure plane was assumed as
a horizontal planewithout any asperity (see Fig.11). A friction angle
of 39.3� was used for calculation, which was obtained from the
shear test on samples with planar surfaces. The test results were
compared with the predicted values from the rigid body methods
(Eqs. (2) and (4)) and the models’ discrepancies were calculated as

discrepancy ¼ �ðtest�modelÞ
test

(12)

A negative model discrepancy indicates that the methods
underestimated speak while a positive model discrepancy indicates
that it overestimated speak.

From the comparisons with the direct shear tests, it can be seen
that the MC criterion underestimates speak for all the locations of
the asperity (see Fig. 12a and Table 3). The estimated speak for a
planar interface without any asperity was about 20%e30% of speak
from the tests. A model discrepancy of �85% to �70% was obtained
for all the samples, irrespective of the location of asperity.

For the eccentric shear tests with an asperity at the front, it can
be seen in Fig. 12 and Table 3 that estimated speak for a planar
interface without any asperity is similar to the speak obtained from
the test. Thus, the contribution of asperity under these conditions is
insignificant. Model discrepancies ranged from �51% to 10%. The
model discrepancy of �50% occurred at 0.2 MPa normal pressure.
However, the actual discrepancy was just about 0.1 MPa. Due to the
small value of speak, the model discrepancy seemed greater (see
Fig. 12b). At 0.6 MPa and 1.0 MPa of normal pressures, the model
discrepancy was 5% and 10%, respectively.

For samples with an asperity in the middle, the estimated speak
was about 40%e60% of speak from the tests. The failure in these tests
occurred in concrete. As the concrete is stronger than the planar
concrete-rock interface assumed in calculation, the rigid body
methods resulted in a model discrepancy between�60% and�40%.

For the samples with an asperity at the end, the estimated speak
was about 25%e35% of speak from the tests. For these samples, the
observed failure mode was failure through the rock asperity,
resulting in a model discrepancy of �65% to �75%.

To sum up, these results show that sliding stability assessment
of concrete-rock interface without considering the first-order
asperity is conservative and does not capture the true strength of
the interface.

4.3. Implication for dam safety

When evaluating the sliding stability of a concrete dam per-
formed with rigid body methods as suggested in the current dam



Fig. 12. Comparison of test results with estimated speak from MC criterion for a planar interface: (a) Direct shear tests, and (b) Eccentric shear tests.

Table 3
Model discrepancies calculated from the MC criterion.

Sample Discrepancy (%) Sample Discrepancy (%)

DF0.2 �82 EF0.2 �51
DF0.6 �73 EF0.6 5
DF1 �69 EF1 10
DM0.2 �85 EM0.2 �64
DM0.6 EM0.6 �56
DM1 �69 EM1 �43
DE0.2 �77 EE0.2 �71
DE0.6 �75 EE0.6 �74
DE1 �67 EE1 �65
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safety guidelines, the FS requirement may not be satisfied for the
concrete-rock interface. One reason for this may be that the
contribution from large-scale asperity presented on the interface is
not considered. Furthermore, the shear test performed under
eccentric load in this study clearly shows that the available shear
strength may increase if these asperities are considered, thus
increasing the FS against sliding. This could avoid unnecessary
strengthening of existing dams. However, it shall be noticed that
since the laboratory tests were performed under unsaturated
conditions, this conclusion is mainly valid for thin-section buttress
dams. For these types of dams, the pore water pressure under the
buttress will not build up in the same way as that under the con-
crete gravity dams, since water can be drained to the surroundings.
Further studies are required to clarify how saturated condition and
uplift pressure influence the contribution of the asperities to the
shear strength of gravity dams.

The results from the eccentric shear tests in this study show that
under the effect of an eccentric shear force, a tensile failure may be
induced in the asperities, which might result in lower shear
strength than that obtained by simply assuming a sliding or shear
failure of the asperity. Hence, the existing shear criteria were
mainly derived for direct shear conditions, without considering all
the potential failure modes. This might overestimate the available
shear strength and put the dam at risk.

For accurate estimate of speak of a concrete-rock interface under
eccentric load, the large-scale asperity needs to be considered. The
use of simple analytical rigid body methods might not be sufficient
and could result in either underestimate or overestimate of the
available speak. To account for the contribution of first-order
asperity in the interface, the principles of fracture mechanics and
numerical methods could be applied, taking into account both the
location and stress distribution on the first-order asperity. How-
ever, further research is required to analyse the capacity of these
methods to predict the speak for the concrete-rock interface
including asperities.

When interpreting these results, it should be noted that this
study was limited to an interface with a single asperity at an angle
of 45�. An asperity throughout the thickness of the dam was also
used in this study. In real dams, this condition is typical for but-
tresses of buttress dams. For gravity dams, however, it is not
obvious that an asperity will be throughout the width of the dam
monolith. Hence, the results obtained in this study are mainly valid
for buttress/gravity dams where the asperity is throughout the
section of the analysed monolith and with asperity angles about
45� or higher. Furthermore, the study was limited to the normal
stress ranging from 0.2 MPa to 1.0 MPa. Preferably, further studies
should be carried out with multiple asperities, asperity with
different inclinations and geometries at the interface, and over a
broader range of normal stress, since this will reflect the real con-
dition of the interface under concrete dams.

In addition, the tests in this study were performed on unbonded
interface. For some dams, bonded or partly bonded interfaces could
occur (e.g. Krounis et al., 2017). The degree of bonding condition
depends on factors such as the cleaning of the rock surface prior to
casting, the local rock mass quality, the location of leakage, and
other degradation processes (Krounis et al., 2015). If bonded
interface exists, this could contribute to the speak. For example,
Mouzannar et al. (2017) performed laboratory shear test on natural,
rough and bonded concrete-rock interface under low normal load.
They observed that the speak was mainly due to the brittle failure of
bond between concrete and rock. However, it is likely to assume
that the bond breaks at small deformation without any failure in
the large-scale asperity. Additional deformation after bond
breaking will mobilise the shear strength of large-scale asperity.
5. Conclusions

In this study, the effect of location of first-order asperity on the
speak was investigated by carrying out direct and eccentric load tests
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on concrete-rock samples. Peak shear strengths were predicted
using the MC criterion that is commonly used in the SFM and LEM
recommended in existing dam safety guidelines as well as with an
asperity model. The test results were compared with the predicted
shear strength from these analytical models, and model discrep-
ancies were calculated.

In the study, it showed that the location of asperity under
eccentric load significantly affects the speak. Under the effect of an
eccentric shear force, a tensile failure in the asperity or in the
concrete is a possible failure mode, especially when the asperity is
located towards the front or the end of the interface. This contra-
dicts the assumption of sliding or shear failure in asperity in the
existing shear criteria developed for direct shear. The results show
that a tensile failure of the rock asperity, or a failure in the concrete,
could result in lower shear strength than that obtained by assuming
a sliding or shear failure of the asperity.

The results imply that the sliding stability assessment of the
concrete-rock interface with rigid body methods or LEM, without
considering the first-order asperity, is conservative and does not
capture the true strength of the interface. Furthermore, the existing
shear criteria to account for first-order asperity are mainly derived
for direct shear condition and used for evaluating sliding stability of
dams without considering all the potential failure modes. This
might overestimate the available shear strength and put the dam at
risk. Since the laboratory tests in this study were performed under
unsaturated conditions, the conclusions were mainly valid for thin-
section buttress dams. Further studies are required to clarify how
saturated condition and uplift pressure influence the contribution
of the asperity to the shear strength of gravity dams.
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List of symbols

A Area of failure plane (m2)
c Cohesion (Pa)
ci Cohesion of intact rock (Pa)
FSLEM Factor of safety with LEM
FSLEM Factor of safety with SFM
h Eccentricity of shear load (m)
I Moment of inertia (m4)
i Angle of asperity (�)
Lasp Length of asperity (m)
N Normal load (N)
T Available shear capacity (N)
Tshear Peak shear load for shear failure of asperity (N)
Tsliding Peak shear load for sliding failure over the asperity (N)
Ttensile Peak shear load for tensile failure of asperity (N)
w Width of the asperity (m)P

H Sum of all shear forces (N)P
N0 Sum of all normal loads (N)P
M Sum of moments (N m)
a Average inclination of large-scale asperity (�)
sc Compressive stress due to normal load (Pa)
sci Uniaxial compressive strength of rock (Pa)
s0n Effective normal stress (Pa)
st Tensile stress due to shear load (Pa)
sti Tensile strength of rock (Pa)
speak Peak shear strength (Pa)
s Shear stress required for equilibrium (Pa)
sR Available shear stress (Pa)
ε1 Major strain
f Friction angle (�)
fb Basic friction angle (�)
fi Angle of internal friction (�)
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