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Abstract: Direct shear tests were performed to study the influence of concrete–rock bonds and
roughness on the shear behavior of concrete–rock interfaces. The results of these tests show that the
shear behavior of concrete–hardrock interfaces depends on the micro-roughness driving the formation
of strong concrete–rock bonds and on the macro-roughness accounting for the influence of the surfaces
interlocking. Based on this outcome and recent literature, a cohesive frictional model is used to
simulate direct shear tests of bonded concrete–granite interfaces with the explicit representation of
naturally rough interfaces. The results of these simulations show that the model has good prediction
capability compared to the experimental results, opening up the pathway to numerically based robust
statistical analysis.

Keywords: shear behavior; concrete–rock interfaces; concrete–rock bonds; roughness; cohesive-
frictional model

1. Introduction

The shear behavior of rock–rock, concrete–rock, and concrete–concrete interfaces is
crucial in the design and stability assessment of geotechnical structures such as dams, rock
socketed piles, rock bolts, and repaired concrete structures [1–9]. In this study, particular
attention is given to the shear behavior of bonded concrete–rock interfaces.

The shear behavior of bonded concrete–rock interfaces depends on multiple inter-
dependent parameters. Thus, the overall shear evolution is complex and challenging to
predict. These parameters are related to the roughness of the rock surface, the chemical
properties of the rock surface, and the direct shear test.

The investigation of the shear behavior of concrete–rock interfaces as well as other
types of interfaces has proven that the shear strength largely depends on the roughness of
the interface [10–12]. A series of investigations have been carried out and are still underway
to objectively quantify roughness for the purpose of improving the understanding of the
shear behavior. Most of these efforts were developed using 2D roughness profiles and take
into consideration the shear direction [13–15]. Efforts to quantify the roughness of the rock
surface using 3D parameters have been slowed down by the lack of cheaper technology,
though some 3D roughness parameters have been proposed [15–19]. The latest progress
in surface measurement has provided cheaper methods to make high-quality surface
measurements, which has been very helpful in the 3D characterization of the roughness of
surfaces [20–22].
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Meanwhile, most investigations of the shear behavior of concrete–rock interfaces have
been carried out using synthetic profiles such as the triangular profiles. These studies
have helped improve significantly the understanding of the shear behavior by evidencing
the most important parameters and mechanisms driving the shear behavior of rough
concrete–rock interfaces [3,23–29]. This progress has paved the way to the current efforts to
investigate the shear behavior of naturally rough concrete–rock interfaces. For the shear
behavior of interfaces with infill material, the interested readers is referred to other works
of literature specializing in these interfaces [30,31]. This paper focuses specifically on the
investigation of the shear behavior of naturally rough concrete–rock interfaces under low
normal loading.

The shear behavior of bonded concrete–rock interfaces depends on multiple inter-
dependent parameters. Thus, the overall shear evolution is complex and challenging to
predict. These parameters are related to the multi-scaled roughness of the rock surface,
the chemical properties of the rock surface, and the direct shear test.

To the authors’ knowledge, there are only a few works in the literature that have inves-
tigated the influences of the combination of natural roughness and chemical properties of
the rock surface on the shear behavior of concrete–rock interfaces. Shen et al. [32] conducted
an experimental investigation of the influence of the roughness and the hydrophilicity
of the rock surface on the shear behavior of concrete–rock interfaces. This study shows
that the roughness, as a single entity, and the coupling roughness–hydrophilicity influence
the strength of the concrete–rock bonds and therefore the shear behavior of concrete–rock
interfaces. The influence of other chemical properties of the rock surfaces such as the
weathering of minerals on the rock surface are yet to be investigated. For the estimation of
bond strength in other types of interfaces more information can be found in recent work by
Zhang et al. [33] and Zhang et al. [34].

The direct shear test is the most widely used test to study the shear behavior of the
concrete–rock interfaces, though the preparation of the sample and the normal stress config-
uration can affect the results of the tests. The cleanliness of the rock surface before concrete
casting influences the strength of the concrete–rock bonds [35]. The formulation and/or the
casting procedure of concrete can result in the shrinkage of concrete at the concrete–rock
interfaces [35,36]. This shrinkage generates partially bonded concrete–rock interfaces which
influence the shear behavior. The direct shear test is usually performed using the config-
uration of constant normal loading (CNL) or constant normal stiffness (CNS). The main
difference between these two conditions is that direct shear tests conducted under the CNL
condition show more dilation in comparison to the direct shear tests performed under the
CNS condition, which leads to lower peak shear strength of the interfaces [37].

Recent experimental works outline that the shear behavior of the bonded concrete–rock
interfaces under low normal loading depends principally on the condition of the interface,
the combination of the stress state, and the configuration of the test. For the influence of
the condition of the interface, the most important parameters are the roughness of the
interface and the strength of the concrete–rock bonds [6,38–40]. For the stress state and
the configuration of the test, the most influencing parameters are the scale of the samples
and the boundary conditions of the test [37,41]. Out of all these parameters, the surface
roughness and the strength of concrete–rock bonds appear to play an important role in the
shear behavior of bonded concrete–rock interfaces. Moreover, their complex relationship
still needs more investigation to be fully understood. The results of such an investigation
are presented in the first part of this paper.

The experimental investigation of the shear behavior of concrete–rock interfaces raised
many questions; to better understand this behavior, it is important to develop numerical
modeling. A small yet growing body of works of literature on this topic have been pub-
lished. For example, Tian et al. [39] and Zhao et al. [42] used a cohesive frictional model
to simulate the direct shear test of relatively smooth concrete rock interfaces, respectively,
concrete–limestone interfaces (JRC ≤ 2) and foamed concrete–sandstone (JRC ≤ 3), with a
special focus on the bond strength. Gutiérrez et al. [43] used the discrete element method to
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simulate the direct shear test of unbonded concrete–rock interfaces. Renaud et al. [44] used
finite element modeling to conduct 3D simulations of direct shear tests of unbonded and
naturally rough concrete–rock interfaces with an explicit representation of the topography
of the interface. Dong et al. [45] presented a 3D numerical modeling that captures the
behavior of rock bolts and shotcrete-rock interfaces. Dong et al. [46] proposed a softening
constitutive law for concrete–rock interfaces and investigated the crack propagation along
with this interface. Despite this progress, there is still little research that has focused on the
numerical modeling of the naturally rough and bonded concrete–rock interface under a
relatively low normal stress.

2. Direct Shear Test of Concrete–Granite Interfaces

The experimental data hereby presented are part of a large experimental campaign de-
signed to improve the understanding of the shear behavior of bonded concrete–rock interfaces.

2.1. Materials and Methods
2.1.1. Samples

The samples are composed of concrete with a compressive strength of around 45 MPa
and granite with a compressive strength of around 130 MPa [41]. Table 1 shows the concrete
formulation. It is representative of the one used in existing concrete gravity dams in France.

Table 1. Concrete formula.

Component Quantity (kg/m3)

Cement CEM I 52.5R 280
Sand 0/4 mm 650
Sand 0/2 mm 150

Aggregate 11.2/22.4 mm 780
Aggregate 4/11 mm 330
Plasticizer—OPT 203 2.8

Water 157

2.1.2. Sample Preparation

The three types of roughness of interest for this research project are: a smooth surface,
bush-hammered surface, and natural granite surface (Figure 1). The samples with smooth
surfaces were prepared using a saw cut. The samples with bush-hammered surfaces were
obtained from samples with smooth surfaces, which were bush-hammered. Samples with
natural granite surfaces came from a natural rock joint.

The bush-hammered and natural granite surfaces were cleaned and scanned using a
laser profilometer with a vertical resolution of 0.05 mm. After this process, the granite block
was put into the lower half shear box, then adjusted to make the mean shear plane parallel to
the shear load, and after this adjustment, concrete was cast to complete the lower half shear
box. To complete the sample, concrete was poured into the upper half shear box positioned
on top of the lower half shear box containing the granite block (Figure 2). The concrete–
granite assembly was left to cure for 28 days at ambient temperature. The granite blocks
have a volume of about 10 × 10 × 5 cm3.

Figure 1. Types of roughness: (a) smooth surface; (b) bush-hammered surface; (c) natural granite surface.
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Most dams in France are mid-height dams with heights usually between 10 and 60 m [47],
which leads the case of gravity dams to normal stress below 1.5 MPa at the concrete–rock
interface. With this consideration, all the samples were tested using three different normal
stresses: 0.5, 1.0, and 1.5 MPa.

Figure 2. Sample preparation: (a) lower half shear box with granite; (b) upper half shear box
with concrete.

2.1.3. Roughness Characterization

Two 3D roughness parameters were used to characterize quantitatively the roughness
of the samples. The surface roughness coefficient Rs, introduced by El Soudani [15] , is
a 3D roughness parameter that characterizes the undulation and the unevenness in the
surface. It is computed as a ratio of the sum of areas of triangular elements composing
the surface to the sum of the areas of the projections of the same triangular elements onto
the best-fit plan for all the asperities. The θ∗max/(C + 1) is a 3D roughness parameter that
integrates the concepts of apparent dip angle (θ∗max) of each triangular element facing
the shear direction and the concept of sum of areas and angular threshold to select more
relevant asperities. This roughness parameter can express the notion of shear direction and
isotropy/anisotropy of 3D rough rock surfaces [21,22].

The results of this characterization are presented in Figure 3. It can be assessed that
for the bush-hammered interfaces the two parameters have a higher correlation, which
is understandable since from a smooth surface to a bush-hammered surface only a very
small change is applied to the area and this change is well captured by the two roughness
parameters because they take into account the notion of area. This is not true for the
naturally rough granite surfaces, because the roughness of these surfaces is more complex
and sensitive to other parameters such as the shear direction, which is not taken into
account in the Rs parameter.

Figure 3. Roughness: bush-hammered and natural granite surfaces.
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The roughness of the smooth interface is equal to 1 for the Rs parameter and the fitting
coefficient C equals 0 for the θ∗max/(C + 1) parameter.

2.1.4. Direct Shear Test of the Concrete–Granite Interface

The direct shear tests of the concrete–granite interface were performed using the
BCR3D [48,49]. The BCR3D (Figure 4) is a shear machine of the 3SR laboratory, Univ.
Grenoble Alpes, France, in which the shear loading is applied as displacement in both the
upper and lower half shear box in opposite directions so that the normal load remains per-
fectly centered with the surface during shear displacement. The direct shear test performed
for this research project can be classified as a test under a constant normal loading (CNL).
The normal load was applied with a rate of 10 kPa/s and the shear loading was applied
with a rate of 0.1 mm/min and 0.6 mm/min. The shear loading consisted of applying a
displacement of at least 5 mm in the two halve shear boxes in opposite directions. These
loading rates are within the range of loading rates suggested by the ISRM [12]. At this point,
it is noteworthy to mention that the normal load is modified to account for the residual
surface in contact so that the mean normal load is kept constant throughout the test.

Figure 4. BCR3D. (1: Sample; 2: internal metallic boxes; 3: external metallic boxes).

2.2. Results and Discussion
2.2.1. Smooth Interface

Figure 5 shows the evolution of the shear stress to the shear displacement during the
test, for the three levels of normal loading. In the beginning, there is an increase in the
shear stress until a peak is reached, then there is a slight decrease in the shear stress and
afterward, the shear stress follows a plateau.

Figure 5. Shear stress evolution for tests with a smooth surface.
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The results of the eight tests performed with smooth interfaces are summarized in
Table 2.

Table 2. Summary of the direct shear tests of samples with smooth surfaces.

Test Normal Stress (MPa) Peak Shear Strength (MPa) Residual Shear Strength
(MPa)

1 0.5 0.47 0.35
2 0.5 0.38 0.33
3 0.5 0.37 0.30
4 1.0 0.63 0.55
5 1.0 0.62 0.60
6 1.0 0.60 0.55
7 1.5 0.98 0.92
8 1.5 1.00 0.80

As expected, the shear strength varies with the normal stress, the relationship between
the peak shear strength and the normal stress has a linear correlation coefficient of 95.4%
(Figure 6), and the interface has a cohesion of 96.2 kPa and a friction angle of 29.7°. For the
residual stress, the correlation coefficient is 96.8%, and the cohesion and the friction angle
are, respectively, 53.8 MPa and 27.9°.

Regardless of the normal stress, the shear behavior generates a peak shear strength
not very different from the residual shear strength (Figure 5). This type of behavior is
very similar to the one of the direct shear tests of unbonded smooth surfaces, which
could indicate that the formation of strong bonds in the smooth concrete–granite interface
is negligible.

The unsuccessful formation of strong concrete–granite bonds could be related to the
chemistry and the roughness of the granite surface [32] and the shrinkage during the curing
of concrete which may damage the already low local cohesion.

Figure 6. Peak and residual shear strengths in terms of normal stress (smooth surface).

In addition, it is worth mentioning that the oscillations in Figure 5 and other experi-
mental results are related to the configuration of the shear machine and the phenomenon
of stick and slip [50]. In the BCR3D, the test was conducted by applying displacement in
the two halves shear boxes at a certain rate. This rate was maintained during the test using
a loop that computes the necessary force to produce the same increment of displacement in
time. The problem is that the variable force in this loop depends on the resistance of the
interface and this later is not constant. There are instants of shear displacement with low
resistance and instants of shear displacement with high resistance. The change between
these two types of instants depends on the interface being tested and can occur in a very
short interval of time, such that the correction of force to produce the same increment of
shear displacement needs updating constantly, and this does not give enough time to the
all system to adjust, generating oscillations in force. These oscillations have an insignificant
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influence on the shear evolution and are left “as it is”, without filtering, intentionally.
Similar oscillations can also be observed in the results of direct shear tests presented in
Stavropoulou et al. [49].

2.2.2. Bush-Hammered Interface

To improve the formation of stronger concrete–granite bonds, smooth surfaces of
granite were bush-hammered to include the micro-roughness. The surfaces obtained
through this process are still flat, but rougher compared to the smooth surfaces (Figure 1).

Two types of failure were observed. The first type of failure occurs at low normal
stress (0.5 MPa). Post-mortem analysis reveals that there is no damage neither in the granite
nor in the concrete. Failure occurs almost exclusively at the interface (Figure 7a). The shear
stress increases to reach the peak value, then drops suddenly and thereafter decreases
gradually until reaching a residual value (Figure 8). The second type of failure occurs at
high normal stress (1 MPa and 1.5 MPa). Post mortem analysis showed that the failure
occurs mainly at the interface but there is a failure of the tips of concrete, which remains
attached to granite (Figure 7b). The shear stress increases to reach the peak shear strength
then drops gradually to reach the residual shear strength (Figure 9). Overall, it seems that
in the first type, all the bonds break almost instantaneously, while in the second type there
appears to be a progressive failure of both the bonds and the tips of concrete.

Similar behavior was also reported in other works of [6,38,39,42].

Figure 7. Failure behaviors—bush-hammered interfaces. (a) Confinement stress 0.5 MPa: left-
Concrete and right Granite; (b) Confinement stress 1.5 MPa: left-Concrete and right Granite.

Figure 10 is here presented as a mere illustration of the evolution of the shear strength
with the normal stress, and thus there is no differentiation of the two types of failure
identified above. From this figure, it can be assessed that the peak shear strength and
the residual shear strength increase with the normal stress and have a linear correlation
coefficient of 95.2%. For the peak shear strength, the interface has a friction angle of 37.8°
and a cohesion of 831.7 kPa. For the residual shear strength, the linear correlation coefficient
is 95.4% and the interface has a friction angle of 36.1° and cohesion of 86.7 kPa.
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Figure 8. Shear evolution—Type I (bush-hammered interfaces).

Figure 9. Shear evolution—Type II (bush-hammered interfaces).

In comparison with the results obtained in the tests with smooth surfaces, in terms
of the peak shear strength, changing the type of roughness from smooth interfaces to
bush-hammered interfaces causes an increase of approximately 700 kPa in the cohesion
and 10° in the friction angle. In terms of the residual shear strength, this change causes an
increase of about 30 kPa and 10° in the cohesion and the friction angle, respectively.

Figures 8 and 9 show that the peak shear strength obtained in the tests with bush-
hammered surfaces is much higher than the residual shear strength, which is a clear
indicator of the formation of strong bonds between concrete and granite.

Figure 10. Peak and residual shear strength in terms of normal stress (bush-hammered interfaces).
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The formation of these strong bonds is directly related to the micro-roughness gener-
ated by bush-hammering the smooth surfaces.

The results of the six tests performed with bush-hammered surfaces are summarized
in Table 3.

Table 3. Summary of the results of direct shear tests of bush-hammered interfaces.

Test Normal Stress (MPa) Peak Shear Strength (MPa) Residual Shear Strength
(MPa)

1 0.5 1.24 0.40
2 0.5 1.25 0.55
3 1.0 1.50 0.74
4 1.0 1.61 0.80
5 1.5 1.93 1.26
6 1.5 2.11 1.15

To further investigate the influence of roughness on the shear behavior of bonded
concrete–rock interfaces, the natural granite interface was tested.

2.2.3. Natural Granite Interface

In this set, fifteen tests were carried out with natural granite surfaces. These tests are
crucial to improve the understanding of the mechanisms that drive the shear behavior of
natural rough concrete–rock interfaces.

Indeed, as pointed out by Andjelkovic et al. [51], the heuristic rough interface, like the
“sawtooth”, does not always capture very well the mechanisms involved in the shear test
of natural rough interfaces.

The results of the tests performed are summarized in Table 4.

Table 4. Summary of the direct shear tests on natural granite interfaces.

Test Normal Stress (MPa) Peak Shear Strength (MPa) Residual Shear Strength
(MPa)

1 0.5 0.97 0.62
2 0.5 1.18 0.80
3 0.5 1.24 0.47
4 0.5 1.33 0.62
5 0.5 1.57 0.43
6 0.5 1.66 0.49
7 1.0 2.05 0.95
8 1.0 2.20 1.12
9 1.0 2.25 0.88
10 1.0 2.54 0.90
11 1.0 2.77 1.45
12 1.5 2.70 1.50
13 1.5 2.96 1.74
14 1.5 3.06 1.90
15 1.5 3.13 1.86

The two types of failure observed earlier in the tests with bush-hammered interfaces
were also observed here in the tests with natural granite interfaces (see Figures 11 and 12).
Under low normal loading (0.5 MPa), failure occurs mainly at the interface, while at higher
normal loading (1.0 and 1.5 MPa), failure occurs at the interface but also the tips of concrete
are sheared off and remained attached to the granite surface (Figure 13).
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Figure 11. Shear evolution—Type I (natural granite interfaces).

Figure 12. Shear evolution—Type II (natural granite interfaces).

Figure 13. Failures behavior—natural granite interface. (a) Confinement stress 0.5 MPa: left-Concrete
and right Granite; (b) Confinement stress 1.5 MPa: left-Concrete and right Granite.

Figure 14 shows the evolution of the shear stress with the normal stress without
differentiation of the two types of failure identified above. The peak shear strength and
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the residual shear strength increase with the normal stress and have a linear correlation
coefficient of 88.0%. For the peak shear strength, the interface has a friction angle of 59.1°
and a cohesion of 551.1 kPa. For the residual shear strength, the interface has a friction
angle of 48.9°.

Figure 14 and Table 4 also show that for each confinement level the values of the peak
shear strength and residual shear strength obtained vary significantly from one sample
to another. The reasons for this variability are: the difference of roughness between the
samples and the complex relationships between, on one hand, the roughness and the
shear stress and on the other hand, the roughness and the formation of strong concrete–
rock bonds.

In comparison with the results of tests with the bush-hammered interface, three
observations can be presented.

The tests with natural granite interfaces yield a lower cohesion (about 300 kPa), which
could be related to the difference of roughness between the bush-hammered interface
and the natural granite interface. The roughness in the bush-hammered granite surface
is freshly generated roughness that is topographically uniform, unweathered, and rough,
while the roughness in the natural granite surface is created by cracking and sliding within
a rock mass which could lead to some local smoothing, furthermore, the natural granite
surface can also be affected by weathering. It is here again a question of the complexity of
the roughness as mentioned in Section 2.1.3.

The friction angle of the natural granite interface is higher compared to the bush-
hammered interface; this is principally related to the type of roughness. The roughness in
the bush-hammered interfaces is uniform and, globally, a bush-hammered surface is flat,
while the roughness of natural granite interfaces is random but spatially correlated and,
globally, a natural granite surface presents waviness.

The linear correlation coefficient of the tests with natural granite interfaces is lower
compared to one of the bush-hammered interfaces (about 5%); this is an indication of
an extra level of complexity added by the roughness of natural granite interfaces, which
affect independently the formation of strong concrete–rock bonds and the influence of
the roughness.

Figure 14. Peak and residual shear strengths in terms of normal stress (natural granite interfaces).

2.2.4. Comparative Analysis of the Different Types of Interfaces

The results of the tests with smooth interfaces provide the “true” friction angle between
concrete and granite, but due to the low level of roughness, the cohesion obtained is
also weak.

Compared with the smooth surfaces, the results of the tests with bush-hammered
surfaces show a significant increase in cohesion and a small increase in friction angle. This
is due to the formation of strong concrete–granite bonds, the latter being a consequence of a
complex relationship between the roughness and the chemistry at the interface. It can also
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be observed that the proportion of increase in the friction angle is much lower compared to
the one of the cohesion, this is because the bush-hammered surface is still globally flat.

The shear behavior of the natural granite interfaces presents a lower cohesion com-
pared to the bush-hammered interfaces, this could be related to the state of the roughness
(freshness, weathering, uniformity of asperities, and smoothness due to sliding). Unlike
the cohesion, the friction angle of the natural granite interface increases significantly in
comparison with one of the bush-hammered interfaces, which is related to the waviness
associated with the roughness of the natural granite surface.

The results of the direct shear tests presented show that the shear behavior of bonded
concrete–rock interfaces under relatively low normal stress (≤1.5 MPa) depend mainly on
the mechanical behavior of the interfaces rather than the mechanical properties of rock
and concrete. Based on this conclusion, a cohesive frictional model will be calibrated and
used to simulate the direct shear test of bonded and naturally rough concrete–granite
interfaces. The local behavior law of the modeling is calibrated using the results of direct
shear tests of bush-hammered interfaces. This model simulates the influence of the micro-
roughness and the strength of the bonds on the shear evolution. The influence of the macro
roughness on the shear evolution is directly given by the explicit geometrical representation
of the interface.

The results of the simulations performed are then compared with experimental results.

3. Numerical Simulation of Direct Shear Test of Bonded and Naturally Rough
Concrete–Rock Interfaces
3.1. Methodology of the Numerical Simulation

The numerical simulation of the shear behavior of concrete–rock interfaces under low
normal loading was performed in the finite element software Abaqus. The model used is a
combination of two behaviors, the contact cohesive behavior, to simulate the concrete–rock
bonds, and the frictional behavior, to simulate the friction at the interface. This model is
hereby referred to as the cohesive frictional model and will be presented later.

The simulation relies upon the separation of two scales of roughness, the micro-
roughness (here submillimetric) and the macro-roughness (here millimetric). In the case of
the shear behavior of bonded and naturally rough concrete–granite interfaces, the micro-
roughness is approximatively the one obtained after the bush-hammering process (refer to
Sections 2.2.1 and 2.2.2). This way, the bush-hammered interface can then be approximated
to a flat surface with homogeneous micro-roughness such that concrete and granite form
strong bonds. The behavior law of the model is used specifically to simulate the influence of
the micro-roughness and the influence of the cohesive bonds between concrete and granite
on the shear behavior. Consequently, this model is calibrated using the results of the tests
with bush-hammered interfaces. The influence of the macro roughness is directly taken
into account by the 3D explicit representation of roughness.

The calibrated cohesive frictional model is then used to simulate the direct shear test
of bonded and naturally rough concrete–granite interfaces. The results of these simulations
are compared with their experimental counterparts presented in Section 2.2.3 to assess the
performance of the model in terms of prediction of the peak shear strength.

3.2. Cohesive Frictional Model

Experimental research (see for example [6,38,39,52]) on the shear behavior of concrete–
rock interfaces under a relatively low normal loading shows that the evolution of the
shear stress can be idealized as composed of three phases (Figure 15). In the first phase
(between A and B), the shear stress increases linearly with the applied displacement up
to the peak shear strength. The shear behavior is mainly controlled by the properties
of the concrete–rock bonds. In the second phase (between B and C), the shear stress
decreases gradually to reach the residual shear strength. The shear behavior is driven by
the progressive failure of the bonds and the progressive mobilization of friction. In the third
phase (between C and D), the shear stress does not change significantly with displacement.
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There is a complete failure of the bonds and friction becomes the main mechanism of
the shear behavior. The three phases are very similar to the four periods identified by
Moradian et al. [52]. Indeed, Moradian et al. [52] evaluated the acoustic emission signals
during the direct shear test of rock–rock, concrete–rock, concrete–concrete interfaces. It was
observed that the shear behavior of these interfaces could be separated into four periods,
the linear pre-peak, the non-linear pre-peak, the post-peak, and the residual period. For the
specific case of bonded concrete–rock interfaces, Moradian et al. [52] reported different
levels of acoustic emission for each period. There were no acoustic emissions in the linear
pre-peak period, only very few acoustic emissions signals at the end of the non-linear
pre-peak period, a drastic increase in the acoustic emissions signals and then fast decrease
in these signals in the post-peak period and minimum value of acoustic emissions signals
at the residual period. This observation corroborates the idealization of the shear stress
evolution hereby presented.

Figure 15. Idealization of the evolution of the shear stress of concrete–rock interface.

It is worth mentioning that in the behavior law the interface is not modeled as a
physical entity, but as a behavior of individual constraints between concrete and rock.

In this way, the constitutive relations presented below are calculated for individual con-
straints.

In the first phase (between A and B), the cohesive behavior rules the overall shear
response through a linear elastic traction separation relationship (stress displacement
relationship). The elastic behavior is expressed in terms of an elastic constitutive matrix
that correlates the normal and shear stresses (σ, τ) to the normal and shear displacements
across the interface (δn, δs) according to Equation (1) [53].

t =
{

σ
τ

}
=

[
Kn 0
0 Ks

]{
δn
δs

}
(1)

where t is the stress vector, (σ, τ) are the normal and shear stress components, (Kn, Ks) are
the normal and the shear stiffness, and (δn, δs) are the normal and the shear displacement.

In the second phase (between B and C), damage mechanics is used to simulate the pro-
gressive degradation and failure of the cohesive bonds at the interface. Damage initiation
and damage evolution are used to control the progress of the failure mechanism.

Damage initiation is used to indicate the beginning of the degradation of the cohesive
response at a local point in the interface [53]. The damage initiation criterion used in the
model is the maximum stress criterion, in this criterion damage initiates at a local point
when the stress ratio in Equation (2) becomes equal to 1.

max
{
〈σ〉
σ◦ + τ

τ◦

}
= 1 (2)
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where 〈〉 is the Macaulay bracket, (σ◦, τ◦) are the normal and shear strength of constraints
at the local point of the interface (individual bonds) and are specified as parameters of
the model.

Once the damage initiation criterion is met at a local point, the damage of the co-
hesive bonds starts to increase. Consequently, the contribution of the cohesive behavior
(τcoh) decreases and is partially compensated by the increase in friction (τf ric) following
Equations (3)–(5).

τ = τcoh + τf ric (3)

τcoh = (1− D)τ (4)

τf ric = µDσ (5)

where µ is the friction coefficient and D the damage parameter, which varies between 0
(no damage or degradation of the cohesive bonds) and 1 (complete failure of the cohe-
sive bonds).

The evolution of the parameter D is defined in the model using Equation (6) assuming
an exponential softening of the stress in the second phase, between B and C [53].

D = 1−
{

δB
δmax

m

}{
1−

1− exp
(
−α
(

δmax
m −δB
δC−δB

))
1− exp(−α)

}
(6)

where δB and δC (refer to Figure 15) are, respectively, the shear displacement at the peak
shear strength and the shear displacement when the residual shear strength is reached,
δmax

m is the maximum shear displacement attained during the loading history, α is a non-
dimensional parameter that governs the rate of damage evolution.

In the third phase (between C and D), the damage parameter D reached a value of 1
such that the shear behavior is only controlled by the frictional part of the model according
to Equations (3)–(5).

3.3. Preparation of the Numerical Simulation
3.3.1. Generation of the Rough Concrete and Granite Parts

As mentioned in Section 2.1, before the sample preparation for the direct shear test
with natural granite interfaces, the surfaces of granite were scanned and the point clouds
(x,y,z data) obtained were used to generate surfaces by linear interpolation. Each surface
was used to create a 3D solid part, which was then imported into Abaqus. In Abaqus,
the concrete and granite parts were generated in the assembly module by the process of
“merge/cut instances” such that the two-part are perfectly mated (Figure 16).

Figure 16. Concrete–granite simulation.
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3.3.2. Generation of the Mesh

Before defining the mesh for the parts, some considerations need to be taken into
account. First, meshing 3D geometrical parts in contact, with the contact interface being
rough or not perfectly flat, usually results in the phenomenon of overclosure [53], meaning
that while fitting the elements to the interface, some nodes of elements of one part end up
intruding the other parts. This makes it necessary to use a node adjustment routine [53].
Second, the 3D morphology of the interface in this simulation is used to add the influence
of macro-roughness (millimetric scale) in the simulation, and consequently, the elements
generated by the meshing must have a millimetric size. Last, the idealization made in
Section 3.1 and the presentation of the model in Section 3.2 support that the simulation
depends on the constraints at the interface and the explicit geometrical representation of
the interface, therefore the meshing must be such that the elements at the interfaces lead to
an appropriate representation of macro-roughness and sufficient proportion of constraints
to correctly represent the micro-roughness.

With these considerations and after verifying that reducing the mesh size further does
not significantly change the result of the simulations but increases the size of the problem
and the influence of micro-roughness, it was adopted an average element size of 4 mm.
(Figure 17).

The element sizes selected are in the same range as the acceptable element size of
2 mm reported by Renaud et al. [44] for the numerical simulation of the direct shear test
of unbonded rough concrete–rock interface with a cylindrical sample having a diameter
between 83 mm and 145 mm.

The size of the sample used in the numerical simulation is similar to the one used
experimentally. The type of element used is the fully integrated linear brick element called
C3D8. This type of element is appropriate for this specific type of 3D contact problem.

Figure 17. Mesh—rough concrete and granite parts.

3.3.3. Boundary Conditions

The boundary conditions of the simulations are presented in Figures 18 and 19.
The normal stress σn is applied as surface pressure to the top of the upper half shear
box and the shear stress is applied as displacement to the entire area of the lateral parts of
the upper and lower half shear box. The rest of the boundary conditions are very similar to
the ones of any shear machine with the conventional horizontal arrangement [12], which
means no translation is allowed in the third dimension (not shown in Figures 18 and 19) and
the area at the bottom of the lower half shear box opposes any translation in the direction
of the normal stress (rollers).
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Figure 18. Boundary conditions—bush-hammered interface.

Figure 19. Boundary conditions—natural granite interface.

3.3.4. Properties of the Materials

The properties of concrete, granite, and steel used in the numerical simulation are
presented in Table 5.

Table 5. Mechanical properties of concrete, granite, and steel.

Material Density (kg/m3) Young’s Modulus (GPa) Poisson’s Ratio

Concrete 2370 38 0.20
Granite 2608 60 0.25

Steel 8000 193 0.29
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3.4. Identification of the Parameters of the Model

As mentioned in Section 3.1, the parameters of the model were obtained using the
results of direct shear tests of bush-hammered interfaces. The parameters related to the
first phase (between A and B; see Figure 15) and the third phase (between C and D; see
Figure 15), namely, the normal and the shear stiffnesses (Kn, Ks), and the residual friction (µ),
are based on the experimental data. The parameters related to the second phase (between
B and C; see Figure 15), namely, the normal and shear strengths of the bonds (σ◦, τ◦)
the plastic displacement (δB–δC) and the damage evolution parameter α, were obtained
through calibration. This calibration is justified since, in the second phase, different events
are occurring simultaneously, locally, progressively, and in a very short time interval such
that it is challenging to design experiments to quantify the influence of each event in the
shear stress evolution. The aforementioned events are damage initiation, damage evolution,
friction mobilization, the competition of strength between the interface and the tips of
concrete to determine whether the failure proceeds along with the interface or through the
tips of concrete.

For the calibration, numerical simulations of direct shear tests of bush-hammered
interfaces were carried out (Figure 18). In these simulations, the normal and shear strengths
of the bonds (σ◦, τ◦), the plastic displacement (δB–δC) and the damage evolution param-
eter α were iterated, aiming to characterize the strength of the cohesive bonds and their
progressive degradation, thus calibrating the cohesive part of the model (Figure 20).

Figure 20. Calibration of the model.

Since two types of failure were identified, the parameters of the model were also ob-
tained separately for these two types of failures. For the first type of failure, the parameters
of the model are such that the properties of the interface capture all the energy associated
with a failure that occurred mostly along with the interface and with very little damage
in concrete. For the second type of failure, the parameters of the model are such that the
interface captures all the energy associated with failure along with the interface and failure
of the tips of concrete that remains attached to granite.

The two sets of parameters of the model are presented in Table 6.

Table 6. Parameters of the model.

Cohesive Frictional
Model Parameters * Type I Failure (0.5

MPa)
Type II Failure
(1.0–1.5 MPa) Unit

Kn 15.0 15.0 GPa/m
Ks 7.5 7.5 GPa/m

Cohesive part σ◦ 1.0 1.4 MPa
τ◦ 1.2 1.6 MPa

δB–δC 0.9 2.25 mm
α 4 4 -

Frictional part µ 0.70 0.65 -

* For legend refer to Section 3.2.

Figures 21 and 22 show both the experimental tests and the numerical simulation
results of the direct shear test of bush-hammered interfaces. Bearing in mind that these
simulations were performed on the sole purpose to calibrate the cohesive part of the



Appl. Sci. 2022, 12, 5643 18 of 27

model, but to have the complete shear behavior, a frictional coefficient of 0.25 was used
in the simulation to account for the fact that after the failure of the bonds in the test with
the bush-hammered interface the new interface generated is not exactly frictionless nor
smooth. Figures 21–23 consequently show that the model can reproduce the shear behavior
obtained experimentally.

Figure 21. Experimental and numerical tests of bush-hammered interfaces (0.5 MPa).

Figure 22. Experimental and numerical tests of bush-hammered interfaces (1.0 MPa).

Figure 23. Experimental and numerical tests of bush-hammered interfaces (1.5 MPa).
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3.5. Performance of the Calibrated Model

The calibrated model was used to simulate the direct shear tests of bonded and
naturally rough concrete–granite interfaces using the explicit geometrical representation of
the macro-roughness at the interfaces.

Figures 24–36 and Table 7 show a comparison of the results of the simulations with
the experimental results presented in the first part of this paper, and some observations are
made hereafter.

First, the results of the numerical simulations of all the naturally rough concrete–
granite interfaces carried out, reproduce: the first phase of the model (Figure 15, between
A and B), by showing the linear increase in the shear stress with shear displacement;
the second phase of the model (Figure 15, between B and C), by presenting the decrease
in the shear stress with shear displacement, and, the third phase of the model (Figure 15,
between C and D), by displaying the evolution of the shear displacement with insignificant
change in the shear stress. This is good evidence that the simplifications made during the
conception of the model are satisfactory and properly reproduced.

Second, the model, independently if calibrated for the first type of failure or the
second type of failure (see the experimental part), yields a good prediction of the peak
shear strength, with the approximation error varying from 1% to 19% (see Table 7). This
range of variation of the approximation error is very satisfactory given the complexities
and challenges associated with the experimental and numerical modelling of the shear
behavior of rough concrete–rock interfaces. Overall, the results of these simulations are
good evidence that the model is able to capture the influence of the micro-roughness and
therefore the bond strength and also the successful incorporation of the influence of the
failure of the tips of concrete (second type of failure) in the shear stress evolution.

Third, the model can reproduce the influence of the normal stress on the shear stress evolu-
tion; this can be observed in the comparison of the results of the simulations with 1 and 1.5 MPa
of confinement stress for the bush-hammered interface, noting that the only parameter separat-
ing these simulations is the normal stress (see, for example, Figures 22 and 23).

Fourth, the model, specifically its frictional part, can incorporate the influence of
macro-roughness in the shear stress evolution; this is evident because the only parameter
separating all the simulations within a group of simulations with the same confinement
level is their respective macro-roughness (see Figures 24–36 and Table 7).

Fifth, the comparison of the results numerical—experimental for all the blocks—is not
equally impressive (see, for example, Figures 30 and 32). This was expected for two reasons:
the experimental campaign is not always perfect and can affect the results of the tests,
and the state of the surface is not equal in all the samples. There could be more weathering
in some samples than in others, and these peculiarities are not considered in the model.

Figure 24. Shear stress evolution with displacement Exp–Num (Block 1).
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Overall, the cohesive frictional model can capture well the main mechanisms and
trends of the shear stress evolution of rough and bonded concrete–rock interfaces and
present good prediction capability in terms of the peak shear strength with the coefficient
of correlation between the peak shear strength obtained experimentally and the peak shear
strength obtained numerically above 93% (see Figure 37).

Figure 25. Shear stress evolution with displacement Exp–Num (Block 2).

Figure 26. Shear stress evolution with displacement Exp–Num (Block 3).

Figure 27. Shear stress evolution with displacement Exp–Num (Block 4).
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Figure 28. Shear stress evolution with displacement Exp–Num (Block 5).

Figure 29. Shear stress evolution with displacement Exp–Num (Block 6).

Figure 30. Shear stress evolution with displacement Exp–Num (Block 9).
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Figure 31. Shear stress evolution with displacement Exp–Num (Block 10).

Figure 32. Shear stress evolution with displacement Exp–Num (Block 11).

Figure 33. Shear stress evolution with displacement Exp–Num (Block 12).
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Figure 34. Shear stress evolution with displacement Exp–Num (Block 13).

Figure 35. Shear stress evolution with displacement Exp–Num (Block 14).

Figure 36. Shear stress evolution with displacement Exp–Num (Block 15).
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Table 7. Peak shear strength Exp-Num.

Test Normal Stress (MPa) Peak Shear Strength
Exp (MPa)

Peak Shear Strength
Num (MPa) Error (%)

1 0.5 0.97 0.98 1.25
2 0.5 1.18 1.13 4.25
3 0.5 1.24 1.40 12.88
4 0.5 1.33 1.58 18.75
5 0.5 1.57 1.37 12.46
6 0.5 1.66 1.35 18.52
9 1.0 2.25 2.53 12.42
10 1.0 2.54 2.64 3.84
11 1.0 2.77 2.90 4.86
12 1.5 2.70 2.47 8.53
13 1.5 2.96 3.17 7.23
14 1.5 3.06 3.50 14.47
15 1.5 3.13 3.03 3.06

Figure 37. Peak shear strength Exp-Num.

4. Conclusions

This paper presents the results of an experimental campaign designed to investigate
the complex relationship between the roughness and the concrete–rock bonds in the shear
behavior of bonded concrete–rock interfaces. The campaign consisted of direct shear tests
of three types of roughness: smooth interfaces, bush-hammered interfaces, and natural
granite interfaces under three levels of normal stress (0.5, 1.0, and 1.5 MPa). The analysis
of the results leads to five main statements. First, the formation of strong bonds in the
smooth concrete–granite interfaces is negligible. Second, the presence of micro-roughness
at the concrete–granite interface leads to the formation of strong concrete–rock bonds.
Third, bush-hammered interfaces generate stronger concrete–granite bonds compared to
the naturally rough concrete–granite interface. Fourth, the micro-roughness generated by
the bush-hammering process does not significantly affect the friction angle nor captures
the entire complexity of the natural roughness. Last, the macro-roughness representing the
waviness of naturally rough concrete–granite is responsible for the influence of roughness
on the shear evolution.

Based on the outcomes of the experimental work presented and further literature,
a cohesive frictional model was used to simulate the shear behavior of bonded concrete–
rock interfaces. The local behavior law model captures the influence of the micro-roughness
and the strength of the concrete–rock bonds, while the influence of macro roughness
is considered by the 3D morphology. This numerical work shows that it is possible to
model the shear behavior of naturally rough and bonded concrete–rock interfaces under
low normal loading using the properties of the interface, namely the strength of the
concrete–rock bonds (micro-roughness) and the 3D morphology of the interface (macro-
roughness). The model is capable of accurately simulating the major phases of the shear
stress evolution during the direct shear test of naturally rough and bonded concrete–rock
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interfaces. Furthermore, the model has a good prediction capability in terms of the peak
shear strength and successfully incorporates the influence of the normal stress and the
roughness on the shear behavior of concrete–rock interfaces.

For further work, more experimental studies are required to investigate other aspects
that influence the shear behavior of bonded concrete–rock interfaces such as the influence
of the mineralogy and the weathering of the rock surface on the formation of concrete–rock
bonds. In the numerical fold, the cohesive frictional model hereby presented could be
used to investigate the shear behavior of bonded concrete–rock interfaces using more
numerical samples representing a wider range of natural rough rock surfaces. Additionally,
the possibility of using this model to investigate the influence of the scale effect on the
shear behavior of bonded concrete–rock interfaces could be assessed.
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