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Abstract The shear strength of the concrete–rock interface

is a key factor to justify the stability of a hydraulic struc-

ture foundation. The Mohr–Coulomb failure criterion is

usually used as shear strength and evaluated by extrapo-

lating shear tests results carried out in a laboratory on

small-sized samples. This paper presents an experimental

study on the concrete–rock interface shear behavior. The

effect of rock surface morphology on shear behavior was

studied by performing laboratory direct shear tests on

prepared square samples with a previously characterized

rock surface. The scale effect and the test conditions were

also studied by comparing the results to those obtained by

performing usual laboratory shear tests on cored samples at

lower scale. The tested interfaces were composed of the

same concrete and granite and have a natural rock surface.

The results displayed that the peak shear strength is

strongly dependent on the concrete–rock bonding, the rock

surface morphology and the applied normal load. A new

surface morphology description tool was developed in

order to characterize the main waviness. Moreover, the

concrete–rock shear behavior at medium scale was repro-

duced by a 2D finite elements model to study the stress

distribution along the sheared interface. Under low normal

load, the concrete–rock adhesion is thus progressively

mobilized according to the waviness on the rock surface

and the local shear failure mechanisms depend on the type

of this main waviness. Consequently the shear strength of a

concrete–rock interface must be analyzed with respect to

the various morphology aspects on its rock surface.

Keywords Concrete–rock interface � Shear strength �
Surface morphology � Scale effect � Direct shear test

1 Introduction

The design for new hydraulic structures such as gravity

dams requires evaluating the sliding stability along the

foundation concrete–rock interface. Existing concrete

gravity dams also need this safety reassessment to evaluate

their compliance with modern regulatory rules (Krounis

et al. 2015). Different methods are used worldwide to

justify the sliding stability of a dam foundation at concrete–

rock contact. The methods differ by the chosen load

combination and the evaluation of shear strength. In gen-

eral, the shear strength is expressed by a Mohr–Coulomb

failure criterion referring to the failure line defined by both

friction angle (u) and cohesion (c) parameters (Ruggeri

et al. 2004; CFBR 2013; Westberg Wilde and Johansson

2013). However, if the applied loads are well known (hy-

draulic loads, uplift pressure, dam weight), the shear

strength parameters are difficult to estimate.

The shear strength of the concrete–rock interface is

usually obtained by performing laboratory shear tests on

samples of small size relative to that of a gravity dam

foundation. However, CFBR (2013) observed that the

values of the characteristic parameters thus obtained are

different from the values evaluated in situ: The friction

angle and cohesion are, respectively, higher and lower at
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real scale than the values obtained in the laboratory. For the

friction angle, it is justified by the fact that the morphology

of the contact at real scale displays significant irregularities

created by the rock foundation excavation which cannot be

considered at laboratory scale. For the cohesion, the main

reason given is that only the cohesion of the bonded

samples can be measured. This value measured in the

laboratory should therefore be weighted with the propor-

tion of bonded contact area compared to the base area of

the dam. Thus, during the gravity dam foundation con-

ception and for safety reasons, the cohesion is currently

assessed to be null and the laboratory safe value is given to

the friction angle. These evaluation methods lead to a

conservative estimation of the concrete–rock interface

shear strength which is no longer suitable for new demands

of safety level.

The objective of this study is to improve the shear

strength assessment of the concrete–rock interface of a

gravity dam. The concrete–rock shear strength is first

reviewed. Then a series of direct shear tests performed on

different sample sizes having similar concrete–rock con-

tacts are presented. The rock surfaces were natural granite

surfaces. Tensile tests on contacts complete this experi-

mental study. A new morphology characterization tool is

proposed in order to characterize the rock surface wavi-

ness; then, a 2D finite elements model is implemented to

reproduce the shear behaviors at medium scale taking into

account the morphology effect. Results are discussed with

regard to the surface morphology, the size sample and the

testing conditions in order to propose a more accurate

assessment of the interface shear strength in a laboratory.

2 Shear Strength of the Bonded Concrete–Rock
Interface

Several researches (EPRI 1992; Saiang et al. 2005; Mora-

dian 2011; Gutiérrez 2013; Krounis et al. 2016) attempted

to study the shear behavior of concrete–rock interfaces

using experimental approaches. Experimental studies were

mainly based on direct shear tests (Fig. 1). Sometimes as in

the case of Lo et al. (1990), the concrete–rock interface

shear strength was evaluated by performing triaxial tests.

Moreover, direct tensile tests were carried out on concrete–

rock contacts to assess the bonding value between concrete

and rock (Bauret and Rivard 2015).

Direct shear tests within concrete–rock interfaces in

these studies were performed mainly on samples cored

from an existing concrete–rock interface (Lo et al. 1990;

EPRI 1992) or on laboratory-prepared interfaces (Moradian

2011; Tian et al. 2015). Most tests were carried out on

samples of dimensions smaller than those of dam founda-

tions (Ruggeri et al. 2004). The experimental results

showed that the concrete–rock interface shear strength is

influenced by the following factors:

• the initial cohesion between concrete and rock (Lo et al.

1990; Moradian et al. 2012),

• the rock surface morphology (Kodikara and Johnston

1994; Saiang et al. 2005; Guttiérez 2013; Champagne

et al. 2013),

• the mechanical properties of rock and concrete (EPRI

1992),

• the applied normal stress (Moradian et al. 2012; Tian

et al. 2015).

In rock mechanics, it is admitted that the rock roughness

has a significant impact on the shear characteristics of rock

joints. In response, several shear failure criteria for rock–

rock interfaces were established taking into account the

effect of the rock surface morphology on the interface

shear strength (Patton 1966; Barton and Choubey 1977;

Maksimovic 1996; Grasselli 2001; Johansson 2009).

However, these models do not take into account the role of

bonding between rock and concrete at the beginning of the

failure. Lo et al. (1991) attempted to develop a shear failure

criterion for a concrete–rock interface by evaluating the

shear strength as the sum of the well-bonded concrete–rock

contact shear strength and unbonded concrete–rock contact

shear strength.

Furthermore, some in situ direct shear tests on concrete–

rock interface were also carried out to study the concrete

gravity dam foundation (Ghosh 2010; Barla et al. 2011).

However, due to difficulties of performing in situ tests and

their expensive cost, the number of in situ tests performed on

concrete–rock interfaces is limited. Moreover, the accurate

evaluation of the effective shear strength of the concrete–

rock interface needs to consider the deformation of the rock

mass which is unknown (Andjelkovic et al. 2015).

Studies of the scale effect on the shear behavior within

rock discontinuities showed the influence of sample size on

the rock–rock interface shear behavior (Barton and Chou-

bey 1977; Bandis et al. 1981; Castelli et al. 2001; Fardin

et al. 2003; Tatone and Grasselli 2012). This effect appears

to depend on the conditions of the direct shear test (shear

plane, shear rate, normal stress) and the type of rock sur-

face (natural, artificial or flat surface). Moreover, these

results do not consider the particular case of the concrete–

rock interface for which there is an initial adhesion

between concrete and rock.

At last, according to most of the national guidelines, to

assess the safety against sliding for a gravity dam, limit

equilibrium methods modeling the dam as a rigid body

allowed to slide along its base are used with the shear

strength of concrete–rock interface expressed by a Mohr–

Coulomb failure criterion (Ruggeri et al. 2004). The shear

strength is thus established by integrating the normal stress
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over the entire potential sliding plane assuming the shear

stress to be homogenous on the entire shear surface and the

shear strength to be simultaneously mobilized at the time of

failure. According to Krounis et al. (2015), this assumption

leads to overestimate, significantly, the effective shear

strength of the interface. In fact, according to Westberg

Wilde and Johansson (2013), there is a spatial variation in

bond strength between concrete and rock due to the rock

surface cleanness before concrete casting, the local rock

quality and the position of leakage on the contact. This

possible spatial variation in adhesion introduces weak areas

where the failure process can be initiated and therefore a

progressive mechanism of failure.

3 Methodology for the Experimental Study
of the Rock–Concrete Interface

The shear strength of the bonded concrete–rock interface

was studied experimentally in order to investigate the

influence of rock surface morphology and the scale effect.

3.1 Description

A series of direct shear tests at two different scales

(Table 1) were performed under experimental conditions as

similar as possible to those of a concrete gravity dam. In

addition, direct tensile tests were carried out on a similar

concrete–rock interface in order to evaluate the tensile

strength of the contact.

The same concrete and rock were used for all samples.

The rock type used for the tests was granite: Large granite

rock blocks were sampled in the same quarry in France

(Corrèze), each one having an unweathered natural surface.

The selected granite has a uniaxial compressive strength of

133 MPa (10 tested samples, CV—coefficient of varia-

tion = 5.90%) and a tensile strength of 10.20 MPa (5

tested samples, CV = 13.90%). The mixture of concrete

used in this study shown in Table 2 was chosen on the

basis of an analysis of that of existing French concrete

gravity dams. This composition provides a standard com-

pressive strength of 43.4 MPa (9 tested samples from 3

different pouring phases, CV = 1.60%) and a tensile

strength of 3.75 MPa (9 tested samples from 3 different

pouring phases, CV = 7.10%).

3.2 Rock Surface Morphology Characterization

To study the rock surface morphology effect and to posi-

tion the shear plane relative to the mean plan of the rock

surface, the rock surface morphology was characterized for

each tested sample.

Fig. 1 Schematic illustrating

arrangement of specimen in a

laboratory direct shear test

Table 1 Samples for the direct

shear tests
Scale Shape Dimensions (m) Shear surface (m2) Number of samples

Medium Square 0.18 9 0.18 0.0324 9

Small Cored D = 0.08 0.0050 8
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The sample rock surfaces were first digitized using a

device measuring the height of the irregularities com-

pared to a reference plane. A 3D stereotopometric

measurement system, called the ATOS Compact Scan

and manufactured by the GOM company, was chosen as

it meets our requirements: in situ measurement, capacity

for large area measurement, high accuracy and resolu-

tion. The ATOS compact scan system consists of a

measurement head containing a central projector unit of

structured light fringe patterns and two CCD cameras,

and a PC to pilot the system. The used sensors of the

ATOS apparatus and the measurement distance were

chosen to give an average spacing between the mea-

surement points of 0.25 mm and a measurement accu-

racy about 0.01 mm.

The topography of each rock surface sample was

reproduced by means of these measurements. Thus, the

mean plane of each digitized rock surface was calculated

using the least square method based on the obtained 3D

coordinates. The rock surface morphology was then dis-

played relative to this mean plane.

To characterize and compare quantitatively the rock

surface morphologies of samples, some usual roughness

parameters (statistical and three-directional parameters)

were calculated:

• Z2 is the root mean square (RMS) of the first derivate of

the altitudes (Myers 1962);

• k is the difference between the maximum and the

minimum altitudes over the whole rock surface (Gen-

tier 1987):

• Rs is the ratio of the true surface area to its nominal

surface area (El-Soudani 1978);

• h�max

Cþ1ð Þ is a 3D parameter given by Tatone and Grasselli

(2009) which characterizes the distribution of the

inclination and orientation of each triangular facet of

a TIN1 surface: h�max is the maximal facet inclination

compared to the mean plane and C, a fitted parameter.

Tatone and Grasselli (2009) give more details about

this 3D parameter.

Tables 3 and 4 summarize these values assessed on

each rock surface sample tested at small and medium

scales, respectively, and their average and coefficient of

variation (CV). Given the low values of the calculated

coefficient of variation, except for Z2 at medium scale

(57.76%), and according to the physical meaning of these

parameters, the rock surfaces at each scale have a similar

roughness characterization. On the contrary, we can

emphasize the important variations of the calculated

average values between the two different scales

(CV = 27% for Z2, 43% for k and 54% for
h�max

Cþ1ð Þ). These

variations point out that the rock surface morphology is

itself submitted to scale effect.

Table 2 Used mixture for concrete

Ingredient Ratio (kg/m3)

Concrete 280

Sand 0/4 mm 650

Washed sand 0/2 mm 150

Crushed stone 11.2/22.4 mm 780

Crushed stone 4/11 mm 330

Adjuvant—OPT 203 2.80

Water 157

Table 3 Some roughness parameters for the rock surface of the cored

samples tested at small scale (0.08-m-diameter circular surfaces)

Core sample Z2 k (mm) Rs
h�max

Cþ1ð Þ

H1 0.2707 7.58 1.0678 11.3126

H2 0.2613 7.78 1.0670 12.2655

H3 0.2924 7.82 1.0811 12.1374

H4 0.2553 9.56 1.0672 11.1518

H5 0.2423 8.42 1.0606 10.3536

H6 0.2590 9.45 1.0640 11.7393

H7 0.2555 8.30 1.0714 11.3031

H8 0.2594 7.41 1.0706 11.3897

Average 0.2620 8.23 1.0687 11.4566

CV (%) 5.39 10.84 0.57 5.34

Table 4 Some roughness parameters for the rock surface of the

samples tested at medium scale (0.18 m 9 0.18 m square surfaces)

Square sample Z2 k (mm) Rs
h�max

Cþ1ð Þ

T1 0.2193 12 1.0343 6.9275

T2 0.1594 15 1.0225 6.0540

T3 0.6170 13 1.0184 6.1320

T4 0.2646 11 1.0180 5.5426

T5 0.4723 13 1.0183 5.9312

T6 0.6693 14.5 1.0275 7.1276

T7 0.1923 12.5 1.0298 8.5221

T8 0.1410 12 1.0189 6.0958

T9 0.3699 12.5 1.0257 7.0350

Average 0.3450 12.80 1.0237 6.5964

CV (%) 57.76 9.74 0.57 13.771 Triangulated irregular network (Grasselli 2001).
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3.3 Sample Preparation

To achieve a correct adhesion between concrete and rock

like for building a gravity dam, each rock surface was

cleaned carefully with a water high-pressure cleaner before

the surface topography measurement and the concrete

pouring. As the chosen granite rock surfaces were

unweathered, the water high-pressure cleaner had a limited

impact on the rock surfaces morphology.

After the rock surface digitalization, the rock surface

topography appearances were compared visually and the

shear direction on each surface was determined in order to

obtain variability on the rock surface morphology of the

interfaces tested under the same normal stress (morpholo-

gies having one central crest on the rock surface or mor-

phologies having different crests distributed on the rock

surface).

All concrete–rock samples were prepared in a labora-

tory. The tests on samples were performed after 28 days of

concrete hardening. The preparation procedure for each

scale is described in detail as follows.

3.3.1 Square Samples for Direct Shear Test at Medium

Scale

The direct shear tests on the square samples at medium

scale were performed with the MTS 816 loading system

(Fig. 2) of the CEREMA (Center for Expertise and Engi-

neering on Risks, Urban and Country Planning, Environ-

ment and Mobility) rock mechanics laboratory (Toulouse,

France). The loading rigid frame consists of a platform for

shear test with a two-part shear box. The maximum normal

and tangential loads are 500kN and 200kN, respectively.

The displacement of the boxes to each other is measured

and recorded by 4 vertical linear variable displacement

transformers (LVDTs) on each edge of the box for the

normal displacement and by 2 additional lateral LVDTs for

the tangential displacement in the shearing direction.

To facilitate the setting of the concrete–rock interface in

the shear plane of the shear box, it was decided to prepare

the sample having a shear surface smaller than that of the

used loading system (0.2 9 0.2 m2). For this purpose, 9

cuboid rock blocks having 0.18 m length, 0.18 m width

and 0.1 m as average height were machined from one

original large granite block leaving on each small block a

face having a natural rough surface as shown in Fig. 3.

Using the digitization of the natural surface of the

granite blocks (Sect. 3.2), the mean planes were then cal-

culated and marked on the blocks.

To cast the concrete, film-faced plywoods were used for

formworks. Their upper level was adjusted so that the

distance between the upper level of the plywoods and the

mean plane was equal to 0.1 m. Then, concrete was cast

and vibrated on the rock blocks. After 7 days of hardening,

the formwork was removed and the mean plane of rock

surface was marked on the four lateral faces of each sample

in order to define the mean plane for the next step of the

sample preparation (Fig. 4).

Afterward the sample was placed in the shear box of the

load apparatus. The sample was centered in the box in such

a way that the mean plane of the rock surface became in the

midplane of the box, namely in the shear plane of the

apparatus. Then the sample was fixed into the box by using

a rapid-hardening mortar (Rc, compression

strength = 30 MPa after 1-day hardening). This prepara-

tion was repeated for each sample at least 1 day before

performing the direct shear test.

3.3.2 Cored Samples for Direct Shear Test at Small Scale

The direct shear tests on the cored samples were performed

with the 3R shear box system of the technical department

for geology, geotechnical and civil engineering testing

(TEGG) of EDF (French Electricity Company, Aix-en-

Provence, France). As shown in Fig. 5, the apparatus

consists of a static lower box and a mobile upper box. The

system can apply normal and shear loads up to 30 and

50 kN, respectively. The normal and tangential displace-

ments are measured via one LVDT for each displacement

direction.

In order to get samples with the same characteristics of

concrete and rock for all direct shear tests, an artificial

concrete–rock interface was prepared in the laboratory,

and then, the samples were drilled from it. To obtain this

artificial interface, a 0.15 m layer of concrete was cast on

a granite block from the same quarry as for the granite

blocks for square samples (Sect. 3.3.1). The block had a

natural rock surface of 0.9 9 0.75 m2. Before concrete

pouring, the whole rock surface was digitized with the

ATOS compact scan system. The core drilling positions

were defined (Fig. 6) considering a minimum distance

(150 mm) between each core to overcome the boundary

effects during the drilling process. The coordinates of

each core center were then plotted on the block lateral

sides in order to reposition the cores center on the top

surface of the concrete after pouring. The rock surface

topography of each cored rock surface was exported in

order to characterize the surface morphology as presented

in Sect. 3.2.

After 15 days of concrete hardening, the 8 samples were

drilled with a 0.08-m-diameter diamond-drilling unit with

water lubrication. All the cored samples were extracted

without any visible damage on the contact. Using the

digitized topography, the rock surface mean plane of each

cored sample was calculated and marked on the cored

sample.
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The French standard (XP P 94-424) was respected to

prepare the samples in order to use the same procedure as

that of samples cored from existing dams. The drilled cores

were cut to have the height of the shear box (Fig. 7) and

placed in a steel mold having the same dimensions as the

shear box. The cored samples were centered in the molds in

such a way that the marked mean plane was located in the

midplane of the mold, i.e., the shear plane of apparatus.

The cored samples were thereafter encapsulated in the

molds with rapid-hardening mortar (Rc, compression

strength = 20 MPa after 1-day hardening). A typical final

direct shear test sample, grouted in mortar and ready for

testing, is shown in Fig. 8.

3.3.3 Cylindrical Samples for Direct Tensile Test

An artificial concrete–rock interface was prepared in the

laboratory. To obtain this artificial interface, a 0.15 m layer

of concrete was cast on a granite block taken from the same

quarry as the granite blocks for square samples (Sect. 3.3.1).

This block had a surface of 1 9 1 m2. After 15 days of

concrete hardening, the block was drilled in various places

with a diamond-drilling unit having a diameter of 0.148 m,

making sure that the drilling core exceeded the concrete–

rock interface without breaking the cored sample. A threaded

rod was sealed at the center of each core perpendicular to its

upper surface. Then a steel disk with a diameter of 0.145 and

0.03 m height was screwed onto the threaded rod and glued

Fig. 2 MTS 816 direct shear

test apparatus (adapted from

MTS 2014) used for the

medium scale samples

Fig. 3 A rock block used for a square sample preparation
Fig. 4 A square sample before encapsulating into the shear box
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to the upper surface of the core. Figure 9 shows a prepared

block for tensile test with also the hydraulic jack used to

apply the tensile load, and the related equipment. For more

details, the experimental procedure is presented in Deveze

and Coubard (2015).

4 Tests Results

The direct shear tests were performed under constant nor-

mal load conditions and a constant shear rate of 0.1 mm/

min respecting the ISRM standard for direct shear test on

rock discontinuities (Muralha et al. 2014). Furthermore,

based on the estimated normal stresses to which the gravity

dam foundation would be subjected, 3 normal stresses

below 1 MPa were chosen for shear tests: 0.2, 0.6 and

1 MPa. This range of normal stress values was estimated

Fig. 5 3R direct shear test apparatus used for the small scale samples

Fig. 6 Core drilling positions on the rock surface topography

Fig. 7 Cored samples
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considering usual concrete gravity dams in France, from 10

to 60 m high, made of concrete with an average unit weight

of about 2300 kg/m3 (CFBR 2013).

Data were registered during the tests at a time interval of

0.1 s (10 Hz). The following presented shear and normal

stresses at the interface were calculated by dividing the

force values by the corrected shear area, at each instant,

taking into account the shear displacement.

4.1 Direct Shear Tests at Medium Scale

Nine direct shear tests were carried out under the 3 dif-

ferent normal load values, 0.2, 0.6 and 1 MPa. As shown in

Figs. 10 and 11, the sample failure occurred well at the

concrete–rock contact. The normal stress, peak shear stress,

peak shear displacement and residual stress of these direct

shear tests are summarized in Table 5.

In Fig. 12a, the shear stress is observed to increase

steeply until a peak value and then the shear stress drops

sharply. These are typical curves of the shear behavior for

bonded interface at low normal load (Ruggeri et al. 2004;

Tian et al. 2015). However, after the stress peak, the shear

stress as a function of shear displacement curves can be

divided into two distinct shear behaviors named ‘‘A’’ and

‘‘B,’’ corresponding to two different typical curves:

• typical curve ‘‘A’’—Fig. 12a: the shear stress increases

steeply until the occurrence of the failure (peak shear

stress). Then it drops sharply until the normal stress

value, showing a sudden brittle failure. This failure was

noted with an audible sound during the shear test.

Thereafter, the shear stress increases again until a new

peak stress is attained followed by a decreasing phase

corresponding to the residual behavior,

Fig. 8 A final direct shear test sample for cored sample

Fig. 9 Prepared concrete–rock block for tensile test

Fig. 10 Concrete surface of sample T8 after the test—the arrow

indicates the shear direction

Fig. 11 Rock surface of sample T8 after the test—the arrow

indicates the shear direction
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• typical curve ‘‘B’’—Fig. 12a: The shear stress increases

steeply until the occurrence of the failure (peak shear

stress). The peak value is lower than that of the typical

curve ‘‘A.’’ Then the shear stress drops sharply showing

a brittle failure too but quickly followed by a gradual

decrease (softening phase) until the residual behavior.

The dotted curves in Fig. 12a display the dilatancy

curves during the shear tests on the samples T4 and T5. No

difference was underlined between the dilatancy curves

appearance of the two types A and B:

• before peak shear stress, there is no dilatancy,

• after the peak, the dilatancy increases with increasing

shear displacement.

The shear displacement curves are also reported in terms

of apparent friction coefficient (shear force over normal

force) to figure out the influence of the real contact area on

the shear behavior (Fig. 12b). In this case, the shapes of the

observed curves (Fig. 12b) were found to be very similar to

those of the curves representing the shear stress evaluated

with the apparent shear area (Fig. 12a). Thus, regarding the

results of the observed concrete–rock interface failures

dimensions (Table 5), we can assume that there are no

significant errors on the peak shear stress.

4.2 Direct Shear Tests at Small Scale

Eight direct shear tests at small scale on cored samples

were conducted under the same normal load values as those

at medium scale (0.2, 0.6 and 1 MPa). The cored samples

failure occurred at the contact between concrete and rock

(Fig. 13).

The normal stress, peak shear stress, peak shear dis-

placement and residual stress of the 8 direct shear tests at

small scale are summarized in Table 6. The peak dis-

placement values are more important than those evaluated

at medium scale. In fact, on the 3R direct shear apparatus,

one single LVDT sensor fixed on the hydraulic jack which

applies the shear displacement monitors the tangential

displacement. The relative tangential displacement

between the two half-boxes is not directly measured.

According to shear tests performed at medium scale, the

values of shear displacements measured on the hydraulic

jack are greater than those measured relative to the mov-

able half-box. Therefore, the peak displacement values

noted in Table 6 have not to be considered as representa-

tive of the real displacement in the concrete–rock interface

at the peak stress.

The typical obtained shear stress as a function of shear

displacement curve is shown in Fig. 14a. This is similar to

that observed for sample of type A at medium scale

described in Sect. 4.1: It corresponds to the shear behavior

of a well-bonded concrete–rock interface (Gutiérrez 2013;

Moradian 2011; Saiang et al. 2005; Tian et al. 2015;

Ruggeri et al. 2004).

Besides, the friction coefficient is figured out as a function

of shear displacement (Fig. 14b). As described before, since

the shapes of the obtained curves are very similar whether in

shear stress (Fig. 14a) or in friction coefficient (Fig. 14b),

the shear area correction to assess the shear stresses is suf-

ficient to represent the shear results.

4.3 Direct Tensile Tests

There is no standard that describes a procedure for per-

forming a tensile test on a concrete–rock interface. The test

was here controlled by a constant tensile effort rate of

25kN/min until the sample failure. The failure occurred in

one of the 4 locations is shown in Fig. 15. Table 7 sum-

marizes the results of the 11 performed direct tensile tests:

The failures of 4 samples occurred away from the interface.

These were excluded from the results and the average

tensile strength thus obtained is about 1.22 MPa with a

coefficient of variation 19%. This value is comparable to

those obtained for the Lo et al. (1990) tests, 1.08 MPa and

EPRI (1992) tests, 0.90 MPa. These direct tensile tests

point out that concrete–rock contact has a significant

Table 5 Summary of the direct shear tests results at medium scale

Sample Normal stress rn (MPa) Peak shear stress sp (MPa) Type of behavior Peak displacement dp (mm) Residual stress sr (MPa)

T1 0.20 2.36 A 0.12 0.34

T2 0.20 1.57 B 0.10 0.25

T3 0.20 1.20 B 0.21 0.23

T4 0.60 3.72 A 0.46 0.63

T5 0.60 1.50 B 0.15 0.67

T7 0.60 3.42 A 0.16 0.63

T6 1 4.17 A 0.42 1.16

T8 1 2 B 0.31 1.05

T9 1 4.45 A 1 1.05
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Fig. 12 a Shear stress and

normal displacement versus

shear displacement—typical

curves at medium scale.

b Friction coefficient (T/

N) versus shear displacement—

typical curves at medium scale

Fig. 13 Concrete and granite surfaces of sample H5 after direct shear

test. The arrows on the sample indicate the shear direction

Table 6 Summary of the direct shear tests results at small scale

Sample Normal

stress rn

(MPa)

Peak shear

stress sp

(MPa)

Peak

displacement

dp (mm)

Residual

stress sr

(MPa)

H2 0.20 2.87 1.30 0.26

H7 0.20 3.08 1.06 0.25

H1 0.60 3.38 2.13 0.62

H3 0.60 2.72 1.10 0.68

H4 0.60 3.58 2.62 0.45

H5 0.60 3.51 2.45 0.48

H6 1 4.13 2.62 0.87

H8 1 3.26 0.94 0.78
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tensile strength with respect to those of concrete and rock

(3.75 MPa and 10.20 MPa, respectively).

4.4 Results Analysis

The shear test results were linearly fitted by a Coulomb

shear strength line:

s ¼ rn � Tan uð Þ þ c

where u and c are the friction angle and the cohesion

component, respectively.

The peak shear stress as a function of the normal stress

for each test and the fitted Coulomb failure criterion at

small and medium scales are shown in Fig. 16. For the

tested type of concrete–rock interface, the cohesion

parameter value varies between 1.34 MPa and 2.78 MPa

and the friction angle value between 42� and 66�. The

obtained values are consistent with values cited in the lit-

erature for concrete–granite contact (EPRI 1992:

c = 1.26 MPa, u = 54�). In addition, comparing the val-

ues between both scales, the peak shear strength criterion

varies according to the test scale as mentioned above in

introduction: The cohesion component decreases with the

size of sample, whereas the friction angle increases with

the test scale. However, the coefficient of determination is

not very high at each scale (0.372 and 0.4064).

At medium scale, this diagram emphasizes that the lin-

ear fitting of peak shear stress divides the samples into two

groups which correspond to the two typical behaviors A

(above the linear fitting) and B (below the linear fitting)

defined in Sect. 4.1. As a matter of fact, each behavior has

its own linear relationship between the peak shear stress

and the normal stress (Fig. 17) within a better coefficient of

determination (0.9433 and 0.708). The peak shear strength

Fig. 14 a Shear stress versus

shear displacement curve for

sample H8—typical curve.

b Friction coefficient (T/

N) versus shear displacement

curve for sample H8—typical

curve
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for the ‘‘A’’ behavior is higher than that of the ‘‘B’’

behavior. A single Coulomb criterion is thus not sufficient

to characterize the concrete–rock interface shear at medium

scale.

At a small scale, with respect to the Coulomb criterion,

we can question the fact that the peak shear results are

scattered. The study of the rock surfaces morphology of

cored samples showed that all rock surfaces had similar

morphologies according to statistical or three-directional

parameters (Sect. 3.2). Consequently, at this scale, the

scatter in results cannot be related to a morphology effect.

In fact, in the sample preparation procedure, much atten-

tion was directed toward the location of the rock surface

mean plane, to ensure that the shear plane of direct shear

test apparatus coincides with the mean plane during the

test. Figure 18 exhibits the concrete and granite surfaces of

a sheared interface (cored sample H2). The concrete

surface is at the same level as the setting mortar indicating

that the concrete–rock contact was not in the middle of the

free encapsulated area. Moreover, it was found after the

shear tests that the samples were not precisely cored in the

initial identified positions (marked by crosses on the rock

surface). Therefore, the marked plane on the cored sample

during the preparation is not exactly the rock surface mean

plane of the sheared contact. According to Armand (2000),

a wrong adjustment of the contact mean plane can explain

such a scatter of results. As a result, results of usual lab-

oratory shear tests on cored concrete–rock interfaces

should be used considering the actual failure path.

Figure 19 displays the residual shear stress linear curve

fitting for the three previously defined cases. The shear stress

without normal stress (cr) is about zero for each case (0.03,

0.09 and 0.12 MPa) indicating the loose of bonding between

concrete and rock. Moreover, the same size effect is

observed for the residual behavior: The residual friction

angle determined at small scale (36�) is smaller than that

obtained at medium scale (*45�). The obtained values are

consistent with the values cited in the literature for concrete–

granite contact (EPRI, 1992: cr = 0.08 MPa, ur = 35�).
Finally we can notice that the residual strength criterion is the

same for both typical behaviors at medium scale.

4.5 Results Comparison with the Rock Surface

Morphology Aspects

At medium scale, the shear test results underline two

different shear behaviors of the concrete–rock interface.

Even if both exhibit a brittle response, the interface with

type B behavior has a lower peak shear value and shows a

softening phase after the brittle failure. This shear

behavior is similar to that of a not well-bonded contact

(Moradian et al. 2012; EPRI 1992). This softening phase

is also observed by Tian et al. (2015) and Saiang et al.

Fig. 15 Failure locations during a direct tensile test

Table 7 Summary of the direct

shear tensile results
Cored sample Tensile strength (MPa) Failure location

A 0.87 Concrete–rock contact

B 1.05 Concrete–rock contact

C 1.18 Concrete–rock contact

D 1.53 Concrete–rock contact

E 1.48 Concrete–rock contact

F 1.05 Concrete–rock contact

G 0.48 In concrete

H 0.97 In concrete

I 1 Concrete–steel disk contact

J 0.93 Concrete–steel disk contact

K 1.41 Concrete–rock contact

Average (for failure in concrete–rock interface) 1.22

Coefficient of variation 19%
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(2005) when the normal load is higher: They explained

that the friction contributes with concrete–rock cohesion

to the peak shear strength. Thus, the shear behavior of

type B would be justified either by a non-uniform con-

crete–rock adhesion on the surface or by a non-uniform

load distribution along the contact. The first hypothesis

seems to be inconsistent with the results of direct tensile

tests presented in Sect. 4.3. Actually the coefficient of

variation on concrete–rock bond strength evaluated in

different locations on 1 m2 of the same concrete–rock

contact was less than 20% while the evaluated cohesion

parameter for type A was about 160% of that for type B.

This difference in cohesion cannot therefore be justified

by a variability of the initial adhesion.

Moreover, comparing the morphology aspects of the

granite surfaces for each type (Fig. 20), if the magnitude of

the irregularities is the same for both behaviors, some

differences can be underlined under low normal load

(rn � 0:6 MPaÞ:

• for shear behavior A: As shown in Fig. 20a, d, g, the

rock surface has a single central crest,

• for shear behavior B: As shown in Fig. 20b, c, e, the

rock surface has many crests distributed on the rock

surface.

This relationship between the rock morphology aspect

and the shear behavior type is not found when the inter-

faces are sheared under higher normal stress (1 MPa): The

three interfaces sheared under 1 MPa of normal stress

present a rock morphology with many crests distributed on

the rock surface (Fig. 20f, h, i) and only sample T8 dis-

plays a shear behavior of type B.

Fig. 16 Peak shear stress

versus normal stress for samples

tested at each scale

Fig. 17 Coulomb linear curves

fitting for peak shear stresses at

medium scale
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Under low normal load, the concrete–rock interface

shear behavior seems to depend on some specificities of the

rock surface morphology. The shear behavior ‘‘A’’ is

established if the surface displays a morphology with a

single central crest, i.e., in 2D simple shape, a single wave

with large wave length (Fig. 21). In this case, the concrete–

rock adhesion of the regular surface is mobilized uniformly

on the whole interface. If the surface shows a morphology

with many distributed crests, i.e., many superposed dif-

ferent waves or a single wave having small wave length

(Fig. 22), the shearing process leads to the shear behavior

‘‘B.’’ The uniform establishment of the load on the whole

interface is not permitted by the irregularities on the rock

surface and the different stiffness between the rock and

concrete. To conclude, the knowledge of the main wave-

lengths characterizing the rock surface roughness seems to

be important to determinate the concrete–rock interface

shear strength. As presented in Sect. 3.2, the usual studied

roughness parameters cannot quantify a difference between

the morphologies of the 9 studied rock surfaces at this

scale. In addition, they do not allow the difference between

the rock surface morphology waviness to be characterized.

Therefore, such a study of morphology wavelengths char-

acterization is currently unusual.

Among the usual roughness parameters (statistical and

three-directional parameters) calculated for the rock surface

of samples tested at medium scale (Sect. 3.2), a substantial

correspondence between the hþ parameter and the dilatation

angle in the residual phase was underlined as shown in

Fig. 23: For example with sample T5, the residual dilatation

angle (ir) along residual phase is 6.17� which equals to the

calculated inclination angle hþ. The hþ parameter corre-

sponds to the mean value of the slope angle of facets which

are facing the shear direction. Table 8 summarizes the

obtained values. The residual shear behavior is strongly

dependent of the rock surface morphology. We can confirm

that during the residual phase, the concrete–rock contact has

a purely frictional behavior dependent only on the mean

slope value of the rock area facing the shear direction.

5 A New Rock Surface Morphology
Characterization Tool

The experimental shear results at medium scale underline

that the concrete–rock interface shear behavior is strongly

dependent on the rock surface morphology and more

specifically, the waviness on the surface. To characterize

the rock surface waviness, a new description tool was

implemented. The method is based on the decomposition

into sinusoidal functions of the rock surface morphology.

Fig. 19 Coulomb linear curve

fitting for residual shear strength

Fig. 18 Concrete and granite surfaces after shearing sample H2
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Fig. 20 Rock surface topography of the different samples tested at

medium scale. a Sample T1, rn ¼ 0:2 MPa—type A. b Sample T2,

rn ¼ 0:2 MPa—type B. c Sample T3, rn ¼ 0:2 MPa—type B. d
Sample T4, rn ¼ 0:6 MPa—type A. e Sample T5, rn ¼ 0:6 MPa—

type B. f Sample T6, rn ¼ 1 MPa—type A. g Sample T7,

rn ¼ 0:6 MPa—type A. h Sample T8, rn ¼ 1 MPa—type B. i
Sample T9, rn ¼ 1 MPa—type A
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5.1 Principle

The software OriginPro (OriginLab 2016) was used in this

study to characterize the rock surface using cosine func-

tions by performing a nonlinear fitting of the rock surfaces.

The fitting function created for this study was:

Z ¼ f X; Y ; a; b; k1; k2;u1;u2ð Þ

¼ a � cos
2pX
k1

þ u1

� �
þ b � cos

2pY
k2

þ u2

� �

where

X ¼ x � cos hð Þ þ y � sin hð Þ
Y ¼ �x � sin hð Þ þ y � cos hð Þ

and in which

• Z is the altitude of the adjusted surface with respect to

the mean plane;

• X and Y are the coordinates obtained from a rotation of

the x and y coordinates axis parallel to the sample sides,

to identify a possible principal direction (X) of the main

waviness, with orientation h relative to the shear

direction (Fig. 24);

• k1 and k2 are the principal and secondary wavelengths

in the directions X and Y, respectively;

• a and b are the associated amplitudes in each direction;

• u1 and u2 are the phase shifts in each direction.

This was a multiple nonlinear regression problem which

may be expressed as follows:

z ¼ f x; y; bð Þ þ e

with:

• z, the actual elevation at a point of the surface with

respect to the mean plane,

• b, the unknown parameters,

• e, the residue between actual elevation and fitted

surface.

The purpose of the nonlinear fitting is to estimate the

values of the unknown parameters. The classic way to find

the best-fitting surface is to seek the parameters that min-

imize the residue between the actual surface and the

adjusted surface. Thus, the least square method was cho-

sen. The Levenberg–Marquardt algorithm (L-M) was used

as iterative procedure to assess the parameters.

5.2 Application on the Granite Surfaces Tested

at Medium Scale

The new surface morphology characterization tool was

applied to the rock surface tested at medium scale. After

each application, the obtained fitted surface was compared

to the actual surface, to check whether the result was

acceptable or not. In some cases, the fitted surface did not

well describe the actual rock surface. It turns out that the

fitting method is highly dependent on the initial values of

the parameters bk and on the bounding values imposed to

the parameters k1, k2 and h. Particular attention should be

paid to these three parameters. No rational approach was

found to select the initial values and the bounds of these

three parameters. However, reasonable values may be

introduced considering the aspect of each surface to be

characterized. For example, to apply this description tool to

the surface of interface T5 is shown in Fig. 20e which

presents several peaks with a principal direction along the

Fig. 21 2D layout for rock surface roughness of a shear behavior

type ‘‘A’’

Fig. 22 2D layout for rock surface roughness of a shear behavior

type ‘‘B’’
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diagonal of the rock surface, these different constraints

were taken in the calculation process as follows:

• the orientation angle h was limited between 30� and 60�
and the initial value was 30�;

• the principal wavelength k1 was limited between 25 and

60% of the surface diagonal length, i.e., between 60 and

150 mm and the initial value was 60 mm;

• the secondary wavelength k2 was limited between 50

and 120% of the surface diagonal length, i.e., between

120 and 300 mm and the initial value was 120 mm.

Table 9 summarizes the parameters h, k1 and k2, for the

new morphology characterization on the 9 rock surfaces

tested at medium scale. The applied normal stress during

shear test on the sheared interface and the observed shear

behavior are also indicated.

For the interfaces tested under low normal stress

(B0.6 MPa) and sheared with type A shear behavior (T1,

T4 and T7), the principal direction is oriented along the

shear direction (h = 0�) and the principal wavelength (k1)

varies between 163 mm and 192 mm, i.e., between 90 and

110% of the surface length (L = 180 mm). In the sec-

ondary direction, the secondary wavelength (k2) varies

between 157 and 188 mm, i.e., in the same order of mag-

nitude as surface width (W = 180 mm).

For the interfaces tested under low normal stress

(B0.6 MPa) and sheared with type B shear behavior (T2,

T3 and T5), the principal direction is not following the

shear direction, but it is inclined with angle (|h|) varying

between 16� and 52�. The principal wavelength (k1) varies

between 82 and 120 mm, i.e., between 45 and 67% of the

surface length (L). In the secondary direction, the sec-

ondary wavelength (k2) varies between 174 and 202 mm,

i.e., in the same order of magnitude as surface width (W).

Under a normal stress of 1 MPa (T6, T8 and T9),

regardless of the behavior type of A or B, the principal

direction is inclined to the shear direction. The surface T8

(type B) has a principal wavelength of 188 mm which

corresponds to 105% of the surface length, while the sur-

faces T6 and T9 sheared with type A shear behavior are

characterized by principal wavelengths of 107 mm (60% of

L) and 136 mm (75% of L), respectively.

Thus, under low normal stress, a significant difference is

observed on the rock surface waviness characterization

according to the shear behavior. It appears that:

• if the rock surface is characterized with a principal

wavelength in order of the surface size ±10% oriented

Fig. 23 Normal displacement

versus shear displacement for

sample T5

Table 8 h? angle and residual dilatation angle for the rock surface of

samples tested at medium scale

Sample Behavior ir (�) hþ (�)

T1 A 10 9

T2 B 7 7.11

T3 B – 5.96

T4 A 5.90 6.16

T5 B 6.21 6.15

T7 A 7.70 8.58

T6 A 7.10 7.48

T8 B 5.70 6.33

T9 A 6.15 6.98
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in the shear direction, the interface is sheared with type

A shear behavior,

• if the rock surface is characterized with a principal

wavelength between 1/2 and 2/3 of the surface size

oriented in a direction significantly different from the

shear direction, the interface is sheared with type B

shear behavior.

On the contrary, this relationship between the rock

waviness aspect and the shear behavior type is not con-

sidered when the interfaces are sheared under higher nor-

mal stress (1 MPa).

We may wonder if this is not only the magnitude of the

principal wavelength that affects the shear behavior of the

concrete–rock interface at medium scale. In fact, Khosravi

et al. (2013) emphasized, for a rock–rock interface, that the

peak strength decreases when the main direction of the

sawtooth asperities is inclined relative to the shear

direction.

In two orthogonal directions located in the mean plane

of the rock surface, the identification of a principal wave-

length was sufficient to characterize the elevation with a

good accuracy, compared to the actual waviness appear-

ance of the surface. The magnitude of the principal

wavelength with respect to the sample size and its orien-

tation with respect to the shear direction allowed two

classes of rock surface, which correspond to the shear

failure behaviors A and B at medium scale, to be

distinguished.

6 A Numerical Model for the Shearing of Bonded
Concrete–Rock Interface at Medium Scale

In order to explain the different behaviors A and B

observed at medium scale, the direct shear tests at medium

scale were modeled taking into account the different sur-

face morphologies. This numerical study was limited to the

interfaces tested experimentally under low normal stress

(B0.6 MPa), which exhibited a substantial relation

between shear behavior and principal wavelength on the

rock surface (Sect. 5.2). The software Abaqus (Abaqus

2012) was used for this study. This quasi-static problem

was solved with an implicit analysis.

Fig. 24 Principle of the rock

surface waviness

characterization

Table 9 Summary of the new morphology characterization results

for rock surfaces tested at medium scale

Surface h (�) k1 (mm) k2 (mm) rn (MPa) Shear behavior

T1 0 163 185 0.2 A

T2 -40 113 156 0.2 B

T3 16 120 202 0.2 B

T4 0 173 188 0.6 A

T5 52 82 174 0.6 B

T6 -42 107 203 1 A

T7 0 192 157 0.6 A

T8 -20 188 176 1 B

T9 27 136 112 1 A
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6.1 The 2D Numerical Model Development

Figure 25 shows the geometry and the boundary conditions

of the implemented 2D model. The shear box was modeled

by two steel frames having the same dimensions (internal

and external) as that of the actual two half-boxes of the MTS

apparatus used for the tests (Sect. 3.3.1). The free vertical

spacing between the two frames was 20 mm, equal also to

the actual spacing for the MTS direct shear apparatus.

The length of the concrete–rock contact was 180 mm,

equal to the length of the experimentally sheared surface

(Sect. 3.3.1). On both sides of the apparatus shear plane,

the two materials, concrete and granite, had the same

length, 180 mm in the free space and 200 mm in the area

limited by the steel frames. The encapsulating material

used to fill the possible gap between the sample and the

half-boxes was not represented.

In order to reproduce the direct shear test conditions, the

loads in the model were applied successively in two stages.

Firstly, the normal load (rsup—Fig. 25) was gradually

applied up to the value used during the test being modeled

and, secondly, the tangential load was applied progres-

sively by imposing a constant rate of tangential displace-

ment (ut—Fig. 25) uniformly on the left lateral side of the

upper box. The bottom of the lower half-box was fixed for

normal displacement and its lateral faces were fixed for

tangential displacement.

In order to validate the expected influence of the rock

surface main wavelength on the concrete–rock interface

shear behavior under low normal stress at the medium

scale, the contact surface was reproduced with the main

wavelength (k1) calculated for each surface (Sect. 5.2). The

distance Y of the contact surface above or below the mean

plane (which coincides with the shear plane) was charac-

terized by the statistical parameter k (Sect. 3.2), which is

the difference between the maximum and the minimum

altitudes over the whole rock surface. Thus, the contact

geometry was described in the model by:

Y ¼ k

2
� cos 2pX=k1

� �

This model reproduces only the waviness aspect of the

contact and not the asperities of the rock surface at

microscale.

6.2 Model and Mesh for Materials

To reproduce failure within concrete and granite during

direct shear test, their behaviors have to be reproduced by

an elastoplastic model with damage. The elastoplastic

damage model available in Abaqus is the concrete damage

plasticity (CDP) model (Abaqus 2012). This model allows

representing the behavior of concrete or other quasi-brittle

material such as granite. This model requires the knowl-

edge of the tensile and compression behaviors of the brittle

material. Based on the results of material characterization

tests (Sect. 3.1) and the concrete model code 1990 (CEB-

FIB 1993), both behaviors were defined for the concrete

and the granite used in this study.

In order to reproduce the high stiffness of the shear box,

the behavior of steel material was represented in Abaqus by

a linear elastic model with high value of Young’s modulus

(E = 193 GPa according to Tatone and Grasselli 2012).

In a numerical model, the fineness of the mesh has an

influence on the results. The easiest method to find the

appropriate mesh size is to refine the mesh and run again

the analysis with the new finer mesh. Once the calculations

become similar, meshing with the largest size is adequate

for the model. By applying this method, we found that a

size of 4 mm elements was appropriate for this model.

6.3 Bonded Concrete–Rock Contact Model

The contact between concrete and rock was treated as an

interaction between two different solids. The contact con-

ditions were represented by a cohesive-friction model. The

typical contact tangential behavior was divided into three

stages:

• elastic stage: If the contact bond is undamaged, it is

assumed that the cohesive part of the model is active

and the friction part is ignored. Any possible local

Fig. 25 Model geometry and boundary conditions
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tangential ‘‘slip’’ at the contact between the two solids

is assumed to be purely elastic and is governed by the

cohesive strength of the bond;

• bond degradation stage: If bond degradation occurs, the

cohesive contribution to the shear stress along the

contact starts degrading with damage evolution. Once

adhesion starts degrading, the friction part of the model

is activated and begins contributing to shear strength.

This contribution of the friction part is progressively

increased in proportion to the degradation of the

cohesion part. Prior to the ultimate failure of the bond,

the shear stress results from a combination of cohesion

and friction contributions;

• friction sliding stage: Once the bond is completely

degraded, the cohesive contribution to the shear stresses

is null and the only contribution to shear strength

results from friction contact conditions.

Abaqus (2012) and Tian et al. (2015) give more details

about this contact model.

6.4 Input Parameters Identification

The bond degradation stage in the model requires the

identification of the contact cohesion (t0s ), the contact ten-

sile strength (t0n), the normal and tangential stiffnesses (Kc
n

and Kc
s ) and the damage parameter D which describes the

degradation of the bond (due to shear or tensile forces). D

has an initial value of 0 when the bond is undamaged and a

maximum value of 1 when the bond is totally broken. The

friction sliding step in the model requires also the identi-

fication of the friction coefficient l.

The purpose of this study is to simulate both types of

shear behavior observed at medium scale taking into

account the rock surface morphology on contact. For this

reason, two reasonable assumptions were formulated:

• the input parameters of the contact model are the same

in both numerical models,

• these parameters are determined from the experimental

study on cored samples, assuming that the local failure

at medium scale is characterized by the shear and

tensile strengths observed in laboratory tests on small

scale samples.

The values of input parameters for the contact condition

model are given in Table 10.

Furthermore, the damage initiation criterion, which

defines the bond degradation initiation at a point of the

contact, should be specified. The maximum stress criterion

was chosen. Damage is assumed to initiate when the con-

tact stress reaches the contact cohesion in shearing or the

contact tensile strength in tension:

max
tnh i
t0n

;
ts

t0s

� �
¼ 1

where tn and ts are the local normal and shear stresses at a

point of the contact, respectively. The symbol h i represents

the Macaulay bracket, so that a purely compressive dis-

placement (i.e., a contact penetration) or a purely com-

pressive stress state initiates no damage.

The model implementation needs also a damage evo-

lution function. This function was established according to

the typical shear curve obtained at small scale (Fig. 14a):

The damage parameter D was described by a linear func-

tion from 0 to 1 and for which the bond is totally degraded

after a shear displacement equal to 0.1 mm.

6.5 Numerical Results for Direct Shear Test

Simulation

The performed calculations simulated the direct shear tests

on the six concrete–rock interfaces which were tested at

low normal stress (B0.6 MPa). In the following, a typical

example of the numerical results is presented for each type

of interface shear behavior (A and B). Both presented here

were tested under the same normal stress (0.6 MPa).

To identify the different failure mechanisms occurring at

the interface during the shearing process, the local stress

distributions were examined at several points along the

contact. At each point, the local normal and shear stresses

were calculated. Principal stresses in the solid elements

adjacent to the point at the contact were also determined to

investigate possible failure mechanisms in the contact

materials.

6.5.1 Type A Shear Behavior, Interface T4

Figure 26 shows the average shear stress versus shear

displacement curve obtained by numerical simulation on

interface T4. The vertical dotted lines correspond to dif-

ferent times at noteworthy stages during the shearing pro-

cess. A peak occurred at time t3 under a shear stress of

Table 10 Input parameters for contact condition model

Cohesion t0s (MPa) Tensile strength t0n (MPa) Friction coefficient l Normal stiffness Kc
n (MPa/mm) Tangential stiffness Kc

s (MPa/mm)

2.8 1.2 0.9 5 5
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3 MPa which is the order of peak magnitude observed for

the samples displaying type A behavior.

Figure 27 summarizes the analysis of the progressive

failure mechanism which occurred along the interface T4

corresponding to type A shear behavior, during the direct

shear test. The failure of the concrete–rock interface

began with a tensile failure in concrete on the push side

(time t1). This failure is marked by a small peak on the

global shear stress curve. It is interesting to notice that

such a failure was observed during the experimental shear

tests on this type of interface shear behavior. After the

new distribution of stress along the interface, the con-

crete–rock contact began to lose its bond under shear

gradually according to the shear direction (time t2). The

friction process was initiated in the area of the contact

facing the shear direction (uphill slope), where normal

stress was significantly increased. The brittle failure of the

concrete–rock interface (time t3) occurred when the

contact areas quasi-parallel to the shear direction (at the

top of the wave and on the opposite of the push side)

reached the cohesion limit under shear. Thereafter, the

contact bond was completely broken when shear stress in

the area of the contact in the shear direction reached the

contact cohesion limit (time t4). Friction mechanism kept

only in the area of the contact facing the shear direction

(time t5).

6.5.2 Type B Shear Behavior, Interface T5

Figure 28 shows the average shear stress versus the shear

displacement curve obtained by numerical simulation on

interface T5. The vertical dotted lines correspond to

different times at noteworthy stages during the shearing

process. At time t1, the average shear stress stabilizes at a

constant value equal to 2 MPa, significantly lower than the

peak value of 3 MPa reached in the simulation of the shear

test on the contact T4 previously presented. This stress

plateau is followed by a total interface failure at time t5.

Figure 29 summarizes the analysis of the progressive

failure mechanism which occurred along the interface T5

corresponding to type B shear behavior, during the direct

shear test. The failure of the concrete–rock interface began

with the debonding of the contact under tensile normal

stress on both downhill slopes of the contact in the shear

direction (time t1). After the complete debonding along

these two areas, the global shear stress exhibits a plateau.

This plateau ends with debonding under the tensile stress of

the contact area on the push side (time t2). Then, after the

new distribution of stress along the interface, the concrete–

rock contact began to lose its bond under shear gradually

according to the shear direction (time t3 and time t4). The

friction process was initiated in the area of the contact

facing the shear direction (uphill slope), where normal

stress was significantly increased. The brittle failure of the

concrete–rock interface (time t5) occurred when the last

contact area quasi-parallel to the shear direction (on the

opposite of the push side) reached the cohesion limit under

shear. Thereafter, friction mechanism kept only in the area

of the contact facing the shear direction (time t6), where

normal stress was compressive.

The global shear stress plateau simulated for T5 inter-

face corresponds to the progressive softening phase

observed in tests on interfaces exhibiting type B shear

behavior (Fig. 12).

Fig. 26 Shear stress versus

shear displacement obtained

numerically for interface T4
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6.6 Results Analysis

According to the numerical model, the obtained peak shear

strength for type A shear behavior (3 MPa) is significantly

higher than that obtained for type B shear behavior

(2 MPa). This trend is similar to the one observed experi-

mentally. It could be justified by the fact that both shear

behaviors A and B are distinguished by the failure mode

that occurred along the interface:

• for type A shear behavior, despite the tensile failure in

concrete on the push side, failure occurs by shearing the

bond relatively uniformly along the contact. Thus, the

shear strength is governed by the cohesion value on the

concrete–rock contact;

• for type B shear behavior, the failure initiates by tensile

debonding on the downhill slopes. Thus, the shear

strength is governed by the tensile strength of the

concrete–rock contact. Then failure occurs by shearing

the bond more gradually along the contact.

The numerical results are consistent with the experi-

mental results. However, comparing the peak shear

strength values obtained numerically and experimentally

for interfaces T4 and T5, we can notice that the numerical

model underestimates by 20% the peak shear strength of

interface T4 obtained experimentally (3.75 MPa) and

overestimates by 30% the peak shear strength of interface

T5 obtained experimentally (1.5 MPa). The fact that the

implemented model is a 2D model can justify this gap

Fig. 27 Gradual failure

mechanisms for the interface

T4. The arrow corresponds to

shear direction

Fig. 28 Shear stress versus

shear displacement obtained

numerically for interface T5

Fig. 29 Gradual failure

mechanisms of the interface T4.

The arrow corresponds to shear

direction
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between peak shear strength values. The 3D rock surface

characterization and specially the orientation of the rock

surface principal wavelength (h) were not considered in our

model.

7 Discussion

7.1 The Effect of Rock Surface Morphology

on Concrete–Rock Interface Shear Strength

At medium scale, the shear test results underline two dif-

ferent shear behaviors of the concrete–rock interface.

Under low normal stress (B0.6 MPa), the new proposed

characterization tool of the rock surface demonstrates the

systematic relationship between the shape of the surface

(waviness appearance) and the shear behavior at failure in

direct shear test. The concrete–granite interface with a

surface characterized by a principal wavelength in the

range of the surface length (L ± 10%) oriented in the shear

direction will have a type A shear behavior. If the con-

crete–granite interface has a rock surface characterized by

a principal wavelength ranging from 1/2 to 2/3 of the

surface length L in a direction significantly different from

the shear direction, its shear behavior will be of type B.

The results of the developed 2D numerical model are

consistent with the conclusions from the experimental

testing program at medium scale. Under low normal stress,

the shear behavior analyzed in direct shear tests depends

significantly on the main wavelength representing the

contact surface compared to the length of the sample. For

the same order of the contact altitude magnitude, varying

the wavelength magnitude creates a different stress distri-

bution along the interface and thus contributes to a dis-

similar failure mode: For type A, the failure occurs by

shearing the bond relatively uniformly along the contact,

but for type B, the failure occurs more gradually by

shearing along the contact after tensile debonding locally

on the contact.

Since, for the same order of the altitude magnitude, the

wavelength is greater for type A than for type B interfaces,

the distortion angle (inclination angle of downhill slopes)

for type A interfaces is lower than that of type B. In fact,

when the distortion angle is large, on the contact downhill

slopes, the local normal tensile stress resulting from the

global applied tangential force is significant and may reach

the concrete–rock contact tensile strength. When this angle

decreases, for the same value of the global applied tan-

gential force, the local normal tensile stress on these

downhill slopes is lower. In this case, the local shear stress

increases more significantly with increasing the global

tangential force until shearing the contact bond. As a

consequence, it is suggested that a minimum value of the

distortion angle exists, below which the failure mode is

type A. The value of shear strength then essentially

depends on the value of normal stress, which governs the

local failure mode along the contact surface (cohesive-

friction behavior). Above this minimum value of the dis-

tortion angle, the failure mode of the sample is type B. The

value of shear strength then depends on both the normal

stress and the distortion angle. For low normal stresses, an

increased distortion angle will reduce the value of peak

shear strength.

7.2 The Relationship Between Concrete–Rock

Interface Cohesion Parameter and Concrete–

rock Contact Tensile Strength

According to the cohesion parameter values, for samples at

small scale and samples of type A at medium scale, the

cohesion parameter is of the order of twice the evaluated

concrete–rock contact tensile strength. The Griffith failure

criterion (Curtis 2011) showed also this observation on

brittle materials.

For samples of type B at medium scale, the lower value

for the cohesion parameter shows that the bonding between

concrete and rock is not fully loaded by shearing. In fact, in

this case, the cohesion parameter is of the order of the

evaluated concrete–rock contact tensile strength. This

observation is consistent with the numerical analysis

results insofar the shear failure for concrete–rock interface

of type B begins with local contact tensile failure.

Moreover, the concrete–rock tensile strength depends on

adhesion which is the fact that the cement paste in concrete

is able to adhere to the underlying rock (Ruggeri et al.

2004). Therefore, concrete–rock apparent cohesion at zero

normal load is strongly dependent on adhesion.

7.3 The Size Effect on Concrete–Rock Interface

Shear Strength

Comparison between the tests at small scale and at medium

scale underlines that for a concrete–rock interface, the

cohesion parameter and friction angle decrease and

increase with the sample size, respectively. Our numerical

analysis emphasizes that the cohesion parameter depends

on the rock surface morphology. As the rock surface

roughness is submitted to its own size effect (Cravero et al.

1995; Tatone and Grasselli 2013), it could justify that the

size effect is also more substantial for cases in which

irregular morphology contributes strongly to shear

strength.

In addition, according to our direct shear test results at

both scales, concrete–rock interface shear failure occurs

progressively at the concrete–rock contact under shear load
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according to the rock surface morphology. Shear behavior

at medium scale can be numerically reproduced using the

results of shear behavior at small scale as local behavior.

For the rock surface tested here, the medium scale seems to

correspond to the representative elementary surface at

which the shear strength of the principal morphology

wavelength can be evaluated. Further experiments at a

larger scale could complete this work to confirm the scale

effect on the concrete–rock interface shear strength.

8 Conclusions

Direct shear tests on concrete–rock contact were performed

with two different sizes of sample under normal stress

range among 0.2 and 1 MPa. The sample failure happened

well along the contact between concrete and rock. The

strength of concrete–rock contact was actually loaded

during these tests.

In this study, we point out the evaluation of a concrete–

rock interface shear strength without considering concrete–

rock bond leads to significantly underestimate the interface

shear resistance at gravity dam foundations.

For condition under low normal load, we observe empiri-

cally that the peak shear strength is due to the brittle failure of

bond between concrete and rock and the residual strength

results on the purely frictional behavior at the unbonded

concrete–rock contact. Moreover, the distribution of the rock

crests on the surface seems to affect the shear behavior of the

bonded concrete–rock interface and so its shear strength. A

new morphology characterization tool was proposed and

allowed two types of rock surface corresponding to two dif-

ferent shear behaviors A and B to be distinguished.

By means of a 2D numerical model based on the prin-

cipal wavelength of this new rock surface morphology

characterization, the concrete–rock contact tensile and

shear strength evaluated within cored samples, the two

shear behaviors types A and B observed at medium scale

were reproduced. The developed model allows the stress

distribution and the local failure mechanisms along the

interfaces to be investigated. The results exhibit that

according to the morphology principal wavelength, dif-

ferent failure mechanisms are involved: Shearing the bond

controls the interface failure for type A shear behavior and

tensile debonding controls the interface failure for type B

shear behavior. Thus, we demonstrate the peak shear

strength value depends on rock surface morphology as

much as irregular rock surface does not permit to mobilize

by shearing the concrete–rock cohesion of the whole

interface at the same time. To conclude, even if the Mohr–

Coulomb criterion seems to be a suitable failure criterion

for concrete–rock interface, under low normal stress, it

needs to define beforehand the main morphology profile of

the rock surface.

The scale effect study was limited to two different

sample sizes in this work. To complete this investigation,

direct shear tests must be performed on similar concrete–

rock samples having large dimensions (metric scale) in

order to test our theory on morphology effects and imple-

ment a model generalized of the scale effect phenomenon.
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d’une fracture naturelle dans le granite sous contrainte normale:
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