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ABSTRACT

The digital image correlation (DIC) technique is employed to investigate the fracture process
at rock-concrete interfaces under three-point bending (TPB), and four-point shearing (FPS)
of rock-concrete composite beams with various pre-crack positions. According to the

displacement fields obtained from experiment, the crack width, and propagation length



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

during the fracture process can be derived, providing information on the evolution of the
fracture process zone (FPZ) at the interface. The results indicated that under TPB, the
fracture of the rock-concrete interface is mode | dominated fracture although slight sliding
displacement was also observed. Under FPS, the mode Il component may increase in the
case of a small notched crack length-to-depth ratio, resulting in the crack kinking into the
rock. It was also observed that the FPZ length at the peak load is far longer for a specimen

under FPS than under TPB.

Keywords: Rock-concrete interface; digital image correlation; fracture process zone; crack

propagation; fracture mode

1. Introduction

For concrete structures built on a rock foundation, e.g. concrete dams, the interface between
concrete and rock is usually considered as the weakest structural zone, enabling cracks to
initiate and propagate along the interface under the hydrostatic loading. Similar to
cement-based materials, a rock-concrete interface exhibits a typical quasi-brittle behaviour,
i.e. there is a fracture process zone (FPZ) ahead of the interfacial crack, which features
strain softening and strain localization behavior. Both the FPZ length and the crack opening
displacement in the FPZ are essential parameters for characterizing the nonlinear behavior
of concrete. Considering the small size of the FPZ compared with the large size of structures,
some researchers [1, 2] have employed linear elastic fracture mechanics to analyze the

fracture behavior of rock-concrete interfaces, in which the FPZ length was ignored. However,
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based on the linear elastic fracture mechanics, once a crack initiates, it will immediately
enter the unstable propagation stage, i.e. the nonlinear response of a structure cannot be
reflected without an FPZ. Meanwhile, it is well known that fracture energy plays an important
role in the fracture analysis of cementitious materials [3] and is significantly affected by the
size of the FPZ [4]. By comparing the linear and nonlinear fracture methods (with/without
FPZ), Cervenka et al. [5] demonstrated that performing a nonlinear analysis of a
cementitious material interface could increase the critical fracture energy by approximately
20% compared to a linear analysis. Therefore, with regards to the safety assessment of
rock-concrete structures such as concrete dams built on a rock foundation, nonlinear
fracture mechanics is more reliable for fracture analysis of a rock-concrete interface in the
field.

So far, both experimental and numerical methods have been utilized to study FPZ evolution
in quasi-brittle materials. Some studies have shown that the FPZ length of concrete
decreases rapidly when a crack approaches the top surface of a specimen [6-8]. This is
often called the boundary effect and has been successfully explained through the concept of
local fracture energy [6, 9, 10]. Based on the experimental results of mode | fracture, it was
found that the maximum FPZ length of concrete increases with the increase of the specimen
height, and decreases with the increase of the notched crack length-to-depth ratio (ao/D) [11].
Dong et al. arrived to the same conclusion [12] by introducing the initial fracture toughness
criterion in the analysis of concrete fracture. It has also been found in this study, that the FPZ
length may continue increasing even after the FPZ has fully developed. Meanwhile, taking

sandstone as an example, the FPZ evolution under mixed mode fracture was studied
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through experiment [13]. It should be noted that the aforementioned studies aimed at
investigating the FPZ evolution in single materials, such as concrete and sandstone. In the
case of a composite material such as a rock-concrete interface, to the best of the authors’
knowledge, no study regarding its FPZ evolution has been reported. In the few studies which
have been made on crack propagation along a rock-concrete interface [14-16], the main
objective was to develop a numerical method to effectively simulate the fracture process at
the interface rather than to investigate crack evolution. In those studies, usually the curves of
load vs. crack mouth opening and sliding displacements (P-CMOD, P-CMSD) obtained from
experiment were compared with the ones from simulation to verify the proposed numerical
methods. In fact, for the purpose of an in-depth insight into a fracture mechanism, the
verification of a numerical method using the FPZ evolution in various fracture stages is more
significant and convincing. Therefore, together with the fracture behavior, it is important to
investigate the FPZ evolution at the rock-concrete interface.

Digital image correlation (DIC) is an optical technique that is used to visualize the surface
displacements of a specimen. Through a comparison of digital images of specimen surfaces
before/after deformation, the displacements of the regular grid points on the specimen
surface can be obtained, so that the FPZ evolution during fracture process can be derived if
combined with a softening constitutive law for crack opening displacement and cohesive
force. Due to its convenience, high responsiveness, accuracy and non-destructive nature,
the DIC technique has been widely used for investigating a number of processes, including
the fracture and fatigue behavior of strengthened reinforced concrete beams [17], the mode |

fracture in cementitious materials [11, 18-20], the mixed mode fracture in sandstone [13], the
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fracture properties at concrete-concrete interfaces [21], and the interfacial debonding
properties in concrete [22]. The results of the above research have demonstrated that the
DIC technique can be used to carry out the fracture analysis of concrete with reasonable
accuracy.

In this study, the DIC technique is employed to investigate the fracture properties and
characterize the FPZ length under three-point bending (TPB) for the rock-concrete interface.
Also, in the case of four-point shearing (FPS), the crack opening and sliding displacements
at various stages before the peak loads are obtained using the DIC technique with respect to
different mode mixity ratios. Based on the experimental results, the FPZ evolution during
crack propagation and the effects of the mode mixity ratio on fracture properties are
discussed. It is expected that the experimental results presented here can lead to a better
understanding of the fracture properties and failure characteristics of rock-concrete
interfaces so that the nonlinear fracture mechanics can be more efficiently employed to
crack propagation analysis. Meanwhile, it may be helpful to verify the previously developed
numerical method for simulating the fracture process of different material interfaces by
providing experimental evidence of the FPZ evolution and crack opening/sliding

displacements.

2. Experimental Program

2.1 Specimen Preparation and Experimental Setup

The two types of specimens tested in this study were 100 x 100 x 500 mm

(widthxdepthxlength) beams with a 400 mm span. One specimen featured an interfacial
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notch at the geometric center of the composite, i.e. both the concrete and rock blocks have
the same length, for the TPB test (See Fig. 1(a)). The other specimen featured an eccentric
interfacial notch, i.e. the concrete and rock blocks have unequal lengths, for FPS test (See
Fig. 1(b)). Here, ao is the initial crack length; D, B, and L are the depth, width and length of
the beams, respectively; L1, L2, and Ci are the distances from the two loading points and
pre-notch to the geometric center of the rock-concrete composite specimens, respectively.
The specimen number “TPB 30" denotes a TPB beam with a0=30 mm. The specimen
number “FPS10-5-60" denotes an FPS beam with Li/L2=10, C1=5 mm, and ac=60 mm. To
obtain the various mode mixty ratios, i.e. Ki/Kz, in the interfacial fracture, the values of ao,
La/L2, and Ca vary, which are listed in Table 2. Here, K1 and Kz are the stress intensity factors
of the bi-material interface crack. In this paper, SIFs for a rock-concrete interface crack are
calculated by the displacement extrapolation method [23] using the ANSYS finite element

code with the formulas shown as below:

K, =Clriir(1)\/2rz[5y(cosQ+nginQ)+§X(sinQ—chosQ} (1)
K, :c!im\/zrz[ay (cosQ +2¢5sinQ) - 5, (SiNQ - 2£¢0sQ | 2)
where,

B 2cosh(er) 3
(e D g+ (e, + D) ®)
Q=c¢lInr (4)

Kk 1

K1
= —tin| Ko (5)

2r | K 1
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M= Z(TIVI) (i=12) (6)
| B=n)/A+ny) (Plane stress)
" 1(3-4n,) (Plane strain) 0

E and nu are the Young’s modulus and Poisson’s ratio, respectively, while i=1, 2 representing
concrete and rock respectively.

To obtain the natural surface of the rock, TPB test was carried out on rock beams with a
notch. Once a notched rock beam is broken into two halves under bending, each half will
have a natural surface. Mix proportions of the concrete for this study were 1:0.62:1.8:4.2
(cement: water: sand: aggregate) by weight and the maximum aggregate size was 10 mm.
To make rock-concrete composite beams, a rock block was placed inside the mould and
concrete was cast against it. After curing in sealed conditions for 2 days, the composite
specimens were de-moulded and moved into a curing room with 23°C and 90% RH for
further curing to 28 days. The measured material properties of concrete, rock, and
rock-concrete interface are listed in Table 2, in which E;, ny, fe, ft and Gt denote Young's
modulus, Poisson's ratio, uniaxial compressive strength, uniaxial tensile strength and
fracture energy, respectively.

A closed loop servo-controlled testing machine with a compression loading capacity of 250
kN was employed for loading the beam specimens in this study. For each specimen, a clip
gauge was mounted on the bottom of the beam to measure the crack mouth opening
displacement (CMOD). The tests were performed under CMOD control mode with a rate of

0.005mm/s.

2.2 Digital Image Correlation Technique and Determination of Opening/Sliding
Displacements along the FPZ

Digital image correlation is an optical, non-contact measurement technique, which is usually
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employed to analyze the displacement field on a specimen surface. By comparing images of
the specimen before and after deformation, the deformation of a specimen caused by the
applied load can be evaluated using the DIC technique. In this study, the camera was placed
perpendicular to the rock-concrete specimen side surface 1.5 m away. The speckled pattern
was made on the specimen surface using ordinary black spray paint. One digital image per
second was recorded using a digital camera with a resolution of 1024x768 pixels during
loading. Taking Specimen TPB30 as an example, a computational domain with 62x80 mm?
was employed to cover its full ligament length. By picking up one out of each five pixels (1
pixel=0.0877 mm in this case), a computational grid of 22143 (121x183) points was selected
to conduct the deformation analysis in the X (perpendicular to the crack surface) and the Y
(parallel to the crack surface) directions (See Fig. 2). In Fig. 2, Line MN is just above the tip
of the pre-notch, and Lines MiNi1, M2N2...MnNn (n=182) are parallel to Line MN with an
interval of 5 pixels. The opening displacement u along the X direction and sliding
displacement v along the Y direction corresponding to various loadings can be derived using
the DIC technique, which is elaborated as following:

Based on the P-CMOD curve of Specimen TPB30 (See Fig. 3) obtained from experiment,
Point P8, at the loading level of 5.5% of the post-peak load, is selected as an example to
elaborate how to derive the opening/sliding displacements. Fig. 4(a) and (b) illustrate the
deformation of line MN along the u and the v directions at Point P8, i.e., the opening and
sliding displacements at the tip of a notch. In Fig. 4(a), the opening displacements were
significantly increased in the 6-pixel points near the origin, which is caused by crack initiation.
Here, the points at the boundary of displacement jump are denoted as Points R and Q. By
calculating the distance between Points R and Q, the opening displacement 0.107 mm on
line MN is obtained. Correspondingly, the sliding displacement 0.0087 mm is derived based

on the experimental results. Then, the opening/sliding displacements on lines MiNj,
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M2Nz2...MnNn can be derived until both displacements reach zero, i.e. the crack tip is
captured. Moreover, according to the obtained opening/sliding displacements in Fig. 4, the
Points Q and R, which represent the deformation edges, can be used to define the crack
profile on line MN corresponding to the loading Point P8. At that moment, the X-values of the
profile on line MN correspond to the opening displacements of Points Q and R, respectively.
Accordingly, the Y-values in Fig. 5 correspond to the sliding displacements of Points Q and R,
respectively. Then, since the opening/sliding displacements on line MN are obtained at Point
8, the crack profile on line MN corresponding to Point 8 can be derived. Accordingly, the
crack profile at Point 8 is obtained using the above-mentioned process by deriving the
opening/sliding displacements on lines MiN1, M2N2...MnNn. In a similar manner, both the
opening/sliding displacements and the crack profile can be obtained at any point of the
P-CMOD curve. Therefore, the crack propagation and the FPZ evolution during the fracture
process of the rock-concrete interface can be recorded using the DIC technique. To
demonstrate, Fig. 5 illustrates the crack profile corresponding to Points P2, P4, and P9, and

the final failure image of the specimen TPB30.

3. Results and Discussions

3.1 Effects of Crack Length on Interface Mode Fracture Under TPB

Under TPB, due to the materials being asymmetric on both sides of a crack, the
rock-concrete interface is a mixed mode fracture rather than a single mode opening fracture.
Figs. 6 (a) to (j) illustrate crack evolution in Specimen TPB 30 with respect to points 1 to 10.
In each figure, the opening displacement u and sliding displacement v along the crack are
shown on both sides of the crack. It can be seen from these figures that, both the opening
and sliding displacements increase almost linearly along the crack surface. Compared with

the opening displacement, the sliding displacement is obviously smaller. For the purpose of
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guantitative analysis, Fig. 7 presents the relationship of the ratio of v/u vs. the crack ratio a/D.
Here, a is the overall crack length, which is the sum of the initial crack length and the crack
propagation length. It can be seen from this figure that the ratios of v/u approximately
showed a plateau when the crack tip was far from the free surface of the specimen, i.e. a/D
is less than 0.6 in this study. Since v and u are caused by a bending moment and shear force,
respectively, the ratio of v/u reflects the proportion of Modes Il to | components, which has
the similar physical meaning to the ratio of K2/Ki. According to the result from literature [24],
the ratio of K2/K1 also kept a plateau when there was no boundary effect at a rock-concrete
interface. However, the ratio of v/u decreased rapidly when the crack tip was close to the
free surface, i.e. a/D is close to 1, which may be attributed to the free surface effect. In the
case of small size specimen in this study, the sliding displacement is 15% less than the
opening displacement at the interfacial surface. It should be noted that the value of 15% is
based only on the observation of this test, and more tests need to be carried out to get a

sound conclusion.

3.2 FPZ Evolution at Rock-concrete Interface

According to the fictitious crack model proposed by Hillerborg [24], the tension-softening
behaviors of the FPZ in cement-based materials can be described using the normal stress
acting on the crack surface (o) vs. crack opening displacement (w). In the relationship of o-w,
stress-free crack opening displacement wo is a significant parameter, which can determine
the end of the FPZ. Taking the bilinear o-w relationship of concrete [25] as an example, wo is
set as 3.6Gi/fi. Thus, the FPZ length can be determined by the distance from the crack tip to
the stress-free crack position. However, in the case of rock-concrete interface, the
constitutive relationship of concrete was employed for describing the behavior of the

rock-concrete interface as there is very limited reliable knowledge on the constitutive
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relationship of rock-concrete interface from literature. Recently, aiming to understand the
softening behavior of the rock-concrete interface, a bilinear o-w relationship was determined
by Dong et al. [26], and the relationship of wo = 6G/fi was proposed according to their
research, which is also employed in this study. Based on the experimental results, fi and Gt
of the rock-concrete interface are 1.371 MPa and 19.3 N/m, respectively. Thus, wo is equal
to 0.0844 mm.

When the initial crack tip opening displacement is less than wo, no stress-free crack is
formed so the FPZ length can be determined by positioning the crack tip. In comparison,
when the displacement just reaches wo, the FPZ is fully formed. Its length is 57.89 mm in this
study, which is approximately corresponding to Point P7 (See Fig. 8). When the crack
continuously propagates, the crack opening displacement keeps increasing, and the end of
the FPZ will move forward and so will the crack tip. Therefore, according to the crack profile
from experiment, the FPZ lengths can be derived, which are 41.44 and 24.69 mm with
respect to Points P9 and P10 (See Fig. 8).

Fig. 9 illustrates the FPZ evolution during the fracture process in which Aa denotes the

crack propagation length. It can be seen that the FPZ length increases as the crack
propagates until it has fully developed at Point A, which corresponds to the length of 60.09
mm. After that, the FPZ length decreases rapidly, showing the same variation trend as
concrete [11]. The ratios are approximately 0.86 and 0.91 for the rock-concrete interface and
concrete itself respectively, which are close to each other. After the development of a full
FPZ, the effective crack consists of the newly formed stress-free crack, and the FPZ. If the
ligament is long enough, the increase of newly formed crack is approximately equal to the
increase of stress-free crack, so that the FPZ will keep a plateau. However, in the case of
small-size specimens, the crack tip may be close to the specimen boundary when the FPZ

fully develops. At that moment, the crack opening will increase sharply, which results in the
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ending point of the FPZ moving forward rapidly. In this case, the increase of new crack
initiation is less than the one of the new stress-free zone, resulting in the decrease of the
FPZ length. It has been accepted that the boundary effect causes the decrease of the FPZ
length in concrete [3]. Accordingly, the concept of local fracture energy was introduced
based on the boundary effect model, and the bi-linear distribution of local fracture energy
along the ligament was proposed [10]. Since the FPZ evolution of concrete and
rock-concrete interface exhibited similar variation tendency, it may be concluded that the
decrease of the FPZ length at the interface is caused by the boundary effect. The local
fracture energy will decrease as well when the crack tip is close to the boundary. Certainly, it
is worthy to conduct a study on the boundary effect at the rock-concrete interface in order to

draw a sound conclusion.

3.3 Variation of FPZ Length in Rock-concrete Composite Specimens under TPB and
FPS

In the case of the FPS series beams, the relationship of opening and sliding displacements
on the crack surface is different from that of the TPB series beams discussed previously. It
should be noted that the crack propagation at the post-peak load stage was not captured in
the experiment due to the sudden break of FPS series specimens at the peak load.
Meanwhile, although under FPS, the crack continuously propagates along the interface until
reaching the top surface of the specimen for Specimens FPS 10-5-60, 4-15-30 and 4-10-20.
For each FPS series specimen, four digital images were derived corresponding to different
loads during the loading process from crack initiation to reaching peak load. In each image,
the crack surface opening/sliding displacements can be derived through comparing with the
reference image before loading. Together with the crack profiles, evolutions of the

microcracks at the four selected loading moments are illustrated for each specimen in Figs.
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10 to 12. The FPZ in the three specimens was not fully formed at the peak load since no
stress-free cracks are formed at that moment. Meanwhile, there is a significant difference in
the FPZ length of the TPB and the FPS series specimens at the peak load. The FPZ length
is 7.89 mm for the Specimen TPB 30 while, for FPS specimens, the lengths are 36.84, 44.66
and 61.75 mm for FPS 10-5-60, 4-15-30 and 4-10-20, respectively. A natural rock surface
obtained by fracturing a prismatic rock specimen by TPB was used for preparing the
rock-concrete composite samples investigated in this study. Since there is no aggregate
bridging mechanism at the rock-concrete interface, in the case of TPB, the rough surface
only increases the contact area between rock and concrete, which improves the cohesive
tension effect of the interface on a limited scale. However, in the case of FPS, the rough
surface not only increases the contact area between the two materials but also increases the
shear cohesive effect due to the interlocking from the naturally rough interface. Therefore,
due to the existence of mode Il component under FPS, the peak load significantly increases
compared with under TPB. According to the experimental results, the peak load is 2.23 kN
for Specimen TPB30. With respect to Specimens FPS 10-5-60, FPS 4-15-30 and FPS
4-10-20, the peak load are 18.84, 26.93 and 41.25 kN, respectively (See Table 1). It can be
seen that with regards to the same size specimens (TPB30 and FPS 4-15-30), the peak load
under FPS (Specimen FPS 4-15-30) is more than 10 times greater than the one under TPB
(Specimen TPB30). From a qualitative estimation, the fracture energy at the peak load under
FPS is far more than under TPB. From the viewpoint of the energy balance, the longer FPZ
is needed, which can provide more tension and shear cohesive effects, to dissipate the

fracture energy caused by the high peak load under FPS. This is why the FPZ length is
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higher under FPS than under TPB as observed in this study. A longer FPZ provides a higher
cohesive effect and increased cracking resistance. Therefore, if the linear elastic fracture
mechanics is employed to predict the peak load of the interface, the underestimation of peak
load on the fracture analysis of mixed mode dominant is more significant than the one of
mode | dominant. Further, it is not appropriate to use linear elastic fracture mechanics to
analyze mixed-mode fracture.

3.4 Variation of the Fracture Mode in Beams under FPS

According to the experimental setup shown in Fig. 1(b), the initial mode mixty ratio, K2/Kz,
before crack initiation can be derived as 0.595, 0.649 and 2.855 for specimens FPS 10-5-60,
4-15-30 and 4-10-20, respectively. Because no crack propagation occurs at that moment,
linear elastic interfacial fracture mechanics can be employed to calculate the stress intensity
factors (SIFs) at the tip of the pre-notch.

In the case of the FPS test of beams made of a single material, the crack will form and
propagate perpendicular to the principle tensile stress. Therefore, even though a large ratio
of Ki/Ki exists before crack initiation, the ratio will rapidly decrease after the crack is formed
and the fracture mode will be dominated by Mode | [27]. The phenomenon can be explained
by the fact that the crack usually propagates along the trajectory of the least cracking
resistance. However, the scenario is different in the case of the rock-concrete interface. The
crack propagation trajectory depends on the competition between the driving force and
resistance with respect to the interface and the rock. It has been verified experimentally [28],
that the crack can kink into rock even the interface is weaker than the rock (in this study, the

initial fracture toughness’ are 1.0 MPa-m%¥? for rock vs. 0.2 MPa-m2 for the interface). It
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should be noted that, in the case of a crack kinking into the rock, the crack propagates
perpendicular to the principal tensile stress. Therefore, it is similar to the mixed mode
fracture of a single material in which the fracture mode will be dominated by Mode | as the
crack propagates. In contrast, the fracture mode is still I-Il mixed if the crack propagates
along the interface. In this case, it is possible for the crack to kink into the rock after some
propagation along the interface.

The relationship of v/u vs. a/D at Points P1 to P4 for each specimen is shown in Fig. 13. It is
interesting to notice that the ratio of v/u remains almost constant for specimen FPS 4-10-20.
It should also be noted that v and u can appropriately reflect the proportions of Modes Il and
| components, respectively, in the mixed mode fracture because they are caused by bending
moment and shear force, respectively. From this point of view, the proportion of the mode Il
component in specimen FPS 4-10-20 does not decrease as the crack propagates as it does
in concrete. Rather it keeps stable before the peak load is reached. Similarly, in the case of
Specimen FPS 4-15-30, the ratio of v/u even slightly increases as the crack propagates
before the peak load is reached. However, when ao/D increases to 0.6, i.e. Specimen FPS
10-5-60, the scenario is different with the condition of ao/D=0.2 and 0.3. At the early stage of
crack propagation, i.e. Point P1 of Specimen FPS 10-5-60, the ratio of v/u is 0.7. When the
crack propagates from P2 to P4, the ratio decreases to around 0.2 and remains stable. It is
worth pointing out that, the ratios of ao/D corresponding to Points P2 to P4 exceed 0.9 at that
moment, i.e. the specimen is almost broken even before the peak load is reached. It can be
seen that the ratio of v/u changes as the crack propagates under a certain stress condition,

e.g. Specimen FPS 10-5-60. Meanwhile, since the ratio of v/u reflects the proportion of
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Modes Il to | components, it has the similar physical meaning to the ratio of K2/Ki. Therefore,
it can be concluded that the ratio of K2/K1 will change as the crack propagates. Then, the
initial mode mixty ratio, K2/K1, cannot reflect the proportion of variation in the Modes Il and |
components during crack propagation. Instead, the ratio of a/D has a significant effect on the
fracture mode. In line with this, with the increase of Mode Il component during a fracture
process, the crack may divert into the rock after propagating a certain distance along the
interface. Fig. 14 shows the failure mode of Specimen FPS 6-5-40, in which the crack
propagated along the interface for about 25 mm, then diverted into the rock block. Moreover,
the fracture mode will be dominated by Mode | when the ratio of a/D exceeds 0.9, i.e. the
final fracture of the rock-concrete composite specimen is almost caused by bending.
Therefore, in general, it is not reasonable to employ the initial mode mixty ratio to predict the
crack trajectory, because the variation of K2/Ki is affected by the ratio of a/D as well.
Particularly, in the case of a concrete dam with a crack along the interface between concrete
and rock foundation, the mode mixty ratio with respect to crack initiation cannot be used to
determine whether the crack will propagate along the interface or not. The ligament of the
dam is long enough so that the crack may divert into the rock foundation and change the

failure mode of the dam.

4. Conclusions

In this paper, the DIC technique is employed to investigate crack propagation at the
rock-concrete interface under TPB and FPS. By deriving the opening/sliding displacement
field of the crack surface, the FPZ evolution during a fracture process is discussed.

Meanwhile, based on the variation of opening/sliding displacements under FPS, the fracture
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mode during crack propagation is analyzed. According to the experimental study, the

following conclusions can be drawn:

1. Forthe TPB series specimens, the interface FPZ length increases as a crack propagates
until the full FPZ has developed, exhibiting the same variation trend as concrete. For the
small size specimens in this study, the ratios of a/D corresponding to the total FPZ are
0.86 and 0.91 with respect to the rock-concrete interface and concrete itself, which
showed the similar boundary effects.

2. There is a very short FPZ (7.89 mm) at the peak load under TPB, while the FPZ reaches
36.84, 44.66 and 61.75 mm long under FPS with ao/D=0.6, 0.3 and 0.2, respectively.
Therefore, the short FPZ length results in the less nonlinear fracture characteristic of
rock-concrete interface with Mode | dominant fracture, while the nonlinear fracture
characteristic is more significant for mixed mode fracture of the rock-concrete interface.

3. The fracture mode varies as the crack propagates in the following manner: for the TPB
series specimens, the ratio of u/v at the tip of the notch of the interface remains at a
plateau until the crack tip is close to the specimen boundary. For the FPS series
specimens with a small ao/D (i.e. ao/D <0.4), the Mode Il component may increase as the
crack propagates, resulting in the crack diverting into the rock. Finally for the FPS series
specimens with large ao/D (i.e. ao/D 20.6), the fracture mode rapidly falls into Mode | until

the beam is broken into two halves.
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Appendix | Table

Table 1. Specimen Geometries and Experimental Results

Name of LXDXB ao C1 L L Pmax Ko/K
specimens (mmd) (mm) (mm) B (kN) 2
TPB30 30 - - 2.23 -
FPS 4-10-20 20 10 4 41.25 0.595
FPS 4-15-30 500X100X100 30 15 4 26.93 0.649
FPS 10-5-60 60 5 10 18.84 2.855
FPS 6-5-40 40 5 6 32.97 3.740

Table 2. Materials Properties of Concrete, Rock and Interface
Materials z(zr/‘z?)’ E: (GPa) v f.(MPa) f(MPa) Gt (N/m)
Concrete 2400 30.26 0.24 36.1 2.88 87
Rock 2668 64.39 0.20 119.2 8.65 119.7
Interface — — — — 1.37 19.3
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Captions of figures

Fig. 1. Experimental setup: (a) Three-point bending test; and (b) Four-point shearing test
Fig. 2. Computational domains of Specimen TPB 30

Fig. 3. P-CMOD curve of Specimen TPB 30

Fig. 4. Displacement along Line MN on Specimen TPB 30: (a) Crack tip opening

displacement of Point P8; and (b) Crack tip sliding displacement of Point P8

Fig. 5. Crack profiles of Specimen TPB 30 and final failure mode

Fig. 6. Evolution of the microcrack of Specimen TPB 30: (a) P1=78%Pmax (pre-peak); (b)
P2=Pmax; (c) P3=83.03%Pmax (post-peak); (d) P4=49.3%Pmax (post-peak); (&) Ps=32%Pmax
(post-peak); (f) Ps=15.5%Pmax (post-peak); P7=11%Pmax (post-peak); (h) Ps=5.5%Pmax
(post-peak); and (i) P9=3.18%Pmax (post-peak)

Fig. 7. Relationship of v/u vs. a/D in three-point bending beam

Fig. 8. FPZ evolution after the initiation of a full FPZ

Fig. 9. FPZ evolution in Specimen TPB 30

Fig. 10. Evolution of the microcrack in Specimen FPS 10-5-60: (a) P1=63.1%Pmax; (b)
P2=76.5%Pmax; (C) P3=82.6%Pmax; and (d) P4=98.3%Pmax

Fig. 11. Evolution of the microcrack in Specimen 4-15-30: (a) P1=65.1%Pmax; (b)
P2=84.8%Pmax; (C) P3=95.9%Pmax; and (d) P4=97%Pmax

Fig. 12. Evolution of the microcrack in Specimen FPS 4-10-20: (a) P1=74.8%Pmax; (b)
P2=90.9%Pmax; () P3=96.3%Pmax; and (d) P4=98.2%Pmax

Fig. 13. Relationship of v/u vs. a/D for FPS beams

Fig. 14. Failure mode of Specimen FPS 6-5-40
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