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ABSTRACT

The Observation and prediction of crack propagation are important in understanding rock behavior in en-
gineering practice. Previous studies have focused on homogeneous and isotropic rocks, but the influence of
bedding planes on rock fracture is sparingly documented. In this study, we investigate the fracturing response in
uniaxial compression of artificial bedded rocks containing variable-inclination bedding planes and single
structural flaws. The recorded stress-strain data and captured cracking patterns are examined together. Nine
separate crack types are identified in which bedding-plane sliding and splitting are potentially new. The presence
of bedding planes plays a decisive role in crack propagation. With a steepening of the bedding plane, tensile
cracks initiating from the structural flaw are better able to propagate along bedding planes, and the accumu-
lative length of bedding fractures accordingly increases. Failure transforms from a purely tensile mode to a
bedding sliding mode and subsequently to a bedding splitting mode as the bedding inclination increases.
Compared to pro-dip flaw tests, the fracturing of bedding planes is triggered by both the tensile and shear stress
with more far-field tensile cracks initiating from bedding planes in the specimens containing anti-dip flaws.

Finally, the results are applied to predict the failure mode and fracture evolution in bedded rock slopes.

1. Introduction

Bedded rocks such as stratified sedimentary rocks and foliated me-
tamorphic rocks are common in nature (Goodman 1989; Barton and
Quadros 2015). They exhibit strong anisotropy in deformation, strength
and failure mode due to their inherent (e.g. stratification, foliation,
cleavage) and structural (e.g. joint, fault, fissure) discontinuities (Hoek
and Bray 1981; Niandou et al. 1997; Cai and Kaiser 2004; Chen et al.,
2008; Tang et al. 2017). These two types of discontinuities exert distinct
effects on rock masses with respect to the evolution of deformability
and rupture. Previous studies have mainly examined the role of in-
herent discontinuities (bedding planes) on response (Duveau et al.,
1998; Gholami and Rasouli 2014; Togashi et al. 2017) but ignored the
influence of structural discontinuities, or only examined the role of pre-
existing flaws (Bobet and Einstein 1998; Wong and Einstein 2009a) in
the absence of inherent discontinuities. However, the progressive
failure of rock masses often results from crack propagation along a pre-
existing defect; hence, it is crucial to study the cracking and failure
processes of bedded rocks containing structural flaws.

Crack propagation leading to rock failure is of great significance for
understanding the mechanical response of rock to external loads.
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Numerous studies of crack propagation have been conducted on pris-
matic specimens containing single/several flaws. In accordance with
the testing materials, flaw arrays and loading conditions, these studies
can be summarized as: (1) Testing of various materials, including
limestone (Feng et al. 2009), sandstone (Yang et al. 2013), marble (Zou
and Wong 2014), granite (Yang and Huang 2017) and rock-like mate-
rials (Wong et al. 2001; Cao et al. 2015) to examine the resulting
cracking behavior. (2) Designing of different flaw arrays, such as a
single flaw (Zou et al. 2016), parallel and nonparallel flaw pairs (Wong
and Einstein 2009b; Yang et al. 2013, 2017) and multiple flaws with
different geometries (Yang et al. 2012; Cheng et al. 2015; Cao et al.
2016) to investigate their effects on crack initiation, propagation and
coalescence. And (3) testing under different loading conditions- most
experiments were conducted under uniaxial compression (Wong and
Einstein 2009a, 2009b; Yang et al., 2017a, b) but some studies ex-
amined the complex loading paths of biaxial or triaxial experiments
(Bobet and Einstein 1998; Yang and Huang 2017). In addition to the
three aspects above, others have focused on the roles of size-effects and
shape-effects on specimens/discontinuities (Bandis et al., 1981;
Indelicato and Paggi, 2008; Carpinteri and Paggi, 2008; Song et al.,
2018). Besides, certain new techniques such as high-speed
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photography, image processing, acoustic emission monitoring, X-ray
and CT imaging were utilized in recent studies to define the evolution of
fracturing (Wong and Einstein 2009¢; Yang et al. 2012, 2013). These
experimental studies contribute to our fundamental knowledge of crack
propagation within rocks.

A recent study of fracture evolution in Opalinus shale (Morgan and
Einstein 2017) shows that cracks initiating at flaw tips usually propa-
gate along bedding planes and this mode further dominates as the
bedding planes become steeper. However, most studies to date have
ignored the role of bedding and focused solely on homogeneous and
isotropic specimens. The influence of heterogeneities, such as bedding
planes, on the cracking process is very sparingly documented. There-
fore, further studies are required to reveal the mechanisms of fracture
evolution in bedded rocks containing various structural flaw arrays.

We present the observations of fracture evolution in artificial
bedded rocks containing single structural flaws under uniaxial com-
pression. We analyze the stress-strain response to define how the ef-
fective mechanical parameters vary with specimen and flaw geome-
tries. Through the cracking patterns captured by the vedio camera, we
identify the crack types initiating in each specimen and investigate the
effects of the bedding plane and structural flaw on crack propagation.

2. Specimen preparation and testing procedure

Experiments are conducted on anisotropic prismatic specimens
containing a structural flaw. To maintain consistency in the results, the
specimens are rigorously prepared according to a uniform protocol.

2.1. Specimen preparation

Artificial rocks are widely used to study the evolution of fracture
and other aspects of the mechanical response as analogs to real rocks
(Wong et al. 2001; Tien et al. 2006). The principal benefits of analogs
are that structure and properties may be controlled and that multiple
replicates of experiments may therefore be completed. In this work, the
behavior of bedded specimens containing a structural flaw is examined
through controlled experiments with variable inclinations of bedding
and flaw configurations. The rock-like material is a mixture of cement,
sand, calcium bentonite and water at a ratio of 6:3:1:3.48 and cured at
20 °C and relative humidity (RH) > 90%. Silicate cement of grade 42.5
(i.e., UCS = 42.5 MPa) is used as gelatinizer. The grain sizes of the sand
and calcium-bentonite are 0.075-0.3mm and < 0.075mm, respec-
tively. Specimen preparation follows the four steps below and is also
illustrated in Fig. 1(a):

Step 1: Mix the ingredients of the composite material. The pre-
weighed ingredients are well blended and then poured into a hollow
cuboid vessel in a dimension of 30 X 20 X 20 cm. The mixed slurry is
then well shaken using a vibrating table (1 Hz frequency and for 300 s)
to remove any remaining air bubbles.

Step 2: Make the bedding planes by cutting with steel wires. The
blended mixture cures as a gel after standing for 200 min. Three sides of
the vessel are disassembled to expose the inner curing material. Then,
the material is horizontally cut using equidistant wires (Fig. 1(b)). This
process leaves a bedded structure with equal layer thickness of 10 mm.

Step 3: Cure the bedded mass at 20 °C, RH > 90% for 28 days to
ensure complete hydration cement. The bedded mass is then air-dried
to remove the internal moisture.

Step 4: Cut into designed specimens. First, the cured bedded chunk
is cut into several standard prismatic blocks for uniaxial compression
tests with a uniform dimension of 142 X 72 X 40 mm. Then, a
throughgoing flaw is cut in each specimen by high-pressure water-jet
(Fig. 1(c)). The length and width of the flaw are 20 mm and 2 mm,
respectively. Fig. 1(d) shows all 34 specimens with various bedding and
flaw inclinations.

The machines/tools used for making specimens have a high degree
of accuracy. All the specimens are manufactured under the uniform
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standard and cured under the same condition; hence, the properties of
bedding planes in the same specimens and among different specimens
are similar.

2.2. Geometries of the specimen and flaw

The prismatic specimen measures 142(height) X 72(width)
X 40(thickness) mm (Fig. 2). Three geometric parameters are defined
to characterize a structural flaw in the bedded specimen: the bedding
inclination a, flaw inclination 8 and flaw length L. To examine the ef-
fects of bedding and flaw inclinations on crack propagation, we main-
tain L constant at 20 mm for all specimens but assign different values to
a and B. Here, a has five different values, and f3 has eight values as
noted in Table 1. In terms of their inclinations, there are four types of
flaws, viz., horizontal, vertical, pro-dip (0° < < 90°) and anti-dip
(—90° < B < 0°) flaws. The mnemonic Sa-f defines a particular spe-
cimen where S represents the structural flaw and a and § indicate the
inclinations of bedding and flaw relative to the horizontal. For the anti-
dip flaw with a negative f value, 'minus' will be substituted by 'm'"
Parametric analysis is conducted by changing one of the two para-
meters while keeping the other constant.

2.3. Testing procedure

The testing system comprises two parts - uniaxial compression
testing apparatus and data acquisition, as shown in Fig. 3(a). In this
study, the loading rate is displacement-controlled at 0.002 mm/s.
During the loading process, the rock deformation is recorded con-
tinuously via a video camera (Fig. 3(b)) together with the stress-strain
data. The rate of the video camera is up to 59.94 frames per second and
the maximum resolution of a single frame is 1920 x 1080 pixels. The
recorded images and data are combined to analyze fracturing process in
the artificial bedded rocks.

3. Results: deformation and strength behaviors

The Recorded stress - strain data are described in detail and further
analyzed to define the evolution of mechanical response of the speci-
mens.

3.1. Stress-strain relationships

Axial stress—strain curves of all 34 specimens are plotted in groups
with respect to the bedding inclination, as shown in Fig. 4. Each stress-
strain curve is characterized by four phases, regardless of the bedding
or flaw inclination: the initial nonlinear phase, linear elastic phase,
plastic-failure phase, and post-failure phase (Fig. 5(a)). The initial
nonlinear phase indicates a response to the closure of inherent pores
within the specimens. The linear elastic phase indicates the deforma-
tion of the particle within rock and the steady development of micro-
cracks. The onset of the plastic-failure phase is marked by the formation
of macro-cracks. As soon as the peak strength is attained, the axial stress
drops, typically in several steps, until the residual strength is reached.

From these four phases of the stress-strain curves identified above,
four types of stress-strain relationships are generalized - ductile with
fluctuation (type A), ductile without post-peak fluctuation (type B),
brittle failure with fluctuation (type C) and brittle failure without post-
peak fluctuation (type D), as illustrated in Fig. 5(a). In the first two
phases (I and II), no apparent differences are observed among the four
types. However, from the beginning of phase III, both the type A and B
show a broad transitional zone that crosses over the peak strength and
stretches to phase IV, indicating a ductile failure mode. The post-peak
trend of type A is accompanied by fluctuations in the strength. Types C
and D are marked by a steep drop in the stress at the peak, typically
indicating a brittle failure. Types C and D are distinguished from each
other by whether the post-peak reduction in strength is either steady
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Fig. 2. Geometry of the single structural flaw within a bedded specimen: (a) 3-
dimensional view; (b) 2-dimensional view.

Table 1
Inclinations of bedding and flaw of all the prepared specimens.

Bedding inclination a (°) Flaw inclination (°)

Series

S0-B 0 0, 30, 45, 60, 90

S30-8 30 0, 30, 45, 60, 90, —60, —45, —30
S45-f 45 0, 30, 45, 60, 90, —60, —45, —30
S60-8 60 0, 30, 45, 60, 90, —60, —45, —30
S90-8 90 0, 30, 45, 60, 90

(D) or fluctuating (C). In accordance with the experimental results,
Fig. 5(b) shows the specific curve types of specimens with different
bedding and flaw inclinations.
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3.2. Mechanical parameters

In the present study, three key parameters are defined in evaluating
the mechanical behavior of rock - the uniaxial compressive strength
(0.), uniaxial strain at peak stress (e.) and elastic modulus (E).
Anisotropy in the mechanical parameters is pronounced, resulting from
the dual presence of bedding planes and structural flaw.

The uniaxial compressive strength varies with the bedding and flaw
inclination, as illustrated in the polar plots of Fig. 6. The radial and
circular ordinates of the polar plot represent values of both the bedding
and flaw inclinations, respectively. Hence, the variation in the uniaxia
compressive strength determined by the various specimen geometries is
reflected in a 2-dimensional plane. As the bedding plane steepens, o.
appears to first decrease and then increase. Retaining 8 constant, the
minimum and maximum values of o, are recovered for a=60° and 90°,
respectively. The two poles in the polar plot indicate that the strength of
specimens with f= -30° and 45° are the weakest.

The uniaxial strain at the peak stress denotes where the peak stress
is attained. Fig. 7 illustrates the variation in the uniaxial strain at the
peak stress as functions of the bedding and flaw inclinations. The
trough surrounding the circle center indicates that the magnitudes of &.
are the minimum when a approaches 60°. Also, the ¢, values of the
specimens containing pro-dip flaws are lower than those of the speci-
mens containing anti-dip flaws.

The elastic modulus is a critical parameter in evaluating mechanical
properties in the early stages of deformation and can be measured from
the slope of the linear elastic phase of the stress-strain curve. The
modulus of the specimens with different geometries is shown in Fig. 8.
The value of E first decreases and then increases as f varies from —90°
to 90°. The minimum value is attained with 3 between —45° and 45°. It
is also apparent that E has a positive relation with a in general.

4. Results: cracking behavior

The entire cracking process of the artificial bedded rocks under
uniaxial compression are recorded and visualized by the video camera.
The crack types and failure modes can be further identified from the
observed evolving crack patterns.
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Fig. 3. (a) Uniaxial compression machine and recording system. (b) Images at different stagesin the entire loading process.
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4.1. Crack types

In light of internal mechanism and geometries of the observed
cracks, nine different crack types are identified as shown in Fig. 9.
Characteristics of each crack type are presented in Table 2 and de-
scribed in detail below.

Tensile wing crack (T,): The wing crack initiates at the flaw tip or at
a certain distance away from the tip. The crack propagates toward the
end of specimen with the direction rotating parallel to the direction of
axial loading. The wing crack appears in two forms with different in-
itiating directions: form 1 follows the flaw extension while form 2
propagates in the opposite direction.
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Tensile vertical crack (T): This crack type also initiates from the flaw
tip or a certain distance from it and extends parallel to the direction of
axial loading. The tensile vertical crack usually appears after a wing
crack has developed.

Anti-tensile crack (T,): The crack path is of similar trajectory to T,
and T, but its direction of propagation is the reverse - hence this type of
crack is called an anti-tensile crack (Yang and Jing 2011).

Tensile-shear crack (TS): The crack initiates at the flaw tip and pri-
marily follows a similar path to that of T,. However, due to the impact
of shear stress, the path gradually rotates and propagates at an angle of
45° relative to the direction of axial loading as it approaches the spe-
cimen end.

Shear-tensile crack (ST): The crack primarily initiates along the flaw
direction, and then gradually rotates to be parallel to the direction of
axial loading. Although of similar shape to the ‘form 2’ tensile wing
crack, the shear-tensile crack is initially triggered by shear stress but is
finally constrained by tensile stress.

Shear crack (S): The crack initiates at the flaw tip, and propagates
along the direction of the flaw. It is approximately coplanar or oblique
to the structural flaw.

Far-field crack (F, and F): The far-field crack has two forms: a far-
field tensile crack (F)) and a far-field shear crack. They both initiate
remotely from the flaw tip and develop along a non-planar path.

Shear sliding along bedding plane (S;): The bedding-plane sliding
propagates along the bedding plane but remotely from the flaw when
the flaw inclination is shallow. In most cases, the bedding-plane sliding
occurs as a stepped form with interlayer tensile cracks.

Axial splitting along bedding planes (Sp): The bedding-plane splitting
initiates as a tensile crack propagating along the bedding plane. This
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Fig. 9. Crack types initiating in bedded specimens containing single flaws.

type of crack predominates in specimens with vertical bedding planes.
Some tensile cracks will simultaneously occur at the top of the failed
layer due to the effect of buckling.

The use of the above classification of crack types lies in describing
processes that dominate under different conditions of the bedding and
flaw orientations relative to the loading. The experimental results show
that the fracturing processes in bedded rock are controlled by the
presence of bedding planes and structural flaws and involve various
crack types which combine in different sequential and spatial forms.
Table 3 summarizes the crack types observed in each specimen.

4.2. Failure modes

Investigating failure modes in rock is largely driven by the moti-
vation of engineering characterization of the performance of structures
on and in rock. The failure mechanisms of artificial bedded rocks
containing single structural flaws can be classified into five modes,
namely, tensile failure, combined tensile-shear failure, combined ten-
sile-bedding sliding failure, bedding sliding failure and splitting failure.

Tensile failure: coalescence of tensile cracks leads to the failure of the
specimen. This mode of failure is uncommon and mostly occurs in
specimens containing horizontal bedding planes.

Combined tensile-shear failure: This failure mode occurs as a tensile
crack in the initial stage eventually transforms to a shear crack, or the
inverse transformation occurs. This mode is likely in specimens with a
shallow inclination of the bedding (8 < 30°).

Combined tensile-bedding sliding failure: This failure mode is a com-
bination of tensile failure and bedding sliding failure. It is observed in
such specimens only when the bedding inclination ranges from 30° to
60° and the flaw inclination is greater than -60° or lower than 30°.

Bedding sliding failure: The Bedding sliding is induced by shear stress.
This failure mode is separately classified as a new mode to distinguish it
from general shear failure. Compared to the combined tensile-bedding
sliding failure, this mode is dominated by bedding-plane sliding and is
barely affected by tensile cracks. A prerequisite to bedding sliding
failure is that the bedding and flaw inclinations lie between 45° to 60°
and 30° to 90°, respectively.

Splitting failure: This failure mode is triggered by the splitting of
bedding planes and the bending of the strata. All specimens with ver-
tical bedding respond in this mode.

The failure modes dominated by bedding and flaw inclinations are
plotted in f-a coordinates, as shown in Fig. 10. In general, the failure
transforms from the purely tensile mode to the bedding sliding mode
and subsequently to the bedding splitting mode following the order
above as bedding inclination increases.

The relation of the failure mode to uniaxial compressive strength is
illustrated in Fig. 11, with a single failure mode occurring in multiple
specimens with different geometries. The average strength for each
mode is also presented for comparison. The specimens failing in the
bedding-plane sliding mode are weakest, and those failing in the bed-
ding splitting mode are strongest. In addition, the strengths of speci-
mens with tensile failure and combined tensile-shear failure are si-
tuated at the mid-level, but the latter one exhibited a higher
discretization.

5. Discussion and implication
5.1. Comparison to homogeneous rock tests

Previous studies involving crack propagation have been conducted
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Fig. 11. Uniaxial compressive strengths of specimens subjected to different
failure modes.

(Fig. 12(b)) (Yang and Jing 2011) in addition to the common tensile
and shear cracks. Compared to previous testing results of homogeneous
rocks, two new crack types are provisionally observed in this study -
namely, bedding-plane sliding and bedding-plane splitting. These two
crack types are specifically related to the presence of bedding planes
which are significantly weaker than the rock matrix. A steeper in-
clination of the bedding planes enhances the generation of these two
types of cracks.

5.1.2. Cracking paths

A comparison of the cracking paths between the current and pre-
vious studies is illustrated in Fig. 13. In homogeneous rocks (e.g.
sandstone and marble), the crack propagates smoothly under the action
of external pressure. However, in bedded rocks, the cracking paths are
irregular and comprise multiple connected branches. Sharp transitions
in the cracking direction are observed along the bedding planes as a
crack approaches (Fig. 13(a)). These transitions were not observed in
the homogeneous samples, such as sandstone and gypsum (Fig. 13(b)
and (c)). The mechanism for this phenomenon may be due to the high
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degree of stress concentration resulting between bedding planes where
the cracking direction abruptly changes to release stress as the crack
propagates near a bedding plane.

5.2. Effects of bedding planes

5.2.1. Crack initiation

Tensile cracks are the predominant crack types to primarily initiate
under uniaxial compression. The tensile wing cracks are frequently
observed as the primary crack in approximately 80% of all specimens. It
is worth noting that the bedded specimens those do not primarily fea-
ture tensile wing cracks all possesses a bedding or flaw inclination of
a =90° or = 90°. Bedding-plane sliding and splitting modes also
develop as the primary crack, particularly for specimens with steep
bedding planes. The former primarily initiates in specimens with
a = 60° while the latter occurs in those with @ = 90°. In addition, the
primary cracks usually co-develop with two or more types combined in
several specimens, reaching a percentage of approximately 30%. This
phenomenon is particularly apparent when bedding planes are steep.

The threshold stress for crack initiation is a key parameter with
respect to engineering applications. The normalized initiation stress R;
is herein introduced, which is defined as the ratio of the initiation stress
relative to the uniaxial strength. The influence of @ and f on R; is in-
tuitively revealed in Fig. 14 and which can be divided into three parts.
First, when —90° < 8 < —45°, the value of R; gradually decreases as
the bedding planes become steeper. Second, as —45° < 8 < 45°, the
maximum and minimum values of R; are attained when a = 60° and
30°, respectively. Third, as 45° < < 90°, the varying trend of R; is
similar to the first part, but the level of R; is much higher. Of critical
interest are cases with large R; in engineering practice for which the
progression from crack initiation to rock failure is particularly abrupt.

5.2.2. Crack propagation

In bedded rocks, tensile cracks initiating from structural flaws gra-
dually tend to propagate along bedding planes under continuous
loading (as shown in Fig. 15(a)). This effect is enhanced as bedding
planes become steeper. It is common that bedding fractures are ar-
ranged in a stepped form with small tensile cracks that cut-across
various strata (Fig. 15(b)), specifically when a = 30~45°. Eventually,
as a approaches 90°, the failure mode of the bedding planes transforms

Type 1 tensile crack
(Tensile wing crack)

Type 2 tensile crack Mixed tensile-shear

crack

Type 3 tensile crack

/
4
A

(a)

Type 1 shearcrack  Type 2 shearcrack Type 3 shear crack
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)l 900

/ /
¢ \
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Fig. 12. Crack types identified from uniaxial compression tests on (a) marble by Wong and Einstein (2009a) and (b) sandstone by Yang and Jing (2011).
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Fig. 13. Comparison of the cracking paths of bedded rock to homogenous rock tests: (a) artificial bedded rock, (b) sandstone (Yang and Jing 2011) and (c) gypsum

(Wong 2008).
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from sliding to splitting and tensile cracks are distributed throughout
the splitting strata.

To reveal the influences of the bedding inclination on crack pro-
pagation, the accumulative lengths of bedding fractures (L) are cal-
culated and plotted in Fig. 16. It is clear that L, is positively related to a
regardless of the variation in the flaw inclination, indicating that bed-
ding fracture is more likely to develop in steeply-bedded specimens.

5.3. Comparison of pro-dip and anti-dip flaw tests

Pro-dip and anti-dip flaws are two common forms of defects in
bedded rocks. It can be concluded from the experimental results that
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Fig. 16. Accumulative length of fractured bedding planes varying with bedding
and flaw inclinations.

these two flaw forms exert distinct and definable influences on the se-
quence of crack formation and failure mode of artificial bedded rocks.

For specimens containing pro-dip flaws, bedding-plane sliding
fractures coalesce with the tensile cracks that initiate from the struc-
tural flaw, ultimately leading to the failure of rock. This result is pos-
sibly due to the fact that the pro-dip flaw appears to be conducive to
bedding plane failure with respective to the stress distribution, thus
enhancing the connection of cracks from the flaw and bedding planes.

For specimens containing anti-dip flaws, the bedding planes pene-
trating the flaw are fractured by a combination of the shear and tensile
stresses. Bedding-plane sliding fractures propagate with multiple ver-
tical tensile cracks initiating from bedding planes. It can be concluded
from the experimental observations that these tensile cracks have a
weakening effect on the rock properties. Compared to pro-dip flaws, the
anti-dip flaws have a greater impact on the distribution of stress within
bedded rocks. The flaw provides a free boundary for penetrating bed-
ding planes; hence, compression-induced tensile cracks are able to
propagate along the bedding planes.

5.4. Implication for the rock slope

Controlled laboratory studies of fracture evolution in bedded rock
allow the impact of individual influences of bedding and flaw or-
ientations relative to the stress field to be deconvolved from other ob-
scuring factors such as heterogeneities, scale influences and the pre-
sence of non-uniform stress fields. Such studies are of significance to
engineering practice in defining the failure modes in slopes and un-
derground excavations where failure typically occurs both on fractures
and through intact rock (Wu et al., 2004; Do et al., 2017). In the fol-
lowing, we use a bedded rock slope as an example to explain the im-
plication of the experimental results.
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5.4.1. Failure modes of bedded rock slope

The bedding orientation dominates the failure mode of bedded rock
specimens as well as rock slopes. Fig. 17 illustrates a comparison of
failure mechanisms between rock specimens and model slopes with
various bedding inclinations. The generated fractures are prominently
marked on both the images of specimens and the slope profiles.

The behavior of a specimen containing horizontal bedding planes
predicts the deformation of a slope containing gently inclined strata
(Fig. 17 (a)). The orientations of the maximum and minimum principal
stresses within the slope are sub-vertical and sub-horizontal, respec-
tively. Driven by gravity, the slope slowly displaces downwards along
the weak intercalated rock layer with multiple vertical tensile cracks
developing to accommodate this deformation (Fan et al., 2009). This
type of slope commonly has several sliding blocks separated by deep
tensile-induced grooves.

The rock specimen with @=60° responds similarly to a steeply-
bedded slope containing pro-dip bedding planes (Fig. 17 (b)). Shear
sliding occurs along the bedding plane in both the specimen and slope.
Note that fractures in real slopes are typically more complicated than
those marked on the sketch — these effects of increased complexity are
discussed later.

Buckling failure occurs in the bedded rock slopes where the max-
imum principal stress is sub-parallel to the bedding plane, as shown in
Fig. 17 (c). Long and slender rock columns with their bases fixed tend to
flex downwards. When the flex-induced tensile stress exceeds tensile
strength of rock, buckling failure occurs.

For rock slopes containing anti-dip bedding planes as shown in
Fig. 17 (d), the local tensile cracks those are parallel to the slope surface
are the first to initiate under the action of gravity. These tensile cracks
are connected by rock bridges those are subjected to shear force. As the
cracks extend across the bridges, the mass fails and the slope finally
slides along a potential sliding surface. This process is similar to the
response of a specimen with a=30°.

crack

Tensile groove

Tensile crack

Shear sliding band Bedding plane

(a)

Splitting

Splitting
Buckling

\ Buckling

(c)
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5.4.2. Fracture evolution in bedded rock slope

The failure of rock slopes containing rock bridges typically origi-
nates from the extension of pre-existing structural flaws to disrupt these
bridges. Fracture evolution processes are diverse and are influenced by
the orientation, scale and distribution of structural flaws. We can pre-
dict the fracture evolution in bedded rock slope according to our ex-
perimental results. Fig. 18 illustrates the prediction of a pro-dip slope
containing differently inclined structural flaws.

The structural flaw in Fig. 18 (a) is pro-dip to the bedding plane
with a shallower inclination than the bedding plane. Tensile cracks
initiating from the flaw extend both upwards and downwards. The
lower tensile crack transforms into a bedding sliding fracture while the
upper one remains tensile nature with only minor shear sliding com-
ponents. The inclination of the structural flaw in Fig. 18 (b) is steeper
than that of the bedding plane. After tensile cracks initiate from the
flaw tips, a stepped fracture consisting of bedding sliding fractures and
interlayer tensile cracks gradually extend toward the surface of the
slope. The structural flaw in Fig. 18 (c) is anti-dip to the bedding plane.
Contrary to the former two conditions, multiple bedding fractures and
tensile cracks are generated in this slope with these fractures densely
distributed and forming a network.

6. Summary and conclusions

This paper presents an experimental study of fracture evolution in
artificial bedded rocks containing single structural flaws. The specimens
are fabricated to include various bedding and flaw inclinations and are
then tested under uniaxial compression. Cracking patterns and stress-
strain data are recoded during the entire loading process. The testing
results are summarized as follows.

6.1. Stress and strain

All stress-strain curves show four phases representing the entire

Shear
sliding

Shear sliding plane

Bedding plane

(b)

Potential sliding surface

Bedding
plane

y i) #

Tensile
crack

"".
5]
|88

Potential sliding $30-m60

surface
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Fig. 17. Comparison of failure mechanisms between bedded rock slopes and specimens with different bedding inclinations. (a) Gently inclined, (b) pro-dip, (c) sub-

vertical, and (d) anti-dip geometries.
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Fig. 18. Fracture evolution in pro-dip slopes containing a structural flaw. (a) pro-dip flaw with shallower inclination than bedding, (b) pro-dip flaw with steeper

inclination than bedding, and (c) anti-dip flaw.

deformation process. These can be characterized as four deformation
types, namely, ductile with fluctuation, ductile without post-peak
fluctuation, brittle failure with fluctuation and brittle failure without
post-peak fluctuation. These curve types transform in the above order
as bedding planes become steeper.

Mechanical parameters (i.e. o., ¢. and E) are derived on the basis of
the stress-strain data. 0. and ¢, appear to vary similarly versus bedding
inclination, which first show decreasing trends and then increase as the
bedding plane becomes steeper. However, E has a positive relation to
the increased bedding plane inclination in general.

6.2. Crack and failure

Nine crack types are identified from the recorded images of the
fractured specimens, in which bedding sliding and splitting are poten-
tially newfound failure modes in such models, compared to previous
homogeneous rock tests. These cracks have non-planar paths with a few
transitions when they approach bedding planes.

The inclination of the bedding plane exerts a significant effect on
crack initiation and propagation in artificial bedded rocks.

. The tensile wing crack propagates as the primary crack in most low-
inclined bedded specimens, but initiates along with other crack
types in steeply-bedded specimens.

. With an increase of the bedding inclination, the tensile crack in-
itiating from the flaw more likely propagates along bedding planes
and may result in the failure along the entire bedding plane.
However, as the bedding inclination approaches 90°, the failure
transforms from sliding to splitting. The accumulative length of the
bedding fractures has a positive relation to bedding inclination re-
gardless of the variation in the flaw inclination.

. In the pro-dip flaw tests, tensile cracks mostly initiate from the
structural flaw and bedding fractures are triggered by shear stress.
But in the anti-dip flaw tests, many tensile cracks initiate from
bedding planes in addition to structural flaw and the resulting crack
density is much higher. Bedding fractures typically develop under
the combined action of the shear and tensile stress.

d The failure mode in the bedded specimens transforms from the pure
tensile mode to the combined tensile-bedding sliding mode and
subsequently to the bedding splitting mode as the bedding planes
steepen.

e The experimental results are significant for the analysis of bedded

rock slopes. The failure modes and fracture evolution processes of
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rock slopes containing different bedding planes and structural flaws
can be predicted on the basis the observed fracture patterns in
specimens.
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