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A set of systematic experimental methods, including 3D accuracy scanning and identification of discontinuous surface topography,
physical model construction, and laboratory direct shear experiment under different directions and normal stresses, was proposed to
research the influence of discontinuity roughness on strength and deformation of discontinuity. During physical model construction
of discontinuity, three types of discontinuity and rough natural rock joint surfacemodels were constructed andmoulded.Meanwhile,
many influence factors of discontinuity surface topography, such as asperity inclination angle (AIA), asperity height (AH), normal
stress (NS), and shear direction (SD), were considered during the direct shear experiment. On the basis of the experimental results, it
can be found that there were two types of failure modes under different loading conditions, which were named “failure by shearing
through the asperities” and “failure by sliding over the asperities”. *e obvious stress concentration phenomenon, climbing, and
cutting effects appeared in the process of the direct shear experiment. In addition, the accurate identification of surface topography of
natural rough rock joint surface was carried out using three-dimensional sensing system (3DSS) and self-programming software
before and after the experiment.*e subsamples with the same surface topography as the original samples weremoulded using a self-
developed instrument.*en, themechanical behavior of the original samples and subsamples for the natural rough rock joint surface
under different shear directions and normal stresses was studied. *e results show that the shear displacement under different shear
directions and normal stresses is very large before it reaches the failure state. And the residual strength of the original samples is
higher than that of the subsamples. In addition, failure modes of the subsamples are main failure by shearing through the asperities
due to the significant difference between peak shear strength and residual strength.*e failuremodes for parts of the original samples
are failure by sliding over the asperities. *e change ratio of area for the discontinuity after the experiment depends on surface
topography, strength of heave on the surface of discontinuity, and particle size of minerals on the surface of discontinuity.

1. Introduction

Rock mass discontinuity plays a major role in the defor-
mation and failure of rock mass projects. *e destruction of
many rock engineering projects is related to the strength of
rock mass discontinuity. In the past research, discontinuity
is often assumed as a smooth and straight plane without
considering the characteristics of its uneven surface, leading
to underestimation of its shear strength. *e natural
roughness of rock mass discontinuity has the characteristics
of anisotropy and nonhomogeneity, particularly the an-
isotropy that has an impact on the shear strength of dis-
continuity. However, shear strength of discontinuity may be
overestimated considering the surface character of discon-
tinuity. For example, Barton’s JRC-JCS shear strength

criterion is found that it sometimes tends to overestimate
the shear strength of natural joints with less matched
surfaces [1]. *erefore, research on the shear strength of
discontinuity concerning its surface topography is very
significant during stability analysis and evaluation of rock
mass engineering.

*e characteristics of discontinuity, which are closely
related to the failure behavior of rock mass, are often studied
from the angle of strength and deformation. Many exper-
imental and theoretical researches show that mechanical
properties of discontinuity are related not only to the
components and texture of rock mass and discontinuous
combination characterizations but also to the roughness of
discontinuity which is a main factor affecting strength and
deformation of discontinuity [2–4]. *e two parameters joint
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roughness coefficient (JRC) and joint matching coefficient
(JMC) are often used to characterize discontinuity. In order to
study the relationship between strength or deformation and
surface topography of discontinuity, the identification of
surface characteristics of discontinuity is vital. At present, the
way of measuring surface topography is mainly based on
mechanical and optical methods. Kulatilake et al. [5] have used
the line scaling method, variogram method, spectral method,
and roughness-length method to accurately measure joint
surface roughness. Develi et al. [6] have used a new device to
measure surface topography of discontinuity. Feng et al. [7]
and Fardin et al. [8] have researched rock joint surface
roughness using noncontact measurement techniques in the
field. Compared with the mechanical method, the optical
method is widely used to identify uneven surface due to its
noncontact measurement which has some advantages such as
high precision and nondestructive testing. In the aspects of
assessment of joint roughness, some works [9–14] were con-
ducted from the angle of fractal geometry. In these works,
assessment and estimation of joint roughness are carried out
based on the relationship between fractal dimension and
surface topography of discontinuity. In addition, many re-
searchers [15–19] have adopted different methodologies to
assess or estimate joint roughness from the angle of quantity.
*e strength theories of discontinuity have been studied by
many researchers. Barton [20] has conducted a number of
research works and proposed an experiential formula con-
sidering the relationship between climbing or shear dilation
and normal stress. And this formula is usually used under
lower normal stress. Grasselli et al. [21] have proposed the
Grasselli model which considers 3D roughness on the surface
of discontinuity using a number of optical tests and direct shear
tests. Riquelme et al. [22] have carried out the discontinuity
spacing analysis in rockmass using 3Dpoint clouds. Concerning
the anisotropy of discontinuity, Koyama et al. [23] have analyzed
the change process of surface wearing of discontinuity in the
process of the direct shear experiment andnumerical simulation.
Jiang et al. [24] have studied the relationship between surface
roughness and mechanical properties of rock joints.

Previous studies have shown that most of the past rel-
evant studies lack systematic experimental research. And,
interpretation of the mechanisms of discontinuity failure
with different roughness degrees has not been conducted, for
example, shear failure under different loading, failure of
heave on the surface of discontinuity, influence of micro-
structure topography on macroshear strength, and so on. In
order to research the influence of anisotropy and surface
topography of discontinuity on shear strength, four different
models such as roughness type I model, roughness type II
model, roughness type III model, and natural rough rock
joint surface model were used to study mechanical behavior
and the shear failure mechanism of discontinuity under
different normal stresses and shear directions.

2. Materials and Experimental Methods

Because of the complexity of surface topography and poor
repeatability for discontinuity experiment, discontinuity is
often constructed by some rock-like materials, such as

concrete, gypsum, and so on. In order to research the in-
fluence of surface topography on strength and deformation
of discontinuity, some influence factors such as asperity
inclination angle, asperity height, and asperity shape are
considered in the process of mould construction. According
to these influence factors, roughness type I model, roughness
type II model, roughness type III model, and natural rough
rock joint surface model were constructed so as to research
failure mechanism of discontinuity under different normal
stresses and shear directions, particularly for the effect of
anisotropy on strength of discontinuity.

2.1. Mould Design

2.1.1. Roughness Type I, Roughness Type II, and Roughness
Type III Models

(1) Design of Mould Patterns. In the process of mould design,
four types of asperity inclination angles and asperity heights
are considered.*e size of steel mould is 300× 200×100mm,
and its error (precision) is <0.1mm. *e asperity inclination
angles include 10°, 20°, 30°, and 45°, respectively. *e asperity
heights include 2mm, 3mm, 4mm, and 5mm, respectively.
*e roughness type I and roughness type II models belong to
similar types of model. *e shape of discontinuity for
roughness type III model is designed with a combination of
two continuous and different asperity heights. *e types of
combinations include 5-2mm, 5-3mm, 5-4mm, and 5-5mm.
Four moulds for three types of models are manufactured
according to different angles or different asperity heights.
Figure 1 shows parts of the basic shapes of three types of
models.

(2) Sample Preparation. For natural rock mass discontinuity,
the heaves on the surface of discontinuity have the same
strength with rock mass under the condition of nonfilling.
However, it is very difficult to guarantee that there is only
a small difference in strength for the heaves and rock mass.
*erefore, in order to decrease the differences for heaves and
rock mass, selection of the materials, such as sand, cement,
water, epoxy, and binder, is very vital. To avoid significant
difference in the mechanical properties for both of them, the
particle size of sand is controlled between 0.25mm and
0.35mm. *e cement and other materials have the same
type. Meanwhile, to decrease difference among mould
samples, all samples in this experiment are constructed by
using the same mould, same mix proportion, and same
curing condition and period. *e cement is ordinary
Portland cement with number 42.5R, and the water cement
ratio is 0.45 and the curing period is 28–30 days under moist
conditions. *e precast samples are processed into experi-
mental samples with the diameter being 50mm and height
being 50mm. All experimental samples must meet the re-
quirement that the inclination error for the top and bottom
surface of the sample is <3°. Figure 2 shows three different
types of precast samples with different types of models and
one original sample with even shear face which is used to
conduct experiments concerning epoxy and binder.
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Figure 1: Roughness types. (a) Roughness type I model; (b) roughness type II model; (c) roughness type III model.
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Figure 2: *e precast model with different types of discontinuity and natural rough rock joint surface model. (a) Roughness type I model;
(b) roughness type II model; (c) roughness type III model; (d) natural rough rock joint surface model.
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2.1.2. Natural Rough Rock Joint Surface Model

(1) Design of Mould Patterns. When the anisotropy of dis-
continuity is researched, the direct shear experiment will be
conducted from �ve di�erent shear directions. An original
sample cannot meet the requirement of shear experiments.
�erefore, many subsamples which have the same roughness
as the original samples need to be remoulded. In order to
guarantee the precision of the subsamples, a mould, which is
used to remould the subsamples based on the original
samples, is designed. Figure 3 shows the structure of the
mould. It can be found from Figure 3 that the inner diameter
of the mould is 50mm. Two parts of the original sample are
placed separately at the both ends of the device.�e length of
the precast sample is about 100mm, which will be cut into
two parts and the length of every parts is about 25mm. �e
isolated layer is placed between the steel mould and sample
in order to avoid bonding of the concrete and steel mould.
Two lock lantern rings are placed outside the steel mould so
as to lock tightly two parts of separate steel moulds when the
precast of the sample has been �nished.

(2) Sample Preparation. Some rock cores with diameter
being 72mm are obtained from the Lukou airport station of
the Nanjing subway.�e lithology of the original samples for
the natural rough rock joint surface model is andesite. �e
physical-mechanical properties of sites are similar to the
concrete. Eight original samples (no. A1 to A8) with di-
ameter being 50mm and height being 50mm are prepared
by drilling, cutting, and wearing methods based on the rock
cores with diameter being 72mm.�e surface topography of
every original sample was scanned using a new noncontact
device named “three-dimensional sensing system” (3DSS).
�e scanning and identi�cation of discontinuity can be seen
from Figure 4.

�e 3DSS can scan complex surface topography of every
object from the angle of three dimensions by using the optical
technique, computer digital imaging technique, and phase
measurement technique.Many digital images will be projected
on the object when the grating projection device begins to
scan. Two vidicons will simultaneously collect the corre-
sponding image and then decode and calculate the phase of
the image. �ree-dimensional coordination of the public

zone for the collected image will be calculated utilizing
matching technique and triangular scanning principal.
�e accuracy of scanning can reach 0.03mm, which can
completely meet the requirement of accuracy identi�cation
of discontinuity.

�e scanning of discontinuous surface topography can be
divided into two phases, which are before and after the ex-
periment, so as to compare and identify roughness changes of
the original samples. In order to analyze quanti�cationally the
area changes before and after the experiment, accuracy iden-
ti�cation and reconstruction of surface topography become
a necessary process. According to the scanning results of
di�erent discontinuity surface topography, a computer pro-
gram based on the Delaunay triangular mesh subdivision
method are compiled in this paper and used to calculate the
surface areas of di�erent discontinuities. Figure 5 shows the
reconstruction map utilizing the computer program based on
the scanning results of discontinuity surface topography.

For reconstruction of the subsamples, the mould shown
in Figure 3 is used. First, butter is applied uniformly in the
wall of the steel tube, and wax paper is usedto cover the
butter. Second, the lower sample is placed at the bottom of
the steel tube and is locked using lantern ring. �irdly,
precast concrete which has the same requirement with
roughness type I model, roughness type II model, and
roughness type III model are poured in the steel tube. �e
thickness of concrete in the steel tube is about 100mm.
Finally, the upper sample in the steel tube is closed to the
precast concrete with some pressure, and then the next
lantern ring is use to lock the steel tube. To avoid non-
uniformity of the concrete in the steel tube, the sample will
be turned upside down before solidi�cation and is placed
horizontally during curing period. After curing period,
concrete samples will be taken out from the mould. �e
discontinuity face should be cleaned completely before it is
used to manufacture the next sample. �e surface
topography should not be damaged during the process of
cleaning. Eight sets of the subsamples with diameter
being 50mm and height being 50mm are prepared by the
same manufacturing method. Figure 6(a) shows the com-
parison between the original samples and subsamples, and
Figure 6(b) shows eight sets of the subsamples for natural
rough rock joint surfaces. On the basis of Figure 6(a), it can
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Figure 3: Structure of the mould for the natural rough rock joint surface model.
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Figure 4: Scanning and identification of the original samples using the 3DSS device. (a) Principal of scanning; (b) equipment of scanning
(3DSS); (c) rock sample; (d) postprocessing system.
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Figure 5: Reconstruction of surface topography of discontinuity for the natural rough rock joint surface model (sample B5). (a) Sample No.
B5; (b) preprocess of the upper surface; (c) preprocess of the lower surface; (d) 3D reconstruction of the upper surface; (e) 3D reconstruction
of the lower surface.
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be found that the uniformity between the original sample
and subsample is very good. It indicates that the method
used to remould the subsamples is appropriate for this
experiment.

2.2. Experimental Procedures. �e direct shear experiment is
used for roughness type I, roughness type II, and roughness
type III models. Aiming at roughness type I, roughness type
II, and roughness type III models, four normal stresses with
value being 0.51MPa, 1.02MPa, 2.04MPa, and 3.06MPa and
four shear directions with value being 10°, 20°, 30°, and 45° are
considered in the process of the direct shear experiment. For
the natural rough rock joint surface model, three normal
stresses with value being 0.51MPa, 1.02MPa, and 2.04MPa
and four shear directions with value being 0°, 10°, 20°, and 30°
are considered in the process of the experiment. Figure 7
shows the de�nition method of shear direction.

Procedures of the direct shear experiment are listed as
follows:

(1) Con�rmation of the area of shear surface: the di-
ameter and height of the sample are measured and
recorded. At the same time, surface topography of
discontinuity is taken photo and described.

(2) Inspection of the direct shear instrument: in order to
guarantee veracity of experimental results, all parts
of direct shear instrument will be inspected before
the experiment. Meanwhile, trial experiment must be
conducted by using a standard sample.

(3) Layout of the sample: due to consideration of an-
isotropy of discontinuity, every sample will be
marked a remarkable line at the lateral of the sample
which is used to de�ne shear direction. Initial normal
stress will be exerted on the sample.

(4) Layout of the displacement measurement instrument:
in order to measure an accurate displacement, three
measurement instruments will be placed on the
normal direction and shear direction, respectively.

(5) Loading method: under condition of certain nor-
mal pressure, shear stress will be applied with
a loading speed of 0.5–1.0 kN per second and 10–
15-step loading. Vertical deformation, horizontal

displacement, and shear force will be obtained
when the deformation of the sample tends to be in
a stable state for every grade load.

(6) ASTM criterion: three to �ve samples in each group
were tested to obtain the average value.

(7) Recording and saving of data: the sample will be
taken out from shear box, and failure surface will be
taken photo and described.

3. Analysis on Experimental Results

3.1. Failure Modes and Analysis on In uence Factors of
Discontinuity. Failuremodes of rockmass aremainly fracture
along discontinuity due to its anisotropy and non-
homogeneity. Based on the curves of shear stress and shear
displacement (Figure 8), it can be found that there are two
types of failure models generally. One is failure by sliding over
the asperities in which the discontinuity with jagged shape is
not completely cut o� from the bottom of heave and its failure
is along the top section of heave, the other is failure by shearing
through the asperities in which the heave on the surface of
discontinuity is cut o� from the bottom section of the heave
and its failure surface presents an approximate plane.

According to Figure 8, when the normal stress and
roughness degree of discontinuity are quite signi�cant, the
failure mode of discontinuity mainly presents failure by
shearing through the asperities in which the curve of shear
strength and shear displacement will present a peak point
and then decrease and present a residual stage. �e curve of
shear failure is divided into three stages, such as climbing

(a) (b)

Figure 6: Subsamples of natural rough rock joint surfaces. (a) Comparison between original samples and subsamples; (b) parts of
subsamples.

Normal stress

θ
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Figure 7: Shear direction of discontinuity.
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stage (OC), cutting stage (CD), and sliding stage (DE). �e
curve of failure by sliding over the asperities is divided into
two stages, such as climbing stage (OA) and sliding stage
(AB).�erefore, based on the typical curves of shear strength
and shear displacement for two failure modes, the failure of
discontinuity presents brittle character when the heaves on
the surface of discontinuity are completely cut o� from their
bottoms, while it presents ductile character when the
roughness of discontinuity is decreased due to the shear
process.

�rough observing the failure surface of di�erent types
of discontinuity after the laboratory experiment under
di�erent loading, it can be found that parts of the surface
which is at the rear location along the shear direction are
very easy to damage compared with the front one of dis-
continuity (Figure 9).

Most of samples present similar failure characteristics. In
addition to the reason which failure mode is related to the
strength, surface topography, normal stress, and shear di-
rection of discontinuity, a dominant reason is the own
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Figure 9: Failure modes of discontinuities based on laboratory experimental results. (a) Failure by sliding over the asperities; (b) failure by
shearing through the asperities.
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Figure 11: Continued.
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drawbacks of the direct shear instrument. Combined with
the experimental results, the failure mechanisms of dis-
continuity are obtained in the process of the direct shear
experiment. In the initial stage, the normal pressure is exerted
uniformly on the upper surface of the sample (Figure 10(a)).
However, the normal pressure cannot maintain uniform
state in the process of the experiment because the action
point of normal pressure for the upper shear box and lower
shear box cannot maintain uniform, which can lead to
nonuniform stress distribution (Figure 10(b)). �e rear
stress of discontinuity along the shear direction is larger than
that of the front of discontinuity which can make the rear
part of discontinuity damage easily in the process of the
experiment �rstly. Under the normal stress in¢uence, shear
stress on the surface of discontinuity is not also distributed
unequally (Figure 10(c), and the force state of the lower
shear box is shown in Figure 10(c)). In the initial stage of
shear experiment, stress concentration immediately begins
to appear at the rear edge of shear box along the shear
direction. And this phenomenon will follow the experi-
mental process. �e scope of stress distribution is shown in
Figure 10(c).�emaximum value of stress appears at the “A”
point in Figure 10(c).

3.2. Roughness Type I Model and Roughness Type II Model

3.2.1. Failure Modes of Discontinuity with Jagged Shape for
Type I. Figure 11 shows the relation between peak shear
stress and shear displacement. �e failure modes of dis-
continuities include brittle failure and ductile or plastic
failure under di�erent normal stresses and shear directions.
Most of the failure modes are failure by shearing through the
asperities. According to the experimental results shown in
Figure 11, in addition to the asperity inclination angle and
shear direction, the normal stress is a domain in¢uence
factor to failure modes of discontinuities. Most of the failure
modes for the samples are failure by shearing through the
asperities, and the di�erence in the strength between peak

value and residual value is quite signi�cant. Under the
normal stress being 2.04MPa, failure by sliding over the
asperities of discontinuity appears in parts of the samples.
�e di�erence in the strength between peak value and re-
sidual value is small. It is about 0.08–0.94MPa. Additionally,
the failure mode of discontinuity is main failure by shearing
through the asperities when the asperity inclination angle is
signi�cant and the normal stress is high. As far as most of the
samples are concerned, the maximum di�erences in the
value between peak strength and residual strength will be
obtained when the normal stress is 3.06MPa and the shear
direction is 0°. It can also be found in Figure 11 that the
residual strengths for most of the samples are far smaller
than those of the peak strength. It indicates that the
roughness of discontinuity play a vital role to the strength of
discontinuity.

Figure 12 shows the relationship between shear di-
rections as well as normal stresses and peak shear strengths
under di�erent asperity inclination angles. According to
Figure 12, peak shear strength increases gradually with an
increase in the asperity inclination angle under deterministic
shear direction. However, the maximum shear strength
appears when the shear direction is 45°. �e stress con-
centration phenomenon appears when the asperity in-
clination angle is 45° and the shear direction is 30°. �e peak
shear strength decreases gradually with an increase in the
shear direction.�e change degree of the peak shear strength
becomes small when the shear direction is more than 30°. To
sum up, the peak shear strength is a�ected obviously by
anisotropy of discontinuity. �e whole trends of the curve of
peak shear strengths and shear directions are decreasing.
And the trends of the curves of peak shear strengths and
asperity inclination angles are increasing. �e di�erence of
the peak shear strength is small when the asperity inclination
angle is less than 30°. �e larger asperity inclination angle is,
the faster is the decrease ratio of peak shear strength. When
the asperity inclination angle is less than 30°, the peak shear
strength of sample with the shear direction 10° to 30°
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Figure 11: Relation between shear strengths and displacements for the discontinuities with type I. (a) AIA� 10° and NS� 2.04MPa;
(b) AIA� 10° and SD� 0°; (c) AIA� 20° and NS� 2.04MPa; (d) AIA� 20° and SD� 0°; (e) AIA� 30° and NS� 2.04MPa; (f) AIA� 30° and
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(k) NS� 2.04MPa and SD� 0°; (l) NS� 3.06MPa and SD� 0°.
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decreases fastest.�e change ratio of peak shear strength will
become small when the shear direction is more than 30° for
di�erent asperity inclination angles. For di�erent shear
directions, the peak shear strengths have small di�erence
when the asperity inclination angle is less than 30°.

Figure 13 shows the relationship between peak shear
strengths and asperity inclination angles under di�erent
normal stresses. Peak shear strength increases gradually with
normal stress and asperity inclination angle increases totally.
�e remarkable changes take place when the normal stress is
more than 1.02MPa. However, the di�erence in peak shear
strength becomes small when the normal stress is less
than 1.02, and asperity inclination angles are less than 30°.
�e main reason is that close integration of discontinuity
under small norm stress will cause failure by sliding over the
asperities of discontinuity. Meanwhile, under lower asperity

inclination angle (such as 10° and 20°), the shear strength of
the discontinuity does not show an obvious increasing trend
with an increase in normal stress. With the increase in
normal stress, the increasing ratio will become large except
the asperity inclination angle being more than 30° and
normal stress being 0.51MPa.

3.2.2. Failure Modes of Discontinuities with Type II. Figure 14
shows the relationship between shear strengths and shear
displacements of discontinuities with type II. According to
Figure 14, the failure modes are failure by shearing through
the asperities under di�erent normal stresses and shear di-
rections. �e di�erence in the value between peak strength
and residual strength, which is from 1.45MPa through
8.62MPa, is very signi�cant for all the samples. �e curve of
stress and deformation represents an obvious peak value and
the residual strength is very small, and those of parts of the
samples are near to zero. Based on the experimental results, it
can be concluded that the asperity height plays an important
role in the failure of discontinuity compared with type I.
Another change rule that can be found from Figure 14 is
that the peak shear strength will decrease quickly after it
reaches the peak value. When the asperity height is less than
4.0mm, the di�erence values in shear displacements between
the increasing stage and decreasing stage are smaller than
those of type I. However, when the asperity height is 8mm,
the D-value is remarkably greater than that of discontinuity
with others asperity heights. It indicates the roughness of
discontinuity is very vital to peak shear strength. Based on the
curve of peak shear strength and shear displacement, after
heaves on the surface of discontinuities have been cut, the
shear strengths of discontinuities will decrease obviously.

�e relationship between peak shear strength and shear
direction as well as normal stress under di�erent asperity
heights is drawn in Figure 15. According to Figure 15, as far
as the discontinuities with deterministic shape are con-
cerned, the shape of the curve presents decreasing trend with
an increase in the shear direction. Under the normal stress of
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Figure 12: Relationship between shear directions as well as normal stresses and peak shear strengths. (a) Di�erent normal stresses (SD� 0°);
(b) di�erent shear directions (NS� 2.04MPa).
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2.04MPa, the in¢uence of shear direction on the shear
strength is signi�cant for the same asperity height. Only
when the asperity height is >4mm and the shear direction is
20°∼30°, the peak shear strength shows a sudden decrease.
Under the same shear direction, the in¢uence of asperity
height on peak shear strength is obviously the same. �e
curve presents increasing trend when the asperity height is

2 cm or 8 cm. �e shear strength is signi�cant when the
asperity height is from 6mm to 8mm.�e change extent will
reach the maximum value when the shear direction is 20°.
Especially for the asperity height with 8mm, the peak shear
strength emerges a maximum value. �is phenomenon can
be explained that the asperity height with 8 cm cannot be
damaged easily due to the overheight of the heave on the
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Figure 14: Shear strengths and displacements of discontinuity for type II. (a) AH� 2mm and SD� 0°; (b) AH� 2mm and NS� 2.04MPa;
(c) AH� 4mm and SD� 0°; (d) AH� 4mm and NS� 2.04MPa; (e) AH� 6mm and SD� 0°; (f) AH� 6mm and NS� 2.04MPa; (g)
AH� 8mm and SD� 0°; (h) AH� 8mm and NS� 2.04MPa.
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surface of discontinuity under certain normal stress. Under
the deterministic shear direction and normal stress, the peak
shear strength of discontinuity increases gradually with an
increase in the asperity height. Under the lower normal
stress with its value being from 0.51MPa through 1.02MPa,
the shear strength presents small change. However, when the
value of normal stress is from 2.04MPa through 3.06MPa,
the shear strength will increase obviously.

Figure 16 shows the relationship between peak shear
strengths and asperity heights under di�erent normal stresses.
It can be seen from Figure 16 that the peak shear strength with
the asperity height being 8mm is greater than that of other
asperity heights.�e larger the normal stress is, the greater the
peak shear strength is. �erefore, it can be concluded that the
normal stress plays a dominate role to increase the peak shear
strength because the signi�cant normal stress will cause close
integration of the heaves on the surface of discontinuity which
increases the peak shear strength of discontinuity. However,
under lower normal stress, the change of peak shear strength
is not very remarkable which is can be caused by wearing
action on the surface of discontinuity in the process of the
shear experiment.

3.3. Roughness Type III Model. �e experimental results and
shear strength as well as shear displacement curves are shown
in Figure 17. �e failure modes of quasi-3D discontinuity are
main failure by shearing through the asperities under di�erent
normal stresses and shear directions. �e di�erence in shear
strength between peak value and residual value, which is from
1.69MPa through 7.44MPa, is very signi�cant.

According to Figure 17, parts of the samples emerge
signi�cant displacements before shear stresses increase with
shear displacement. �at is to say, the small shear strength
presents large displacement. It indicates that the slide along

the discontinuity occurs when the shear load exerts on the
sample. In addition, displacements of some samples are very
small between the failure point and initial point except the
asperity height being 5-2mm.

Figure 18(a) shows the relationship between asperity
heights and peak shear strengths under di�erent normal
stresses. Under lower normal stress being less than 1.0MPa,
peak shear strength changes intensely for di�erent asperity
heights. When the normal stress is higher and asperity
heights are 5-3 cm and 5-4 cm, the changes of peak shear
strength are small. However, when the asperity heights are
5-4 cm and 5-5 cm, the peak shear strength presents sig-
ni�cant changes, especially for the asperity height being
5-5 cm. For the di�erent asperity heights, the peak shear
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Figure 15: Relationship between shear direction as well as normal stress and peak shear strength. (a) Di�erent normal stresses (SD� 0°);
(b) di�erent asperity heights (NS� 2.04MPa).
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strength increases with an increase in normal stress. �e
main reason is that the heave on the surface of discontinuity
will not be easily damaged and fractured due to signi�cant
normal stress which can integrate closely compared to the
other asperity heights. Figure 18(b) shows the relationship
between shear directions and peak shear strengths under
di�erent asperity heights. �e peak shear strength decreases
with an increase in the angle of shear direction.�e peak shear

strength of discontinuity with asperity heights being 5-4 cm
and 5-5 cm is greater than that of discontinuity with asperity
heights being 5-2 cm and 5-3 cm. For the same shear di-
rection, the peak shear strength of discontinuity increases
with an increase in the asperity inclination angle. �e
di�erences in peak shear strength have small changes when
the asperity inclination angle is <20° and the asperity
heights are 5-2 cm and 5-3 cm. For all the asperity heights,
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Figure 17: Shear strength and shear displacement of the quasi-3D discontinuity. (a) AH� 5-2mm and SD� 0°; (b) AH� 5-2mm and
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the peak shear strength will decrease when the shear di-
rection is 45°. �e experimental results are in accordance
with that of the theory.

Figure 19 shows the τ-σ curve of the quasi-3D dis-
continuity under di�erent asperity heights. �e change
trends of shear stress and normal stress increase totally.�e
increasing trend of the peak shear strength is high when the
normal stress is <1.02. �ere is small change for asperity
heights being 5-3 cm and 5-4 cm. �e peak shear strength
increases obviously when the asperity heights are 5-2 cm
and 5-5 cm. �e reason why the shear strength increases
quickly for both of them is that signi�cant di�erence makes
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Figure 18: Relationship between shear directions as well as asperity heights and peak shear strengths. (a) Di�erent asperity heights
(NS� 2.04MPa); (b) di�erent normal stresses (SD� 0°).
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Table 1: Peak shear strengths of natural rough rock joint surfaces
under di�erent normal stresses and shear directions.

Number of
discontinuity

Shear
direction, θ (°)

Normal stress, σ (MPa)
0.51 1.02 2.04

A1

0 2.18 3.19 5.45
10 2.19 4.30 6.27
20 8.60 12.99 16.00
30 8.00 10.64 12.25

A2

0 10.71 12.84 14.30
10 12.04 14.32 15.07
20 10.41 12.31 15.21
30 11.28 13.19 15.62

A3

0 6.28 8.20 10.32
10 14.27 16.74 17.29
20 8.06 12.56 17.30
30 5.81 12.31 16.34

A4

0 12.68 14.89 16.26
10 8.75 13.39 17.28
20 6.02 9.03 14.11
30 9.06 12.02 17.80

A5

0 2.06 4.26 7.50
10 6.12 8.99 12.74
20 3.67 6.81 9.00
30 7.92 10.74 15.32

A6

0 11.38 12.69 15.24
10 10.92 13.2 16.41
20 9.82 11.94 13.79
30 9.64 12.36 17.96

A7

0 7.04 10.85 12.02
10 10.01 14.48 16.68
20 11.75 14.39 16.66
30 9.74 14.03 18.36

A8

0 5.12 7.04 8.73
10 3.21 4.22 6.38
20 3.05 4.15 5.52
30 4.68 5.85 6.38

14 Advances in Civil Engineering



discontinuity integrate closely and causes the strength
increase obviously.

3.4. Natural Rough Rock Joint Surface Model. In the exper-
imental process of natural rough rock joint surfaces, eight
original site samples of discontinuity and eight sets of
concrete subsamples, which every set of the subsamples
includes thirty-six samples, are selected to conduct the direct
shear experiment. �e in¢uence factors include shear di-
rection and normal stress. �e shear directions include 0°,
10°, 20°, and 30°, respectively, and the normal stresses include
0.51MPa, 1.02MPa, and 2.04MPa, respectively. �ree
samples are used to conduct the direct shear experiment
under the same shear direction and normal stress. �e every
value in Table 1 is obtained by getting the average value of
the results based on three samples. Table 1 shows peak shear
strengths of natural rough rock joint surfaces under di�erent
shear directions and normal stresses.

3.4.1. �e In uence of Shear Direction on Peak Shear
Strength of Natural Rough Rock Joint Surfaces. According
to Table 1 and Figure 20, the in¢uence of shear direction on
peak shear strength is very signi�cant, especially for the
samples A1, A3, A4, and A5.When the shear direction is 20°,
the changes of peak shear strength are remarkable. �e
samples A2, A6, and A8 have small changes for the peak
shear strength. For the same sample, under di�erent normal
stresses, the change of peak shear strength is very remarkable
due to anisotropy and nonhomogeneity of discontinuity.
From Figure 20(d), the sample A8 has small di�erences with
peak shear strength when the shear directions change from
10° to 30°. �e reason is that the surface of discontinuity is
more level than that of other discontinuities, and the an-
isotropy and nonhomogeneity of the discontinuity are not
obvious. At the same time, the anisotropy of discontinuities can
easily be found in Figure 20 because of their di�erent change
laws for di�erent shear directions and the same sample.
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Figure 20: Relationship between peak shear strengths and shear directions for the subsamples of natural rough rock joint surfaces. (a) A1
and A2; (b) A3 and A4; (c) A5 and A6; (d) A7 and A8.
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3.4.2. Analysis on Shear Failure Mechanism of Natural Rough
Rock Joint Surface

(1) Subsamples of Natural Rough Rock Joint Surface.
Figure 21 shows the shear strengths and shear displace-
ments of subsamples for natural rough rock joint surfaces
taking the sample A4 as an example. According to Figure
21, the failure modes of the subsamples for natural rough
rock joint surfaces are main failure by shearing through
the asperities, which is brittle failure, under di�erent
normal stresses and shear directions. To the sample with
failure by shearing through the asperities, the di�erences
in shear strength between peak value and residual value
are about from 4.0MPa to 14.0MPa. From the experi-
mental results, the failure mode of discontinuity depends
on normal stress to a large extent. �ese capabilities
demonstrate that the anisotropy of discontinuity is
a crucial factor to its shear strength and failure mode. �e
deformation law for the sample A4 is completely di�erent.
�e shear displacement of di�erent shear directions and
normal stresses is very signi�cant before it reaches the
failure state. Another di�erent characteristic is that the
residual strength of the original samples is higher than
that of the subsamples.

(2) Original Samples of Natural Rough Rock Joint Surfaces.
Table 2 shows the failure modes and shear strengths of the
original samples under experimental conditions. According
to Table 2, the failure modes of discontinuity with same
normal stress are similar. �erefore, normal stress plays an
important role for the failure mode of natural rough rock
joint surfaces. Under the in¢uence of anisotropy of dis-
continuity, the failure model might appear failure by sliding
over the asperities when the normal stress is higher for the
original samples. In the process of the experiment for the
original samples, the di�erence in the value between peak
shear strength and residual strength is 0.49–0.72MPa for
failure by sliding over the asperities and 1.33–3.96MPa for
shear failure. For the peak shear strength, the di�erence in
shear strength between the original samples and subsamples
is from 1.6% to 17.45%.�e change ratio of residual strength
for the original samples and subsamples is greater than that
of peak shear strength. It can be concluded that the failure
mode of the subsamples is main failure by shearing through
the asperities due to the signi�cant di�erence between peak
shear strength and residual strength, while the failure mode
for parts of the original samples is failure by sliding over the
asperities. �is is potentially caused by properties of ma-
terials which strength of concrete is less than that of the site.

0

5

10

15

20

0 5 10 15
Shear displacement (mm)

Sh
ea

r s
tre

ss
 (M

Pa
)

20 25 30

Shear direction
0º

10º

20º

30º

(a)

0

5

10

15

20

Shear displacement (mm)

Sh
ea

r s
tre

ss
 (M

Pa
)

0 5 10 15 20 25 30

Shear direction
0º

10º

20º

30º

(b)

0

5

10

15

20

Shear displacement (mm)

Sh
ea

r s
tre

ss
 (M

Pa
)

0 5 10 15 20 25 30

Shear direction
0º

10º

20º

30º

(c)

0

5

10

15

20

Shear displacement (mm)

Sh
ea

r s
tre

ss
 (M

Pa
)

0 5 10 15 20 25 30

Shear direction (NS)
0º (0.51 MPa)
0º (1.02 MPa)
0º (2.04 MPa)

10º (0.51 MPa)
10º (1.02 MPa)
10º (2.04 MPa)

(d)

0

5

10

15

20

Shear displacement (mm)

Sh
ea

r s
tre

ss
 (M

Pa
)

0 5 10 15 20 25 30

Shear direction (NS)
20º (0.51 MPa)
20º (1.02 MPa)
20º (2.04 MPa)

30º (0.51 MPa)
30º (1.02 MPa)
30º (2.04 MPa)

(e)

Figure 21: Shear strengths and displacements of the subsamples with natural rough rock joint surface model (A4). (a) NS� 0.51MPa;
(b) NS� 1.02MPa; (c) NS� 2.04MPa; (d) SD� 0° and SD� 10°; (e) SD� 20° and SD� 30°.
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Figure 22 shows the roughness surfaces of samples be-
fore and after the experiment. Figure 23 shows the re-
lationship between shear strengths and displacements of the
original samples for natural rough rock joint surfaces. *e
peak shear strengths of the original samples are far greater
than those of the subsamples. *e failure mode is closely
related to normal stress and surface topography of dis-
continuity. *e peak shear strength of sample A2 is twice
that of sample A3 in the direct shear experiment. It can be
explained that the holding-on state between the upper
discontinuity and the lower discontinuity is rearranged after
the first peak shear strength appears. *e heaves on the
upper surface of discontinuity keep a tight grip on that of the
lower surface of discontinuity which causes the peak shear
strength increasing. Meanwhile, the shear strength of the
other discontinuities will either slightly decrease or be ap-
proximately constant, which makes the failure mode of
discontinuity become failure by sliding over the asperities.

Table 3 shows the area of natural rough rock joint
surfaces before and after the experiment. According to Table
3, the surface area of the discontinuity decreases obviously
due to the direct shear experiment. *e change ratio for the
area of the upper discontinuity is less than that of the lower
discontinuity. It can be concluded that the lower disconti-
nuity can easily wear under the influence of the normal
stress. Not every discontinuity will be decreased for its
surface area after the experiment. Sometimes, it can be
increased, for example, the upper surface of the samples A2
and A3. As seen from the samples after the experiment, the
surface topography of discontinuity becomes more complex.
*e reason that caused this phenomenon is dilatancy effect
appearing between upper discontinuity and lower discon-
tinuity in the process of the experiment. Hard mineral
particles roll in the shear zone which causes more complex
surface topography of discontinuity. *erefore, the change
ratio of area for the discontinuity depends on surface

Figure 22: Roughness surfaces of the samples before and after the experiment.

Table 2: Comparison of failure modes and shear strengths between the original samples and subsamples.

Discontinuity Normal stress,
σ (MPa)

Peak shear strength, τp (MPa) Residual strength, τr (MPa) τp-τr (MPa) Failure mode
A B C A B C A B A B

A1 2.04 (10°) 7.47 6.27 16.1% 6.75 2.17 67.9% 0.72 4.10 Wear Shear
A2 1.02 (10°) 14.56 14.32 1.6% 10.60 3.43 67.6% 3.96 10.89 Shear Shear
A3 0.51 (0°) 9.24 8.20 11.3% 7.91 6.22 21.4% 1.33 1.98 Shear Shear
A4 2.04 (10°) 14.57 13.39 8.1% 12.89 5.58 56.7% 1.68 7.81 Shear Shear
A5 0.51 (10°) 6.38 6.12 4.1% 5.89 3.66 37.9% 0.49 2.46 Wear Shear
A6 0.51 (30°) 9.88 9.64 2.4% 6.35 5.03 20.8% 3.53 4.61 Shear Wear
A7 0.51 (0°) 8.52 7.04 17.4% 4.80 3.95 17.7% 3.72 3.09 Shear Shear
A8 2.04 (0°) 10.41 8.73 16.1% 7.76 2.10 72.9% 2.65 6.63 Shear Shear
Note: A� original sample; B� subsample; C� change ratio.
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topography, strength of heave on the surface of disconti-
nuity, and particle size of minerals on the surface of
discontinuity.

4. Discussions

(1) �e change trend of peak shear strength for
roughness types I and II was similar during model
experiments. However, the amplitude of variation
for roughness type II was bigger than that of
roughness type I. Under di�erent shear directions,
the change trend of peak shear strength for rough-
ness types I and II presented “W” shape and the
amplitude of variation was similar. �e change trend
of peak shear strength had good coherence to ex-
perimental data under di�erent asperity inclination
angles and asperity heights. Compared with
roughness types I and II, the change trend of peak
shear strength for roughness type III increased �rst
and then decreased with an increase in the normal
stress. �e peak strength increased with an increase
in the asperity height. �e amplitude of variation
grew by accretion as shear direction.

(2) �e experimental results of the natural rough rock
joint surface model showed that the peak shear

strength of natural rock joint presented di�erent
change trends with an increase in the normal stress.
For roughness types I, II, and III, the change law of
shear strength under di�erent shear directions and
normal stresses had obvious variations. In addition,
anisotropy of natural joint surface had stronger
in¢uence on shear strength of discontinuity than
those of aforementioned three types.

(3) Roughness types I, II, and III and natural joint had
similar failure modes. However, due to stress con-
centration at the edge of the samples, the area of
discontinuity after the experiment was bigger than
that before the experiment for natural joint.

5. Conclusions

Rock mass discontinuity plays an important role in the
deformation and failure of rock mass. In this study, aiming
at the in¢uences of discontinuity roughness on the strength
parameters, the model construction and laboratory exper-
iments are conducted based on many factors, such as as-
perity inclination angle and asperity height. �e e�ects of
discontinuity roughness on the mechanical e�ect of shearing
strength are researched. At the same time, the relationship
between multidirection shear strength and three-dimensional
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Figure 23: �e curve of shear strengths and displacements of the original samples for the natural rough rock joint surface model.
(a) NS� 2.04; (b) NS� 0.51; (c) NS� 1.02.

Table 3: Areas of natural rough rock joint surface models before and after the experiment.

Discontinuity
Area of the upper discontinuity (mm2) Area of the lower discontinuity (mm2)

Before test After test Change ratio Before test After test Change ratio
A1 2091.36 2022.53 3.29% 2072.69 2018.78 2.60%
A2 2013.01 2013.01 0.00% 2156.83 2015.93 6.53%
A3 2028.24 2034.52 −0.31% 2178.09 2031.96 6.71%
A4 2149.91 1987.12 7.57% 2153.99 1984.53 7.87%
A5 2037.10 2033.22 0.19% 2030.56 2005.09 1.25%
A6 2240.31 2107.97 5.91% 2165.84 2114.88 2.35%
A7 2075.97 2048.28 1.33% 2146.45 2043.26 4.81%
A8 2065.07 2033.19 1.54% 2064.80 2035.32 1.43%
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roughness from different shear directions and normal stresses
are researched by means of the modeling experiment. *e
following conclusions can be drawn for the conducted
researches:

(1) Standard steel mould and quasi-3D steel mould
of discontinuity are designed and manufactured.
*e modeling samples of two types of discontinuity
are constructed by concrete. *e mechanical be-
havior of discontinuity samples with different as-
perity inclination angles and asperity heights are
researched under different shear directions and
normal stresses. According to the surface failure
topography of different types of discontinuity after
the experiment, the shear failure mechanism
combined with the corresponding curve of shear
stress and shear displacement is studied. It can
be found that there are two failure types which
are named “failure by shearing through the as-
perities” and “failure by sliding over the asperities”
in discontinuity under different loads, and obvious
stress concentration, climbing, and cutting effects
appear in the discontinuity in the process of the
direct shear experiment.

(2) *e discontinuity samples are formed from the rock
core in the Lukou airport station of Nanjing City,
China. *eir 3D roughness is identified based on
three-dimensional sensing system (3DSS). *e area
of natural rough rock joint surfaces is calculated by
self-programming software. Finally, the mechanical
behavior of the original samples and subsamples of
true-3D discontinuity under different shear di-
rections and normal stresses are researched, and at
the same time, the failure mechanism of natural
rough rock joint surfaces after the experiment is
analyzed. *e results show that the residual
strength of the original samples is higher than that
of the subsamples. In addition, the failure mode of
the subsample is main failure by shearing through
the asperities due to the significant difference
between peak shear strength and residual strength,
while the failure mode for parts of the original
samples is failure by sliding over the asperities. *e
change ratio of area for the discontinuity after
experiment depends on surface topography,
strength of heave on the surface of discontinuity,
and particle size of minerals on the surface of
discontinuity.
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