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Columnar jointed rock masses (CJRM) are characterized by significant anisotropy. The
mechanical properties of CJRM are complicated by the presence of columnar joints. In this
paper, based on the Voronoi random graph generation algorithm, the irregular CJRM
numerical model is established, in which columns are simulated by solid elements while
joints are simulated by contact surface elements. Uniaxial compression tests on irregular
CJRM are then conducted by using FLAC3D to investigate the deformation and strength
characteristics, and failure modes. Results indicate that irregular CJRM exhibit strong
anisotropy under uniaxial compression, and the compressive strength varies with joint
angle in a typical U-shape curve. Failure modes can be classified as three categories:
splitting failure along loading direction, shear-sliding failure along columnar joint, and
combined failure of column fracturing and joint splitting. The numerical results are then
compared with the experimental results. It demonstrates the effectiveness and reliability of
applying numerical simulation to investigations on mechanical properties and failure
mechanism of irregular CJRM. The results of this study provide helpful information for
the design and construction of the project involving CJRM.
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INTRODUCTION

Columnar joint is a primary tensile-fracture structure with polygonal columnar shape, which is
widely developed in basalt [1–3]. Columnar jointed rock mass (CJRM) exhibits distinct
characteristics of discontinuity, nonlinearity, heterogeneity and anisotropy, resulting in poor
integrity and mechanical properties [4–7]. With the development of hydropower resources,
CJRM is encountered in the construction of large and medium-sized hydropower engineering,
such as Xiluodu, Baihetan, Jin’anqiao Ertan hydropower station in Southwest China. The existence of
CJRM has caused many technical problems to the construction of these hydropower stations.

Over the past years, substantial efforts have been carried out to understand the engineering
geological characteristics, physical and mechanical characteristics of CJRM and its influence on
engineering characteristics by means of engineering geological investigation, in-situ test, laboratory
test and numerical simulation. Based field true triaxial tests and acoustic emission technology, Shi [8]
studied the failure mechanism of CJRM. Jiang [9] investigated and experimentally studied the
anisotropy of deformation and strength of CJRM based on field tests. The results show that the crack

Edited by:
Qingxiang Meng,

Hohai University, China

Reviewed by:
Feng Xiong,

China University of Geosciences
Wuhan, China
Yingchun Li,

Dalian University of Technology, China

*Correspondence:
Zhipeng Xiang

zpxiang_hhu@163.com

Specialty section:
This article was submitted to

Interdisciplinary Physics,
a section of the journal

Frontiers in Physics

Received: 15 December 2021
Accepted: 24 February 2022
Published: 14 March 2022

Citation:
Yan L, Xiang Z, Xu W, Wang R and Ji H

(2022) Numerical Simulation of
Mechanical Properties of Irregular

Columnar Jointed Rock Mass.
Front. Phys. 10:836286.

doi: 10.3389/fphy.2022.836286

Frontiers in Physics | www.frontiersin.org March 2022 | Volume 10 | Article 8362861

BRIEF RESEARCH REPORT
published: 14 March 2022

doi: 10.3389/fphy.2022.836286

http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.836286&domain=pdf&date_stamp=2022-03-14
https://www.frontiersin.org/articles/10.3389/fphy.2022.836286/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.836286/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.836286/full
http://creativecommons.org/licenses/by/4.0/
mailto:zpxiang_hhu@163.com
https://doi.org/10.3389/fphy.2022.836286
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.836286


propagation of columnar jointed rock mass is closely related to
the primary joints and loading direction. In situ test is the most
direct and effective method to obtain the mechanical parameters
of rock mass in practical engineering. However, due to the high
cost and complex practical environment, it is impossible to carry
out a large number of repeatable tests.

Laboratory tests provide an alternative way to obtain the
physical and mechanical parameters of CJRM. Due to the
large sizes of individual hexagonal column in the field, it is
difficult to obtain complete CJRM specimens. Laboratory
model tests are widely carried out in recent years. Based on
the similarity principle, Ji [10] and xiao [11] carried out uniaxial
and triaxial mechanical tests on columnar jointed rock-like
specimens with a similar geological structure as CJRM. Xiang
[12] studied the mechanical and hydraulic responses of CJRM
under coupled hydro-mechanical conditions on artificial rock-
like specimens with regular arrays of hexagonal prism. By using
3D printing technology, columnar jointed rock-like specimens
with complex joint network fracture are prepared to the
anisotropy of strength and deformation, stress structure effect
and failure mechanism of CJRM [13–15]. These results provide a
new way to intuitively understand the anisotropic mechanical
properties and deformation and failure mechanism of CJRM.

Numerical simulation is also an effective method to study the
mechanical properties and deformation and failure mode of
CJRM. Systematic research have been conducted by Die [16],
Yan [17], Yan [18], from the view of establishment of numerical
model, determination of characterization unit, anisotropic
mechanical characteristics and the engineering application of

CJRM. But it should be found that the research object is
regular CJRM in these studies. In this paper, a columnar
jointed rock mass model with similar column section to the
field is established according to the random Voronoi graph
generation algorithm. In the model, the solid element is used
for the column and the contact surface element is used between
the columns. To study the stress-strain relationship, anisotropic
characteristics, failure modes and slip law of joint plane of
irregular CJRM under uniaxial stress state, uniaxial
compression numerical test of CJRM with different joint
angles are carried out. The anisotropic mechanical properties
and failure mechanism of irregular CJRM are revealed.

NUMERICAL MODEL AND PARAMETER
DETERMINATION

Establishment of the Numerical Model
A two-dimensional Voronoi diagram with column section similar to
the actual statistical law in the field is generated by using improved
Voronoi iterative algorithm, shown in Figure 1A The three-
dimensional joint network is then generated by stretching the
two-dimensional diagram to a certain height, shown in
Figure 1B. A more detailed description of the method and
generated model is shown in the literature of [19]. According to
the International Society for RockMechanics (ISRM), the numerical
model of columnar jointed rock mass is cut to be circular cylinders
with a height of 100 mm and a diameter of 50 mm at different
column joint angles, shown in shown in Figure 1C.

FIGURE 1 | Numerical model of columnar jointed rock mass. A two-dimensional Voronoi diagram with column section similar to the actual statistical law in the field
is generated by using improved Voronoi iterative algorithm, shown inA. The three-dimensional joint network is then generated by stretching the two-dimensional diagram
to a certain height, shown inB. A more detailed description of the method and generatedmodel is shown in the literature of [19]. According to the International Society for
Rock Mechanics (ISRM), the numerical model of columnar jointed rock mass is cut to be circular cylinders with a height of 100 mm and a diameter of 50 mm at
different column joint angles, shown in C.
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The contact surface element is used to simulate the mechanical
properties between columns of columnar jointed rock mass. The
slip, split and closure characteristics of joint surface can be
simulated through interface in the FLAC3D software.

Based on the similarity theory, the similarity between the
mechanical properties of model samples and in-situ columnar
jointed rock mass is studied in the literature, in which high grade
cement mortar is used to simulate basalt column, and appropriate
proportion of white cement slurry is used as cementing material
to simulate joints. Based on the uniaxial compression tests of
cement mortar sample and column jointed basalt block sample,
the characteristics of stress-strain curve, peak characteristics and
failure mode are analyzed. Also, the mechanical parameters of
column, joint surface and column size are determined. The
column determined in Ref. [10] is a regular hexagonal prism
with diameter of the column of 10 mm. In this paper, an irregular
column is generated based on Voronoi diagram, with a diameter
range of 7–10 mm.

Parameter Determination
The strain softening model is adopted during the numerical test
calculation process. The model can better simulate the stress-
strain characteristics of the specimen in the process of uniaxial
compression. The column and joint parameters of columnar

jointed rock mass in numerical simulation refer to the
parameters calibrated in previous model test [10].

EXPERIMENTAL RESULTS AND ANALYSIS

Stress-Strain Curves
During the numerical simulation, the variation of axial
displacement with loading stress is recorded and the stress-
strain curves of CJRM with different joint angles under
uniaxial compression are obtained, as shown in Figure 2. As
can be seen from Figure 2, the stress-strain curves of CJRM with
different joint angles can be divided into three stages, linear elastic
deformation stage, pre-peak nonlinear deformation stage and
post-peak nonlinear deformation stage.

The deformation prosperities of CJRM exhibit different
characters in different stages. It can be found that the
proportion of elastic deformation stage in the stress-strain curves
increases with the increase of the joint angle. This phenomenon is
particularly obvious for CJRM at joint angle of 90°. With the
increase of external load, some joint elements first exhibit sliding
or tension failure and the stress-strain curve enters the nonlinear
deformation stage. The nonlinear deformation before the peak of
samples with different joint angles is different and there are obvious

FIGURE 2 | Stress-strain curves of uniaxial compression tests. The part labels (A-C) are to distinguish the different stress-strain curves of CJRM with different joint
angles (0°, 15°, 30°, 45°, 60°, 75° and 90°).
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stress peak points in each stress-strain curve. In the post-peak stage,
the deformation characteristics of CJRM with different joint angles
are noticeably different. The deformation characteristics of the
specimens after peak are different. For the joint angle of 75° and
90°, the specimens exhibit brittle failure characteristics and an
obvious sudden stress drop can be found in the stress-strain
curves. For the joint angle of 60°, the stress decreases in
fluctuation due to the progressive failure of joint surface
elements. For the joint angle of 0°, 30° and 45°, the stress
reduction is relatively small, and the stress-strain curves show
certain strain softening characteristics.

The deformation modulus, peak strength, and peak strain of
columnar jointed rock mass with different dip angles are
calculated from the stress-strain curves. Under uniaxial
compression, the stress-strain characteristics of columnar
jointed rock mass are mainly affected by the joint angle of the
column. When the joint angle of the column is 0°and 30°, the
strain corresponding to the peak stress of the columnar jointed
rock mass is relatively large. The largest axial strain appears at
joint angle of 0°, which is 7.56 × 10−3. With the increase of column
angle, the strain at the peak stress of columnar jointed rock mass
decreases gradually. The mechanical parameters of column are
obviously higher than those of joint plane. At joint angle of 45 and
60°, the deformation of the specimen is controlled by the
mechanical parameters of the joint. The specimens.

Anisotropic Properties
The variations of uniaxial compressive strength of CJRM with
joint angle are show in Figure 3A. Obviously, the CJRM show
strong anisotropy, where the variation curve of peak strength and
joint angle exhibits a typical U-shaped trend. The maximum
uniaxial compressive strength is 58.13 MPa, occurring at joint
angle of 90°. The minimum strength is 4.81 MPa, occurring at
joint angle of 60°.

The deformation modulus is calculated from the stress-strain
curves. It is found that the relationship between the deformation
modulus and joint angle also exhibits a typical U-shaped trend,
shown in Figure 3B. The maximum deformation modulus is
16.2 GPa, occurring at joint angle of 90°. The difference is that the

minimum deformation modulus occurs at joint angle of 45°,
which is 1.22 GPa.

The anisotropy ratio [20] is used to quantitatively describe the
anisotropy degree of CJRM. The calculated strength anisotropy
ratio is 12.1 and the deformation anisotropy ratio is 13.3.
According to the classification standard of rock anisotropy, the
greater the anisotropy ratio, the more significant the anisotropy.
The result shows that the irregular CJRM has significant
anisotropy under uniaxial stress.

The test results obtained by Ji [10] and Xia [13] are also shown
in Figure 3. It is clearly that the relationship between peak
strength and joint angle of CJRM all exhibits a typical
U-shaped trend. Due to the difference of bonding modes,
bonding strength and parameters, the values of peak strength
are different. Since the parameters used in this paper are

FIGURE 3 | Variation of uniaxial compression strength with dip angles for columnar jointed rock mass.

FIGURE 4 | Spatial distribution of failure elements on the column joints.
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determined on Ji model test, the test results are close to results
obtained by Ji [10].

FAILURE CHARACTERISTICS

The spatial distribution of joint failure elements at the peak
strength of columnar jointed rock mass with different joint
angles are shown in Figure 4. By comparing failure
characteristics of columnar jointed rock mass with different
joint angles, the failure modes can be summarized into the
following three categories,

1) At joint angle of 0° and 15°, the CJRM specimens exhibit tensile
failure of the joint surface along the loading direction. It can be
seen from Fig. 8 (a) and Fig. 8 (b) that the damaged joint elements
form a through fracture surface parallel to the loading direction.
In the uniaxial stress state, the specimen is not constrained by the
lateral confining pressure and the external load is shared by the
column and joint. Because the bearing capacity of the joint surface
is obviously lower than that of the column, the joint surface
distributed vertically under the load first opens and fails, and
finally forms a through fracture surface consistent with the
loading direction under the continuous load, while there are
few units that fail perpendicular to the loading direction.

2) At joint angle of 30°,45°and 75°, the CJRM exhibit shear-
sliding failure. With increase of vertical load, the shear stress
on the joints increases and gradually exceeds its shear
strength. As a result, the joint element yields and the
column slides along the yield joints. Finally, sliding failure
along the joint direction of the column is formed. It can be
seen from Figure 4 that there are multiple slip fracture
surfaces for CJRM at joint angle of 30° and 45°.

3) At joint angle of 90°, the CJRM exhibits a combined
tension–shear failure, which both crushing along the
column and splitting along the joint. The vertical load
exerted on the specimen is mainly borne by the column.
When the stress borne by the column exceeds its compressive
strength and yields, the column will undergo macro fracture,
which will lead to the opening failure of the joint surface
elements around the yield failure column.

In this section, the failure characteristics of CJRM are also
compared with the model test results [10–15]. Overall, the failure
modes are similar. The results show that it is feasible to study the
anisotropic mechanical properties and failure modes of complex
irregular columnar jointed rock mass by numerical simulation.
The columnar jointed rock-like specimens will lead to the
discreteness of test results due to the uneven adhesion of
columns. For irregular columnar jointed rock mass, there are
some disadvantages such as difficulties in sample preparation and
high cost of repeated test. The above shortcomings can be well
solved in numerical simulation, which provide an effective and
feasible way to study the mechanical properties and engineering
application of similar complex jointed rock mass.

CONCLUSION

In this paper, a numerical model of irregular columnar
jointed rock mass is established, in which solid elements
are used to simulate the columns and adopts and contact
surface elements are adopted to simulate joint surfaces.
Uniaxial compression tests are carried out to investigate
the anisotropy characteristics and failure modes of
irregular columnar jointed rock mass. The main
conclusions are as follows,

1) The curve of peak strength and deformation modulus of
irregular columnar jointed rock mass versus joint angle has
a U-shape, with the maximum occurring at joint angle of 90°

and the minimum occurring at joint angle of 45° and 60°.
Under uniaxial compression state, the columnar jointed rock
mass exhibits significant anisotropy, where the anisotropy
ratios of strength and deformation are 12.1 and 13.3
respectively.

2) The failure modes of irregular columnar jointed rock mass
under uniaxial compression can be divided into three
categories, which are tensile failure of the joint surface
along the loading direction at joint angle of 0° and 15°,
sliding failure along the inclined joint surface of the
column at joint angle of 30°, 45° and 60° and combined
fracture-tension failure at joint angle of 90°.

3) The simulation results are basically consistent with the
laboratory model test, which proves that the combined
column-joint simulation method can provide a new way to
study the mechanical properties of jointed rock mass under
complex stress state. The results of this study provide helpful
information for the design and construction of the project
involving CJRM.
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