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Columnar jointed basalt (CJB) is a kind of jointed rock with a polygonal
cylinder mosaic structure that has complex mechanical properties such as
discontinuity and heterogeneity. The typical geological structure of the CJB
is the intercolumnar joint plane and the implicit joint plane, which obviously
affect the mechanical properties of the rock mass. Controlling the unloading
relaxation of the CJB is a key problem during the construction of underground
engineering. In this paper, in-situ acoustic wave and panoramic borehole
camera measurements were carried out in the cavern of the Baihetan project to
understand the failure mechanism of the collapse of the CJB. It was quite clear
that the evolution of the excavation damage zone (EDZ) of the CJB depends
on the time and spatial effects. The closer to the collapse zone, the greater the
degree of relaxation failure of the columnar joint rock mass; the further away
from the cavern perimeter, themore stable the surrounding rock. The correction
between wave velocity and cracks in the rock mass was also discussed. This
field test and theoretical analysis can provide a reference for studying the failure
mechanism and control measures of CJB in underground caverns under high
geostress.

KEYWORDS

columnar jointed basalt, underground cavern, collapse mechanism, mechanical
properties, rock fracture

1 Introduction

The columnar joint is a common primary fracture structure in basalt (Hoek and
Brown, 1980; Jiang et al., 2014; Shi et al., 2020; Zhao et al., 2022a; b). Columnar joints
are formed by cooling shrinkage during diagenesis and are more common in thick lavas
(Schultz, 1995; Almqvist et al., 2012; Jiang et al., 2019; Liu et al., 2023). Columnar joints
divide the rock mass into regular polygonal long columns, essentially perpendicular
to the lava plane. As a type of dense jointed rock with a regular planar network
structure, columnar jointed rock has complex mechanical response processes under high

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1378264
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1378264&domain=pdf&date_stamp=2024-03-14
mailto:zhang_jc4@hdec.com
mailto:zhang_jc4@hdec.com
mailto:peishufeng@ncwu.edu.cn
mailto:peishufeng@ncwu.edu.cn
https://doi.org/10.3389/feart.2024.1378264
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1378264/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1378264/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1378264/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1378264/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1378264

geostress, such as joint surface opening, rock block fracture
and relaxation failure (Brady and Brown, 2005; Xia et al., 2020;
2023; 2024; Hu et al., 2023; Zheng et al., 2023a; b; Si et al., 2024a;
b; Wang et al., 2024). Given the weak and complex mechanical
properties of columnar joints, it is easy to induce failures during
the excavation of the CJB in underground caverns (Hao et al., 2016;
2021; 2022; Li et al., 2020; 2023; Zhao et al., 2023).

Structural planes such as joints, fissures and faults are common
in rock materials (Saliba and Jagla, 2003; Li et al., 2021; 2022; 2024;
Zhang et al., 2022). The structural plane is the most important
factor in controlling the deformation, strength and permeability
of the surrounding rock of the tunnel (Smith and Holden, 2021;
Cai et al., 2022a; b, 2023; Guo et al., 2023a; b; Xu et al., 2024; Lu
et al., 2024). The structural plane derives the complex properties
such as anisotropy and heterogeneity of the surrounding rock,
which makes the mechanical behavior of the rock mass much
more complex than that of general homogeneous, continuous
and isotropic materials (Jin et al., 2014; Xia et al., 2020; Lei et al.,
2023; Chen et al., 2024; Zhao et al., 2024a; Zhao et al., 2024b). In
essence, the fracture of the CJB is a three-dimensional evolutionary
process (Feng et al., 2021; Yang et al., 2021; Deng et al., 2023). To
fully understand the mechanical property of rock fracture, high-
precision microseismic (MS) monitoring technology is introduced
into underground caverns to monitor the fracture process of the
CJB (Chen et al., 2014; Han et al., 2023). The 3D fracture process
of the CJB under strong excavation unloading, in particular the
time-dependent relaxation and spatial heterogeneity, has been
successfully revealed byMSmonitoring (Feng et al., 2015). In short,
the MS monitoring technology can effectively resolve the basic
spatiotemporal characteristics of the microseismicity of the CJB
in caverns.

To investigate the relaxation characteristics and failure
mechanism of the collapse of the CJB, acoustic velocity
measurements and a panoramic borehole camerawere carried out in
the underground cavern.The results presented in this paper provide
an indication of the excavation induced mechanical response of
the CJB.

FIGURE 1
Aerial view of the Baihetan project in the Jinsha River, China.

FIGURE 2
Spatial layout of the left caverns in the Baihetan project.

2 Project background

2.1 Project introduction

The aerial view of the Baihetan project is shown in Figure 1.
The hydropower project is equipped with eight sets of hydropower
generating units on both the left and right banks. The capacity of
each hydropower generator of the project is 1000 MW. The total
excavation length and volume of the underground cavern groups
are 217 km and 25 million m3, respectively.The concrete dam of the
project is designed as a double curved dam, which is located in an
asymmetrical valley in the V shape.

The spatial layout of the left cavern groups of the Baihetan
project is exhibited in Figure 2. The four large caverns, namely, the
powerhouse, the tailrace surge tank, the main transformer room
and the tailrace gate room, are arranged parallel to each other.
The busbar tunnels and the tailrace connection pipes are arranged
perpendicular to the axis of the powerhouse.

2.2 Geological information

The columnar jointed basalts of the Baihetan project are
developed in several rock flow layers, and the columnar jointed
basalts of the P2β23 layer are exposed in the tailrace connection
pipes. Depending on the diameter and length of the column,
the Baihetan columnar jointed basalts can be divided into three
categories: small, medium and large columnar jointed basalts. The
small columnar jointed basalt is 13–25 cm in diameter, and 2–3 m
in length. The micro-cracks are developed, and the length of the
cut block is about 5 cm. The diameter of the medium columnar
jointed basalt is 25–50 cm, and the length of the column is generally
0.5–2.0 m. The internal micro-cracks are developed, but the mutual
occlusion is not completely cut off, and the block size is about 10 cm.
The large columnar jointed basalt has a diameter of 0.5–2.5 m and a
length of 1.5–5 m.
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FIGURE 3
Excavation scheme of the tailrace connection pipe in the caverns.

2.3 Excavation scheme

The tailrace connection pipes are located between the
powerhouse and the tailrace surge tank. The axis of the tailrace
connection pipe is perpendicular to the axis of the powerhouse.
There are a total of eight tailrace connection pipes, which are
arranged approximately in parallel with equal spacing of 38 m.
The sectional shape of the tailrace connection pipe is a straight
wall and semi-circular arch. The width and the height of the
tailrace connection pipe are 16.0 and 20.6 m, respectively.Therefore,
the tailrace connection pipes adopt a layered excavation scheme
along the elevation direction. The specific excavation scheme of
the tailrace connection pipe is shown in Figure 3. The tailrace
connection pipe is divided into three layers along the elevation
direction, and the excavation heights of each layer are 8, 9.6
and 3.0 m, respectively. The layer excavation boundary of the
tailrace connection pipe is indicated by the red dashed line in
Figure 3.

3 Collapse mechanism of the CJB

3.1 Characteristics of collapse

During the excavation of the cavern, a large scale collapse of the
rock mass occurred in the sidewalls of the No. 5 tailrace connection
pipe. The depth of the collapsed area is approximately 1.5 m, and

the extent of the collapse failure is very severe (Figure 4). The site
investigation shows that the CJB was developed in this region.
The collapse area is close to the working face and the vibration
damage to the CJB in this area is severe under the influence of
the blast disturbance. In addition, only steel mesh and shotcrete
support is used after excavation and no effective reinforcement
measures, such as systematic bolting and anchoring cables, are
adopted to control the relaxation failure of the CJB. This is another
important reason for the collapse of the surrounding rock in
this area.

3.2 Geological analysis

The geological survey reveals that the typical CJB exposed in
the tailrace connection pipes is shown in Figure 5. The cross section
of the CJB is irregular polygon, mainly pentagon and hexagon. The
edge length of the irregular polygon is in the range of 10–25 cm, and
the axis inclination of the CJB is about 75° ∼ 85° (Figure 5A). The
intercolumnar joint plane, formed by condensation shrinkage of the
basalt, is the main structural plane of the CJB. The intercolumnar
joint plane is covered with a chlorite film and has an oily sheen.
In addition to the intercolumnar joint plane, there are a large
number of implicit joint planes in the CJB (Figure 5B). Note that,
depending on the occurrence of joints, the implicit joints developed
in the column are mainly steeply inclined implicit joints and gently
inclined implicit joints.

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2024.1378264
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1378264

FIGURE 4
Collapse of the columnar jointed basalt. (A) geological of the collapse zone, (B) opening failure of the intercolumnar joint plane, (C) fracture of the
implicit joint plane.

FIGURE 5
Typical characteristic of the columnar jointed basalt exposed in the cavern. (A) irregular polygon, (B) intercolumnar and implicit joint planes.

In the stress compression state, the internal joints of the rock
are tightly closed and embedded, and the mechanical performance
of the rock mass is good. However, the stress is adjusted and

redistributed after excavation and unloading. It has been found that
the material discontinuity of the structural plane has a significant
influence on the failure mode of the rock mass during cavern

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2024.1378264
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1378264

excavation. The joint surface between the columns slowly opens
after the confining pressure is released (Figure 4B). The implicit
joints in the column then rupture (Figure 4C). Failure of the joint
plane, such as opening and sliding during excavation unloading,
results in a significant reduction in the mechanical strength of the
CJB. Under the action of unfavorable geological conditions and
excavation unloading, the CJB relaxes, resulting in deformation and
collapse to the air face.

3.3 Acoustic measurement

3.3.1 Layout of boreholes
An in-situ acoustic wave measurement was carried out in the

No. 5 tailrace connection pipe to deeply detect and reveal the failure
mechanismof the collapse of the columnar jointed basalt under blast
disturbance. Four acoustic boreholes were drilled in the sidewalls
near the collapse area of the No. 5 tailrace connection pipe. The
specific layout of the acoustic boreholes is shown in Figure 6. From
the left to the right sidewall of the No. 5 tailrace connection pipe,
the acoustic boreholes are labelled D1, D2, D3, and D4, respectively.
These boreholes are arranged parallel to each other, and the distance
between the adjacent boreholes is 1 m.The length of these boreholes
is 8 m.

3.3.2 Relaxation characteristics
Excavation-induced unloading relaxation characteristics of the

rock mass can be reflected by the acoustic wave testing. In order to
study the temporal evolution of the relaxation characteristics of the
CJB, multiple acoustic tests were carried out in the collapse area of
the No. 5 tailrace connection pipe. The criterion for assessing the
relaxation depth of the rock mass is the apparent inflection point
of the acoustic velocity (Feng et al., 2016). It is clearly shown that
the acoustic velocity of the relaxation zone is less than 3,500 m/s,
displaying that the relaxation fracture of the surrounding rock is
severe in this part of the area (Figure 7). The acoustic velocity is
related to the lithology, rigidity and integrity of the rock mass. It
is therefore concluded that the micro-cracks and fractures in the
relaxation zone are open. The acoustic velocity of the surrounding
rock in the deeper zone away from the free face is approximately
5,500 m/s, indicating that the surrounding rock in this area is
relatively intact. Notably, there is a localised zone of acoustic velocity
decrease in the surrounding rock, which drops to approximately
4,200 m/s (Figures 7C, D). In fact, the surrounding rock in the
deeper part of the borehole is in a three-dimensional compressional
state and the rapid decrease in acoustic velocity indicates that there
is a micro-crack zone in this area. The results of multiple acoustic
wave measurements show that the relaxation depth of the CJB
gradually increases with time.The acoustic velocity of the rock mass
also decreases with time. It is quite clear that the evolution of the
unloading relaxation of the CJB is dependent on the effect of time.
Therefore, timely and effective placement of support reinforcement
after excavation is of great importance to control the growth of the
relaxation depth of the CJB.

The temporal evolution of the excavation damage zone of the
CJB in the No.5 tailrace connection pipe is shown in Figure 8.
The EDZs of the No.5 tailrace connection pipe are in the range
of 1.8–2.4 m. Obviously, the measured excavation damage zone of

FIGURE 6
Layout of the acoustic boreholes of the No.5 tailrace connection pipe.

the borehole near the collapse area (D1 and D3) is greater than
that of the borehole away from the collapse area (D2 and D4).
The maximum excavation damage zone of the boreholes near and
far from the collapse area is 2.4 and 2.1 m, respectively. And the
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FIGURE 7
Observed acoustic velocity of the rock mass in boreholes (A) D1, (B)
D2, (C) D3, (D) D4.

minimum excavation damage zone of the boreholes near and far
from the collapse area is 2.0 and 1.8 m, respectively. Therefore, the
development of the excavation damage zone of the CJB also depends
on the spatial effect. In other words, the closer to the collapse zone,

FIGURE 8
Temporal evolution of the excavation damage zone of the columnar
jointed basalt.

the greater the degree of relaxation failure of the CJB; the further
away from the cavern perimeter, the more stable the rock mass.

3.4 Panoramic borehole camera

Inorder to study the internal joints in theEDZof the surrounding
rock more intuitively, the crack characteristics of the CJB were
observed using the panoramic borehole camera. Typical test results
fromaboreholecameraareshowninFigure 9.Theobservationresults
displaythat therearea largenumberof jointsormacroscopic fractures
in the region of 0–1 m from the cavern perimeter, illustrating that
the integrity of the CJB is very poor.Thewidths of thesemacroscopic
fractures are 1–3 cm, with a maximum of 5 cm. The fracture planes
extend to a depth of 2 m from the cavern perimeter, indicating
that stress relaxation and fracturing of the rock mass is severe.
Macroscopic crackswith awidth of 2–8 cmare also distributed in the
deeper part of the surrounding rock. In addition, a large number of
implicit joints are developed in the region of 4–8 m from the cavern
perimeter, declaring that the lithology of the CJB as a whole is poor.

In the absence of excavation disturbance, the implicit joints
are in a closed state and the rock mass shows no obvious damage.
However, the typical geological structure such as the intercolumnar
joint plane and the implicit joint plane are developed in the CJB.
These discontinuous geological structure not only reduces the
integrity of the rock mass, but also affect the mechanical properties
of the rock mass. Therefore, under the action of excavation
unloading or external force disturbance, the CJB has a potential risk
of large-scale unloading relaxation damage. Under the disturbance
of excavation unloading, the joint surface between the columns
tends to relax and open, forming macroscopic cracks and increasing
the risk of collapse failure of the rockmass. In addition, the borehole
camera results show that the internal joint surface and cracks are
more developed and the cracks cut through the rock mass, resulting
in poor overall integrity of the surrounding rock of the CJB (Muller,
1998; Antonellini and Mollema, 2019). This is also the reason why
the shallow surrounding rock of the cavern is prone to collapse after
mining of the CJB.
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FIGURE 9
Results of borehole camera observations of the columnar jointed basalt.

4 Discussion

4.1 Correlation between acoustic velocity
and cracks

A comparison between the acoustic velocity results and the
cracks in the CJB is indicated in Figure 10. The acoustic test
shows that the velocity of the CJB in the shallow range of 0–1 m
from the cavern perimeter is significantly reduced by excavation
unloading, and the average wave velocity is reduced to 2,500 m/s.
The average velocity of the rock in the 1–2 m range increases
to 4,200 m/s and it is speculated that the quality or integrity of
the rock in this area is slightly better than that in the 0–1 m
range. The panoramic borehole camera shows that many cracks
are developed in the range of 0–1 m from the cavern perimeter,
and breakouts are also observed in the borehole. With respect to
the range of 0–1 m, the number and size of cracks in the range of
1–2 m are significantly reduced. It is worth noting that the wave
velocity of the rock mass drops sharply at a depth of approximately
4.4 m, corresponding to a distinct fracture observed by the borehole
camera (see star in Figure 10). The same feature is found at a
depth of approximately 5.8 m from the cavern perimeter. Therefore,
comparative analysis of the borehole camera and acoustic test shows
that the variation in wave velocity is consistent with the distribution
of cracks. In other words, the velocity of the surrounding rock
is significantly reduced in the area where the cracks are densely
developed.

FIGURE 10
Comparison between the results of acoustic velocity and cracks in
the borehole.

4.2 Strength of the CJB

The strength of the rock mass is closely related to the quality of
the rock. The main basis for assessing rock quality is the structural
characteristics and the structure plane state of the rock mass.
The physical and mechanical properties of jointed rock can be
quantitatively characterised by the Hoek-Brown criterion. And the
computational formula of the criterion is as shown in Eqs. 1–4
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FIGURE 11
Evolution of rock mass strength with variation of the blasting
damage factor.

(Martin et al., 1999):

σ1 = σ3 + σc(mb
σ3
σc
+ s)

a
(1)

mb =mi exp(
GSI− 100
28− 14D

) (2)

s = exp(GSI− 100
9− 3D

) (3)

a = 1
2
+ 1
6
(exp(−GSI

15
)− exp(−20

3
)) (4)

Where σc is the uniaxial compressive strength of the intact rock;
mi is the rock material constant; mb, s, and a are the empirical
parameters of the Hoek-Brown criteria; GSI is the geological
strength index; D is the blasting damage factor.

The Geological Strength Index (GSI) is a quantitative index
for assessing the strength of the rock mass (Hoek et al., 1998).
As an important parameter of the Hoek-Brown criterion, GSI
realises the quantitative calculation of the rock mass strength.
The rock mass parameters of the CJB under blasting excavation
can be calculated using the RocLab software (Hoek and Brown,
1988), as shown in Figure 11. It is evident that the global strength
and the uniaxial compressive strength of the field rock mass
have an approximately negative linear correlation with the blast
damage factor. As the blast damage factor increases, the global
strength and uniaxial compressive strength of the field rock
mass progressively decrease. For every 0.1 increase in the blast
damage factor, the strength of the rock mass is reduced by
approximately 4%–7%.

The rock structure of the CJB is a mosaic structure. Prior
to excavation, the structure of the rock is tightly compacted
and the mechanical properties are good, whereas after excavation
the mechanical properties decrease sharply. Therefore, on the
one hand, short footages and small charges should be used
in blasting excavation to reduce the degree of deterioration
and damage to the CJB. On the other hand, rock bolts and
anchor cables should be used to strengthen the rock and prevent
secondary damage.

5 Conclusion

In this paper, in-situ acoustic wave velocity and borehole camera
tests were carried out to investigate the collapse of the CJB in the
tailrace connection pipe of the Baihetan hydropower station, China.
The failure mechanism of the collapse of the CJB was systematically
investigated, and the main conclusions are listed as below.

The panoramic borehole camera results show that the joints in
the CJB of the tailrace connection pipes are densely developed, and
the relaxation and joint surface opening behaviour after excavation
unloading is evident. And themechanical properties of theCJB show
a clear spatiotemporal effect under the influence of the unloading of
the excavation.The results of the continuous field observations show
that the excavation damage zones of the CJB increase slowly, i.e., the
unloading relaxation of the CJB is a time-dependent failure process.
The development of the excavation damage zone of the CJB also
depends on the spatial effect. That is, the closer to the collapse zone,
the greater the degree of relaxation failure of the CJB; the further
away from the cavern perimeter, the more stable the rock mass.

As the cavern is excavated and unloaded, the intercolumnar joint
plane and the implicit joint planes of the CJB gradually open. CJB is
prone to collapse under the action of external forces, posing a serious
threat to the safety of mechanical equipment and construction
personnel. The research results in this paper can provide a reference
for studying the failure mechanism and control measures of CJB. In
other words, how to effectively prevent the opening and fracturing
of the joint plane is the key to preventing the failure of the CJB of
the cavern.
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