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To study the strength, deformation, and failure patterns of columnar-jointed-rock-mass (CJRM) under unloading conditions,
triaxial unloading tests using the CJRM-like material samples are carried out, and acoustic wave (AW) velocities are simul-
taneously recorded. Based on stress-strain curves and AW velocities under different initial confining pressures and unloading
rates, the stress-strain characteristics, strength, and deformation parameters, failure modes, and variation of the AW velocity are
analyzed. Test results show that the CJRM may exhibit intense volume expansion during the unloading process. With the increase
of the unloading and its rate, the volume expansion becomes more serious and the failure mode becomes more complicated. By
reducing the unloading (rate), a phenomenon of unloading relaxation is observed and the quality of CJRM is significantly
improved. The AW velocity of CJRM shows a strong correlation with the volume strain, which verifies the effectiveness of applying
AW velocity for assessing the rock quality. It is hoped that the research results may provide a reference for the construction and

operation of the Bajhetan Hydropower Project.

1. Introduction

The Baihetan Hydropower Station is located at the lower
reaches of the Jinsha River. The barrage is a double-cur-
vature arch dam with the height of 289 m. The Baihetan arch
dam foundation is mainly composed of columnar-jointed
basalt, which contains abundant joint surfaces and micro-
cracks thus having indispensable effects on the foundation
stability. The physical and mechanical property of columnar-
jointed basalt were conducted by many scholars [1-8].
However, the construction of hydropower station usually
involves excavation procedures that could cause intense
unloading relaxation phenomenon in columnar-jointed
basalt.

In order to understand the unloading relaxation char-
acteristics of the columnar-jointed basalt in Baihetan dam
area, it is necessary to explore its unloading mechanism with

more details. Laboratory experimental study is implemented
to study unloading mechanics of jointed rock [9-15]. Also,
in-situ test is another important method for the relaxation
characteristics [16, 17]. The results indicate that the
unloading relaxation depth of columnar-jointed basalt is
influenced by the crustal stress, the rock mass quality, and
the inclined shear zone.

In this study, triaxial unloading tests using columnar-
jointed-rock-mass- (CJRM-) like material samples are
carried out to further study the unloading relaxation
characteristics of columnar-jointed basalt of Baihetan
arch dam foundation. The acoustic wave (AW) velocities
are simultaneously recorded. The stress-strain curves,
variation of AW velocities, and failure modes are obtained
and analyzed. The research results will help to explore the
unloading relaxation characteristics and deformation
patterns of CJRM, thus having application value.
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2. Experiment Scheme

2.1. Preparation of CJRM-Like Material Samples. The studies
on heterogeneous geomaterials indicate that the micro-
structure plays an important role in the mechanical prop-
erties [8, 18-22]. Given that the joint dips of columnar-
jointed basalt in the Baihetan area are basically round 75°,
the CJRM-like material samples used in the triaxial
unloading tests in this paper are all designed with a joint dip
of 75°. According to the testing standards of the Interna-
tional Society for Rock Mechanics (ISRM), the sample di-
ameter and height are, respectively, 50 mm and 100 mm. The
cement mortar with the properties in Table 1 is used to make
the CJRM-like material samples that share the same
structure and mechanical properties with the columnar-
jointed basalts. Production procedure of the CJRM-like
material samples are as follows.

(1) Produce single column by mold pouring method.
The mold is made of acrylic material, and regular
hexagonal prism grooves with the length of 5 mm are
arranged within the molds. To facilitate the
demolding process, Vaseline is smeared on the inner
surface of molds. The molds are assembled and fixed
using high-strength rubber bands.

(2) Mix high-strength Portland cement, fine sands
(particle size <lmm), Polycarboxylate Super-
plasticizer, and water into the cement mortar by
mass ratio of 1:0.5:0.4:0.002. A syringe is used to
inject the cement mortar into molds from the bottom
up, allowing cement mortar to fully fill the hexagonal
space and avoiding air bubbles.

(3) Store the molds with temperature of 20 +2°C and
relative humidity of 95% for 24 hours. Once the
columns are strong enough, open the mold and take
out the columns. Choose standard columns with
diagonal of 10mm and cure them with constant
temperature and humidity.

(4) Bond the columns neatly and tightly into a block
using white cement (shown in Figure 1), and put the
blocks into curing room. Then, cut the cured block
at the dip of 75 to form standard cylindrical
samples. At last, the measured physical and geo-
metric parameters of the test samples are shown in
Table 2.

2.2. Experiment Steps. The rock mass is naturally under
complicated spatial stress states, and it is usually difficult
to judge whether it is under loading or unloading state. In
contrast, during the process of triaxial unloading test, the
loading or unloading state can be artificially controlled
by increasing or decreasing the axial and confining
pressures. Figure 2 shows the stress path control methods
in 4 test types. Path 1 is the conventional triaxial loading
test, path 2 is the triaxial unloading test, path 3 is the
triaxial unloading test under constant axial pressure, and
path 4 is the triaxial unloading test under decreased
confining pressure. The triaxial loading test is firstly
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TaBLE 1: Physical and mechanical properties of the cement mortar.

Property Value
Density (g/cm3) 2.19
Elastic modulus (GPa) 16.03
Poisson’s ratio 0.24
Cohesion (MPa) 14.35
Friction angle (°) 38.7

FIGUure 1: Production procedure of CJRM-like material samples.

TaBLE 2: Physical and geometric parameters of CJRM-like material
samples.

No. Diameter (mm) Height (mm) Mass (g)
BHT-75-1 49.97 99.78 412.62
BHT-75-2 50.18 100.25 416.01
BHT-75-3 50.17 99.69 413.65
BHT-75-4 50.17 100.39 418.23
BHT-75-5 50.10 100.43 413.95
iy

Path 2 Path 1

Path 3

Path 4

Hydrostatic pressure
0 o

FIGURE 2: Stress paths of four triaxial unloading test methods.

employed to get the peak stress and the unloading point
is chosen as 70% ~80% of the peak stress based on
previous studies [23, 24]. This paper adopts the triaxial
unloading test under constant axial pressure (path 3),
and detailed test plans are shown in Table 3.
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TaBLE 3: Test plan of CJRM-like material samples.
No Initial confining Loading rate Unloading rate Peak strength ~ Predetermined deviatoric =~ Unloading
’ pressure (MPa) (mm/min) (MPa/min) (MPa) stress (MPa) ratio
BHT-75-1 6.0 0.5 52.76 36.53 0.69
BHT-75-2 6.0 1.0 52.76 37.69 0.71
BHT-75-3 6.0 0.02 2.0 52.76 38.95 0.74
BHT-75-4 4.0 0.5 47.91 34.17 0.71
BHT-75-5 8.0 0.5 52.76 41.97 0.80

The triaxial unloading test is carried out on an automatic
triaxial servo platform (Figure 3). Steps are as follows: apply
predetermined confining pressures of 4 MPa, 6 MPa, and
8 MPa, wait until the confining pressure is stable, and apply
axial pressure in a strain-controlled manner to obtain the full
stress-strain curve with postpeak phase. Specific test oper-
ation procedures are as follows:

(1) Measure physical and geometric parameters of the
test samples. Place upper cushion block, rock sample,
and lower block on the same central axis, and install
axial strain sensors and circumferential strain rings.
Put them into pressure chamber of the automatic
triaxial servo instrument and make sure it is on the
pressure axis.

(2) Apply confining pressure at a loading rate of
7.5MPa/min until it reaches predetermined value.
After the stability of confining pressure, add the axial
pressure to the predetermined value (about 70% of
the peak strength during triaxial compression test).
When the axis pressure remains stable, unload the
confining pressure at a rate of 0.2 MPa/min until the
sample is broken. Record the stress-strain curve
during the unloading process.

(3) Remove the rock sample, record the failure mode,
and collect data.

3. Unloading Test Results with Different Initial
Confining Pressures

3.1. Stress-Strain Curves. The stress-strain curves of CJRM-
like material samples under initial confining pressure of
4.0 MPa, 6.0 MPa, and 8.0 MPa are, respectively, shown in
Figure 4. Apparently, these stress-strain curves can be
divided into two phases. In phase I, the confining pressure
remains constant while the deviatoric stress increases. The
stress-strain curve contains initial nonlinear compaction
stage and liner elastic stage, which is similar to triaxial
compression tests. Phase II is the unloading process. The
deviatoric stress remains constant while the confining
pressure decreases. As a result, both the axial and the
circumferential deformations increase significantly, and
the dilatancy failure along the joint plane gradually
develops.

By comparing the unloading stress-strain curves of
CJRM-like material samples under different initial confining
pressures, it can be found that reducing the confining
pressure has a remarkable influence on both the axial and
circumferential deformations: with decrease of the confining

FIGURE 3: Automatic triaxial servo platform.

pressure, axial deformation increases and the circumfer-
ential deformation increases negatively.

3.2. Deformation Modulus. In triaxial unloading tests, de-
formation parameters of CJRM-like material samples can be
obtained by the following equation [25, 26]:

E = (01 B 2["02) (1)
&

Figure 5 shows the relationship curves between the
deformation modulus and confining pressure under dif-
ferent initial confining pressures (4.0 MPa, 6.0 MPa, and
8.0 MPa) during the unloading process. As can be seen, the
deformation modulus of test samples is among 1-7 GPa and
it shows nonlinear reduction with decrease of the confining
pressure. In the early stage of the unloading process, the
decrease rate of deformation modulus remains relatively
low. However, as the confining pressure decreases further,
the unloading amount increases and the deformation
modulus reduces rapidly till failure of the sample. It can be
found that test samples with different initial confining
pressures have different failure confining pressures: failure
confining pressures of CJRM-like material samples corre-
sponding to initial confining pressures of 4.0 MPa, 6.0 MPa,
and 8.0 MPa are, respectively, 1.41 MPa, 3.64 MPa, and
6.53 MPa.

3.3. Failure Modes. Under different initial confining
pressures, the main failure mode of CJRM-like material
sample with joint dip of 75° is the splitting failure along
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FIGURE 4: Stress-strain curves under different initial confining pressures. (a) 4.0 MPa, (b) 6.0 MPa, and (c) 8.0 MPa.

the joint plane (shown in Figure 6). When the initial
confining pressure is 4.0 MPa or 6.0 MPa, the test sample
is forced to split along joint plane by axial pressure, and
the columns finally collapse. When the initial confining
pressure is 8.0 MPa, the test sample shows slipping failure
along the joint plane. The outer columns spall and break
due to shear stress. Meanwhile, transverse cracks causing
columns to break are formed because neighboring col-
umns slip at different rates and they squeeze each other
laterally. The shear slip of columns is proved by their
relative displacements. The occurrence of cracks on the
surface of column indicates that, during the unloading
process, the decrease of confining pressure causes tensile
cracks that will be sheared and slip. This finally leads to the
tensile-shear combined failure mode of the test sample. As

a conclusion, with increase of the initial confining pres-
sure (or unloading amount) during the triaxial unloading
test, the collapse of CJRM-like material sample becomes
more serious and the failure mode becomes more
complicated.

4. Unloading Test Results with Different
Unloading Rates

4.1. Stress-Strain Curves. The stress-strain curves of CJRM-
like material samples under initial confining pressure of
6.0 MPa and unloading rates of 0.5 MPa/min, 1.0 MPa/min,
and 2.0 MPa/min are shown in Figure 7. In general, the
stress-strain curves at different unloading rates have similar
pattern with two phases. In phase I, the confining pressure
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FIGURE 5: Relation curves of deformation modulus and confining
pressure.

FIGURE 6: Failure modes under different initial confining pressures.

remains constant while the deviatoric stress increases; in
phase II, the deviatoric stress remains constant while the
confining pressure reduces at a constant rate. With
unloading of the confining pressure, both the axial and the
circumferential deformations increase rapidly and the vol-
ume dilatancy occurs.

By comparing and analyzing the stress-strain curves of
rock samples under constant initial pressure with different
unloading rates (0.5 MPa/min, 1.0 MPa/min, and 2.0 MPa/
min), it can be found that the unloading process has sig-
nificant effect on both axial and circumferential deforma-
tions. Specifically, with unloading of the confining pressure,
the axial deformation increases and the circumferential
deformation increases negatively. It is worth noting that
when the unloading rate is 0.5 MPa/min, the stress-strain

curve in unloading stage fluctuates significantly. However,
when the unloading rate increases to 2.0 MPa/min, the
stress-strain curve becomes smoother. Such a phenomenon
indicates that when the unloading rate is relatively low, the
failure of rock sample is a process of damage accumulation
with evolution of partial failure to overall failure; the higher
the unloading rate, the steeper the stress-strain curve. The
increase of unloading rate accelerates the failure of CJRM-
like material samples.

4.2. Deformation Modulus. Figure 8 shows the relationship
curves between deformation modulus and confining pres-
sure of rock sample at different unloading rates (0.5 MPa/
min, 1.0 MPa/min, and 2.0 MPa/min). In general, the de-
formation modulus of test samples with joint dip of 70" is
among 1.49 ~ 6.44 GPa, and it increases with the unloading
rate (5.93 GPa to 0.5 MPa/min; 6.18 GPa to 1.0 MPa/min;
6.44 GPa to 2.0 MPa/min). Deformation modulus also shows
a nonlinear reduction with decrease of the confining pres-
sure. In the early stage of the unloading process, the decrease
rate of the deformation modulus remains relatively low.
However, as the confining pressure decreases further, the
unloading amount increases and the deformation modulus
decreases rapidly till failure of the rock sample. It can be
found that rock samples with different unloading rates have
different failure confining pressures: failure confining
pressures of CJRM-like material samples corresponding to
unloading rates of 0.5 MPa/min, 1.0 MPa/min, and 2.0 MPa/
min are, respectively, 3.64 MPa, 3.88 MPa, and 4.24 MPa.

4.3. Failure Modes. At different unloading rates, the main
failure mode of CJRM-like material samples with joint dip of
75° is the splitting failure along the column axis (shown in
Figure 8). With unloading rate at 0.5 MPa/min or 1.0 MPa/
min, the rock sample was forced to split along the joint plane
by axial pressure, and the columns finally collapsed.
Meanwhile, transverse cracks causing columns to break are
formed because neighboring columns slip at different rates
and they squeeze each other laterally. The shear slipping of
columns is proved by their relative displacements. The oc-
currence of cracks on the surface of columns indicates that,
during the unloading process, decrease of confining pressure
causes tensile cracks, and tensile cracks are sheared and slip
along the crack surfaces, which finally leads to the tensile-
shear combined failure mode of rock sample. When the
unloading rate is 2.0 MPa/min, the failure mode is combined
failure of joint planes and columns, so strength of rock mass
is now controlled by both cement mortar columns and weak
surfaces. The increase of unloading rate accelerates the
failure of rock samples. Slipping failure along joint plane
occurs first, but the slipping rate is lower than the failure
rate. Therefore, when the confining pressure is released
quickly, stress on columns can reach its compression re-
sistance. That is mainly why combined failure of joint planes
and columns occurs at the unloading rate of 2.0 MPa/min.

In addition, the failure mode of rock samples shows a
drastic expansion phenomenon in transverse direction. As is
shown in Figure 9, under the same initial confining pressure
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FIGURE 7: Stress-strain curves at different unloading rates. (a) 0.5 MPa/min, (b) 1.0 MPa/min, and (c) 2.0 MPa/min.

(unloading amount), the volume dilatancy of rock sample
becomes more obvious with the increase of the unloading
rate, and the failure mode of CJRM-like material samples is
also more complicated.

5. Wave Speed Characteristic Analysis

5.1. Principle of Acoustic Wave (AW) Test. The AW test
adopts the transmit-receive method. As shown in Figure 10,
AW is emitted from the bottom of the test sample by ul-
trasonic transmitter and received at the top of the test sample
by acoustic receiving transducer. While conducting triaxial
unloading test, audiogram of AW propagating in the rock

sample is simultaneously recorded. After data processing,
relation between AW velocity and rock mass integrity is
established.

The AW velocity is calculated as follows:

At =t, —t,,

I (2)
V,=—
PAt

where t; is the time of receiving the first AW crest of excited
signal, t, is the time of receiving the first AW crest of excited
signal when the transmitter and receiver are in direct
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contact, At is the time difference between t; and t,, L is the
distance between transmitter and receiver (the height of the
rock sample), and v, is the AW velocity. During the
unloading process, the variation of strain state changes the
velocity of AW propagating in rock samples. The AW form
at different moments is recorded and processed to obtain
AW velocity during the unloading process.

To improve the accuracy of test data, coupling agent is
smeared between rock sample and transmitter, rock sample
and receiver. Figure 11 shows that the waveforms recorded
at different moments of unloading process are different. The
wave amplitude as well as the receiving time of wave with
corresponding phase changes. In Baihetan foundation area,
abundant AW tests of long-term observation holes were

Pressure

— chamber
~
Acoustic

— — receivingtransducer
Rubber v
soft set |_# Rock sample

|
D2 - __| | | — D3

~————a Hoop strain
gauge

Acoustic emission g ——1
transducer

F1GURE 10: Schematic diagram of ultrasonic transmit-receive de-
vice [27].

carried out. To obtain corresponding results with project
sites and make comparison, this paper studied the wave
velocity characteristics of the CJRM-like material samples
during triaxial unloading tests.

5.2. AW Velocity under Different Initial Confining Pressures.
The initial confining pressures of the tests are 4.0 MPa,
6.0 MPa, and 8.0 MPa, and the unloading rate of the con-
fining pressure is uniformly at 0.5 MPa/min. Variations of
AW velocity during the test are recorded as shown in
Figure 12. Velocity variations of AW under different initial
confining pressures (unloading amounts) generally have the
same trend: increase slightly in the axial compaction stage
and drop rapidly during the unloading process after the
unloading point. However, values of initial wave velocities
and failure wave velocities under different initial confining
pressures are different: under confining pressure of 4.0 MPa,
the initial wave velocity is 2825m/s and the failure wave
velocity is 2699 m/s; under confining pressure of 6.0 MPa,
the initial wave velocity is 3111 m/s and the failure wave
velocity is 2632 m/s; under confining pressure of 8.0 MPa,
the initial wave velocity is 3151 m/s and the failure wave
velocity is 2580 m/s. Thus, there is obviously a strong re-
lation between AW velocity characteristic and initial con-
fining pressure (unloading amount).

Relation curves of AW velocity and initial confining
pressure are shown in Figure 13. With the increase of initial
confining pressure, both initial wave velocity and peak wave
velocity increase while the failure wave velocity decreases.
Under all initial confining pressures, failure wave velocity is
the lowest, and peak wave velocity is a little bit higher than
the initial wave velocity. Additionally, the initial wave ve-
locity curve and the failure wave velocity curve form a
rightward trumpet shape, indicating that the velocity dif-
ference is positively related with unloading amount. The
larger the initial confining pressure is, the more the wave
velocity drops after the failure of CJRM-like material
samples.
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Figure 11: Continued.
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FIGURE 11: Waveforms recorded at different moments of unloading process. (a) 0.5 MPa/min, (b) 1.0 MPa/min, and (c) 2.0 MPa/min.
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The variations of AW velocity and volumetric strain
under different initial confining pressures during the
unloading process are similar (shown in Figure 14). Before
the unloading point, the axial pressure continuously in-
creases until the deviator stress reaches predetermined value.
During this short process, volumetric strain undergoes an
increase stage due to change of axial strain. The rock sample
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FIGURE 13: Relation curves of AW velocity and initial confining
pressure.

is compressed by the deviator stress while the circumfer-
ential strain remains constant. Therefore, this process is
called axial compaction phase, during which the axial
compaction causes a slight increase of AW velocity. After the
unloading point, the deviator stress remains constant while
the confining pressure gradually decreases, and the rock
sample gradually loses confining pressure. Under the force
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of deviator stress, joint planes gradually open and slip, and
the circumferential strain increases, leading to the decrease
of volumetric strain. Since the confining pressure remains
above a certain amount, the rock sample will not be in
failure. Therefore, this process is joint deterioration phase,
during which AW velocity decreases slightly. When the
confining pressure is discharged to a certain level, the joint
planes cannot withstand the predetermined deviator stress,
thus opening and sliding quickly. Meanwhile, the circum-
ferential strain increases rapidly, accompanied by remark-
able volumetric dilatancy, and the rock sample finally
collapsed. Therefore, this process is failure phase, during
which the AW velocity rapidly drops to a lower level.

A strong correlation between AW velocity and volu-
metric strain can be found in Figure 15. In the phase of
constant confining pressure, AW velocity is positively re-
lated to volumetric strain, and volumetric strain in this phase
is mainly controlled by the axial strain. The axial compaction
of rock sample causes a slight increase of AW velocity, which
corresponds to the phenomenon that AW velocity in co-
lumnar-jointed basalts of Baihetan dam foundation slightly
increases during the pouring stage. In the phase of unloading
confining pressure, AW velocity is negatively related to the
volumetric strain that is controlled by both axial and cir-
cumferential strains. The addition and expansion of inner
cracks caused by unloading could lead to the decrease of AW
velocity.

5.3. AW Velocity Characteristics at Different Unloading Rates.
The AW velocity characteristics of CJRM-like material
samples under initial confining pressure of 6.0 MPa and
different unloading rates (0.5 MPa/min, 1.0 MPa/min, and
2.0 MPa) are recorded and shown in Figure 16. Values of
initial wave velocity, peak wave velocity, and failure wave

3200 -

3100 |-

3000 |-

2900

vim-s~!

2800

2700

2600

2500 1 1 1 1 1 1 1 1 1 1 1 J

—a— 03=4MPa
—e— 03=6MPa
—A— 03=8MPa

FiGure 15: Relation of acoustic and volumetric strain under dif-
ferent initial confining pressures.

velocity at different unloading rates are different: at
unloading rate of 0.5 MPa/min, the initial wave velocity is
3111 m/s, the peak wave velocity is 3115 m/s, and the failure
wave velocity is 2632 m/s; at unloading rate of 1.0 MPa/min,
the initial wave velocity is 3139 m/s, the peak wave velocity is
3160m/s, and the failure wave velocity is 2222m/s; at
unloading rate of 2.0 MPa/min, the initial wave velocity is
3096 m/s, the peak wave velocity is 3098 m/s, and the failure
wave velocity is 2105 m/s.

The relationship curves between AW velocity and
unloading rate of CJRM-like material samples with joint dip
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FIGURE 17: Relation curves of AW velocity and unloading rate.

of 75° are shown in Figure 17. The time from unloading point
to complete failure is also shown. The failure time values
corresponding to the unloading rates of 0.5 MPa/min,
1.0 MPa/min, and 2.0 MPa/min are 685s, 393s, and 2505,
respectively. It can be concluded that the larger the
unloading rate, the quicker and more intense the failure of
the CJRM-like material samples.

6. Conclusions

By conducting a series of triaxial unloading tests with CJRM-
like material samples, the stress-strain characteristics,
strength and deformation patterns, and AW velocity

characteristics during the unloading processes are studied.
The main conclusions are as follows:

(1) The stress-strain curve of CJRM during unloading
process can be divided into two phases. Phase I
contains initial nonlinear compaction and linear
elastic stages, which are similar to the triaxial
compression test. The unloading process corre-
sponds to phase II, during which both axial and
circumferential deformations increase significantly
and the dilatancy failure along the joint plane occurs.

(2) At relatively low unloading rates, the unloading
section of the stress-strain curve will fluctuate
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significantly, and the failure process of the samples
show an evolution of damage from partial to overall.
When the unloading rate increases, the unloading
section of the stress-strain curve becomes smoother
and steeper, indicating that the increase of unloading
rate may accelerate the failure process.

(3) Intense expansion along unloading direction occurs
during triaxial unloading tests, and the failure modes
can be summarized as two types: the sliding failure
along the joint planes, and the combined failure of
cement mortar columns and joint planes. With in-
crease of the initial confining pressure and unloading
rate, the failure of CJRM becomes more intense and
the failure mode becomes more complicated.

(4) According to the AW velocity and strain, the
unloading process of CJRM can be divided into three
phases: the axial compaction, the joint deterioration,
and the dilatancy failure. With increase of the initial
confining pressure and unloading rate, the time of
joint deterioration becomes shorter, the dilatancy
failure becomes more severe, and the AW velocity
decreases more rapidly.

(5) There is a strong correspondence between AW ve-
locity and volumetric strain. During the unloading
process, the AW velocity is negatively related to the
volumetric strain that is controlled by both axial and
circumferential strains. The addition and expansion
of internal cracks caused by unloading lead to the
decrease of AW velocity.
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