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Abstract
The mechanical properties and post-peak behaviour of rocks are typically determined using axial and circumferential strain 
control load methods. However, the effects of the load control mode on the mechanical properties and post-peak behaviour 
of rocks have not been investigated comprehensively. In this study, the mechanical properties and post-peak behaviour of 
siltstone are investigated using both the axial and circumferential strain control modes. Rock specimens are tested under 
uniaxial and triaxial compression. Laboratory test results indicate that the compressive strength, residual strength, and frac-
ture angle are smaller when loading is performed via the circumferential strain control mode; however, the elastic modulus 
is higher. The stress–strain curves obtained from the axial strain control test are those of class I. However, the stress–strain 
curves obtained from the circumferential strain control test transited from that of class II to class I as the confining pressure 
increases. The occurrence mechanism of the class II curve and the transition of the stress–strain curve from class II to class 
I are clarified. The brittleness estimated from the rock specimens under the two load control modes indicate greater brittle-
ness under circumferential strain control loading.

Keywords Post-peak behaviour · Siltstone · Lcontrol mode · Triaxial compression · Brittleness estimation

Introduction

Research pertaining to rock mechanical behaviour is crucial 
in rock engineering. Rock mechanical parameters such as 
uniaxial compressive strength, the Young’s modulus, Pois-
son’s ratio, cohesion, and friction angle are typically required 
when performing numerical analyses for rock engineering. 
In addition, deep rock masses are affected by severe defor-
mation and dynamic disasters owing to high in- situ stresses, 
which are an inherent property of deep strata (Konicek et al. 
2013; Li 2010; Mazaira & Konicek 2015; Shreedharan & 
Kulatilake 2016; Wagner 2019; Yang et al. 2015). Accord-
ing to a various laboratory tests and engineering practices 
(Martin and Chandler 1994; Shen 2013; Walton et al. 2014), 
the rock mass retains a considerable bearing capacity after 
failure, particularly with confinement. Hence, the investiga-
tion of the mechanical properties and post-peak behaviour of 
rocks is crucial in deep underground engineering.

The axial strain control load mode has been extensively 
adopted in studies pertaining to the mechanical behaviour of 
rocks, and numerous constitutive models for rocks have been 
proposed (Hajiabdolmajid et al. 2002; Rafiei Renani & Martin 
2018; Walton & Diederichs 2015; Walton et al. 2019; Zhao 
et al. 2010). However, the rock failure process of rocks is 
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extremely difficult to control under axial strain control load-
ing, particularly under low confinement. By contrast, progres-
sive damage is generally observed in situ. To obtain reliable 
stress–strain curves for the post-peak stage, the acoustic emis-
sion rate, volume strain, circumferential strain, and a combina-
tion of stresses and strains were selected as feedback parameters 
(Lockner et al. 1991; Okubo & Nishimatsu 1985; Sano et al. 
1982). The ISRM (International Society for Rock Mechanics 
and Rock Engineering) suggested the circumferential strain 
control load method for acquiring the complete stress–strain 
curve of rocks (Fairhurst & Hudson 1999).

Pioneering research (Hudson et al. 1971; Wawersik & 
Brace 1971) indicated that the stress–strain curve of rocks 
comprised two classes (see Fig. 1). In class I, the slope of 
the stress–strain curve remained negative in the post-peak 
stage. In class II, self-sustaining failure occurred, deforma-
tion reversal was observed in the axial direction after rock 
failure, and the slope of the stress–strain curve in the post-
peak stage returned to being positive. This implies that no 
work was performed on the rock samples from the loading 
system and that the failure process was driven by the elastic 
strain energy stored in the pre-peak stage.

Previous studies demonstrated that load control modes 
significantly affected the stress–strain curves of rocks. For 
instance, the stress–strain curve of rocks tended to be that of 
class I under axial strain control loading. Meanwhile, class 
II stress–strain curves tended to occur in the circumferential 
strain control test. Labuz and Biolzi (1991) reported that 
class II behaviour reflects the structural response of rocks, 
which depends on the size and shape of rocks. Similarly, 
Vogler and Stacey (2016) indicated that class II behaviour 
was not a material property but depended on the geometry 
of rocks. Mishra and Nie (2013) discovered that the post-
peak behaviour of coal samples might change from class II 
to class I as confining pressure increased. Wong et al. (2020) 
demonstrated that the occurrence of class II stress–strain 

curves was a result of elastic deformation recovery, where 
the axial stress decreased.

The mechanical properties and post-peak behaviour of 
rocks were typically determined using the axial and cir-
cumferential strain control load methods (Li & Li 2017; Liu 
et al. 2021). However, studies regarding the effect of the load 
control mode on mechanical properties such as strength and 
deformation parameters are scarce. Furthermore, the transition 
mechanism from class II to class I of the stress–strain curve 
is not well elucidated. In this study, the mechanical behaviour 
of siltstone was comprehensively investigated using both the 
axial and circumferential strain control load methods. The 
strength, deformation parameters, and failure pattern of silt-
stone under the two load control modes were obtained. The 
occurrence mechanism of the class II stress–strain curve and 
the transition from class II to class I of the stress–strain curve 
were clarified. The brittleness of the rock specimens under 
the two load control modes was estimated because different 
stress–strain curve types were obtained.

Experimental procedure

Rock specimen preparation

Rock specimens were extracted from the roof of the #13–1 
coal seam in the Huainan mine area, China. The specimens 
were first cored to a diameter of approximately 48 mm 
and then processed into cylindrical samples with an aspect 
ratio of 2:1 using a method suggested by the ISRM (Kovari 
et al. 1983) (see Fig. 2). The siltstone was light grey, fine 
thin layered, and composed primarily of quartz, a small 
amount of dark minerals, and argillaceous bands.

Experimental system

All compression tests for the rock samples were performed on an 
MTS815 servo control test system (Fig. 3). The axial load and 

Fig. 1  Schematic diagram of two types of rock stress–strain curves Fig. 2  Rock specimens
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confining pressure capacity were 1700 kN and 50 MPa, respec-
tively. The stiffness of the loading frame was 10.5 ×  109 N/m.

Test scheme

To obtain the complete stress–strain curve of the rock samples, 
both axial and circumferential strain control methods were 
adopted. In the axial strain control test, the confining pressure 
was first loaded at a rate of 0.1 MPa/s until the desired level was 
attained; subsequently, the axial force was loaded through an 
axial displacement at a velocity of 0.001 mm/s until the rock 
sample completely failed. In the circumferential strain control 
test, the confining pressure was loaded at the same rate as the 
axial strain control test, whereas the axial force was adjusted 
based on the variation in the circumferential displacement, and 
the loading rate was 0.001 mm/s. Because the in situ stress of 
the Zhujixi coal mine was approximately 20 MPa, confining 
pressure of 0, 5, 10, and 20 MPa were selected. The testing pro-
cedure of compression test complies with the ASTM designation 
D7012-14e1.

Strength deformation and failure 
of siltstones under different load control 
modes

Stress–strain curves

The stress–strain curves of the uniaxial and triaxial compres-
sion tests are shown in Fig. 4.

As shown in Fig. 4, under both load control modes, the 
stress–strain curves of the rock samples can be classified into 
five regions, as proposed by Martin and Chandler (1994). 

The rock samples exhibited brittle failure. The peak stress 
and residual strength increased significantly with the con-
fining pressure, whereas the Young’s modulus increased 
slightly with the confining pressure.

Under axial strain control loading, the axial stress 
decreased significantly as the axial strain increased after 
the rock sample failed, and a loud sound was emitted 
when the axial stress reached its maximum value. The 
stress–strain curves of the rock samples are of class I 
under the axial load control mode. Meanwhile, under 
circumferential strain control loading, the slope of the 
stress–strain curve was positive in the post-peak stage 
under confining pressures of 0 and 5 MPa. This indicates 
that the stress–strain curve of the circumferential strain 
control test under confining pressures of 0 and 5 MPa 
was a class II curve. It is noteworthy that the stress–strain 
curve of the rock samples transited to that of class I when 
the confining pressure increased to 10 and 20 MPa under 
loading via the circumferential control mode.

Under axial strain control loading, the initial cir-
cumferential strain increased gradually in the pre-peak 
stage. However, the circumferential strain increased 
significantly because of the considerable dilatation that 
occurred after the rock sample failed. Under circumfer-
ential strain control loading, the circumferential strain 
increased steadily, which indicates that the failure process 
was controllable. The circumferential strain of the axial 
strain control test was significantly larger than that of 
the circumferential strain control test. As the confining 
pressure increased, the circumferential strain decreased 
significantly after the rock sample failed. The dilatancy 
of the rock samples was suppressed by the confining 
pressure.

Fig. 3  MTS 815 servo control 
rock test system
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According to a previous study, in the circumferential 
strain control test, a significant amount of strain energy was 
released when the axial stress peaked, and severe dilata-
tion occurred. The rock sample was unloaded from the axial 
direction to maintain a stable circumferential deformation 
rate. During the unloading process, elastic deformation 
recovered from the axial direction. Hence, the stress–strain 
curve of the rock sample was that of class II.

Strength parameters

To analyse the effect of the load control modes on the 
strength parameters, the compressive strength and residual 
strength are shown in Table 1 and Fig. 5, whereas the elastic 
modulus of the two load control modes, which was calcu-
lated from the slope of the linear region of the stress–strain 
curve in the pre-peak stage, are shown in Fig. 6.

As shown in Table 1 and Fig. 5, the compressive strength 
and residual strength of the rock samples increased approxi-
mately linearly as the confining pressure increased. Mean-
while, the compressive strength of the rock specimens under 
circumferential strain control loading was slightly smaller. 
According to a previous study, this might be caused by the 

lower loading rate when the axial stress peaked, as well as 
more damage caused to the rock sample prior to the maxi-
mum axial stress when loading via the circumferential 
strain control mode (Wong et al. 2020). Furthermore, it was 

Table 1  Strength parameters of 
triaxial compression test

Axial axial strain control mode, Circ. circumferential strain control mode

Confining pres-
sure (MPa)

Elastic modulus 
(GPa)

Peak Stress (MPa) Residual strength 
(MPa)

Fracture angle 
(°)

Axial Circ Axial Circ Axial Circ Axial Circ

0 5.89 6.24 42.8 35.8 15.5 8.6 84 87
5 6.99 7.33 60.4 58.6 30.5 27.5 71 75
10 7.32 8.97 81.6 78.3 42.7 40.5 62 66
20 7.61 9.47 100.7 94.5 75.1 52.4 53 55
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Fig. 5  Strength and residual strength of triaxial compression test
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Fig. 4  Complete stress–strain curve of rock samples. a Axial strain control test. b Circumferential strain control test
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discovered that the residual strength of the rock specimens 
was higher when loading was performed via the axial strain 
control mode. This is consistent with the test results of coal 
specimens reported by Mishra and Nie (2013).

As shown in Fig. 6, the elastic modulus increased slightly 
with the confining pressure under the two load control 
modes. The elastic modulus from the circumferential strain 
control test was generally higher, and the increment in the 
elastic modulus was more distinct when the confining pres-
sure exceeded 10 MPa under circumferential strain control 
loading. This may be because a higher axial loading velocity 
was required to maintain the circumferential displacement 
at a speed of 0.001 mm/s prior to the unstable propagation 
of the rock specimen.

Failure modes and fracture angle.

Failed rock samples are presented in Fig. 7. The fracture 
angle was calculated using the average angle between 
the fracture trace and the rock sample axis. The frac-
ture angle under the two load control modes is shown 
in Fig. 8.

As shown in Fig. 7, under uniaxial compression, the 
rock samples primarily failed in the form of splitting fail-
ure. The fractures in the axial strain control test were com-
posed of two inclined tension fractures. In the circumferen-
tial strain control test, a slender fracture subparallel to the 
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Fig. 6  Elastic modulus of two load control modes tests

Fig. 7  Failed rock samples 
under different confining pres-
sure
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sample axis was formed in the middle of the rock sample. 
The rock samples in the axial load control test exhibited 
more severe damages, i.e. they disintegrated into several 
pieces. Meanwhile, in the circumferential strain control 
test, no rubber band was required to maintain the intact-
ness of the rock sample; this indicates that the failure of 
the rock sample in the circumferential strain control test 
was controllable.

Under triaxial compression, the failure pattern of the 
rock samples under the two load modes transited from 
tension failure to shear failure as the confining pressure 
increased. In the axial strain control test, both tension frac-
ture and shear fracture occurred under a confining pressure 
of 5 MPa. However, only shear fracture was formed when 
the confining pressure was increased to 10 and 20 MPa. In 
the circumferential strain control test, both tension fracture 

and shear fracture occurred under confining pressures of 
5 and 10 MPa, whereas only shear fractures were formed 
when the confining pressure was 20 MPa. As shown in 
Fig. 8, the fracture angle of the rock samples increased 
linearly with the confining pressure. The fracture angle 
from the axial strain control test was generally higher than 
that from the circumferential strain control test.

Transition of stress–strain curve type and its 
effect on brittleness estimation

Transition from class II curve to class I curve 
of siltstones

The experimental results above show that the load con-
trol mode significantly affected the stress–strain curve and 
strength parameters of the rock samples. In the axial strain 
control test, the stress–strain curves of the rock samples 
were those of class I. In circumferential strain control test, 
the stress–strain curves of the rock samples under uniaxial 
compression and a confining pressure of 5 MPa were those 
of class II. Meanwhile, the stress–strain curves of the rock 
samples under confining pressures of 10 and 20 MPa trans-
ited to that of class I.

It has been reported that the stress–strain curve of rocks 
can transition from that of class II to class I under confine-
ment (Mishra & Nie 2013). Additionally, it was reported that 
sample size and shape may affect the post-peak-stress–strain 
curve of rocks (Vogler & Stacey 2016). However, the transi-
tion mechanism from class II to class I of the stress–strain 
curve was not clarified. In this section, the transition from 
class II to class I of the stress–strain curve as the confining 
pressure increased to 10 MPa in the circumferential strain 
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Fig. 9  Schematic diagram of 
rock failure under compression
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control test is discussed based on the theory proposed by 
Paterson and Wong (2005).

As shown in Fig. 9, it is assumed that a macro fracture 
inclined at angle � to the specimen axis formed on the speci-
men surface when the rock sample fails.

The class II stress–strain curve is referred to when the 
axial displacement increment becomes negative owing to a 
change in the axial stress after rock failure. Therefore,

where dhp is the permanent change in height resulting 
from a relative shear displacement du = dh∕���� on a fail-
ure surface inclined at an angle to the specimen axis and 
dhe =

dF

AE
h is the elastic change in height, A is the cross-

sectional area, and E is the elastic modulus. Because the 
increment in the shear force dS = dFcos� and the increment 
in the shear stress d� = (dF∕A)cos�sin� on the failure sur-
face, the condition shown in Eq. (1) results in

Based on the test results, the variation in the shear stress 
with the relative shear displacement of the rock samples in 
the circumferential strain control test under uniaxial com-
pression and a confining pressure of 10 MPa is shown in 
Fig. 10. The solid black line refers to the shear stress on the 
failure plane, and the dashed red line represents the equa-
tion, � = −

E

h
cos2�sin�du . When the slope of the shear stress 

curve was smaller than the slope of the transition line, the 
stress–strain curve of the rock sample was that of class II; 
conversely, it was that of class I.

As shown by the results in Fig. 10, under uniaxial com-
pression, the shear stress decreased almost linearly as 
the relative shear displacement increased after rock fail-
ure, indicating that the strength of the rock sample dete-
riorated stably. The slope of the shear stress was smaller 
than the slope of the transition line, which indicates that 
the stress–strain curve was of class II. Under a confining 

(1)dh = dhp + dhe < 0

(2)
d𝜏

du
< −

E

h
cos2𝜃sin𝜃

pressure of 10 MPa, the shear stress decreased slightly as 
the relative shear displacement increased, indicating that 
strength deterioration was suppressed by the confining 
pressure. The slope of the shear stress was greater than the 
slope of the transition line, and the stress–strain curve of 
the rock sample transited to that of class I under a confining 
pressure of 10 MPa.

The analysis above indicates that the type of stress–strain 
curve depends on the relationship between the strength 
loss rate and elastic stress release rate. When the strength 
loss rate was greater than the elastic stress release rate, the 
stress–strain curve was that of class II; conversely, it was 
that of class I. The transition of the stress–strain curve from 
that of class II to class I with increasing confining pres-
sure can be explained as follows: First, the strength loss rate 
decreased as the confining pressure increased. Second, the 
fracture angle increased as the confining pressure increased 
(Zhang & Li 2019), which resulted into a smaller slope of 
the transition line. These two effects resulted in the transition 
of the stress–strain curve from class II to class I.

Brittleness evaluation of siltstone under two load 
control modes

Brittleness is one of the most important characteristics of 
rocks. Brittleness evaluation is significant for oil and gas 
exploitation, underground engineering structure stability 
control, and dynamic disaster prevention. Various methods 
based on the stress–strain curve and physical properties for 
rock brittleness evaluation have been proposed. Based on 
the experimental results above, siltstone indicated different 
stress–strain curve classes under the two load control modes. 
Hence, the effect of the load control mode on the brittleness 
of siltstone is discussed herein.

To estimate the brittleness of siltstone based on the two 
types of stress–strain curves, post-peak energy balance was 
adopted (Tarasov & Potvin 2013), which allows for the rep-
resentation of the class I and class II rock behaviours.

Fig. 10  Shear stress-relative 
slip displacement curve of 
circumferential strain control 
test. a Uniaxial compression 
test. b The confining pressure 
of 10 MPa

(a) uniaxial compression test (b) the confining pressure of 10MPa
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As shown in Fig. 11, the post-peak behaviour can be classi-
fied into two types: The post-peak modulus M < 0 corresponds 
to class I behaviour, and M > 0 corresponds to class II behav-
iour. The energy balance of the three stages (peak point A, 
intermediate stage, and residual point B) of the rock sample 
is illustrated. The blue triangular area represents the elastic 
energy stored in the rock specimen, and the red area represents 
the post-peak rupture energy of the rock specimen (dWr). The 
blue area was partly replaced by the red area, indicating that 
the elastic energy transformed into post-peak rupture energy. 
For class II behaviour, the energy for the failure process was 
entirely provided by the elastic energy stored in the pre-peak 
stage. The failure process exhibited self-sustaining character-
istics. In addition to rupture energy, excess energy (dWa) was 
released in post-peak stage. For class I behaviour, the elastic 
energy was insufficient for the failure process, and additional 

energy from the loading system was required. The brittleness 
indices k (Eq. 3) were calculated using the ratio of the elastic 
energy withdrawn (dWe) during the rock failure process and 
the post-peak rupture energy. A comprehensive derivation of 
the brittleness index k is available in a paper by Tarasov and 
Potvin (2013).

Figure 12 shows the rock brittleness for a range of brit-
tleness indices. As shown in Fig. 12, the stress–strain curve 
of the rocks transited to that of class I when the brittleness 
indices exceeded 1.

Using the brittleness estimation method described above, 
the brittleness indices of siltstones under the two load con-
trol modes were calculated and are listed in Table 2.

(3)k =
dWr

dWe

=
M − E

M

Fig. 11  Energy balance of class I and class II stress–strain curve (Tarasov & Potvin 2013)

Fig. 12  Scale of brittleness indices k with characteristic shapes of complete stress–strain curves
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As shown in Table 2, the brittleness indices of the cir-
cumferential strain control tests were significantly greater 
than those of the axial strain control tests. Under confining 
pressures of 0 and 5 MPa, the stress–strain curves of the two 
load control mode tests were different. The rock specimens 
were extremely brittle in the circumferential strain control 
test, whereas semi-brittle specimens were observed in the 
axial strain control test. Under confining pressures of 10 
and 20 MPa, the stress–strain curves were those of class I 
under the two load control modes. However, the brittleness 
indices of the rock specimens under circumferential strain 
control loads were greater than those under axial strain con-
trol loads. As the stress–strain curves obtained from the axial 
strain control test were always class I type, the brittleness 
index of k < 1 cannot be derived. Thus, compressive tests via 
circumferential strain control mode could give more reason-
able the brittleness index by using the previously mentioned 
brittleness estimation method.

Conclusions

In this study, the mechanical behaviour of siltstone under 
uniaxial and triaxial compression was investigated using 
both the axial and circumferential strain control load modes. 
The conclusions obtained were as follows:

(1) The compressive strength and residual strength were 
smaller when loading was performed in the circumfer-
ential strain control mode, whereas the elastic modulus 
was higher.

(2) The failure of the rock samples under the axial strain 
control mode was more severe and uncontrollable. The 
failure mode of the rock samples transitioned from ten-
sion failure to shear failure as the confining pressure 
increased. The fracture angle for the axial strain control 
mode was generally higher.

(3) The laboratory tests showed that the stress–strain 
curves from the axial strain control test were those 
of class I. Meanwhile, the stress–strain curves from 

the circumferential strain control test under confining 
pressures of 0 and 5 MPa were those of class II. The 
stress–strain curve transitioned to that of class I when 
the confining pressure increased to 10 and 20 MPa.

(4) The type of stress–strain curve depended on the rela-
tionship between the strength loss rate and elastic 
release rate. When loading was performed via the 
axial strain control mode, the strength loss rate was 
smaller, and the stress–strain curve was that of class 
I. Meanwhile, the class II-type curve tended to appear 
in the circumferential strain control test. However, the 
strength loss and dilatancy of the rock samples can 
be suppressed by the confining pressure. In addition, 
the fracture angle decreased as the confining pressure 
increased. These two effects caused the stress–strain 
curve of rocks to transit from class II to class I under 
high confining pressures.

(5) The rock specimens were more brittle when loading 
was performed via the circumferential strain control 
mode under different confining pressures, even when 
the stress–strain curve type was the same under the two 
load control modes.
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