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Original scientific paper 
Failure tests were conducted on marble under different unloading confining pressure rates to obtain the energy change curve of whole-process deformation 
and failure. With increasing unloading rate, the peak stress differences in marble failure were reduced, confining pressure differences in failure increased, 
the increment ratios of each stress confining pressure were smaller, and the volume deformation was more sensitive to changes in unloading confining 
pressure. Unloading failure was caused by volume expansion, and the greater the unloading rate was, the easier the rock failure was. With the increasing 
unloading rate, total absorbed energy increment, elastic energy increment and dissipated energy increment were reduced in the unloading stage of marble. 
The dissipated energy increment in the unloading process was more than five times that in the loading process, while the elastic energy increment only 
accounted for 10 % of total stored energy. The unloading process showed increasing dissipated energy, and the geo-stress state of the engineering rock 
mass determined the level of energy released in failure. 
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Analiza značajki deformacije i rasipanja energije mramora pri različitim brzinama rasterećenja 
 

Izvorni znanstveni članak 
Ispitivanja oštećenja provodila su se na mramoru kod različitih brzina ograničenja tlaka pri rasterećenju da bi se dobila krivulja promjene energije cijeloga 
procesa deformacije i oštećenja. S povećanjem brzine rasterećenja, razlike vršnog naprezanja kod oštećenja mramora su se smanjile, razlike ograničenja 
tlaka su se povećale, omjeri prirasta ograničenja tlaka kod svakog naprezanja su bili manji, a deformacija volumena je bila osjetljivija na promjene 
ograničenja tlaka kod rasterećenja. Oštećenje kod rasterećenja nastalo je širenjem volumena, i što je veća bila brzina rasterećenja, lakše je dolazilo do 
oštećenja stijene. S porastom brzine rasterećenja, prirast ukupne apsorbirane energije, prirast elastične energije i prirast disipacije energije smanjili su se u 
stadiju rasterećenja mramora. Prirast rasipanja energije u postupku rasterećenja bio je pet puta veći od onoga u postupku opterećenja dok je prirast 
elastične energije pokrivao svega 10 % ukupne akumulirane energije. Postupak rasterećenja pokazao je porast rasipanja energije, a stanje geo-naprezanja 
stijenske mase odredilo je nivo energije otpuštene u oštećenju. 
  
Ključne riječi: brzine istovara, mramor, rasipanje energije, značajke deformacije 
 
 
1 Introduction  
 

With China's water conservancy and hydropower 
construction, resource development and the development 
of rail transport, many rock side slope, underground 
tunnel and engineering excavation problems have been 
encountered. In the excavation process, landslides, violent 
deformation, ground pressure intensification and other 
phenomena take place frequently, causing huge economic 
losses and casualties. Therefore, studies on the 
mechanism of rock mass failure have attracted 
increasingly widespread attention [1]. 

Rock engineering excavation is a complex process of 
loading and unloading, and the deformation 
characteristics, mechanical parameters and failure 
mechanisms under unloading stress paths are significantly 
different from those under loading conditions. Due to the 
complexity of rock mechanical properties under 
excavation unloading conditions and diversity of 
geological predisposing factors, the unloading failure 
mechanism is very complex and current knowledge is still 
lacking. Strengthening research on rock failure 
mechanisms under loading and unloading conditions is of 
theoretical and engineering significance to deepen our 
understanding of rock failure mechanisms, as well as to 
help predict and prevent rock mass disasters. 

Currently, only preliminary studies on rock failure 
mechanisms under unloading stress paths have been 
carried out. Studies on rock unloading failure 
characteristics had found that the desired stress increment 
of unloading failure was smaller than that of loading 

failure during unloading confining pressure tests of 
marble in Jinping [2]; the expansion process of marble 
was significantly affected by the rate of unloading 
confining pressure[3]; the unloading stress path in the 
elastic range had no obvious impact on rock strength [4]; 
and the rock failure surface in the case of unloading 
failure exhibited tensile failure characteristics [5, 6, 7]. 
Recent studies on rock failure mechanisms from the 
perspective of energy change have focused on the release 
of elastic energy stored in rocks causing rock failure [8, 
9], the relationship between energy accumulation, release 
and destruction in the process of rock deformation [10, 
11], the energy evolution laws in rock uniaxial 
compression testing processes [12, 13], and increasing 
dissipated energy of rock failure with the increase in 
loading rate [14, 15]. 

Unloading rate has significant influences on the 
mechanical characteristics of rocks. Whether and when 
actual engineering rock failure occurs is closely related to 
rock mass stress state and stress drop rates. During 
underground engineering construction, controlling 
excavation speed and reducing excavation footage is 
undertaken to lessen the risk of surrounding rock failure 
and control the unloading rate. Rock burst and other 
dynamic disasters induced by excavation unloading under 
high geo-stress are also closely related to unloading rates. 
Currently, the influence of unloading rate on rock failure 
mechanisms is unclear, and research on the influence of 
unloading rate on energy change during rock failure is 
still scarce. 
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2 Experimental scheme 
 
Taking a circular chamber as an example, after 

underground engineering excavation, the radial stress 
gradually decreases towards the excavation face as 
unloading, while tangential stress is generally shown as 
stress concentration. In the experiment, aiming at the 
stress path after the excavation of chamber surrounding 
rocks without timely support, the increase in axial stress 
was used to simulate tangential stress increase, and 
confining pressure decrease to simulate radial stress 
decrease. The precision of the marble specimens met the 
requirements of the rock mechanics experiment. The 
experimental test stress path and test data are shown in 
Figure 1 and Table 1, respectively. The photos of the rock 
failures are shown in Fig. 2. 

 

 
Figure 1 Stress paths 

 
The stress paths of the test are shown in Fig. 1: 

(1) Uniaxial compression test (O-E) 
(2)  Conventional triaxial test (O-B-C) 
(3) Unloading test (O-B-D): ①  We imposed the 

confining pressure σ2 = σ3 to the desired value; ② 
With a constant confining pressure σ3, we increased 
the axial stress σ1 to 80 % of the peak strength (we 
determined 80 % of the peak strength of the rock 
sample under different confining pressures, based on 
conventional triaxial test); ③We increased the axial 
stress σ1 and reduced the confining pressure σ3 until 
the rock sample fractured according to the fixed 
confining pressure reducing rate of 0,2 ÷ 0,8 MPa/s. 

 

 
Figure 2 Marble failure modes under different stress paths 

3 Analysis on marble unloading failure deformation  
3.1 Stress-strain curve 
 

Fig. 3 shows the stress-strain curve of whole-process 
rock failure under different unloading rates. Before 
unloading confining pressure, the loading path was 
exactly the same, so that the four loading process curves 
almost overlapped, indicating good marble uniformity. In 
the loading stage, the stress–strain curve showed linear 
development, with the increased speed of axial strain 
greater than that of circumferential strain. After unloading 
the confining pressure, the circumferential strain 
increased rapidly, while the axial deformation grew 
slowly, and the volume expanded quickly. The process of 
the unloading confining pressure is often accompanied by 
intensive circumferential deformation and volume 
expansion. Rock unloading failure is caused by intensive 
expansion along the unloading direction. The unloading 
rate was increased, and the maximum principal stress of 
marble undermine was reduced. 

 

 
Figure 3 Stress-strain curve of unloading failure 

 
3.2 Stress differences in unloading failure 
 

Fig. 4 shows the change curve of peak stress 
difference over unloading rate. Under the same confining 
pressure, the peak stress differences of marble failure 
were reduced with the increase of the unloading rate. 
Taking the confining pressure of 20 MPa as an example, 
with the unloading rates increasing from 0,2 MPa/s, 0,4 
MPa/s, 0,6 MPa/s to 0,8 MPa/s, the stress differences in 
rock failure gradually reduced from 108 MPa, 102 MPa, 
98 MPa to 96 MPa respectively, and fast unloading more 
easily induced rock failure. Reasonable control of 
construction speed to reduce disturbance on surrounding 
rocks, and immediately follow-up support is of 
significance to ensure surrounding rock stability. 
 

 
Figure 4 Relationship between stress difference and unloading rate 
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Table 1 Experimental data of specimens 

Initial 
confining 
pressure 
/ MPa 

Unloading 
rate 

/ MPa/s 

Peak 
stress 

σ1 / 
MPa 

Confining 
pressure 
of failure 
σ 3 / MPa 

Peak 
stress 

difference 
(σ1 −σ3) / 

MPa 

Confining 
pressure 

difference 
of failure 
∆σ 3 / MPa 

Unloading 
failure 
time 
Δt / s 

Total 
energy 
of peak 
/ MJ/m3 

Elastic 
energy 
of peak 
/ MJ/m3 

Dissipated 
energy of 

peak 
/ MJ/m3 

Increment 
difference 

of total 
energy 
/ MJ/m3 

Increment 
difference 
of elastic 
energy 
/ MJ/m3 

Increment 
difference 

of 
dissipated 

energy 
/ MJ/m3 

10 0,2 98,7 7,0 91,7 2,9 15,0 0,1732 0,1264 0,0468 0,0785 0,0403 0,0382 
10 0,4 93,8 3,8 90,0 6,2 15,6 0,1462 0,1166 0,0296 0,0504 0,0289 0,0215 
10 0,6 90,2 3,4 86,8 6,6 11,0 0,1221 0,0981 0,0240 0,0284 0,0191 0,0093 
10 0,8 90,2 1,4 88,8 8,5 10,8 0,1240 0,0948 0,0291 0,0304 0,0203 0,0101 
20 0,2 122,4 13,6 108,8 6,3 31,8 0,2364 0,1713 0,0651 0,1219 0,0630 0,0589 
20 0,4 111,0 8,2 102,8 11,8 29,6 0,1979 0,1519 0,0460 0,0734 0,0349 0,0385 
20 0,6 104,4 5,6 98,8 14,3 23,8 0,1692 0,1321 0,0372 0,0491 0,0174 0,0317 
20 0,8 101,5 5,1 96,4 14,7 18,4 0,1487 0,1213 0,0274 0,0297 0,0097 0,0200 
30 0,2 143,3 24,4 118,9 5,6 28,2 0,3208 0,2287 0,0920 0,1476 0,0708 0,0768 
30 0,4 134,9 21,0 113,9 9,0 22,6 0,2708 0,1940 0,0768 0,1107 0,0448 0,0659 
30 0,6 131,4 15,9 115,5 14,0 23,4 0,2566 0,1892 0,0675 0,0846 0,0335 0,0511 
30 0,8 126,3 14,8 111,5 15,1 19,0 0,2432 0,1840 0,0592 0,0543 0,0201 0,0342 
40 0,2 160,7 34,4 126,3 5,5 27,8 0,3883 0,2602 0,1281 0,1690 0,0709 0,0981 
40 0,4 155,0 29,5 125,5 10,4 26,2 0,3535 0,2598 0,0937 0,1420 0,0540 0,0880 
40 0,6 147,9 27,4 120,5 12,6 21,2 0,3182 0,2359 0,0823 0,1044 0,0328 0,0716 
40 0,8 143,3 25,7 117,6 14,2 17,8 0,2970 0,2320 0,0650 0,0681 0,0199 0,0482 

 
3.3 Confining pressure differences in unloading failure 

 
Circumferential confining pressure differences from 

unloading to failure characterizes the influence of changes 
in confining pressure unloading rate on rock failure, as 
shown below.  
 

,)()(Δ 13033 σσσ −=                                                        (1) 
 
where (σ3)0 is the confining pressure before  unloading, 
and (σ3)1 is the confining pressure of failure. 

 

 
Figure 5 Relationship between confining pressure difference and 

unloading rate 
 

Fig. 5 shows the relationship between the failure 
confining pressure differences and unloading rate. When 
the unloading rate increased, the failure confining 
pressure differences were gradually enlarged. These 
results were puzzling as high unloading rate did not easily 
induce failure. By analyzing the time of failure confining 
pressure difference, we found that failure time was 
gradually reduced when the unloading rate was increased, 
showing that rapid unloading more easily caused rock 
failure. Taking the confining pressure of 40 MPa as an 
example, when the unloading rates were increased from 
0,2; 0,4; 0,6 and 0,8 MPa/s, the failure confining pressure 
differences increased from 5,5; 10,4; 12,6 and 14,2 MPa, 
and the failure times were reduced from 27,7; 26,2; 21,1 
and 17,8 s.  

 

3.4 Deformation description of unloading process 
 

To characterize the influence of confining pressure 
change on deformation, the ratio of the strain increment 
between the initial point and peak of unloading confining 
pressure and the reduction of confining pressure was used 
to analyze deformation, defined as the strain increment 
ratio of confining pressure. The greater the value, the 
more sensitive the deformation was to the reduction of 
confining pressure. The equation is shown below. 
 

,
Δ
Δ

Δ
3σ

ε
ε i

i =                                                                    (2) 

 
where iε∆ (i = 1, 3, V) indicates the axial, circumferential 
and volumetric strain increment. 
 

 
(a) Axial strain compliance 

 
(b) Circumferential strain compliance 
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(c) Volumetric strain compliance 

Figure 6 Strain increment ratio of confining pressure and unloading rate 
curves 

 
Fig. 6 shows the relationship between the strain 

increment ratio of confining pressure and unloading rate. 
Under the same confining pressure, circumferential and 
volumetric strain increment ratio of confining pressure 

 had a consistent change law with unloading rate of 
confining pressure. The greater the unloading rate was, 
the smaller the strain increment ratio of confining 
pressure iε∆   was. However, the reduction of the lower 
unloading rate (0,2; 0,4) was larger, and the change of the 
higher unloading rate (0,4; 0,8) was smaller, indicating 
that circumferential and volumetric deformation were 
more sensitive to slow unloading. The axial strain 
increment ratio of confining pressure was smaller than the 
circumferential and volumetric increment ratios of 
confining pressure, indicating that the circumferential and 
volumetric deformation were more sensitive to the 
changes in unloading confining pressure, further proving 
that the unloading failure was caused by volumetric 
expansion. 
 
4   Energy evolutionary characteristics of marble 

unloading failure 
4.1 Evolutionary process analysis of strain energy 

 
The experimental marble was hard brittle rock. Its 

strain hardening stage was not obvious, so that it was 
unable to divide the stage based on the loading 
deformation process. The loading process had a good 
correlation to energy conversion. According to the energy 
change curve of failure process in Fig. 7, the marble 
failure process was divided into the compaction stage 
(OA), elastic stage (AB), crack propagation stage (BC) 
and post-peak failure stage (CD).  

In the compaction stage, the absorbed total energy, 
elastic energy and dissipated energy increased slowly, and 
most energy was converted into elastic energy for storage, 
with very little energy consumed. In the elastic stage, 
dissipated energy increased very little, and absorbed total 
energy and elastic energy increased with greater load. 
Total energy and elastic energy curve were substantially 
parallel to develop, and the external work was mainly 
stored as elastic energy. In the crack propagation stage, 
absorbed total energy continued to increase, but elastic 
energy showed a slow growth rate and reached a 
maximum at peak strength. The crack propagation stage 
showed the most obvious characteristics, i.e., rapid 
increase in dissipated energy. The reduction in confining 

pressure caused a rapid increase in circumferential 
deformation, and the quick development and connection 
of internal microcracks consumed much energy. In the 
post-peak failure stage, the energy absorbed by rock 
specimen posterior to Point C was quickly released, and 
the macroscopic failure surface of the rock specimen was 
connected. 
 

 
(I - Axial stress, II - Absorbed total energy, III - Elastic energy, IV - 

dissipated energy) 
Figure 7 Energy evolution curve of whole-process unloading failure 

 

 
(a) Absorbed total energy 

 
(b) Elastic strain energy 

 
(c) Dissipated strain energy 

Figure 8 Relationship between energy and unloading rate at peak 
strength point 
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4.2  Energy characteristics at peak strength point 
 

Fig. 8 shows the relationship between strain energy 
and uploading rate at the peak strength point. The 
absorbed total energy U0, elastic energy Ue and dissipated 
energy Ud of the rock specimen at the peak point were all 
reduced with increasing unloading rate. The unloading 
rate influenced the development speed of micro-fractures 
in the rock specimen. The faster the unloading rate was, 
the faster the reduction rate of confining pressure and  
circumferential development and propagation of micro-
cracks were, the shorter the formation time of 
macroscopic failure surface was, and the more abrupt the 
rock failure was. Taking the confining pressure of 20 MPa 
as an example, with the unloading rate increasing from 
0,2; 0,4; 0,6 and 0,8 MPa/s, the absorbed total energy, 
elastic energy and dissipated energy of the rock specimen 
were reduced from 0,24; 0,20; 0,17 and 0,15 MJ/m3, 0,17; 
0,15; 0,13 and 0,12 MJ/m3, 0,07; 0,05; 0,04 and 0,03 
MJ/m3. 

 

 
(a) Absorbed total energy 

 

 
(b) Elastic strain energy 

 

 
(c) Dissipated strain energy 

Figure 9 Relationship between energy and confining pressure at peak 
strength point 

 

Fig. 9 shows the relationship between strain energy 
and confining pressure at the peak strength point. With 
increasing confining pressure, the absorbed total energy 
U0, elastic energy Ue and dissipated energy Ud of the rock 
specimen at the peak point all increased. The higher the 
confining pressure, the slower was the development rate 
of cracks, the more work the development of internal 
micro-cracks required to overcome confining pressure, 
the higher the stored elastic energy, and the greater the 
dissipated strain energy was, due to crack development 
and failure surface friction. Taking the unloading rate of 
0,4 MPa/s as an example, with the initial unloading 
confining pressure increasing from 10 to 40 MPa, the 
absorbed total energy, elastic energy and dissipated 
energy increased from 0,15; 0,20; 0,27; 0,35 MJ/m3, 0,12; 
0,15; 0,19; 0,26 MJ/m3 and 0,03; 0,05; 0,08; 0,09 MJ/m3, 
respectively. 
 
4.3 Energy increment difference analysis of unloading 

process 
 
The increment differences in unloading failure 

energy ∆U represented energy change between the 
unloading point and peak strength point, reflecting the 
influence of unloading confining pressure process on the 
failure energy change, as shown below. 
 

,Δ BC UUU −=                                                               (3) 
 
where UB is the strain energy at unloading point, and UC 
is the strain energy at peak point. 

Fig. 10 shows the relationship between energy 
increment differences and unloading rate. Total energy 
increment ΔU0, elastic energy increment ΔUe and 
dissipated energy increment ΔUd all decreased with 
increased unloading rate. The faster the unloading rate 
was, the less energy was required to drive rock failure, 
with failure occurring under smaller energy increments. 
Taking the confining pressure of 20 MPa as an example, 
with the unloading rate increasing from 0,2 to 0,8 MPa/s, 
the increment differences in total energy, elastic energy 
and dissipated energy were reduced from 0,12; 0,07; 0,05; 
0,03 MJ/m3, 0,06; 0,03; 0,02; 0,01 MJ/m3 and 0,06; 0,04; 
0,03 MJ/m3, respectively. The increment of elastic energy 
in the unloading process was smaller, while that of 
dissipated energy was larger, and the majority of external 
work was consumed by the internal propagation of rock 
cracks in the unloading process. 

Fig. 11 shows the relationship between energy 
increment differences and confining pressure. In the 
unloading process, energy increment was enlarged with 
increased confining pressure. The higher the confining 
pressure, the more external work required for failure. 
Taking the unloading rate of 0,4 MPa/s as an example, 
with confining pressure increasing from 10 to 40 MPa, the 
increment differences in total energy, elastic energy and 
dissipated energy increase from 0,05; 0,07; 0,11; 0,14 
MJ/m3, 0,03; 0,03; 0,04; 0,05 MJ/m3 and 0,02; 0,04; 0,07, 
0,09 MJ/m3, respectively. 
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(a) Increment difference of total energy 

 

 
(b) Increment difference of elastic energy 

 

 
(c) Increment difference of dissipated energy 

Figure 10 Relationship between energy increment and unloading rate in 
the unloading failure process 

 
Fig. 12 shows the energy distribution of typical rock 

specimens in the loading and unloading stages. The 
dissipated energy increased substantially in the unloading 
stage, and was more than five times greater than in the 
loading process, while absorbed total energy and elastic 
energy were less than those in the loading process. The 
driving energy of rock failure (stored elastic energy with 
release availability) was mainly accumulated in the 
loading stage prior to the unloading, and the elastic 
energy that increased in the unloading confining pressure 
process only accounted for 10 % of total stored elastic 
energy. Rock failure is a release process of elastic energy 
stored in the loading stage prior to unloading confining 
pressure, and the release of elastic energy stored in the 
loading process is the main reason for unloading failure. 
The geo-stress state before engineering excavation 
determines the magnitude of energy released by rocks, 
and the increment of elastic energy able to be released by 
the rocks in the excavation stage is very small. Before 
rock excavation under high geo-stress, a significant 
amount of released elastic energy is accumulated, which 
may induce unexpected rock dynamic disasters. Pre-
drilling in the front of working faces to release some 
elastic energy can effectively slow or prevent the failure 
of surrounding rocks. 

 
 (a) Increment difference of total energy 

 

 
(b) Increment difference of elastic energy 

 

 
(c) Increment difference of dissipated energy 

Figure 11 Relationship between energy increment and confining 
pressure in the unloading failure process 

 

 
Figure 12 Energy distribution relationship of whole-process rock failure  
 
5  Conclusions 
 
(1) With an increasing unloading rate, the peak stress 

differences in marble failure decreased, the failure 
confining pressure differences increased, the strain 
confining pressure increment ratios were reduced, 
and circumferential and volumetric deformation 
became more sensitive to changes in unloading 
confining pressure. Unloading failure was caused by 
volume expansion. 

(2)  In the unloading stage, the increments of absorbed 
total energy, elastic energy and dissipated energy 
were all reduced with increasing unloading rate, 
indicating that the faster the unloading rate was, the 
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less energy was required to drive rock failure in the 
loading process. 

(3) The loading process was an accumulation process of 
elastic energy, while the unloading process was an 
increase process of dissipated energy. The driving 
energy of rock failure was mainly accumulated in the 
loading process prior to unloading, and the energy 
stored in the loading process played a decisive role in 
unloading failure. 
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