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Numerical simulation of strength degradation in

creep failure of laboratory rock specimens

XUE Yu-ting, MISHRA Brijes
(Department of Mining Engineering ,West Virginia University ,Mogantown ,WV 26505,USA)

Abstract: Failure of rock specimen in creep tests are known to occur at stresses that are lower than the
strength of the intact rock. The time to reach failure depends on the stress levels. Failure in rock specimens
occur due to the strength degradation induced by the viscous deformation. In this paper, the parameter-
effective viscous strain was introduced to simulate the strength degradation induced during creep. The model
was implemented in the three dimensional distinct element code(3DEC). The viscous behavior of rock was
characterized by Burgers model and the relation between the effective viscous strain and strength value was
determined from laboratory creep test. During creep simulation,the real-time strength value was determined
from the effective viscous strain calculated at each time-step in 3DEC. Result from the simulation effort
shows that the new model can reproduce the failure of rock specimens undergoing unconfined creep test,

Keywords: creep; strength degradation; failure; numerical simulation

Introduction

Roof fall is always a major safety hazard in underground coal mines. Field observation
demonstrates that competent roofs of coal mines do not fail immediately after the
excavation but sometime later, depending on various factors(Dolinar et al. , 2000; Ray,
2009). The process of massive failure begins with localized failure that gradually
progresses along the mine entry, and when the failure reaches the competent, overlying
strata, the entire roof rock collapses, exposing the overlying strata. This involves time-
dependent deformation and failure. For the time-dependent deformation, laboratory creep
tests can be conducted to determine the time-dependent parameters for a creep model.
Mohr-Coulomb failure criterion can be combined with a creep model to account for the
failure under creep condition. The viscoelastic plastic model, combining Burgers creep
model and Mohr-Coulomb failure criterion, is referred as cvisous model in 3DEC (Itasca
2012) ,which was used to simulate an unconfined creep test. A constant stress of ninety-
eight percent of the strength was applied on the top of the simulated specimen. The model
was run to equilibrium condition first to obtain the elastic solution. The instantaneous
elastic strain was 4. 35 X 107*. Creep simulation was then activated to run for a time
equivalent to 2 X 10° seconds (555. 6 hours). As shown in Fig. 1, the specimen deforms

without failure with the axial viscous strain is almost seventeen times as the instantaneous

Supported by National Institute for Occupational Safety and Health(200-2011-40676).
Tel: 01-304-3768868, E-mail: yuxue@mix. wvu. edu.
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elastic strain. However, this is not the situation in laboratory tests,
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Fig.1 Stress-strain curve for the simulated unconfined creep

test with Burgers model and Mohr-Coulomb criterion

Failure of rock specimen in creep tests are known to occur at stresses that are lower
than the strength of the intact rock(Wawersik and Brown,1971; Baud and Meredith,1997;
Rinne,2008) ,indicating that the rock strength degrades during the creep test. The acoustic
emission output from triaxial creep test on sandstone shows that the time-dependent
cracking plays the major role during the secondary stage of creep (Baud and Meredith,
1997). Rinne(2008) adopted subcritical crack theory to simulate the delayed failure of a
loaded rock and the result demonstrates that the slow time-dependent fracturing process
may lead to a sudden unstable failure event. Lin et al. (2009) carried out a series of
constant loading tests with acoustic emission monitoring and the source location analysis
reproduced the progressive damage process during the test. These demonstrate that
subcritical cracks can still propagate during creep test and therefore deteriorate the rock
specimens. If the strength degradation caused by viscous deformation is not considered, the
strength remains constant during creep test. The applied stress is constant and is lower
than the rock strength and therefore,the specimen deforms without failure.

Various methods haven been proposed to consider the strength degradation induced by
viscous deformation. Wawersik and Brown (1971) used maximum creep strain as failure
criterion, which could be obtained from the strain between the ascending and descending
parts of the complete quasi-static stress-strain curve. The results of uniaxial compression
creep tests (Kranz and Scholz, 1977) showed that the inelastic volumetric strain at the
onset of tertiary creep was nearly constant, independent of stress level and related to
fracture strength and rock type. Malan (1999) also derived a time-dependent Mohr-
Coulomb failure criterion,where the cohesion was considered to degrade with time and the
degradation rate depended on the distance between the stress state and the residual
strength. Fakhimi(1994) proposed a model to investigate the stand-up time of underground
excavations where the strength degraded exponentially with effective viscous strain.

« 2
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Similar to the effective shear plastic strain in strain-softening model, the effective viscous
strain is a parameter qualifying the damage induced by the viscous behavior and can be
related to the rock strength. With such a parameter, the strength degradation caused by
viscous deformation can be considered for complicated stress condition and be used in
numerical simulation. The concept of effective viscous strain was used in this paper to
quantify the damage induced by viscous strain and to control the strength degradation with

viscous strain.

1 Effective viscous strain for burgers materials

Burgers model is widely used to represent the creep behavior of rocks (Price, 1964;
Fakhimi and Fairhurst, 1994; Ghorbani and Sharifzadeh, 2009 ). Burgers model for
unconfined creep condition is shown in Eq. 1, where K and E, are the bulk and shear
modulus while 7, ,E\,and 7 are the creep or time-dependent parameters shown in Fig. 2.
In Eq. 1, the first term of the right side is the volumetric strain and the left three terms
represent the deviatoric strain. Therefore, the material behaves as an elastic body under

hydrostatic compression and as a Burgers material under deviatoric stress condition
(Goodman, 1989).

E;
—MA—
g —a MWW\,
S T En
- —, |
T

Fig.2 Schematic of Burgers model

e——+—+Tt+3Ek|:1—exp(_E*t)} @8]
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It can be found from Eq. 1 that the first two terms of the right side describe the time-
independent response of the axial strain to axial stress and the left two terms represent the
time-dependent behavior. The relation between the viscous strain and time in axial

direction can then be described as,
o - Ekt
&= 37]mt+3Ek[l exp ( N ):l (2)

The strength degradation parameter &' is introduced to control the time-dependent

strength degradation. It is a measure of the second invariant of the viscous strain, given as,

K = %e}; 3 (3)

Where, ¢} represents the viscous strain in three-dimensional condition. For unconfined

condition, the strength degradation can be derived as,

= Bg )
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The strength degradation parameters can be calculated with the axial strain during an
unconfined creep test. At the same time,the relation between ' and strength value can be
determined if the unconfined creep test continues until the specimen fails. Under this
circumstance, the constant stress applied to the specimen is the strength value. Due to the
viscous deformation, the rock strength is decreased from the original value to the stress
value of the creep test. Therefore, the strength value for one specimen with specific

effective viscous strain values can be obtained.

2 Calculation of effective viscous strain in 3DEC

The relation between the strength degradation parameters and strength value,
obtained from creep tests,can be input into 3DEC code to control the strength degradation
during time-dependent simulations. At each time-step, the accumulated effective viscous
strain can be calculated and then is used to update the strength value based on the strength
degradation relation provided by users, The calculation of effective viscous strain in 3DEC
is summarized in this section,

Only the viscous part of Burgers model is considered here,as shown in Fig. 3. For the
Maxwell unit,we have,

E,

1 —

Fig.3 Schematic of viscous part in Burgers model

[l

(5

U =

Nm
Where, u, is the strain rate of the Maxwell unit and F corresponds to the mean values of F

over the time-step with the format of Eq. 6. The superscripts ” and ° denote the new and old

values, respectively.
F = # (6)
Writing Eq. 5 in finite-difference form,
ut =+ EEE 5, %
2 U
For the Kelvin part(Itasca,2014),we have,
uZ=%[Bu2+(F"+F°)-2A—t] ®
M
Where
A =1+ Entt )
2 17&
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E, At

B=1—
277§

(10>

At each time-step,the new viscous strain can be calculated by adding up the Maxwell
viscous strain in Eq. 7 and the Kelvin strain in Eq. 8. For three-dimensional condition, the
symbols S; is used to represent the deviatoric stress tensor and e} represents the viscous
strain tensor, The superscripts k2,m,and p are used to represent the contributions of the

Kelvin, Maxwell and plastic components of stresses and strains,respectively.

e = o4 B (511 53y (an
47
n ]. 5B At n o
e;;:z{34-+zga%+s”] (12)
The viscous strain tensor can be further calculated as,
ef =&l 1-&f (13

Which can be substituted into Eq. 3 to calculate the accumulated effective viscous

strain at each time step.

3 Numerical simulation of the creep failure of laboratory rock specimens

A series of laboratory unconfined creep tests were simulated to verify the new model.
Burgers creep model was used to describe the time-dependent behaviors and Mohr-
Coulomb criterion was used as the failure criterion. The strength degradation relation was
given by the relation between friction angle and the effective viscous strain, as shown in
Fig. 4 ,which can be input into 3DEC code as a table, similar to the strain-softening model.
The resulted strength degradation relation is shown in Fig. 5. The effective viscous strain
gradually accumulates with time during a creep test,leading to decreasing strength value.
Specimen failure occurs when the strength value reduces to the value equaling to applied
constant stress.

The simulation results demonstrate that the model can reproduce the creep failure of
laboratory specimens. It can be observed from Fig. 6 that the simulated specimens show
typical creep behavior where the creep curves have three stages-primary, secondary and
tertiary. The accelerating strain rate after the secondary stage indicates the failure of the
specimen. Therefore, the simulated specimens fail after sometime when the creep test
starts. However, there are three specimens keeping deforming without failure. This is
because of the provided strength degradation relation. As shown in Fig. 5, the strength
degradation relation becomes a horizontal line when the strength reduces to 23. 81 MPa,
indicating that this is the lower bound for strength degradation. If the applied stress is
below this value,the specimen keeps deforming without failure. In addition,it can be found
from Fig. 6 that the time to failure depends on applied constant stress. It takes longer time
to fail the specimen if the applied constant stress is lower. The relation between time to
failure and the applied stress is plotted in Fig. 7. It shows similar trend as the strength

degradation relation in Fig. 5.
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4 Conclusions

Failure of rock specimen in creep tests are known to occur at stresses that are lower
than the strength of the intact rock. Due to subcritical crack propagation and other
mechanisms, the viscous deformation introduces damage to the rock specimens and
therefore induces strength degradation. However, the viscoelastic-plastic model, with the
viscoelastic model and the failure criterion, cannot reproduce the creep failure observed in
laboratory tests. The parameter of effective viscous strain was introduced in this paper to
quantify the damage induced by viscous deformation and to control the strength
degradation in numerical simulation with 3DEC. The relation between strength values and
the effective viscous strains can be determined from laboratory creep tests and be input into
3DEC code as a table. During numerical simulation, the strength value can be updated at
each time-step after the accumulated effective viscous strain is calculated. The simulation
results demonstrate that the new model can reproduce the failure of rock specimens

undergoing unconfined creep test.
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Study on mechanical properties of coal measures rocks

with triaxial compression in Panji deep exploration
SHEN Shu-hao' , WU Ji-wen',ZHAI Xiao-rong' ,SHI Wen-bao®

(1. School of Earth and Environment , Anhui University of Science and
Technology, Huainan 232001 ,China;
2. Anhui Province Key Laboratory of Mining Response and Disaster Prevention and
Control in Deep Coal Mine , Huainan 232001 ,China)

Abstract; Taking the deep exploration area in Panji of Huainan as an example, the distribution characteristics
of deep geological storage conditions for the coal measures rocks were comprehensively determined. In the
variation range of measured in-situ stress condition, the strength characteristics and deformation properties
of coal measures rocks were studied by rock triaxial compression test system indoor. The coal measures
rocks include 6 kinds of lithology: gritstone, medium sandstone, fine sandstone, siltstone, mudstone and
limestone. The results showed that the high lateral pressure plays a important role in the mechanical
properties of coal measures rocks. According to the analysis of the similarities and differences of each
lithology rocks, the strength and deformation of coal measures rocks under the high stress field are
controlled by the lateral pressure control greater than the influence of lithology. Results canbe applied to the
deep engineering disaster prevention and stability evaluation of surrounding rocks.

Keywords: coal measures rocks; triaxial compression; mechanical properties; deep exploration

Introduction

Geological prospecting work has achieved remarkable results, the exploration and
exploitation of coal resources gradually extend to the deep in recent years. The accurate
rock mechanics parameters are needed for the evaluation of geological conditions in major
engineering exploration phase and the later design, the basic research on the mechanical
properties of rock under deep in-situ stress field is the primary demand for ensure the
construction of the mine, efficient mining and the prevention of major engineering
geological disasters (He and Zhu, 2016; Xie et al. , 2015). At present, the theory and
technology of rock indoor test under high pressures in stress field have developed rapidly,
that accelerated the relationship between strength and deformation characteristics of rock
and lateral pressure research(You,2014; Lai,2009).

Over years, triaxial compression tests have focused on homogeneous rocks such as

Supported by the National Natural Science Foundation of China(41272278), Anhui provincial natural science research
projects in Colleges and Universities(KJ2017A073) , Anhui provincial geological prospecting fund third projects(sequel)
(2013-3-18).
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