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Abstract

Creep tests under constant stress are essential for investigating the time-dependent deformation and
failure of rock. At a high stress level, creep strain increases, while the strain rate gradually decreases,
reaches a minimum, and increases until failure occurs. Here, the stress level means the ratio of creep
stress to short-term strength, and the creep strain is total strain minus elastic strain. That is to say, the
creep of rock is composed of decelerating and accelerating portions. In contrast, the strain rate ata low
stress level gradually decreases and approaches nearly zero, and hence it is quite difficult to complete
the creep test until failure occurs.

To estimate the temporal change in creep strain from the beginning of a test to the final failure at low
stress levels, the authors developed a new test method in which axial stress is increased, kept constant
for a while at a predetermined stress level, increased again, decreased in the post-peak region, and kept
constant at the same stress level until failure occurs. This test method provides both the beginning
portion of decelerating creep and the ending portion of accelerating creep.

In this study, this test method was applied to two types of Japanese rocks, tuff and andesite, in uniaxial
compression. The relations between creep strain and time in the decelerating portion and between
creep strain and residual time in the accelerating portion at low stress levels were in a similar manner
to those obtained from conventional creep tests at high stress levels. By interpolating the decelerating
and accelerating creep curves, the complete creep curves and hence creep lifetimes were estimated at
stress levels of between 20% and 80%.
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1 Introduction

Understanding the time-dependent behavior of rock is essential for the long-term stability assessment
of underground structures, such as tunnels, mines, and high-level radioactive waste repositories
(Wagner 2019; Zhang et al. 2025). Creep tests in which time-dependent deformation is observed under
constant stress have been widely applied to various rock types (Aydan et al. 2014; Innocente et al.
2021). At a high stress level, creep strain increases, while the strain rate graduallydecreases, reaches a
minimum, and increases until failure occurs (Okubo et al. 1991; Bruntut et al. 2014; Imani et al. 2025),
as shown in Fig. 1 (a). Here, the stress level means the ratio of creep stress to short-term strength, and
the creep strain is total strain minus elastic strain. That is to say, the creep of rock is composed of
decelerating and accelerating portions.Figures 1 (b) and 1 (c) are schematic illustrations of the creep
strain with the logarithm of time and with the logarithm of residual time (i.e., creep lifetime minus
elapsed time), which emphasize the deceleratingand accelerating creeps, respectively (Okubo et al.
1991).
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Fig. 1 Schematic illustrations of creep test results ata high stress level. The blue and red ovals indicate the decelerating and
accelerating creeps, respectively. (a) log (creep strain rate) versus creep strain, (c) creep strain versus log (time), and (c) creep
strain versus log (residual time).

These creep test results can be obtained in a relatively short period of time at high stress levels. In
contrast, the strain rate ata low stress level gradually decreases and approaches nearly zero, and hence
it is quite difficult to complete the creep test until failure occurs (Itdand Sasajima 1987; Hashiba and
Fukui 2020). In previous studies, a multi-stage creep test in which creep stressis increased in stages
has been conducted; however, this test method provides decelerating creep in each of the stages and
accelerating creep only in the final stage at a high stress level (Bruntut et al. 2013). Hence, there is still
little knowledge about the long-term creep behavior at low stress levels. Recently, the authors
developed a new test method to estimate the temporal change in creep strain from the beginning of a
test to the final failure at low stress levels (Hashiba and Fukui 2025). This paper presents the results of
two types of Japanese rocks obtained with the new test method at low stress levels and compares them
with short-term creep test results at high stress levels.

2 Test method

Sample rocks are Tage tuff and Sanjome andesite obtained in Japan of which the uniaxial compressive
strengths are 22 MPa and 100 MPa, respectively. The specimens are cylindrical with a diameter of 25
mm and a height of 50 mm and were dried in a laboratory for more than two weeks. The tests were
conducted in uniaxial compression using a 500 kN servo-controlled testing machine. The axial load
and displacement were measured with a strain-gauge-type load cell and a linear variable differential
transformer, respectively.

Figure 2 shows a schematic illustration of a stress-strain curve obtained with the test method
developed by Hashiba and Fukui (2025). In this test method, a specimen is loaded from O to A, and
the stress is kept constant to record the decelerating creep from A to B. The specimen is reloaded from
B to C and unloaded from C to D, and the stress is kept constant to record the accelerating creep from
D to E at the same stress level as that at A and B. In conventional creep tests, the position of stress and
strain moves from A to Evia B and D. In contrast, this test method omits the section between B and D
and provides both the beginning portion of decelerating creep and the ending portion of accelerating
creep, as the curves enclosed by the blue and red ovals in Fig. 1 (a). By interpolating the separated
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decelerating and accelerating creep curves, we can estimate a complete creep curve and hence creep
lifetimefrom a single specimen in a short period of time. In this study, the strain rate was set to 10 /s
from O to A, alternated between 10 /s and 10 /s at a strain interval of 510 from B to C, and set to
~107 /s from C to D, in a similar way to that in Hashiba and Fukui (2025). Theduration between A
and B was set to 1000 seconds. The stress at C was set to 1.1 and 1.15 times higher than that at D for
Tage tuff and Sanjome andesite, respectively. This study focused on the creep test results and hence
omitted the results about the strain-rate dependence of strength obtained from the strain-rate
alternationbetween B and C. The results of Tage tuff obtained by Hashiba and Fukui (2025) were
reorganized, and the results of Sanjome andesite were newly obtained in this study.

Stress
>

Strain

Fig. 2 Schematic illustration of astress-strain curve obtained with the test method developed by Hashiba and Fukui (2025).

3 Test results

Figure 3 shows the relation between creep strain and time obtained for 1000 seconds between A and B
in Fig. 2 with the numbers indicating creep stress levels as percentages. The strain at one second after
the start of the creep test was set to the origin. The creep strain monotonically increased, and the
curves for both rocks are linear or slightly convex downward in a similar manner to the curve enclosed
by the blue oval in Fig. 1 (b).
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Fig. 3 Relation between creep strain and time in the decelerating creep obtained between A and B in Fig. 2.The numbers
indicate creep stress levels. (a) Tage tuff and (b) Sanjome andesite.
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Figure 4 shows the relation between creep strain and residual time obtained between D and E in Fig. 2;
the time elapsed from right to left in Fig. 4. The curve with the same number and color as that in Fig. 3
was obtained from the same specimen. The curves for both rocks are linear or slightly convex upward
in a similar manner to the curve enclosed by the red oval in Fig. 1 (¢). The curves are located from
bottom to top in an almost descending order of stress levels, and creep failure occurred within a few
thousand seconds at not only high but also low stress levels.
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Fig. 4 Relation between creep strain and residual time in the accelerating creep obtained between D and E in Fig. 2. The
numbers indicate creep stress levels. (a) Tage tuff and (b) Sanjome andesite.
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Fig. 5 Relation between creep strain rate and creep strain. The solid lines with colors were obtained in this study. The
solidblack lines were obtained by Chu (1995) for Tage tuff and by Fukui (1990) for Sanjome andesite. The dashed lines were
calculated from the solid black lines using Eq. (1) and (2). The numbers indicate creep stress levels. (a) Tage tuff and (b)
Sanjome andesite.

Figure 5 shows the relation between creep strain rate and creep strain by solid lines with the same
colors as those in Figs. 3 and 4. The decelerating and accelerating creep curves are observed at the left
and right sides of the figures, respectively, in a similar manner to the curvesenclosed by the blue and
red ovals in Fig. 1 (a). The results at high stress levels obtained in previous studies are shown in black,
indicating that the strain rate decreases, reaches a minimum, and increases until failure occurs. To
interpolate the decelerating and accelerating creep curves atthe low stress levels, the black line for
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each rock was enlarged or reduced along both the horizontal and vertical axes using thefollowing

equations.
SC
=41+ (r—-1)— (1)
ch
de; dego dego de,
i — — < 2
log FR log I r(log It log dt) 2)
Where r Conversion ratio
& Original creep strain on the black line
e’ Converted creep strain
Eof Final creep strain on the black line

e/dt Original creep strain rate on the black line

de'./dt Converted creep strain rate
deco/dt Initial creep strain rate on the black line

Figure 5 shows the relation between the converted creep strain rate and creep strain by dashed lines
with the same colors as those of the corresponding solid lines. Here, the conversion ratio » was set
such that each of the dashed lines coincides with the decelerating and accelerating creep curves of the
same color. This figure shows that the decelerating and accelerating creep curves are appropriately
interpolated by the dashed lines and that the strain rate decreases, reaches a minimum, and increases

until failure occurs at all the low stress levels.
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Fig. 6 Relation between creep lifetime and creep stress level. The open symbols were estimated in this study, and the closed

symbols were obtained by Chu (1995) for Tage tuff and by Yamaguchi (1980) for Sanjome andesite. The black lines were
calculated using Eq. (3). (a) Tage tuff and (b) Sanjome andesite.

The creep lifetime for each specimen was estimated by integrating the reciprocal of creep strain rate
with respect to creep strain in Fig. 5 and shown by open symbols in Fig. 6. The closed symbols
indicate the results obtained from conventional creep tests at high stress levels in previous studies. The
test results at high stress levels as well as the estimated resultsatlow stress levels are located near the
straight lines represented by the following equation with a and b of 21 and 22 for Tage tuff and 17 and

18 for Sanjome andesite.

logt, = —ao,+ b 3)

Where a, b Constants
t Creep lifetime
O Creep stress level

341



Eurock 2026, Skopje, RN Macedonia

4 Conclusions

The decelerating and accelerating creep curves were separately obtained for the two Japanese rocks,
tuff and andesite, at low stress levels, using the test method in which axial stress is increased, kept
constant for a while at a predetermined stress level, increased again, decreased in the post-peak region,
and kept constant until failure occurs. The relations between creep strain and time in the decelerating
portion and between creep strain and residual time in the accelerating portion were in a similar manner
to those obtained from conventional creep tests at high stress levels. By interpolating the decelerating
and accelerating creep curves using the results previously obtained at high stress levels, the complete
creep curves and hence creep lifetimes were estimated at stress levels of between 20% and 80%. The
relation between creep lifetime and creep stress level for the two rocks was found to be almost linear
on a single logarithmic chart at not only high but also low stress levels. The applicability of this study
to other rocks under various stress states and test environments will be examined in future studies.

The test method to obtain decelerating and accelerating creep curves is promising for investigating the
long-term creep behavior of rock at low stress levels. However, the stress history in this test method is
much more complicated than that in conventional creep tests, and hence its influence on creep
behavior needs to be investigated in future studies.
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