
1. INTRODUCTION 

Many industrial activities involve subsurface fluid 

injection, which might be associated with an increased 

risk of earthquakes triggered by changes in the state of 

stress in the vicinity of the injection well (Ellsworth, 

2013). The main mechanism for injection-induced 

seismicity is a reactivation of faults due to changes in pore 

pressure. However, it is recognized that many features of 

this process, such as seismicity triggered by pore pressure 

decrease (Van Thienen-Visser and Breunese, 2015) or 

triggering the largest earthquake after the termination of 

injection (Kim, 2013) cannot be explained by this 

approach and require consideration of coupled 

hydromechanical behavior (Segall and Lu, 2015). 

Strength characteristics of the involved rock formations 

are usually well-assessed before the injection, and the 

injection rate is selected to maintain the state of stress 

significantly below the critical value associated with 

reactivation of the favorably oriented faults. On the other 

hand, a microcracking activity could be triggered at stress 

levels well below the peak strength and could lead to rock 

failure in the long-term perspective, even if the changes 

of effective stresses are small (Heap et al., 2009). Rock 

deformation at constant stress that leads to delayed failure 

is called brittle creep (c.f., Scholtz, 1968; Brantut et al., 

2013). Proper understanding of the creep processes is 

important for the characterization of mechanisms behind 

the seismic response observed during the fluid injection 

at relatively low pressures (Noël et al., 2019). 

Peak strength measurements of rock might be not the most 

appropriate for subsurface fluid storage (e.g., geologic 

carbon storage), since it is not expected to be mobilized 

during the injection. Studying rock behavior over an 

extended time period at a constant stress state that is a 

high proportion of the peak strength seems to be more 

appropriate in these circumstances. Typically, directional 

strain as a function of time during the creep process can 

be characterized by three stages: primary (decelerating) 

creep, secondary (steady-rate) creep, and tertiary 

(accelerating) creep. The same stages can be associated 

with the microcracking in the form of acoustic emission 

(AE) that is registered during the brittle creep observed in 

laboratory rock specimens (Lockner and Byerlee, 1977; 

Baud and Meredith, 1997). Locations of AE events during 

primary and secondary creep are usually nonlocalized and 

distributed over the whole volume of the specimen, while 

events during the tertiary stage become localized and lead 

to the creation of macroscopic failure (Heap et al., 2009). 

The transition between secondary and tertiary stages in 

laboratory brittle creep experiments might be 

qualitatively similar to the transition between 

microseismic response to the preparation of a large 

earthquake. The initiation of accelerating creep is 

believed to occur in a very narrow range of the proxy 

measures of accumulated damage: axial strain, pore 

volume change, and cumulative AE energy (Heap et al., 

2009). These proxy measures might be utilized to 

estimate the transition point in the laboratory 

experiments, however, neither of them could be 

accurately determined for in-situ conditions and be 
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ABSTRACT: Strength of the materials involved in the fluid injection is usually well assessed and injection pressure is maintained 

below the critical value to avoid induced seismicity. However, a microcracking activity could be triggered at stress levels well below 

the peak strength and could lead to rock failure in the long-term perspective, even if the effective stress state is not changing. Pore 

fluid could significantly affect the inelastic response and makes brittle creep in rock more pronounced. Triaxial creep tests are 

performed on dry and oil-saturated Berea sandstone specimens instrumented with strain gauges, LVDTs, and acoustic emission 

sensors. Recorded creep rate is highly correlated with the acoustic emission activity and sensitive to the experimental conditions 

(e.g., stress level). Dry and oil-saturated specimens exhibit similar behavior; however, some sensitivity to the type of the pore fluid 

and drainage condition is anticipated. Variation of the b-value might be one of the prognostic features for the transition between 

steady-rate and accelerating creep. Accurate representation of the in-situ condition in laboratory experiments is required for capturing 

the inelastic response of the material at constant subcritical stress level and addressing the long-term injection-induced seismicity. 
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utilized as a prognostic feature for the earthquake 

preparation process (Scholz, 2019). To address this issue, 

the observed acoustic emission data is analyzed in 

accordance with Gutenberg-Richter law to estimate the b-

value - a well-established parameter in monitoring both 

seismic and acoustic emission responses (Lockner et al., 

1991). In this study, results of preliminary creep tests on 

Berea sandstone under uniaxial dry and oil-saturated 

conditions are analyzed in terms of sensitivity to 

experimental conditions and potential prognostic features 

for the initiation of accelerating creep. 

2. EXPERIMENTAL METHODS 

Creep experiments are conducted on the cylindrical 

specimens of Berea sandstone with a diameter of 50 mm 

and a length of 100 mm. The specimen ends are ground 

flat within a tolerance of 0.05 mm and lubricated with a 

stearic acid mixture to promote homogeneous 

deformation (Labuz and Bridell, 1993). The stress-

stepping technique is utilized to measure the creep strain 

rate at different values of applied axial stress (Heap et al., 

2009). The specimen is initially loaded with a constant 

strain rate of 10-6 sec-1 to approximately 70% of the 

expected peak strength and is allowed to creep. Once the 

specimen has undergone enough deformation at this stress 

level to determine creep strain rate (approximately 30 

minutes) the axial stress is changed in a step-wise manner 

by small increments (0.5 MPa or 1.5% of the maximum 

load) and this cycle is repeated sequentially until the 

specimen fails. In the dry test, the specimen is loaded 

uniaxially without using confining fluid. During the oil-

saturated test, the confining fluid (hydraulic oil) can 

easily penetrate into the specimen, resulting in the pore 

pressure being equal to the confining pressure. The 

specimen is instrumented with two LVDTs and two strain 

gauges to measure axial deformation, one LVDT and two 

strain gauges for circumferential deformation, and eight 

AE sensors to record microcracking activity (Figure 1). 

 

Fig. 1. Photo of the specimen instrumented with strain gauges, 

LVDTs, and AE sensors. 

The energy self-similarity of the AE events is 

characterized in accordance with the Gutenberg-Richter 

law to estimate the b-value (Lockner et al., 1991). This 

parameter indicates a relative number of events with 

different magnitude and could be introduced as follows: 

log N a bM= +                           (1) 

where a and b are constants, M is the magnitude of an 

event (related to the amplitude of the AE waveform), and 

N is a number of registered events with a magnitude 

higher than M. The sliding event window with a width of 

200 events and 50% intersection is utilized to calculate 

the b-value (Figure 2). The event distribution is truncated 

in the region of magnitude below the magnitude of 

completeness Mc, and in the region of potentially 

underrepresented high magnitude events (Liu et al., 

2020). 

 

 

Fig. 2. Illustration of truncation of the distribution of the events 

in the region of low and high magnitude to estimate b-value 

over the linear part of the Gutenberg-Richter relation. 

3. EXPERIMENTAL RESULTS 

3.1. Reference uniaxial compression test 
The uniaxial compression test is conducted to measure the 

material properties of Berea sandstone that will be used as 

a reference in the following creep tests. The specimen is 

loaded with a constant loading rate of 3 MPa/min up to 

failure (Figure 3a). The calculated Young’s modulus in 

the region of linear elastic deformation is E = 12.3 GPa 

which is close to the previously reported value for the 

same rock (Tarokh et al., 2020). AE activity at the initial 

stage of loading is likely to be associated with pre-existing 

cracks (Figure 4a). The increasing AE activity associated 

with the creation of new microcracks (onset of 

inelasticity) is triggered approximately at 55% of peak 

strength. The variation of the b-value near the peak stress 

is not significant. 
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Fig. 3. Changes in axial stress and axial strain as functions of 

time in (a) uniaxial compression tests with constant loading rate 

up to failure (b) Multi-stage uniaxial creep test on dry sandstone 

(c) Multi-stage uniaxial creep test on oil-saturated sandstone. 

3.2. Dry uniaxial creep test 
The creep curves for dry test are shown in Figure 3b. The 

initial loading stage is used to verify the response of the 

strain gauges and LVDTs. The calculated Young’s 

modulus (E = 12.5 GPa) is close to the value from the 

reference test. AE response which might be associated 

with the closure of pre-existed cracks is registered during 

the initial loading and creep stages: however, the AE 

activity becomes negligible during the following few 

stages (Figure 4b). Closer to the final stages, the AE 

activity is initiated, but the events have a dominantly low 

magnitude, resulting in a high b value. It should be noted 

that peaks in AE activity coincide well with the decrease 

in the b-value. It becomes more evident from Figure 4c 

that displays creep curves during the last stage of loading 

(approximately 40 minutes of creep under constant axial 

stress of 35.25 MPa). Before the macroscopic failure 

occurs, three spikes of the acoustic emission activity 

associated with the significant decrease of the b-value 

(increase in a relative number of strong events) are 

observed - being a clear indication of the macroscopic 

failure preparation process. Similar variations might take 

place during the earthquake preparation and be a 

precursor to the seismic release of accumulated elastic 

energy rather than aseismic release associated with creep 

deformation (Vorobieva et al., 2016). 

 

Fig. 4. (a) AE data from reference uniaxial compression test (b) 

AE data from dry uniaxial creep test; enlarged zone is shown 

with the black frame (c) Enlarged last step of the creep test 

leading to macroscopic failure. 
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In addition, the average creep strain rate and AE activity 

at each stress level during secondary creep are shown in 

Figure 5. Both parameters are increasing exponentially 

with an increase in applied axial load. Creep deformation 

and AE are highly correlated (Pearson correlation 

coefficient r = 0.99) and qualitatively similar. Analogous 

correlation is also observed for the circumferential strain 

and AE activity. Interestingly, creep strain rate and AE 

activity become sensitive to the applied stress 

approximately at the transition between creep volume 

compaction to creep volume dilation (Figure 6). This 

supports the conclusion that deformation and AE during 

brittle creep are likely to be controlled by the same 

phenomenon – microcracking (Zhao et al., 2021).  

Fig. 5. Correlation between the creep strain rate and AE activity 

for each stress step applied during the dry creep test. The axial 

stress is normalized by the stress at the final step (35.25 MPa).  

 
Fig. 6. Axial and volume creep strain rate during dry creep test. 

The axial stress is normalized by the stress at the final step 

(35.25 MPa). Creep strain rates at the final step are not shown. 

Compression positive sign-agreement is utilized for the axial 

and volume strain. 

 

3.3. Oil-saturated creep test 
The test with the oil-saturated specimen is conducted 

under conditions of pore pressure being equal to the 

pressure of confining fluid. The confining pressure is kept 

at a value of 5 MPa. The calculated Young’s modulus E 

= 13.2 GPa and the maximum applied axial stress is 35.5 

MPa. The AE response is initiated only a few minutes 

before the macroscopic failure. This might be related to 

the instrumental error of the AE acquisition system or be 

a feature of the particular test. For example, fluid in pore 

space might cause stronger damping of elastic waves, 

making the AE amplitude threshold too high. However, a 

similar AE acquisition system is successfully utilized 

during fluid-saturated compression tests (e.g., 

Makhnenko et al., 2020) and further study is required to 

address behavior during an oil-saturated creep test. 

The creep curve for the oil-saturated test is shown in 

Figure 3c. The first few stages are in the region of primary 

(decelerating) creep. Starting from axial stress of 

approximately 80% of the peak (28.5 MPa), the specimen 

undergoes secondary creep. The measured strain rate 

exponentially increases with an increase in applied 

constant axial stress (Figure 7). The deformation 

characteristics of the rock appear to be very similar in dry 

and oil-saturated tests. It seems that in the case of non-

reactive pore fluid (hydraulic oil) the process is controlled 

by the difference between the pore pressure and confining 

pressure, which is the same in the dry and oil-saturated 

test and is equal to zero (Makhnenko and Bondarenko, 

2021). 

 
Fig. 7. Comparison of axial creep strain rates measured in dry 

and oil-saturated creep test on Berea sandstone. The axial stress 

is normalized by the stress at the final step (35.25 MPa and 35.5 

MPa for dry and oil-saturated tests, respectively). Secondary 

creep stages are shown with circles. The tertiary stage leading 

to the macroscopic failure is shown with a star. 
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4. DISCUSSION 

The peak strength of the formations is usually well-

determined before the injection of a fluid. If the location 

and orientation of faults are known, it is rarely expected 

that a change of effective stresses due to the injection 

would be enough to reactivate these faults. However, the 

microseismic response is frequently reported for 

subsurface fluid injection (Rother and Shapiro, 2003; 

Bauer et al., 2016). In the case of long-term subsurface 

storage of the fluids, the behavior of rock at constant 

subcritical stress levels might be more appropriate than 

the short-term peak strength (Brantut et al., 2013). Lack 

of empirical data about governing mechanisms is limiting 

the ability to build robust models that would consider the 

effect of pore fluid and the time-dependent behavior to 

explain the features of seismic response. Getting this data 

from the in-situ observation is problematic because of the 

limited information available on the stress state, strain 

rates, and geometries and heterogeneities of rock 

formations (Scholz, 2019). Therefore, accurate laboratory 

measurements at controlled conditions representative of 

in-situ could be insightful from this point of view. 

However, these experiments should be conducted keeping 

in mind that introduced concepts need to be easily 

accessible at laboratory and field scales. 

Previously suggested proxy values for transition between 

secondary and tertiary creep (axial strain, pore volume 

change, and cumulative AE energy) are solely based on 

the results of laboratory experiments (Heap et al., 2009). 

None of these parameters could be reliably monitored in 

the field to predict potential transition between injection-

induced microseismic response and preparation of large 

magnitude earthquake (Scholz, 2019). One of the 

potential prognostic parameters that could be determined 

for both AE and seismicity is the b-value in Gutenberg-

Richter law. It was found that acceleration in the creep 

rate and AE activity are accompanied by a decrease in b-

value in the experiments conducted at high mean stresses 

(Lei et al., 2000). Qualitatively similar behavior at field 

scale is observed for different fault systems, where large 

earthquakes are likely to occur on the sections with 

relatively low b value, while the creeping sections are 

characterized by the high b value (Ahmed et al., 2021; 

Vorobieva et al., 2016). The conducted experiments show 

that the transition between the creep and earthquake 

preparation might be accompanied by a significant 

variation in the b value. 

The presence of fluids has been shown to drastically 

change the fracture initiation process (Stanchits et al., 

2011; Li et al., 2016; Smirnov et al., 2020). When oil has 

been used as a pore fluid – the AE behavior during 

monotonic loading was not affected (Makhnenko et al., 

2020; Makhnenko and Bondarenko, 2021). Experiments 

reported in this paper allow concluding that the presence 

of oil also has a little effect on the creep behavior as long 

as the changes in the effective mean stress are the same as 

in the dry test. Conversely, the presence of aqueous 

solution can lead to the initiation of microcracking 

activity at lower stress levels (Atkinson and Rawlings, 

1982; Makhnenko et al., 2020). The time-dependent 

response of rock is also significantly affected by the 

presence of fluid in the pore space (Brantut et al., 2013; 

Makhnenko and Podladchikov, 2018), e.g., liquid water 

or some other reactive species can facilitate 

microcracking activity by promoting weakening reactions 

through stress corrosion cracking (Atkinson and 

Rawlings, 1981; Atkinson, 1982).  Therefore, the 

laboratory experiments should be representative of the in-

situ conditions not only in terms of applied stress and 

temperatures, but also in terms of the type of pore fluid. 

The ongoing experiments should be conducted with 

different types of fluids (e.g., water or CO2-water 

mixture) and at different values of effective mean stress 

to address the issue of induced seismicity observed at 

stress levels below the critical one. 

This study attempts to analyze the brittle creep 

experimental data as a laboratory-scale seismic process. 

If AE in laboratory experiments and seismicity in nature 

are qualitatively similar, then monitoring of the b value 

during injection-induced response might be conducive for 

the prediction of the transition between microseismic 

response and large-scale earthquake. The ongoing 

experiments should address how aqueous fluids are 

affecting the brittle creep behavior and potential 

prognostic features. In addition, the observed effects 

should be verified by conducting tests with crystalline 

rock which are more frequently involved in injection-

induced seismicity. 

5. CONCLUSIONS 

Preliminary creep tests are conducted in order to study the 

process of rock failure at subcritical stress levels that 

might be relevant to injection-induced microseismicity. 

These tests indicate that both AE activity and brittle creep 

deformation of Berea sandstone are likely to be governed 

by the same phenomenon – microcracking. Creep strain 

rate and AE activity become sensitive to the applied axial 

stress near the transition between volume compaction 

creep and volume dilation creep. A high correlation 

between creep strain rate and AE activity is reported. The 

observed creep behavior is similar for dry and oil-

saturated tests, indicating that the process is likely to be 

controlled by the effective mean stress. It is expected that 

more chemically active pore fluids (e.g., water or CO2-

water mixture) can significantly affect the behavior by 

enhancing the stress corrosion process. The conducted 

experiments show that the transition between secondary 

and tertiary creep stages might be associated with 

recurring spikes in AE activity and variations in the b-

value, which potentially can be used as a prognostic 

feature for the earthquake preparation process. 
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