
Micromechanics of Fracture Propagation during Multistage Stress 

Relaxation and Creep in Brittle Rocks  

Sana Zafar1, Ahmadreza Hedayat1, Omid Moradian1,2 

 
1

 Department of Civil and Environmental Engineering, Colorado School of Mines,  

Golden-80401, Colorado, USA. 
2

 Department of Earth Sciences, Swiss Federal Institute of Technology (ETH),  

Zurich 8092, Switzerland 

 

*Corresponding author: sanazafar@mines.edu, +1 720-329-7962 

 

HIGHLIGHTS 

• Fracturing mechanisms under multistage relaxation and creep experiments were identified. 

• AE and DIC results showed high evolution of tensile cracks as compared to shear and mixed-mode 

cracks. 

• Frequency-magnitude distribution illustrated a lower 𝑏-value in case of multistage creep as compared 

to multistage relaxation. 

ABSTRACT 

Time-dependent rock deformation caused by the initiation and growth of fractures leads to the weakening 

of the rock mass. Understanding the fracturing mechanisms involved in the time-dependent behavior in 

brittle rocks is very important and to achieve this goal, a systematic series of three types of experiments 

was performed on double-flawed prismatic Barre granite specimens under unconfined compression. The 

first series aimed to identify the failure mechanism in the short-term failure mode under monotonic loading, 

the, second series involved multistage relaxation (constant strain) experiments to analyze the damage at 

different strain levels, and the third series explored the fracture propagation under multistage creep 

(constant load) experiments. The spatial and temporal evolution of cracking mechanisms were evaluated 

using the acoustic emission (AE) and two-dimensional digital image correlation (2D-DIC) techniques to 

observe the whole crack growth process as well as the accumulated inelastic strain at the specified region 

of interest. Results suggest that in the case of multistage creep experiments, the time to failure was less 

compared to the multistage relaxation, when loaded above the crack damage threshold (CD) estimated from 

the monotonic testing. The frequency magnitude distribution of the AE events generated in the three loading 

conditions followed the Gutenberg Richter model. A relatively lower b-value was obtained for the creep 



experiments, indicative of high energy AE events and faster crack growth. In addition, the AE and DIC 

results also revealed high evolution of tensile cracks at-different stages of creep and relaxation compared 

to shear and mixed-mode cracks.  
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1. INTRODUCTION 

Time-dependent behavior can be described as a phenomenon caused by the weakening of a rock mass with 

time, such as creep, consolidation/dilation, swelling, and stress relaxation. A detailed knowledge of the 

time-dependent behavior of rocks is important to predict the long-term stability of underground structures 

(Diederichs and Kaiser, 1999), surface structures and rock slopes (Kemeny 2005; Yu et al. 2012; Zhang et 

al. 2020), nuclear waste repositories (Malan et al. 2002; Nara et al. 2010), oil and gas industry, enhanced 



geothermal systems (EGS), and CO2 and waste water disposal (Miura et al. 2003; Zhuang et al. 2020) in 

which a damage-controlled failure is required.  

The behavior of the rock subjected to creep and stress relaxation differs based on the rock type. In brittle 

rocks, less energy is absorbed, resulting in an abrupt failure as the stress approaches the instantaneous 

strength of the rock. This behavior is governed by the progressive damage caused by the initiation and 

propagation of microcracks, which eventually interact and lead to sudden failure. In contrast, ductile rocks 

absorb more energy and demonstrate visco-elastic behavior when subjected to the stress levels closer to the 

yield strength (Paraskevopoulou et al. 2018). A large number of experimental and numerical studies have 

been conducted in the past few decades to analyze the creep and relaxation behavior of soft rocks, such as 

rock salt or potash in the laboratory under uniaxial, biaxial, and triaxial loading conditions (Yu et al. 2012; 

Özşen et al. 2014; Mishra and Verma 2015; Cao et al. 2016; Tian et al. 2016; Pramthawee et al. 2017; Yang 

et al. 2017; Liu et al. 2018; Zhang et al. 2020). However, very few studies have been conducted to analyze 

the time-dependent behavior in brittle rocks (Hudson and Harrison 1997; Paraskevopoulou et al. 2017; 

Paraskevopoulou et al. 2018; Wang et al. 2019).  

Studies conducted to investigate the long-term strength of brittle rock under constant stress (Bieniawiski et 

al. 1967; Singh et al. 1975; Schmidtke et al. 1985; Paraskevopoulou et al. 2013; Paraskevopoulou et al. 

2018) and constant strain conditions (Peng et al. 1972; Peng 1973; Yu et al. 2012; Tian et al. 2016; 

Paraskevopoulou et al. 2017; Yang et al. 2017; Liu et al. 2018; Zhang et al. 2020) mostly focused on the 

mechanical behavior of the rock specimen under time-dependent loading and rarely investigated the damage 

from a microscopic perspective. Experimental results from creep and relaxation studies were used to 

introduce constitutive and numerical time-dependent models to predict the long-term strength of the rock 

(Chugh et al. 1987; Aydan et al. 1996).  

In most of these studies, the time-dependent behavior of rock in single-stage and long-term experiments 

was explored by raising the stress up to a particular level and monitoring the response for longer durations. 

The results of such studies illuminated different stages of creep and relaxation. The three stages of creep at 

a constant stress level are termed as the primary, secondary and tertiary creep (Baud et al. 1997). When the 

applied stress is maintained constant, initially the strain increases with a decreasing strain rate with this 

stage termed as the primary stage of creep, followed by the secondary creep in which the deformation takes 

place at a constant strain rate. When the strain rate starts to accelerate towards failure, tertiary creep stage 

occurs.  

To investigate the different stages of relaxation, similar to creep, Paraskevopoulou et al. (2017) conducted 

relaxation experiments on two types of limestones focusing on the distinct stages of relaxation and the 



amount of stress relaxed in these stages at different load levels while holding the axial and radial strains 

constant. Their results showed similar stress-time responses at different strain levels, revealing three stages 

of relaxation. The first stage of relaxation was identified as the stage where the stress relaxes with a 

decreasing rate, due to the evolution of new or pre-existing cracks that initiate during loading with time; 

this stage is followed by the constant rate of stress drop, known as the secondary stage of relaxation. Once 

the crack growth stabilizes, no further stress relaxation takes place, i.e., the stress reaches an asymptote, 

and this stage is referred to as the third stage of relaxation.  

These identified mechanisms under creep and relaxation can be observed when the rock is loaded up to a 

stress level between crack initiation (CI) and crack damage (CD) under single-stage long-term experiments. 

However, the behavior may differ when the rock is loaded beyond CD. The crack initiation stress threshold 

(CI) is defined as the first stage of stress-induced damage in low-porosity rocks, indicating the initiation of 

stable crack growth stage, and this threshold can be used as a lower bound estimate for long-term strength 

threshold of crystalline rocks (Damjanac and Fairhurst, 2010). However, crack damage (CD) indicates the 

stress level corresponding to the coalescence of the microcracks and the initiation of unstable crack growth 

stage (Deiderichs et al. 2004; Nicksiar and Martin 2012).  

In practice, the time-dependent deformations under creep and relaxation may occur due to the stress 

variation in steps in various environmental conditions and engineering applications such as underground 

excavations, rock slopes, glaciers, and dam abutments. Literature suggests that single-stage creep and 

relaxation experiments are easier to perform, but consume a large number of samples to analyze the rock 

response spectrum. However, multistage time-dependent experiments are advantageous to investigate the 

rock response at target stress levels in a time-efficient manner while avoiding the effect of sample variability 

(Heap et al. 2009). Cao et al. (2016) conducted multistage and single-stage creep experiments on soft rocks 

under uniaxial compression. The results of the two loading conditions indicated that the stress level required 

for creep to occur had a threshold value, below which no creep was observed, with the threshold value 

independent of the loading condition (i.e., single-stage or multistage). Sabitova et al. (2021) conducted 

multistage triaxial creep experiments on a set of natural limestone and artificial samples with alternating 

cycles of creep and stress relaxation. Their results demonstrated that loading and unloading cycles, i.e., 

creep and stress relaxation, followed different stress-strain laws. At constant stress, during creeping stages 

of the test, the samples exhibited significant dilation. Similarly, in the case of stress relaxation, despite the 

constant position of the loading piston, the sample showed slight deformation in the vertical direction during 

relaxation stages. All of these studies discussed the mechanical properties of rocks during stress relaxation 

and creep to illustrate the validity and rationality of the constitutive models under investigation. However, 

the fracturing processes in brittle rocks under relaxation and creep have not been explored in detail.  



According to the fracturing processes, the crack (fracture) propagation modes are primarily characterized 

into three types: mode I (tensile), mode II (in-plane shear) and mode III (off-plane shear or tearing) as 

reported by Gdoutos (2005), Ko and Kemeny (2007) and Ghazvinian et al. (2013). Depending upon the 

mode of displacement, cracks can be classified into any of the mentioned types or a combination of them, 

known as mixed-mode cracks. Hence, the objective of the present study is to examine the response of low 

porosity brittle rocks under multistage relaxation and creep in terms of spatio-temporal evolution of the 

microcracks.  

AE sensing is a continuous measurement technique used for damage detection in rocks and characterizing 

the failure mechanisms in rock fracture experiments (Qu et al. 2022). Digital image correlation (DIC) is 

also the most widely used non-contact optical technique for full-field displacement and strain measurements 

in real time by comparing the digital images in undeformed and deformed states (Sutton et al. 2009; Hedayat 

et al. 2014; Shirole et al. 2019). 2D DIC measures in-plane displacements and strains on planar objects and 

3D DIC can measure the full-field displacement and strain fields on non-planar objects (e.g., Munoz et al. 

2016; Munoz and Taheri 2018). In this study, 2D DIC technique in combination with acoustic emission 

(AE) were used to analyze the micro and meso mechanism of damage evolution in double flawed prismatic 

Barre granite specimens under different loading conditions.  

 

The study focused on three different sets of experiments: (1) monotonic uniaxial experiments (2) multistage 

creep experiments, and (3) multistage relaxation experiments. The monotonic uniaxial experiments were 

conducted as a baseline testing to determine the damage thresholds CI, CD, and the peak strength (UCS) 

for the rock specimen and design the procedure for multistage longer-term experiments accordingly. The 

samples were loaded up to stresses close to its short-term peak stress (above CD) under creep and relaxation 

to compare the fracturing processes in multistage relaxation and creep experiments with that of monotonic 

loading experiments.  

2. LABORATORY TESTING PROGRAM AND METHODS 

2.1 Material 

To characterize the damage processes under multistage relaxation and creep, double-flawed Barre granite 

(BG) specimens were used in this study. BG, which is crystalline in nature, was obtained from the southwest 

region of Burlington, Vermont (USA). BG is a gray granodiorite with its grain size ranging from 0.2 mm 

to 3.0 mm (medium-fine grained). It has an average grain size of 0.87 mm (Iqbal and Mohanty 2007; Nasseri 

et al. 2010). BG composition consists of about 65% feldspar (average grain size of 0.95), 27% quartz 



(average grain size of 0.94 mm), and 9% biotite (average grain size of 0.83 mm) (Iqbal and Mohanty 2007; 

Dai and Xia 2010; Nasseri et al. 2010). It has a density of 2.66 g/cm3 with a porosity of 0.59% (Iqbal and 

Mohanty 2007). Intact BG specimens have the following average properties: Young’s modulus=58 GPa 

(Shirole, Walton, and Hedayat 2020), uniaxial compressive strength=170 MPa (Zafar et al. 2020), and 

average compressional P-wave velocity= 4100 m/s. The same block of Barre granite was used to prepare 

the prismatic specimens (152 mm x 76 mm x 25 mm) and the pre-existing flaws were cut by an OMAX 

water jet, through out the thickness of the specimen. The flaw length and inclination angle with respect to 

the horizontal axis were 12.5 mm and 60°, respectively (Figure 1b).  

2.2 Testing Procedure 

Multistage relaxation and creep experiments were conducted on a computer-controlled servo-hydraulic 

loading machine. The loading machine has the capability to operate either in axial-displacement control 

mode or axial-load control mode. Uniaxial loading was applied in displacement-controlled mode at a 

constant displacement rate of 1 µm/s for the relaxation experiments. The axial loading system was 

programmed to apply the load at a constant rate up to the desired stress level and then maintain the 

displacement for the relaxation experiment. The variation in the displacement during the relaxation period 

was ± 0.01%. Three linear variable differential transformers (LVDTs) recorded the overall axial 

deformation of the rock specimens. For the creep experiments, the loading was applied in the load-

controlled mode at a constant loading rate of 0.55 kN/s up to the desired stress level at different stages and 

then the load was maintained constant for the resting period. The duration for the long-term testing was 

about six hours.  

The specimens were instrumented with 12 piezoelectric Nano 30 AE sensors from MISTRAS Group, Inc., 

which were mounted on the sides of the specimen (Figure 1b). The Nano-30 AE sensor has a frequency 

response over the range of 125-750 kHz with a resonant frequency of 300 kHz. They were attached on the 

sides along the longitudinal axis of the specimen with Hardman epoxy (Royal Adhesives and Sealants). 

Prior to the application of the epoxy, the sides of the specimen were covered with a plastic film to prevent 

the penetration of the epoxy into the rock pores (Goncalves 2019). The epoxy was in contact with the 

sensors for nine hours, and the velocity was measured using the pencil lead break (PLB) test, which was 

documented every 90 minutes for nine hours. The efficiency of the coupling was verified by the PLB test 

and the auto sensor test (AST). 

AE sensors were connected to 2/4/6 PAC preamplifiers to amplify their output voltage by 20 dB and 

therefore improve the detection efficiency of the sensors for recording. The sampling frequency was 5 MHz 

with a sample length of 15k and a pre-trigger of 256 µs. A 16-channel board and system from the MISTRAS 



Group, Inc. was used as a part of the AE data acquisition system. The system was controlled by AEwin real-

time operating software where the peak definition time (PDT), hit definition time (HDT), and hit lockout 

time (HLT) were set as 200, 800, and 350 µs, respectively. The maximum duration was 99 ms. The 

threshold for these experiments was set as 55dB. 

To measure the strain profile at the region of interest, i.e., area around the flaw tips and the bridging region 

between them, 2D DIC technique was utilized with the application in three stages (Figure 1a): (1) specimen 

preparation and camera set-up, (2) image acquisition, and (3) image processing using VIC-2D software. A 

Grasshopper (Point Grey) charged coupled device (CCD) camera with a Fujinon lens having a 35mm focal 

length was used for image acquisition. The planar surfaces of the specimens were painted with a multi-

color paint (Rust-Oleum) to generate random speckle pattern. Proper synchronization was ensured among 

the three systems during the test.  

3. RESULTS 

3.1 Mechanical Behavior of Barre Granite Specimens  

The average values of UCS, CI, and CD for the Barre granite rock obtained from a series of unconfined 

compression experiments were 153 MPa, 56 MPa, and 120 MPa, respectively (Figure 2). Based on the 

results obtained through the monotonic uniaxial experiments, five stress levels (Figure 2a) were selected 

for the multistage relaxation and creep experiments. The five levels of stress for multistage loading (both 

relaxation and creep) were set as 40%, 60%, 70%, 80%, and 85% of the UCS (“a” through “e” in Figure 2) 

and the hold time at each step was constant for all the specimens and equal to ½ hr, ½ hr, 1 hr, 1 hr, and 3 

hrs, respectively.  

A stepwise loading method was used for the long-term (6 hrs) testing (Figures 2c & 2e) to detect the degree 

of damage at different stress levels. At the beginning of each test, the specimen was loaded monotonically 

up to the 40% of the UCS. It was observed that the specimen under multistage creep failed after about 30 

minutes of resting time at 85% stress level, while those under relaxation failed after about 2.5 hrs of 

relaxation at the same stress level. The duration of six hours was selected for the long-term testing, due to 

operational limitation of the loading machine and the observations of the rock behavior at different stress 

levels under creep and relaxation modes. During the long-term testing, the overall temperature and humidity 

conditions were monitored and maintained in the laboratory.  

In case of multistage relaxation, at each stress level, the strain was held constant and the damage occurred 

in the rock, which caused a stress decline in the specimens. Figure 2(c & d) indicates stress relaxation, 

which occurred from the CI stress level and stayed in the stable crack growth phase. Cracks initiated and 



propagated in the relaxation phase, the development of cracks provided free surface for the stress to relax 

(Paraskevopoulou et al. 2017) and stabilizes the stress after a certain period of time. Initially at stages (a) 

and (b), which corresponded to stress levels of 40% to 60% of UCS, a smaller amount of stress relaxation 

occurred, which was a consistent finding for all three rock specimens. With further increases in the level of 

constant strain (stages c, d, & e), the amount of stress relaxation increased, indicating the extent of the 

cumulative damage in the rock specimen (Tian et al. 2016). However, due to BG’s low porosity and high 

strength, less stress relaxation occurred compared to sedimentary rocks. It was also observed that, in each 

relaxation stage, the rate of stress relaxation was higher at the beginning and decreased gradually with time. 

Due to the operational time limitation of the loading machine, the specimens did not relax completely and 

hence, the three stages of relaxation as observed in few other studies (Paraskevopoulou et al. 2017; Li and 

Xia 2000) were not observed. At the final stage (e) in which 85% of the UCS was applied, the specimen 

failed after approximately 2.5-3 hours of stress adjustment but the failure did not result in catastrophic 

failure of the specimen.  

In case of multistage creep experiments, at each stress level the load was maintained constant for a given 

duration of time. As the loading time increased, the axial strain increased (Figures 2e & 2f); however, the 

accumulated damage was less due to machine operation constraints. The specimen showed slight increment 

in the axial strain at lower stress levels (‘a’ to ‘d’) and failed at 85% stress level after 30 minutes, as seen 

by the upward concave shape of strain in stage (e).  

It has been reported in the literature (Paraskevopoulou et al. 2018; Innocente et al. 2021) that in case of 

brittle rocks, when the applied stress is above or close to the CD of the rock specimen, secondary stage of 

creep is skipped and accelerated creep rates occur, leading to the failure of the specimen within minutes to 

hours. In the subsequent sections of this study, the extent of damage at each stage, formation of new 

microcracks and their mode of deformation, which ultimately impact the failure strength of the rock, are 

discussed in detail through the registered AE and strain variations.  

 

3.2 Cracking Levels 

The onset of cracking (CI) and the beginning of crack interaction and coalescence (CD) were obtained 

through AE event parameters (Eberhardt 1998; Nicksiar and Martin 2013; Ghazvinian 2015, Moradian et 

al. 2016) and 2D-DIC strain measurements (Shirole et al. 2020; Zafar et al. 2022). Figure 3 (a & b) shows 

the CI and CD levels obtained for the monotonic loading experiments.  



As shown in Figure 3a, evolution of high amplitude AE events can be observed corresponding to 30-40% 

of the UCS and a subsequent increase in the event amplitude can be seen around 75-80% of the UCS. 

Similarly, in Figure 3b, the cumulative AE event plot indicated a change in the slope at around 30-40% of 

UCS. The initiation in the AE event rate was associated with the CI in the rock specimens. As the stress 

was further increased above the CI, an accelerated increase in the rate of AE events was seen at around 75 

to 80% of the peak strength, indicating the formation of macrocracks that were linked to the CD stress 

threshold.  

To perform a quantitative comparison of the AE events produced in the multistage loading experiments 

with the monotonic results, the evolution of the AE events and its amplitude were also plotted as a function 

of time and normalized stress (normalized by the short-term failure stress) for relaxation and creep (Figure 

3). Each AE event indicates a microcrack that reflects the damage in the rock specimen (Sassinek et al. 

2014). In case of relaxation, as the stress level increased, the stress decay also increased, which gave rise 

to the number of AE events generated in each stage of relaxation. Since the relaxation stages started above 

the CI, the evolution of AE events was not only seen in the loading period but also in the relaxation stages, 

especially at the higher stress levels (60% of UCS and above).  

The results showed that at low stress levels of relaxation (stages ‘a’ & ‘b’), very few AE events were 

generated and the event rate also was lower (Figure 3d). As the stress level approached the peak strength 

of the rock specimen, the event rate and the cumulative events exhibited an increasing trend even in the 

relaxation periods. However, at a particular stage of relaxation, the rate of events was higher at the 

beginning and then decreased gradually with time during the constant strain period, showing the 

stabilization of the cracks or steady stage (Patel 2017; Li and Xia 2000). Figure 3c illustrates high number 

of comparatively small amplitude AE events generated in the relaxation experiment. However, few high 

magnitude events can be observed at 85% relaxation period. 

In case of multistage creep experiments, the amplitudes of the AE events were higher (Figure 3e) as 

compared to the relaxation and monotonic testing results. The high amplitude events were mostly generated 

in the loading period, while the amplitude reduced in the creep period except stage ‘e’, indicating the 

evolution of relatively low energy events as the time progressed with constant load. In the last stage of 

creep (i.e., 85% of UCS), a large number of high amplitude events continuously evolved, representing crack 

interaction and failure. Amplitudes of the AE events produced in the rock specimen under monotonic 

loading were expected to be higher than the recorded values due to the faster crack growth and the most 

likely cause of this observation is the typical saturation of the AE systems due to which high amplitude AE 

events were clipped and not registered properly by the AE acquisition system. In contrast, in the case of 



relaxation and creep experiments, this potential saturation did not occur due to the smaller loading rate. For 

the sake of better comparison, and avoiding the problem of  amplitude distortion due to clipping, wherever 

needed, we have only shown the results of the monotonic test up to 85% of UCS which corresponds to the 

stress level in which specimens failed under multistage relaxation and creep.  

The high AE event rate and cumulative events plot illustrated high evolution of microcracks in case of creep 

(Figure 3f). At each stage of creep, the rate of AE event was higher at the time of loading and then decreased 

under constant creep stress except stage ‘e’ in which the failure occurred. Particularly, the AE event rate 

and the amplitude of the events reduced with time at each stress level except ‘e’ and this can be an indicative 

of primary and secondary creep stages, where deformation in the rock specimen took place at a decelerating 

and constant strain rate, respectively. More than 10,000 AE events were recorded in the creep experiments, 

which was approximately 2.5 times the number of AEs in the relaxation experiments.  

Figure 4 demonstrates the crack evolution process for monotonic, relaxation and creep testing on the basis 

of the total volumetric strain (𝜀𝑉) profile of the rock specimen in the specific region of interest (ROI). The 

total volumetric strain (𝜀𝑉) for a sample subjected to axial loading, with or without a confining pressure, 

and under small strains, is given by the following expression (Martin and Chandler 1994): 

                                                                               𝜀𝑉 = 𝜀𝐴 +  2𝜀𝐿                                                                  (1) 

where 𝜀𝐴 and 𝜀𝐿 represent the axial and lateral strain magnitudes respectively obtained from the 2D-DIC 

technique. Figure 4 illustrates the variation of 𝜀𝑉 obtained through DIC corresponding to the CI and CD 

stress levels for the monotonic, multistage relaxation and creep experiments (Figure 4 a, c & e) The 

volumetric strain curve deviated from linearity (elastic deformation) at 40% stress level, marking the 

initiation of microcracking. The axial stress level where the total volumetric strain reversal occurred marks 

the onset of unstable crack growth (CD), as suggested by Beniawiski (1967). Figure 4b shows the total 

volumetric strain reversal at around 78% of the peak strength (i.e., the CD stress threshold for the monotonic 

loading tests). However, the total volumetric strain profile for multistage relaxation experiments exhibited 

a strain reversal at 60-70% of the peak strength (Figure 4d) which corresponds to the CD (Martin 1994; 

Diederichs 2004) stress level for the relaxation experiments. In case of creep experiments, it is further 

lowered to 60% stress level (Figure 4f), due to high increase in the lateral strain as compared to the axial 

strain (Table 1). This analysis demonstrates higher damage accumulation at a lower stress level in case of 

creep led to the failure of the specimen in a shorter duration of time at stage ‘e’. 

The reduced values of the CD and UCS in the case of multistage loading experiments indicated that during 

the relaxation and creep tests and at various stages, the internal structure of the rock sustained damage due 



to the initiation of new cracks. However, the reduction in strength for BG was less pronounced as compared 

to other sedimentary rocks such as claystone and sandstone (Li and Xia 2000, Tian et al. 2016), which 

elucidates the less viscous property of this brittle rock.  

3.3 Crack locations 

To characterize the damage process in the ROI for both the monotonic testing and the longer-term 

experiments, the spatial structure of the AE sources (located with an accuracy of ± 2mm) in combination 

with the strain map of the minor principal strain (𝜀22; negative (-) strains represent tension) were represented 

in Figures 5 and 6, respectively. Because tensile damage is the primary mode of deformation in brittle rocks 

(Diederichs 1999), 𝜀22 strain field was specifically chosen to analyze the effect of microcracking in both 

the loading conditions (Shirole et al. 2019; Shirole et al. 2020; Zafar et al. 2022). According to the AE 

source location and source type characterization technique developed in Li et al. (2019), the AE source 

localization and their modes of deformation were identified for the experiments.  

Figure 5 shows the AE sources decomposed into their modes of deformation as tensile, shear and mixed 

for monotonic, relaxation and creep experiments. This type of AE source classification and comparison in 

case of multistage creep and relaxation is unprecedented in previous research (Heap et al. 2008; Brantut et 

al. 2013; Paraskevopoulou et al. 2017, 2018). As illustrated in Figure 5a, during the monotonic loading, the 

clustering of the microcracks around the failure plane took place at 80% of UCS and higher. However, in 

case of relaxation and creep, the source localization along the actual failure plane took place at a lower 

stress level (at 70% of UCS for relaxation and 60% of UCS for creep). The fracture pattern became more 

complex in the creep and relaxation experiments, as compared to the monotonic.  

In the case of relaxation, a total of 4,033 AE events were recorded, which was approximately three times 

the events recorded during the monotonic uniaxial experiments. It is also evident from Figure 5b that the 

increase in AE activity mostly occurred in the relaxation period at 85% of UCS level. The increase in the 

number of AE events at each stage of relaxation provided independent evidence for the creation and growth 

of new cracks, which indicated the accumulated damage along the weaker plane that caused the failure of 

the rock specimens. A cluster of AE events started to concentrate along the bridging area at 70% of the 

UCS. The AE cluster became denser in the bridging area (the rock bridge between the two flaws) at 85% 

of UCS for the relaxation experiments, showing an accumulated damage zone as compared to the same 

stress level for the monotonic loading experiments (Figure 5a).  

During multistage creep experiments (Figure 5c), at lower levels of stress, the AE sources were distributed 

mostly at the top and bottom of the ROI. As the creep progressed, more AE events were generated and 



localized at the center of the specimen. The fracture pattern became more complex, resulting in crack 

coalescence at a lower stress level (60% of UCS), compared to the relaxation and monotonic results. As the 

load increased, the cracks covered the entire ROI with a higher crack density along the macroscopic failure 

plane. Finally, considering all stages of creep together, a complete AE source concentration was observed 

along the macroscopic fault plane near failure. 

To further investigate the damage accumulation during multistage loading experiments, DIC strain profiles 

were investigated. Figure 6 shows the damage at stress levels corresponding to the five stages of relaxation 

and creep, represented as strain localization in the 𝜀22 strain-field. Figure 6a shows the extensile strain 

variation for monotonic testing, in which the strain concentration can be seen around the flaw tips at around 

80% of the UCS which then further propagated towards the specimen boundaries. However, in case of 

relaxation and creep, the strain concentration at the flaw tips were seen at 70% and 60% of the UCS, 

respectively. The DIC results agree with the AE observations and illustrate the evolution of damage zones 

at lower stress level for relaxation and creep experiments. Clearly, the stress level corresponding to crack 

initiation through AE observation is lower than DIC, because AE accounts for the damage in the volume 

of the specimen while DIC captures the incurred strains on the surface of the specimen. Moreover, 

comparing the three loading conditions, 𝜀22  strain-field showed sub-vertical strain concentration features 

parallel to the loading direction, indicating that the tensile mechanism was the dominant cracking 

mechanism in short term as well as long-term loading conditions. 

3.4 Cracking Mechanisms  

To further investigate the temporal and spatial evolution of the microcracks at different stages of creep and 

relaxation in this study, detailed moment tensor analysis (Li et al. 2019) of the AE events was carried out. 

Figure 7 shows the temporal evolution of the tensile, shear, and mixed mode cracks in the ROI that were 

obtained through the moment tensor inversion method employed on the AE signals produced in the different 

sets of experiments. It is evident from Figures 7c and 7e that the tensile cracks started prior to the first stage 

of loading for relaxation and creep, (i.e., at the CI). However, the evolution of shear cracks occurred at the 

higher stress levels (at 70% of UCS for relaxation and 60% of UCS for creep).  

The experimental results demonstrated the evolution of a high number of tensile cracks in the ROI both 

during the loading and the resting periods. The ratio of the tensile cracks with respect to the total number 

of cracks throughout the experiment were approximately 6 to 7 times the ratio of shear and mixed mode 

cracks. The high number of tensile cracks can be related to the fact that the various stress levels for 

relaxation and creep initiated after the CI and remained in the stable crack growth stage, which led to the 

formation of more tensile cracks or the opening of existing cracks. This observation was supported by the 



work of Matsushima (1960), who concluded that in case of long-term loading on granitic rocks, the lateral 

strain caused by the extension of the microcracks was higher than the strain in the longitudinal direction. 

Hence, tensile induced microcracking is responsible for long-term deformation in crystalline rocks.  

Furthermore, with increasing stress levels, shear and mixed mode cracks also evolved. Specifically, 

comparing the cracking mechanisms in relaxation and creep, it is evident from Figures 7c and 7e, that at 

stage ‘e’ (85% stress level) under relaxation, the contribution of the tensile crack is the highest compared 

to shear and mixed mode cracks. However, at the same stage under creep, all the three types of cracks 

showed an increasing trend. The distinct changes observed in the AE signatures at different stages of creep 

and relaxation as the damage progressed in the rock specimens thus proved that the time-dependent 

behavior of brittle rocks occur due to the formation of new microcracks with a higher contribution of tensile 

cracks.   

To verify the temporal evolution of the cracks obtained through the moment tensor analysis of AEs, the 

non-elastic tensile (𝜀𝐴𝑇
𝑁𝐸) and non-elastic shear (𝛾𝐴𝑆

𝑁𝐸) strain distribution obtained through 2D-DIC were 

analyzed in the ROI for all the three loading conditions. The procedure described in Shirole et al. (2020) 

was adopted for the measurement of the non-elastic tensile (𝜀𝐴𝑇
𝑁𝐸) and shear strain (𝛾𝐴𝑆

𝑁𝐸) components at the 

pixel scale. Considering the evolution of non-elastic tensile strain as the indicator of the tensile damage and 

the evolution of non-elastic shear strain as the indicator of shear damage in the rock specimen, the non-

elastic tensile and non-elastic shear strains obtained through 2D-DIC were plotted as a function of the time 

normalized by the time of failure (Figures 7b, 7d & 7f).  

Figure 7b demonstrates that the tensile damage in the rock specimen occurred around the stress level 

corresponding to the CI and proliferated with increased damage, which was in close agreement with the AE 

observations. The non-elastic shear strain field amplified as the stress increased beyond 80% of the UCS. 

Figures 7d and 7f show that the shear damage in the rock specimen initiated at stage ‘c’ (70% of UCS) for 

the long-term experiments. The trends shown by the non-elastic strain metrics were consistent with the AE 

signatures, further corroborating the fact that the primary mode of deformation in brittle rocks is local 

tensile cracking caused by the concentration of extensile strain (Lajtai 1974; Tapponier and Brace 1976; 

Kranz 1983; Moore and Lockner 1995). The ratio of the non-elastic tensile and shear strain in the ROI at 

different stress levels in the three loading conditions indicated that the amount of non-elastic tensile strain 

was much higher than the non-elastic shear strain, which was consistent to the observations made through 

the moment tensor analysis of the localized AE events.  



3.5 Frequency-Magnitude Distribution (b-value) 

Earthquakes obey power law distribution, which can be approximated by a frequency magnitude 

distribution (Gutenberg and Richter, 1944; known as G-R model) as: 

                                                           log 𝑁 = 𝑎 − 𝑏𝑀,              (2) 

Describing the relationship between the frequency of earthquakes 𝑁(𝑀) with magnitudes larger than or 

equal to 𝑀. The parameter 𝑏, often termed as the 𝑏-value, refers to the relative size distribution (Scholz 

2015). 

The frequency magnitude distribution (FMD) of the AE events generated in the monotonic, relaxation, and 

creep experiments were found to follow the Gutenberg Richter relation (G-R law) given for earthquakes. 

This analysis is used to estimate the 𝑏 -value which is defined as the log-linear slope of the frequency 

magnitude distribution (Rao and Lakshmi 2005). The 𝑏-value was determined using the maximum 

likelihood method as the most appropriate measure (Woessner and Weimer 2005): 

                                                                    𝑏 =
𝑙𝑜𝑔10(𝑒)

[〈𝑀〉−(𝑀𝑐−
∆𝑀𝑏𝑖𝑛

2
)]

                (3) 

where 〈𝑀〉 is the mean magnitude of the sample, 𝑀𝐶  is the magnitude of completeness and ∆𝑀𝑏𝑖𝑛 is the 

binning width (magnitude interval) of the catalogue.  

An important parameter used in the determination of the 𝑏-value from the Gutenberg Richter relation is the 

Magnitude of completeness (𝑀𝐶) which represents the lowest magnitude at which 100% of the events in a 

space-time volume are detected (Rydelek and Sack 1989). The maximum curvature (MAXC) approach was 

used in this study to determine 𝑀𝐶 as described by the work of Wyss and Weimer (2000). This method 

calculates the first derivative of the frequency-magnitude curve and defines the maximum curvature point 

as the 𝑀𝐶 (Woessner and Weimer 2005).  

Figure 8 (a, b & c) demonstrates the 𝑏-value variations for the events generated in the fracturing experiments 

(top row). The circles represent the cumulative distribution of the AE events according to their magnitudes. 

The lines in the plot indicates the Gutenberg Richter model and the arrow points towards the magnitude of 

completeness (𝑀𝐶) calculated by the method of maximum curvature (MAXC). Since the magnitude of the 

AE events for the laboratory rock fracture experiments are divided by 20; ∆𝑀𝑏𝑖𝑛 is taken as 0.05 for the 𝑏-

value calculation.  



The 𝑏-value estimated for the monotonic uniaxial compression is around 1.6, which is greater than the 

multistage relaxation and creep experiments, the reason behind this is the evolution of low energy events 

up to 85% UCS which indicates less evolution of damage in the specimen. Comparing the 𝑏-value for the 

AE events in multistage relaxation and creep reveals that the relaxation experiments produced significantly 

larger 𝑏-values. Physically, this means a high proportion of small AE events in case of multistage relaxation 

experiments as compared to creep. A higher 𝑏-value indicates slow crack growth, while a lower 𝑏-value 

indicates faster and more unstable crack growth that result in a high number of large magnitude events (Rao 

and Lakshmi 2005). In case of creep experiment, a relatively lower 𝑏-value was obtained as compared to 

relaxation, indicating larger magnitude events and higher damage evolution. 

The bottom row (Figure 8d, 8e & 8f) illustrates the spatial variation of the events generated in the different 

loading conditions along with their amplitudes. The plots for multistage relaxation and creep illustrates that 

the damage zone was highly populated with low magnitude AE events in case of relaxation, however, 

relatively large number of higher magnitude events are visible under creep. Lower amplitude and smaller 

number of events for monotonic test again indicates less evolution of damage up to 85% UCS, comparing 

to relaxation and creep.   

4. DISCUSSION 

4.1 Time- dependent Failure in Brittle Rocks 

Brittle rocks subjected to time-dependent loading conditions are found to collapse under a lower stress level 

than their ultimate strength after a period of time. In practical conditions, various mechanisms could result 

in weakening of the rock mass over time such as creep, stress relaxation, consolidation/dilation or strength 

degradation depending upon the boundary conditions (Paraskevopoulou et al. 2018). In this study, 

multistage relaxation and creep experiments were conducted on brittle rocks and it was found that the 

damage evolution in rocks under multistage creep had a strong effect on the deformation behavior of the 

rock specimen as compared to relaxation and led to the failure of the rock specimen in a short resting period 

as compared to relaxation.  

Figure 2c showed that in case of stress relaxation, the relaxation was more pronounced at stage ‘e’ as 

compared to the other stages. The AE and DIC results indicated higher evolution of damage at this stage in 

the rock specimen. This is because of the higher elastic modulus degradation at a stress level beyond the 

CD of the rock specimen. It is also evident from Figure 3d that during all the stages of stress relaxation 

except stage ‘e’ the cumulative number of AEs followed almost the same trend as the axial strain; however, 

the AE event rate and cumulative events showed a dramatic increase at stage ‘e’ (i.e., 85% of stress 



relaxation) which can be associated with the macroscopic failure of the rock specimen. These results 

showed that at higher strain levels above CD, the specimen can fail even when stress decreases due to 

relaxation and it is just a matter of time that the cracks grow, coalesce and result in the failure of the 

specimen (Li and Xia 2000; Paraskevopoulou et al. 2018).  

The AE source locations and their cracking mechanisms illustrated that a large number of tensile cracks 

were developed at stage ‘e’ of relaxation which than grow in an unstable manner and after a certain period 

of time, led to the failure of the specimen. To better understand the microstructural mechanisms 

(intragranular or transgranular) of the cracks produced in the relaxation period at different stages, other 

observational techniques like scanning electron microscopy (SEM) can be used. 

Under multistage creep, as the loading time (creep stage) increased, the axial strain, AE event rate, and 

cumulative AE events increased. Since the AE signal was recorded, until the complete failure of the 

specimen, the amplitude of the events in all stages of creep were monitored. The amplitude and event rate 

of the AEs in case of creep were relatively higher than the relaxation, indicating faster damage evolution 

and less time to failure. At stage ‘e’ the high amplitude events are representative of large cracks causing 

the failure of the specimen. This explains why b-value in case of creep is lower than relaxation. Table 1 

shows a comparison of the axial, lateral and volumetric strain variation along with the AE events generated 

at each stage of relaxation and creep. It is evident from Table 1 that the damage at each stress level in case 

of creep is much more than that in relaxation, especially the lateral strain variation caused by the extension 

of large number of microcracks in each stage. 

Here a question arises ‘If we load the specimen at a stress level below the CD (in the stable crack growth 

period) and leave it for certain duration under creep and relaxation, will the rock actually fail in this 

condition? In case of relaxation under the dry condition, when the strain is held constant, no external energy 

is imposed on the specimen. The immediate effect is the stress relaxation due to crack propagation (Peng 

1973). Once the crack growth stabilizes, the stress reaches an asymptotic value. To again initiate the 

cracking process, additional external energy is required and hence, failure is usually not observed in case 

of relaxation at a stress level below CD.  

In case of creep in brittle rocks, under dry conditions, when the load is held constant at a stress level below 

the CD of the rock specimen, the secondary creep stage is not always observed and failure can still occur 

due to the accumulation of irreversible (plastic) strains with time, referred as the tertiary creep stage.  

In addition to this, a different damage mechanism, known as stress corrosion may take place for time-

dependent strength degradation in crystalline rocks in the presence of some external agent such as water or 



any other agent (temperature, pressure or chemically active fluids). Stress corrosion is one of the dominant 

mechanisms responsible for time-dependent weakening of the brittle rocks. It is referred to as a chemical 

reaction between the strained bonds at the crack tips and the corrosive agent (such as water or gas), which 

eventually facilitates crack propagation (Atkinson and Meredith 1983) at a lower stress. The requirements 

for stress corrosion are: 1) existence of cracks, 2) tensile stress, 3) corrosive agent such as water or gas, and 

4) time. Stress corrosion leads to the subcritical crack growth (Das and Scholz 1981; Atkinson 1984; 

Fairhurst et al. 2010), described as the growth of the cracks when the stress intensity factor is less than the 

fracture toughness of the material. Hence, the rock may fail at a lower stress level under stress relaxation 

and creep due to the growth of subcritical cracks as reported in several studies (Atkinson and Rawlings 

1981; Miura et al. 2003; Ko and Kemeny 2013).  

Few studies also show that if a rock is subjected to a stress level lower than or equal to CI, the rock does 

not fail even after long durations (Damjanac and Fairhurst 2010). In case of intact rock, Damjanac and 

Fairhurst (2010) have demonstrated that there is a stress threshold in the range of 40-60% of the UCS 

(greater than or equal to CI) which acts as a lower bound to the long-term strength of the rocks in confined 

as well as unconfined conditions. However, the response of brittle rocks with pre-existing flaws under such 

low stress levels of relaxation and creep remains to be explored. Hence, future studies involving long-term 

single stage relaxation and creep experiments on rocks with pre-existing flaws under lower levels of stress 

(lower than CI) and in the presence of water can provide valuable observations. 

4.2 Implication for Field Applications 

The work presented in this study can help with better understanding of the time-dependent behavior of 

rocks either when fracturing is a blessing or when it is a curse. The evolution of high number of cracks at 

lower stress level (85% of UCS) in long-term tests demonstrates its positive effects for fracturing in field 

applications such as EGS (Enhanced Geothermal System) in which a complex fracture network can be 

produced at a lower stress level with a lot of tensile cracks rather than high seismogenic shear cracks. 

Considering each AE as a proxy for a crack, the high number of AE hypocenters in case of relaxation and 

creep experiments can be correlated to a complex fracture network at a lower stress level. In addition, the 

higher b-value and relatively low amplitude events in case of relaxation indicated the evolution of low 

energy events, hence providing an explanation for a large number of tensile microcracks at a lower induced 

seismicity. These observations are very similar to the results obtained by hydraulic fracturing experiments 

on dry sandstone under cyclic injection (Patel et al. 2017). In their study, 16% reduction in the breakdown 

pressure was observed due to cyclic injection and a greater number of AE events were observed indicating 

increased damage around the hydraulic fracture.  



Results of our study can also be linked to understand the time dependent properties of brittle rocks such as 

granite which serves as potential host rocks for nuclear waste repositories in which the desired lifetime is 

more than 1000 years. In this study, we have observed a reduction of 15% in three hours of relaxation and 

30 minutes of creep under dry condition, eliminating all the extraneous factors contributing to the stress 

corrosion such as thermal fluctuations and fluids. However, in field conditions due to the existence of fluids 

and gas, the stress corrosion and subcritical crack growth could cause reduction of strength and failure of 

the rock even at a stress level lower than CD, considering that pre-existing discontinuities are also present 

in the field. Long-term relaxation and creep can increase the risk of early failure and therefore when 

designing these structures, the long-term behavior and the rheological properties of the rocks must be taken 

into account carefully. 

5. CONCLUSIONS 

This study focused on the time-dependent behavior of rocks under different levels of constant axial strain 

and constant axial stress. Specifically, multistage creep and relaxation laboratory experiments were 

conducted on Barre granite specimens under uniaxial compression loading. The results were analyzed using 

the AE monitoring and 2D-DIC strain measurement. Based on the observation, the main conclusions are 

summarized as follows: 

(1) The laboratory results showed that the time to failure in case of creep is much less (~ 30 minutes) 

than that for relaxation (~ 2.5 hrs) when loaded above the CD threshold. The increased AEs and 

the volumetric strain distribution provided evidence for the formation of more microcracks and 

their coalescence at a lower stress level in the creep experiments as compared to the relaxation 

experiments. Failure occurred at 85% stress level in BG, reduction in strength (~15%) was less as 

compared to the sedimentary rocks (25~30%), indicating that BG possesses a less time-dependent 

property.  

(2) Cumulative AE event and the event rate for multistage creep was higher than multistage relaxation. 

The spatial and temporal distribution of the AE sources decomposed into their mode of deformation 

illustrated the dominant behavior of the tensile cracking in the longer-term experiments compared 

to the shear and mixed mode cracks.  

(3) The 𝑏-value for relaxation and creep experiments were estimated to identify the relative size 

distribution of the events. The higher b-value for the relaxation experiments indicated many low 

energy AE events generated throughout the experiment corresponding to less energy dissipation 

and slow crack growth, while a lower b-value for the creep experiment represented a faster and 

unstable crack growth accompanied by relatively higher amplitude AEs in large number. The 



results suggest that b-value derived by the maximum likelihood method can be used as a precursor 

to macroscopic failure of the rock specimen in case of longer-term experiments. 

This study illustrates that the specimen subjected to driving stress near or above the CD threshold can be 

expected to fail within few hours. The laboratory test results for relaxation experiments indicated that there 

is potential of increasing the fracture network at a lower stress level in the field even under strain-controlled 

loading schemes (i.e., multistage relaxation experiments). In future work, the results obtained through the 

multistage relaxation and creep experiments could be further compared with the long-term single-stage 

experiments to identify the effect of time on the fracture process and mechanisms. In addition, the energy 

partitioning needs to be done to characterize the proportion of the radiated seismic energy by the fractures 

produced under different time-dependent loading conditions. These findings can be applied to better 

understand the time-dependent processes occurring in Earth’s brittle upper crust.  
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Fig. 1 Experimental setup for AE monitoring and 2D-DIC procedures: (a) (1) AE monitoring system, (2) 

lighting system for DIC, (3) CCD camera, (4) Linear variable differential transformer (LVDT), (5) Load cell, 

(6) Nano 30 AE sensors, (7) Barre granite specimen; (b) Speckled Barre granite specimen, small boxes denote 

the position of the AE transducers, the dotted line represents the ROI, flaw length is 12.5 mm and flaw 

inclination angle is 60° (all the dimensions are in mm). 

 

 

 



 

Fig. 2 (a) Stages of fracturing in brittle rocks (where: CI-crack initiation, CD-crack damage, UCS- unconfined 

compressive strength); (b) Stress-strain response under monotonic loading for specimen BG-2; (c) Axial stress 

and axial strain variation with the relaxation time expressed in seconds; (d) Stress-strain behavior under 

multistage relaxation for specimen MS-2; (e) Stress and axial strain variation for the creep experiments as a 

function of time for specimen MC-1; (f) Stress-strain response of Barre granite under multistage creep. 

 

 

Fig. 3 Determination of the damage stress thresholds (CI and CD) from the monotonic experiments by the (a) 

AE event amplitude; (b) AE event rate and cumulative events for specimen BG-2 (Green inset represents the 

region where AE system showed some amplitude distortion due to clipping); (c) AE event amplitude 

corresponding to each stress level in case of relaxation; (d) Event rate and cumulative events corresponding to 



relaxation at different stages; (e) AE event amplitude in case of multistage creep; (f) Event rate and cumulative 

events corresponding to each stress level in multistage creep. 

 

 

 

Fig. 4 Crack evolution process and corresponding volumetric strain curves for (a) & (b) Monotonic loading 

experiments; (c) & (d) Multistage relaxation experiments and (e) & (f) Multistage creep experiments. 

 

 



 



Fig. 5 Spatial distribution of the AE hypocenters at different stress levels for (a) monotonic experiments; (b) 

multistage relaxation and (c) multistage creep experiments.  



 



Fig. 6 Minor principal strain (𝜺𝟐𝟐; negative (-) represents extension) profile at different stress levels for (a) 

monotonic loading experiments; (b) Multistage relaxation experiments and (c) Multistage creep experiments.  

 

 

 

Fig. 7 Temporal evolution of different type of cracks for monotonic loading experiment obtained through (a) 

moment tensor inversion; (b) DIC analysis; for the relaxation experiments obtained through (c) moment tensor 

inversion; (b) DIC analysis; for the multistage creep experiments through (e) moment tensor inversion; (f) DIC 

analysis.  



 

Fig. 8 Frequency-magnitude distribution of the events generated in (a) monotonic uniaxial experiments for 

specimen BG-2; (b) multistage relaxation experiments for specimen MS-2; and (c) multistage creep 

experiments for specimen MC-1. The bottom row illustrates the location of the events generated in (d) 

monotonic loading; (e) multistage relaxation experiments and (f) multistage creep experiments, size of the 

circles and colorbar denotes the amplitude of the events produced. Note the monotonic experiment results are 

up to 85% of UCS which is the corresponding stress level for failure in multistage relaxation and creep 

experiments.  
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Table 1. Strain and cumulative AE events for different loading stages in relaxation and creep. Negative (-) 

strain represents extension  

Loading 

Stage 

Normalized 

Axial Stress 

(%) 

Axial Strain (μɛ) Lateral Strain 

(μɛ) 

 

Volumetric Strain 

(μɛ) 

 

AE events in each 

stage 

 

Rel. Creep Rel. Creep Rel. Creep Rel. Creep 

a 40 1795 1988 -380 -689 1035 610 10 53 

b 60 2523 2820 -538 -1120 1448 579 67 217 

c 70 2831 3216 -171 -1366 1513 485 138 437 

d 80 3183 3558 -659 -1661 1314 235 697 887 

e 85 3352 3867 -1374 -2748 604 -1630 2769 8120 

 

  

 


