
Western Australian School of Mines (WASM): Minerals, Energy and Chemical 

Engineering 

Progressive Damage Mechanism of Rocks Subjected to 

Cyclic Loading 

Rashid Geranmayeh Vaneghi 

This thesis is presented for the Degree of 
Doctor of Philosophy 

of 
Curtin University 

June 2020 



ii 

DECLARATION 

To the best of my knowledge and belief this thesis contains no material previously 

published by any other person except where due acknowledgment has been made. 

This thesis contains no material which has been accepted for the award of any other 

degree or diploma in any university. 

Signed:         

Date:      June 2020 



iii 

 

Abstract 

Rock materials are very complex. Understanding the behavior of rocks under specific 

loading is complicated as many factors contribute to their strength and deformation 

responses. Rock structures are usually loaded in one direction (uniaxial) or three directions 

(triaxial), monotonically or dynamically depending on the stress regime and changes in 

the stress state of surrounding areas due to excavation or other man-made activities. Rock 

behaves differently under different types of loading. Moreover, rock behavior depends on 

the rock type, which is governed by inherent rock-based variabilities such as mineralogy, 

grain size, and porosity. Consequently, separate analyses should be carried out for 

different rock types and different circumstances.  

A specific type of loading, which is induced by certain natural and man-made activities, 

is cyclic/fatigue loading consisting of repeated loading–unloading cycles. Rock structures 

surrounding mine pillars, mine stopes and galleries in deep mining, road tunnels, and 

oil/gas storages might be subjected to this type of loading, either in the short term or the 

long term, due to seismic activities of earthquakes and volcanic activities as natural 

phenomena, and explosions, excavation, and vehicle transportation as man-made 

activities. Therefore, studying the responses of rock to these types of loading is necessary 

for the reliable design of structures.  

The primary focus of this study was investigation of the cyclic strength and damage 

response of two completely mineralogically different rock types by conducting uniaxial 

compression experiments. Firstly, sources of variability in rock testing, which may lead 

to substantial scatter in the testing results, are discussed. Appropriate methods for 

categorization of rock samples are critically reviewed. Consequently, an inspection 

technique for identifying internal defects of rock samples and other measures to avoid or 

minimize sample-based or machine-based sources of variabilities is proposed. Secondly, 

different experimental testing scenarios were designed to explore the cyclic/fatigue 

behavior of rocks. The fatigue life, fatigue strength threshold, effect of loading history, 

damage progress and failure mechanisms are investigated throughout this research. The 

damage responses of the two rock types considered are discussed with regard to their 

microstructural differences. This allowed for a better understanding of fatigue behavior of 

granular and crystalline rock types. 

The research indicates that ultrasonic measurements are a useful and accurate 

technique for pre-assessment of rock materials. These measurements can be used 

alongside thin section analysis and visual inspection for better categorization of rock 
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samples before testing. The cyclic/fatigue tests results indicate that the rock microstructure 

plays an important role in the damage response of rocks to this type of loading. Crystalline 

or hard rocks are found to be more vulnerable to fatigue damage than granular or soft 

rocks. This finding is a new insight into the fatigue behavior of rocks. It was also found 

that ultrasonic P-wave velocity measurement is a very appropriate tool to monitor damage 

progress during cyclic/fatigue loading. Observations made in this research also 

demonstrate that the failure mechanisms of the two considered rock types under cyclic 

loading are different from those under monotonic conditions, and vary not only due to 

their mineralogical differences, but also because of different conditions of the stress 

cycles. Greater lateral expansion is found to be the main response of rocks to cyclic/fatigue 

loading, and it is more evident for crystalline rocks than for granular rocks. Stress 

corrosion was found as another mechanism interacting with fatigue damage at 

cyclic/fatigue loading with high stress levels. The results of the current study are not only 

in good agreement with experimental works reported in the literature but also develop new 

insights to provide a deeper understanding of the dependency of the damage evolution of 

rock microstructures under cyclic loading.     
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1.1. Background 

The first question in designing structures in rock, such as underground openings, tunnels, 

rock pillars and foundations, is understanding the rock response to the applied stress state. 

The in-situ stress, which is due to gravitational stresses and/or tectonic stresses, is usually 

regarded as a static/hydrostatic stress. However, the stress state becomes much more 

complex when the rock is disturbed by activities such as excavation, blasting, or seismic 

events (Jaeger & Cook, 1980). Therefore, the structure is not always under a 

static/monotonic stress state. Some activities induce loading–unloading cycles. These 

activities vary depending on the excavation method, application of the rock structure, and 

geological conditions of the region under consideration. Some of these activities, such as 

earthquakes and volcanic activities, are natural but very low in frequency, almost 

unpredictable, and catastrophic. Other activities are man-made, such as explosions in 

mining and civil construction, excavation and backfilling in mining operations, and 

vehicle-induced vibrations. Therefore, structures including mine pillars, mine stopes and 

other underground openings in deep mining, mine tailings, traffic/haulage tunnels and 

roads, oil/gas storages are usually under a combination of static stresses and loading–

unloading cycles, in essence. Figure 1.1 shows an example of structures which are prone 

to be affected by cyclic or dynamic loading, and rock engineering approaches related to 

this topic in which the effect of this type of loading is of great significance. In traffic and 

haulage tunnels/roads, rock masses surrounding these structures are subjected to loading–

unloading cycles because of moving vehicles. Underground caverns, constructed to store 

oil, gas, or hydrocarbons, are under cyclic loading conditions because of loading during 

injection and unloading during discharge of the fluids/gases into or out of them. One 

consequence of these mining-induced seismic events is rockburst, which can result in 

unpredictable and catastrophic rock damage. The rock mass in the aforementioned areas 

is under coupled monotonic-cyclic conditions. The response to this type of loading is not 

fully understood and needs more detailed consideration. 

The tendency of solid materials to fail under loading–unloading cycles, either in the 

short term or the long term, is known as “fatigue”. Depending on the conditions of the 

stress cycles and other factors, the mechanical properties and deformation responses of 

rocks change under cyclic processes. Damage accumulates gradually cycle after cycle as 

the cyclic loading proceeds and may result in the rock failure at a stress level lower than 

its monotonic strength. Hence, characterizing the mechanical properties and deformation 

behavior of rocks under cyclic loading conditions would help rock engineers to improve 
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their designs and, hence, provide more reliable and durable structures and avoid 

engineering disasters.  

 
Figure 1.1. Schematic illustration of structures prone to cyclic dynamic loading and 

related issues in rock engineering. 

 

Several factors affect the fatigue deformation responses of rocks and the number of 

cycles they sustain before failure. These factors are loading conditions (stress level, 

frequency, etc.), the rock type, or other testing conditions (Figure 1.2). Frequency, 

waveform, and stress level are specific to the cyclic loading conditions. However, 

anisotropy or heterogeneity of rock microstructure, saturation degree, and confinement 

are the factors which are usually considered in any experimental study of rock behavior 

in rock engineering. The rock damage would be different if any or all of these factors were 

to change. Therefore, it is clear that the rock damage response under coupled monotonic-

cyclic conditions would be complicated and difficult to explore without focusing on 

important factors, instead of considering all affecting factors, for the sake of simplicity. 

Among these factors, rock type and conditions of stress cycles are the most significant 

ones.  
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Figure 1.2. Chart showing the important factors affecting rock damage response 

under cyclic loading. 

 

Quite a few researchers, especially in recent decades, have focused on this topic and 

investigated damage responses and degradation in mechanical parameters of rocks due to 

cyclic or fatigue loading. All studies related to cyclic loading of rocks are listed in 

Appendix A, considering the types of rock materials tested, types of tests and loading 

parameters, and fatigue limits and fatigue lives obtained. This area of investigation comes 
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back to early studies on cyclic behavior of rocks in mining (Attewell & Farmer, 1973; 

Burdine, 1963; Haimson, 1978) and is still ongoing (Li et al., 2019; Y. Zhang et al., 2019; 

Zhou et al., 2019), owing to technological developments and the invention of different 

measurement techniques. This issue has been investigated by implementing different 

types of experimental works, including uniaxial compression loading (Bagde & Petroš, 

2005; Eberhardt et al., 1999), triaxial compression loading (Gatelier et al., 2002; Liu & 

He, 2012; Ma et al., 2013; Wang et al., 2013; Yang et al., 2015), indirect tensile tests 

(Erarslan et al., 2014; Erarslan et al., 2012a, 2012b; Erarslan, 2016; Ghamgosar et al., 

2017; Wang et al., 2016), bending tests (Jamali et al., 2017; Cattaneo and Labuz, 2001), 

freeze–thaw or thermal cycles (Liu et al., 2015; Zhang et al., 2004), and wetting and drying 

cycles (Hale and Shakoor, 2003; Hua et al., 2017). It should be noted that the damage 

progress of rocks loaded under triaxial loading conditions was found to be favorably 

controlled by confining pressure since confinement reduces the initial anisotropy of the 

rocks by closing pre-existing microcracks along the axial direction. The fatigue limits of 

rocks would increase under high confinements. Therefore, rocks loaded under uniaxial 

compression loading or low confinements would show more susceptibility to the cyclic 

process (Brown & Hudson, 1973; Burdine, 1963; Gatelier et al., 2002; Ning et al., 2018; 

Rajaram, 1981; Song et al., 2013; Taheri et al., 2016). Different forms of cyclic loading 

path, either ramp waveform or sinusoidal waveform, have also been used for cyclic 

experiments (Figure 1.3). Depending on the aim of the cyclic test, researchers have carried 

out cyclic experiments in the form of constant cyclic loading (CCL), stepped cyclic 

loading (SCL) with either constant loading amplitude and mean stress level or increasing 

loading amplitude and mean stress level (Figure 1.4a), increasing ramp waveform (Figure 

1.4b), damage stress mode (Figure 1.4c), and variable stress mode, which is a simplified 

form of seismic wave proposed by Liu et al. (2018).  
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Figure 1.3. Different waveforms for stress cycles. 

 
(a) 

 
(b) 

Figure 1.4 (continued on the next page). 
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(c) 

 
(d) 

Figure 1.4 (continued from previous page). Stress paths with (a) constant or stepped 

cyclic loading, (b) ramp cycles with increasing mean stress, (c) damage-controlled cyclic 

test, and (d) variable modes of cycles used by researchers in experimental studies of 

cyclic loading. 

 

In terms of the types of rocks tested under cyclic loading conditions, several research 

studies have been carried out on various rock types. Some of them have focused on the 

fatigue behavior of salt rocks to evaluate the stability of gas or oil storage caverns (Fan et 

al., 2016; Jiang et al., 2016; Ma et al., 2017; Voznesenskii et al., 2017; Wang et al., 2016). 

There is only very limited research that has used different rock types to explore the effect 

of rock microstructures on the fatigue damage response. For instance, one study compared 

the damage response of sandstone, tuff, marble, and granite under the fatigue process 

(Yamashita et al., 1999). It was found that the fatigue limits of rocks relate to their yielding 

stress levels. Artificial or intact rock samples with intermitted joint(s) were found to be 

more susceptible to cyclic loading than intact rocks without flaws, and the joint parameters 
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greatly affected their fatigue damage responses (Li et al., 2001; Li et al., 2003; Liu et al., 

2017; Liu & Dai, 2018; Liu et al., 2017). Changes in tensile fatigue limits of crystalline 

and non-crystalline rocks under cyclic loading conditions were studied by Jamali Zavareh 

et al. (2017). This study found that weak minerals played an important role in the overall 

fatigue response of rocks. The brittleness of rocks was found to be a very important factor 

in the fatigue damage response. The crack density, induced by cyclic loading, was 

observed to be more noticeable in more brittle rocks compared with that in soft rocks, 

leading to the nucleation and propagation of large numbers of microcracks with greater 

energy in brittle rocks (Nejati & Ghazvinian, 2014). It was shown that the fatigue life of 

brittle onyx marble was shorter than that of soft limestone and sandstone. These studies 

were very limited in exploring the effect of cyclic loading on different rock materials since 

most of the rocks tested in their investigations either had very similar uniaxial compressive 

strength or they were only compared from specific perspectives. For instance, the fatigue 

strength limit of rocks was compared under tension, whereas rocks are usually under 

compression loading. These limitations have made it impossible to draw robust 

conclusions on the relationship between fatigue strength and damage response to rock 

microstructure.  

Regarding the fatigue strength threshold or fatigue limit of sandstone and granite, there 

are a few research studies in which this subject has been investigated. Under uniaxial 

cyclic compression with different loading conditions, the fatigue limit of sandstone was 

reported to range from 0.65 to 0.87 (Burdine, 1963; Ray et al., 1999; Singh, 1989; 

Yamashita et al., 1999; Zhenyu & Haihong, 1990). The fatigue limit of granite rock has 

also been found in limited studies to vary between 0.60 and 0.80 (Akesson et al., 2004; 

Ishizuka et al., 1990; Rajaram, 1981; Yamashita et al., 1999). Although these studies 

attempted to determine the fatigue limits of these rocks under different cyclic loading 

conditions, there is no single study combining all individual results to reach a coherent 

understating of the difference between the fatigue limits of hard rocks and those of soft 

rocks, based on comprehensive experimental data, i.e. dependency of fatigue limits on 

rock microstructure.  

The effects of cyclic loading conditions, including maximum stress level, loading 

amplitude, confining pressure, and loading frequency have also been investigated by many 

researchers. Higher maximum stress levels and loading amplitudes increase the damaging 

effect of cyclic loading, whereas a higher loading frequency or confinement was found to 

be in favor of rock loading capacity of rocks under cyclic loading conditions (Attewell & 
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Farmer, 1973; Burdine, 1963; Fuenkajorn & Phueakphum, 2010; Li et al., 2001; Liu & 

He, 2012; Ma et al., 2013; Momeni et al., 2015; Tien et al., 1990; Xiao et al., 2010). 

However, all or some of these loading conditions, simultaneously, affect the fatigue 

damage response of rocks and not much is known about which of them have greater 

damaging effects than others. This issue might be given different degrees of significance 

depending on the aim of the application. For instance, a higher stress level should be 

applied but very slowly (i.e. low loading frequency) to achieve higher efficiency from 

drilling tools or more homogenous fragmentation, while very strong rock support should 

be considered in loading conditions for stability of rock mass surrounding an excavation 

(Attewell & Farmer, 1973). It was also reported that the effect of loading frequency on 

the fatigue response of salt is lower than that of the maximum stress level and loading 

amplitude (Fuenkajorn & Phueakphum, 2010). On the other hand, it was observed that 

rock samples would more easily succumb under low frequency with high loading 

amplitude, rather than under high frequency with low loading amplitude (Attewell & 

Farmer, 1973). Therefore, it is difficult to reach to a general conclusion on this issue based 

on these limited studies. More specifically, the effect of loading frequency on the damage 

response of rocks is not fully understood.  

Turning to the stress–strain behavior of rocks under cyclic loading, several 

investigations have revealed that the complete stress–strain curve of monotonic loading is 

a failure locus for cyclic loading and can be used as an indicator of the maximum allowable 

bound for rock deformation under cyclic loading in any loading path (Brown & Hudson, 

1973; Guo et al., 2012; Haimson, 1978; Liu et al., 2018; Liu et al., 2017; Meng et al., 

2016; Ning et al., 2018; Rajaram, 1981; Xiao et al., 2009). However, some scholars have 

questioned this finding in confined conditions by stating that differences between the 

maximum strain of rock under cyclic conditions and under monotonic compression 

increase with confining pressures (Brown & Hudson, 1973; Song et al., 2016). In other 

words, the susceptibility of rocks to cyclic loading decreases in confined conditions 

because the confining pressure leads to more ductile behavior of rocks in which the post-

peak part of the stress–strain curve would be flatter compared with that of brittle behavior. 

So, the residual strength locus would not intersect if the cyclic loading stress level is less 

than the residual strength. It was also found that the complete stress–strain curve does not 

act as a failure locus for Brazilian cyclic loading (Wang et al., 2016). The damage 

evolution of rocks under cyclic loading conditions can be evaluated from the pattern of 

either stress–strain hysteresis loops or residual strain development throughout the cyclic 
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process. Three stages of loose–dense–loose and decelerating, steady, and accelerating 

were observed for the development of stress–strain hysteresis loops and irreversible 

strains cycles, respectively (Brantut et al., 2013; Chen et al., 2011; Fan et al., 2017; Guo 

et al., 2012; Jiang et al., 2009; Karakus et al., 2016; Liu et al., 2012; Liu et al., 2018; Liu 

et al., 2017; Ni, 2014; Taheri et al., 2016). This behavior was also reported for Brazilian 

cyclic loading (Wang et al., 2016). However, it was argued that the pattern of stress–strain 

hysteresis loops is not only different for hard and soft rocks (Liu et al., 2016) but also 

greatly depends on the loading conditions. For instance, the hysteresis loops of cyclic 

loading at higher loading levels are much looser than at lower loading levels, which 

indicates much higher plastic deformation under higher stress levels (Liu et al., 2014). In 

another study, it was discussed that the second phase of fatigue damage evolution accounts 

for a higher proportion of the whole fatigue process under high maximum stress levels, 

whereas the third or accelerating phase can rarely be seen (Xiao et al., 2009). Nevertheless, 

little is known about the damage evolution of rocks in extreme cases when both loading 

amplitude and maximum stress levels are high. Besides, some contradictory results have 

also been reported in which the cyclic damage was reported to evolve in a two-stage 

manner (Qiu et al., 2014). It was also revealed that as the loading frequency increases, the 

area under hysteresis loops, and in turn the energy loss, decreases (Ni, 2014). Moreover, 

there is still very little quantitative comparison of the evolution of axial and lateral 

deformations under cyclic loading conditions, despite limited research which attempted to 

demonstrate that the lateral deformation of rocks evolves more rapidly than axial 

deformation during cyclic loading (Rajaram, 1981; Zhenyu & Haihong, 1990). Therefore, 

there is still no definite explanation of why rocks show different patterns of damage 

evolution under cyclic loading and whether it relates to the rock microstructure and differs 

between the axial and lateral directions.   

Failure mechanisms of rocks under cyclic loading conditions have been discussed in 

several studies (Haimson, 1978; Heap & Faulkner, 2008; Li et al., 1992; Li et al., 2017; 

Liu & He, 2012; Liu et al., 2012; Liu et al., 2017; Royer-Carfagni & Salvatore, 2000; 

Song et al., 2016). Grain breakage was found to be the main characteristic of cyclic 

loading on tuff (Erarslan and Williams, 2012a). In this regard, it was also argued that the 

creation of a large number of microcracks, rather than widening or propagation of a single 

microcrack, is the main effect of cyclic loading on tuff (Erarslan and Williams, 2012b). In 

another study, intergranular cracking and grain boundary loosening were found to be the 

dominant damaging phenomena in the first cycles of a cyclic compression test and crack 
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extension and crack coalescence usually occurred as the cyclic process approached the 

later and final stages (Haimson, 1978). On the other hand, Taheri et al. (2016) noted that 

rocks tend to show more brittle failure when they sustain a large number of cycles. It was 

also discussed that subcritical cracking is due to different behaviors of interlocked or 

cemented grains where there is no chemical environment (Erarslan, 2016), however it is 

unknown whether the subcritical cracking is purely a fatigue damage mechanism or if it 

interacts with other damage mechanisms, and whether or how these mechanisms change 

at higher stress levels. Turning to the effect of cyclic loading conditions, the effect of 

cyclic loading frequency and confining pressure on the failure mechanism of sandstone 

was studied by Liu and He (2012) and Liu et al. (2012). Under the same confining 

pressure, the localized band was wider at the higher loading frequency. Although each of 

these investigations is individually valuable and provides information about failure 

mechanisms of various rocks under cyclic loading, there is no single study providing 

sufficient evidence to clearly draw a conclusion on the failure mechanism of rocks and its 

relationship with loading conditions and microstructure. 

Despite all these efforts, the nature of the fatigue damage response of rocks remains 

unclear and much less is known about the relation between the heterogeneity of rock 

microstructure and fatigue damage. The dependency of fatigue behavior of rocks on the 

loading frequency is unclear and there is no study in which this issue is unified or agreed 

upon by incorporating comprehensive data. Moreover, the failure modes of rocks 

underpinning their behavior under this particular loading have not been well studied and 

we still do not have agreed evidence verifying the available limited observations. The gaps 

in this research area, which this study seeks to bridge, are brought up later through research 

questions (c.f. Section 1.3). 

 

1.2. Motivation 

Despite the advent of new machines which are being used for the extraction of mineral 

ore bodies, drilling and blasting is usually taken as an economical method in most mining 

operations around the world. In this method, cyclic or dynamic loading is induced to the 

rock mass surrounding nearby structures of access galleries, mine pillars, mine stopes, 

tunnels, caverns, or even nearby buildings. All seismic activities impose this type of 

loading to the rock mass. This issue is also very important in the design of disc cutters for 
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tunnel boring machines (TBM) and Raise Boring Machines (RBM), which are commonly 

used for the excavation of tunnels and shafts in mining and civil construction. 

Investigation of the strength response and damage evolution of rocks under cyclic 

loading, as the scope of this research, would be of great importance in these areas. A 

fundamental and experimental study of this topic can benefit rock engineering design in 

many aspects: (1) the peak strength and strain of rocks as main inputs in the design of a 

rock structure in any of abovementioned applications can be adjusted to deliver a well-

engineered design, (2) it provides a comprehensive collection of data for the deformation 

responses and damage evolution of rocks under this type of loading, which would be of 

great value to researchers developing constitutive laws in theoretical and fundamental 

rock mechanics, and (3) it provides a foundation for time-dependent fracture mechanics 

analysis used in the design and estimation of the service life of drilling and cutting tools. 

Therefore, all these advantages help us to understand the mechanical response of different 

rock types to the cyclic or fatigue process in surface and underground excavations.   

 

1.3. Research Questions and Objectives 

1.3.1 Research questions 

This thesis investigates the responses of rock materials to uniaxial cyclic compression 

loading. The following major questions are addressed in this research:  

1. How do different rock types, in terms of strength, microstructure, and grain size, 

behave under cyclic compression loading? Which of the soft and granular or hard 

and crystalline rocks is more susceptible to this type of loading? What are the 

fatigue strength thresholds of soft and hard rocks?  

2. How do cyclic loading conditions such as the stress amplitude, maximum level of 

stress cycles, and loading frequency affect the strength and deformation responses 

of crystalline and granular rocks under uniaxial compression loading? 

3. What are the differences between failure mechanisms of soft/granular or 

hard/crystalline rocks under cyclic loading conditions and those under monotonic 

loading and how do they vary with the cyclic loading conditions? 
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1.3.2 Research objectives 

As mentioned above, the core objective of this research is to enhance our understanding 

of rock fatigue and provide new insights to this research area. The main objectives of this 

research and the methodologies followed to achieve them are as follows: 

• Conduct comprehensive laboratory experiments on two types of intact rocks to 

explore the effect of fatigue loading on rock materials. The experiments are performed 

on natural rock samples obtained from Australian outcrops. All experiments are 

performed under uniaxial compression loading with cycles in the form of sinusoidal 

signals.  

• Provide a systematic understanding of how different rock types respond to cyclic 

loading conditions. Previous research has focused on specific rock types and there is 

no research merely investigating the fatigue response of different rocks under the 

same testing scenarios while keeping other variabilities constant. Two different rock 

types, one sandstone and one granite/granodiorite, which noticeably vary in terms of 

mineralogy, microstructure, and strength, were selected for this purpose to figure out 

the fatigue responses of rocks categorized between these two rocks or rocks that are 

very similar to them.  

• Loading conditions of maximum stress level, amplitude, and frequencies significantly 

affect the fatigue responses of rocks. Another aim of this research is to evaluate the 

effect of these factors on the fatigue damage of rocks. Different loading paths of 

constant cyclic loading (CCL), increasing mean stress level or stepped cyclic loading 

(SCL) and multi-stage cyclic loading were designed for this purpose. Loading 

amplitude and stress level were kept constant throughout the constant cyclic loading 

(CCL) test until failure occurred. Mean stress level was increased to a higher value at 

stepped cyclic loading (SCL) without unloading the specimen, however, in multi-

stage cyclic loading both mean stress level and loading amplitude were changed to a 

different level and specimen was unloaded completely after each stage. These 

different loading scenarios contribute to a better understating of the effect of cyclic 

loading history on the fatigue evolution of rocks. Different experimental scenarios 

also make it possible to find out which of these cyclic loading conditions has a 

stronger effect on rock fatigue.      
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• The number of cycles to failure, called fatigue life, of a rock under cyclic loading can 

be an indication of the service life of a rock structure. This research also seeks to 

investigate the variation in the fatigue lives of the selected rock types under different 

cyclic loading conditions. Cyclic tests are performed with different maximum stress 

levels, loading amplitudes, and frequencies to explore the effects of these testing 

parameters on fatigue life.  

• Determine the fatigue strength threshold of tested rock types. The fatigue strength 

threshold is the main input for designing rock structures. The rock can sustain loading 

below this threshold under indefinite cycles without failure. Data from the literature, 

incorporated with the test results of the current study, will provide fatigue strength 

thresholds of these rock types which would be of great value for rock engineers.   

• Analyze the deformation responses of rocks due to cyclic loading. The lateral and 

axial deformations of tested samples are measured using either linear variable 

differential transformers (LVDTs) or strain gauges. Any change in rock deformation 

as a response to cyclic loading is discussed throughout the experimental studies.   

• Evaluate the damage evolution of tested rock types throughout the cyclic process by 

suitable techniques. The CT scanning, ultrasonic measurements, and a quantitative 

method will be either implemented or proposed for this aim to assess how damage evolves 

as the cyclic loading proceeds. Ultrasonic measurement can also be of great benefit in 

monitoring fatigue damage and categorizing rock samples. Damage evolution of tested 

rocks is evaluated by comparing the pattern of stress–strain hysteresis loops, difference 

in strain before failure, and residual strain during the cyclic stage, both in axial and lateral 

directions, considering microstructural differences of tested rocks. A damage variable is 

defined to quantify the development of fatigue, and to find out which of the loading 

conditions has a greater damaging effect and which of the granular/soft or crystalline/hard 

rocks show more damage evolution under the fatigue process.  

• Compare the failure mechanisms of these rocks after monotonic tests with those tested 

under cyclic conditions. The failure modes of all tested samples will be analyzed 

visually after the tests. Based on these observations, it will be discussed how the 

failure modes of these rock types change if the loading conditions are changed and 

which of the loading conditions has a stronger effect on the failure modes. The results 

of this study allow us to identify the main damaging mechanism of rocks under 

loading–unloading processes.  
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1.4. Thesis structure 

This thesis attempts to explore the strength and damage behavior of two mineralogically 

different rock types to cyclic processes through laboratory experiments. The experimental 

process, including tested rock types, test methods, and measurement techniques 

implemented in this research, is illustrated in Figure 1.5. This process considers equipment 

limitations and time constraints. Contents related to the testing procedure and testing 

equipment are partially repeated in each chapter due to the hybrid format of thesis.  Figure 

1.6 illustrates the relationship between the main body of the thesis with the key parameters 

investigated in each chapter. The quality of rock testing was improved in chapter 2 which 

was then used for experimental studies in other chapters. Each of chapters 3, 4, and 5 

progressively bridged the gap and weakness identified in previous research and previous 

parts of current study and provided conclusive findings with more experimental data and 

observations (Figure 1.6). The effect of cyclic loading conditions (i.e. maximum level, 

amplitude, and frequency of stress cycles) on these parameters has been investigated 

throughout all the experiments conducted in this research.  

This study was developed over time by identifying the sources of variabilities in rock 

testing and finding a way to have valid test results to study the research questions under 

different scenarios, answering the research questions aligned with the main questions of 

the research and bridging the gaps. The chapters of this thesis, which are individually 

presented in the form of peer-reviewed journal manuscripts, discuss the following content: 

Chapter 2 

Chapter 2 comprises systematic experimental work conducted on rock and aluminum 

samples to find the sources of variations in laboratory test results of rocks. This chapter 

discusses how we can improve the quality of rock testing and reduce scatter in test results. 

The findings of this chapter were later used to inspect, examine, and categorize the rock 

samples and testing equipment properly and accurately in order to achieve high-quality 

rock experiments throughout this research. The findings of this part of the study helped us 

to monitor the fatigue damage progress of rocks during cyclic loading, which is discussed 

in Chapter 4.      
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Figure 1.5. Experimental process implemented in this research. 
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Figure 1.6. Flowchart of the thesis to investigate cyclic/fatigue responses of rocks. 
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Chapter 3 

Chapter 3 presents the test results of cyclic loading experiments conducted on sandstone 

and granodiorite samples. This chapter provides an insight into the fatigue life and strength 

degradation of these two rock types under cyclic/fatigue loading. Cyclic tests have been 

performed under different loading paths of constant cyclic loading (CCL) and increasing 

mean stress level or stepped cyclic loading (SCL) which makes it possible to investigate 

the effect of the loading history on the strength degradation of tested rocks. This chapter 

also discusses the influence of the maximum applied stress level and the amplitude of 

stress cycles on the fatigue effect of rock samples. A preliminary comparison of failure 

modes of the tested rock samples under cyclic loading with those under monotonic 

conditions is also discussed in this chapter. 

 

Chapter 4 

Chapter 4 investigates the fatigue strength thresholds, fatigue damage progress and the 

technique implemented to monitor the damage development of selected granodiorite and 

sandstone samples under different cyclic loading conditions. The effect of loading history 

is also investigated, owing to the testing procedure of the multi-stage uniaxial cyclic 

compression loading, designed for this series of experiments. This chapter discusses the 

susceptibility of a crystalline rock such as granite/granodiorite and granular rock such as 

sandstone to the cyclic/fatigue damage process. The differences in stress–strain hysteresis 

loops, deformation response and residual fatigue damage of samples are also discussed 

with regard to microstructural differences in these rock types. This follows a 

comprehensive comparison of the failure modes of these samples under cyclic loading, 

not only with those under monotonic loading, but also when conditions of stress cycles 

are changed.  

 

Chapter 5 

Chapter 5 bridges the gaps in previous experimental studies in this research by conducting 

a comprehensive and systematic experimental investigation (cf. Figure 1.6). More than 70 

monotonic and cyclic tests have been conducted under constant cyclic loading conditions 

to explore, in depth, the fatigue life, the strength and deformation response, and the 

damage evolution of sandstone and granite under cyclic/fatigue loading. It comprises a 
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focused analysis of the effect of loading frequency on the fatigue life of these rock types. 

This chapter provides a comparison of the lateral and axial damage development of rocks 

throughout the cyclic/fatigue process. It also discusses what probably interacts with actual 

fatigue damage at a high-stressed cyclic/fatigue loading. In addition, this chapter evaluates 

the failure mechanisms of these crystalline and granular rocks under cyclic conditions on 

a larger scale compared to the previous chapter and provides evidence for the main 

response of rocks to fatigue loading. 

    

Chapter 6 

The final chapter draws the conclusions of this research, outlines contributions of this 

study to the current state of knowledge and highlights recommendations for further 

research in this field. 
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results1 

 
 

 

 

 

 

 

 

 

 

 

 
1 This chapter has been submitted for publication as a journal article in an international journal 

as: 
Geranmayeh, V. R., Saberhosseini, S. E., Dyskin, V. A., Thoeni, K., Sharifzadeh, M., & 

Sarmadivaleh, M. (2019), Sources of variability in laboratory rock test results, under review. 
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ABSTRACT 

Appropriate rock characterization is beneficial in providing a reliable judgment on rock 

properties which is crucial for the design process of rock engineering applications. 

However, it can be difficult to obtain consistent mechanical parameters due to 

substantial variations in rock properties. In this research, uniaxial compression tests of 

dolerite samples collected from a gold mine in Western Australia showed substantial 

scatter in the results. Rock categorization based on the P-wave velocities is as accurate 

as the thin section analysis, which suggests that they can be used together to get a more 

accurate initial understanding of the rock types before any laboratory testing. The 

quality of sample preparation and rock–machine interaction greatly affect the test 

results. For instance, non-parallelness of loading platens can lead to considerable 

scatter of the testing results, which would be perceived as rock variability. It is 

suggested that the current testing standards should be modified towards a better control 

of the loading machine performance and equipment precision. Finally, the possibility 

of pre-existing microcracks in rock, neither detected by the thin section analysis nor by 

the ultrasonic measurement, must be examined by the CT scanning as they can affect 

the test results. This study will enhance our knowledge about the sources of variability 

in laboratory test results of rock which is essential for obtaining reliable data.   

2.1. Introduction 

Rock material is very complex and requires a precise and meticulous identification of 

its physical and mechanical properties. Valid inspection, examination and testing 

methods are needed in order to gain such an understanding of rock characterization. It 

is essential for a rock mechanics engineer to have accurate and comprehensive 

information about the rock material for design and for dealing with engineering 

challenges of rock structures. Thanks to the technological developments and invention 

of new testing devices, rock characterization methods have been changed and 

developed remarkably within the last decades. However, some uncertainties still exist 

about the rock characterization since there are several variability sources affecting its 

behavior. Some of these variabilities are associated with the rock itself such as 

lithology, microstructural features, porosity, water content and how much and how long 
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it has been under the stress and weathering conditions. Other factors are the scale as 

well as the testing and examination conditions.  

Different sources of variability have been considered by Hadjigeorgiou & Harrison 

(2011). These are associated with the data collection, rock testing methods, equipment 

precision, and in some cases inappropriate methods implemented in numerical analysis. 

Furthermore, another type of variability or uncertainty, called systematic uncertainty, 

also becomes noticeable when the data obtained from the laboratory scale is used for 

rock engineering designs at in-situ scale (Duzgun et al., 2002). More recently, different 

sources of uncertainties specifically integrated in practical application of slope stability 

analysis have been defined and reviewed in an investigation by Abdulai and 

Sharifzadeh (2019).   

The variability sources differ in different stages of the laboratory tests. As illustrated 

in Figure 2.1, the variability in test results may stem from different sources before the 

experiment, during the sample preparation, during the testing itself, and finally during 

the data analysis. Therefore, the variability sources could be inherent (rock-based), 

sample-based, machine-based, or statistical. The effect of these sources during each 

stage, individually, may not be significant, but the effects of these sources are 

cumulative with noticeable interaction effects.  

 
Figure 2.1. Different sources of variabilities for the rock laboratory test results. 
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To date, several studies have attempted to investigate the effect of the variability on 

rock strength. In these studies, the uncertainties in the estimation of shear strength of 

the rock discontinuities have been quantified using the probabilistic approach (Duzgun 

et al., 2002). The contributions of the uncertainty sources coming from the 

measurements of the sample dimensions, flatness, parallelism, rounding, calibration, 

and resolution of the instruments and transducers in the determination of the unconfined 

compressive strength of rocks were also analyzed (Kuhinek et al., 2011). It was found 

that these variabilities contribute to less than 1% of the uncertainty of the uniaxial 

compressive strength (UCS) for the rocks with more than 118 MPa of the UCS values. 

Similarly, it was pointed out that the scattering in the rock UCS values showed a 

decreasing trend with an increase in the rock strength so the stronger rocks should give 

very close test data (Rohde & Feng, 1990). There have also been some attempts to 

determine the minimal number of samples needed to reduce uncertainties in the rock 

mechanical properties obtained from the tests (Gill et al., 2005; Ruffolo & Shakoor, 

2009).  

The effect of the sample shape (Liang et al., 2016; Xu & Cai, 2017) and size on the 

rock strength has been studied by many researchers (Labuz & Biolzi, 2007; Masoumi 

et al., 2017; 2017; 2016; Tsur-Lavie & Denekamp, 1982), whereas it has been pointed 

out that there are still potential avenues for further investigation in this area (Roshan et 

al., 2016). Prakoso and Kulhawy (2011) investigated the correlation between rock 

strength and the sample diameter and moisture content. The effect of the sample cross-

sectional shape on its strength was investigated both numerically and experimentally. 

It was shown that the sample cross-sectional shape had minor effect on its peak strength 

while noticeably affecting the post-peak behavior. Interestingly, it was shown that a 

square prism specimen was stronger than a cylinder specimen with the same height to 

diameter (or height to width) ratio (Xu & Cai, 2017). More recently, the sample height 

to diameter ratio and cross section were shown to control the rock mechanical 

properties and damage thresholds (Du et al., 2019).  

The effect of sample shape deviations including the sample end flatness, parallelism, 

and perpendicularity on the rock UCS was also investigated (Nikolić et al., 2018; 

Štambuk et al., 2015). It was reported that the parallelism of the ends and the sample 

axis perpendicularity do not considerably affect the UCS value, whereas the effect of 

the end flatness could be significant. The acceptable tolerance of the end flatness, 

however, has been optimized to be 60% higher than specified in the existing standards 
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(Štambuk et al., 2015). The sample end preparation was reported to greatly affect the 

uniaxial compressive strength of concrete specimens and the degree of this influence 

depends upon the thickness of the machine end caps (Carino, 1994). 

There were also some attempts to address the machine-based variabilities (Brady, 

1971; Gao et al., 2018; Hemami & Fakhimi, 2014; Hudson et al., 1972; Xu & Cai, 

2017). For instance, the effect of insert materials on the elastic behavior of rock samples 

under the axial compression was investigated by Brady (Brady, 1971), who suggested 

that the low-modulus inserts should be avoided in such testing. This was also discussed 

in another investigation (Hudson et al., 1972), as well as the advances in rock testing 

machine technologies which was a great step forward in rock testing. The loading 

frame–rock sample interaction was also studied numerically, considering the effect of 

any variation of sample dimension, end platen friction, and the loading frame stiffness 

on the rock strain response (Gao et al., 2018). Friction between the rock sample ends 

and the loading platens was found to control the size effect of the rock samples under 

compressive test, indicating that the size effect would be negligible if the end friction 

is removed (Hemami & Fakhimi, 2014). Obviously, the end frictional effect decreases 

in rock samples with high aspect ratio (Gao et al., 2018).  

All these factors are usually checked at the first stages of the experiments. However, 

not enough attention has been paid to address the effect of such variabilities on the final 

laboratory test results. It seems that more considerations should be taken into account 

beyond the ordinary visual inspections of the rock samples and checking the existing 

controlling instructions of the rock testing equipment. Using experiments on rock and 

aluminum samples of equal dimensions, this paper discusses some sources of 

variability that could potentially cause scatter of the UCS values.  

Inherent variabilities of rock such as mineralogy, grain size, and texture are the first 

parameters commonly determined by the microscopic examinations. The testing 

conditions and rock–machine interaction will be considered as the other source of 

variability; these are usually presumed to be the same for all tests. However, they may 

differ from one rock type to another, and can depend on the other testing conditions as 

well. So, this study seeks to explain why and how these parameters should be checked 

if such scattered test data is obtained. It should be noted that the variability due to the 

data analysis, calibration, instrument resolution, frame stiffness, sample–loading platen 

friction, sample size effect and shape effect are not considered in this study since some 
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of them (like the size and shape effects) are not supposed to be important for these 

experiments, while other factors were consistent throughout all conducted tests. 

This paper also discusses the importance of additional examinations that need to be 

considered for any rock testing to have valid design parameters. This implies the 

necessity of having a good controlling guideline, which is discussed later in this paper 

considering the main sources and effects of variability on the uniaxial strength. 

Different examination techniques were used for this purpose to find out the reasons and 

the inherent sources or external factors behind the obtained scattering of the UCS 

values. Both quantitative and qualitative approaches are used in this paper to address 

this issue – which is of great importance in a rock testing applicable to all mining, 

petroleum and geotechnical engineering fields.  

The sample preparation and the uniaxial compressive strength results for the tested 

rock samples are presented in Section 2.3. Section 2.3 discusses the examination of the 

rock inherent variability and the categorizations based on the results of the 

measurements. Section 2.4 describes the control tests carried out to assess the testing 

conditions and the reasons for such external factors to be checked before rock testing. 

The effect of testing condition, specifically loading platen defects, on the test results is 

numerically investigated in Section 2.5. Section 2.6 discusses the CT scan technique as 

a useful tool to check for pre-existing micro-cracks. Finally, conclusions are provided 

in Section 2.7. 

 

2.2. Rock testing 

2.2.1. Sample preparation 

Dolerite rock cores have been collected from the Enterprise gold mine located 

northwest of Kalgoorlie, Western Australia. This mine is hosted within the Ora Banda 

district mainly dominated by the late Archaean lithology and mafic sequences. A 

sequence of the Siberia Komatiite and ultramafic as the base rocks, the Big Dick Basalt, 

Cashmans Sedimentary Horizon, Bent Tree and Victorious Basalts and the Black Flag 

Sediments from bottom to top have formed the main local geology of this region. The 

main host rock of this deposit is the layered mafic dolerite sill intruding the above-

mentioned rock domains (Norton Gold Fields, 2012). 
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After visual inspection of the rock cores, 88 dolerite samples have been prepared, 

with 50.5 mm in diameter and a length to diameter ratio of L/D>2, and with similar 

visual mineralogy (Figure 2.2). All these specimens were taken from adjacent core 

trays. The average density of these samples was 2,958 kg/m3. The rock samples have 

been prepared according to ASTM D4543-08 and ISRM 1979 (ASTM D4543-08, 

2008b; ISRM, 1979a). Reasonable efforts have been made to prepare the samples with 

the flatness to satisfy the closest tolerance specified by these relevant standards. 

However, the best flatness obtained for these samples after several times of grinding 

was less than 0.004 inches (102 μm) while it should have been less than 0.001 inches 

(25 μm) according to the mentioned standards (Figure 2.3). The required flatness for 

these samples could not be achieved by the grinding machine used. This is mainly 

because of the hard minerals within the rock texture inter-grown with other minerals 

with different hardness. The grinding wheel or component misalignment might also 

have affected the grinding precision. It is usually more difficult to get the desired 

flatness for hard rocks than it is for soft rocks. In the next sections, the effect of the end 

flatness on the obtained results will be discussed. 

 

 
Figure 2.2. Dolerite samples prepared for the UCS testing. 
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Figure 2.3. The obtained flatness range and its normal cumulative distribution 

curve for the dolerite samples, Std. dev. stands for standard deviation. 

 

2.2.2. Unconfined compression tests 

Five samples were selected for the uniaxial compression testing to obtain a statistically 

representative value for UCS. These samples were first checked to ensure that they did 

not have any visible defects. Their textures were then visually inspected based on their 

appearances in terms of differences in their textures, grain sizes, and colors in general. 

A uniaxial testing machine of 600–700 kN/mm stiffness, with a computer-controlled 

axial actuator, was used for this test. The data were captured by a PC connected to the 

testing system. The deformation of the samples was recorded using two rosette strain 

gauges attached on the middle of the two sides of the sample surface opposite to each 

other. Each strain gauge recorded both horizontal and vertical strains. A data logger 

with nonlinearity of 0.1% frequency of sampling was used for strain data recording.  

Table 2.1 gives information about the rock samples, obtained UCS, and a 

classification made on the tested rock samples simply based on their visible textures. 

These samples were classified into different groups (4, 5, and 1) based on judgments a 

geologist usually makes during the rock core selection for the experimental testing. The 

stress–strain curves for these tests are shown in Figure 2.4. As can be seen, the 
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measured values of the UCS of the tested samples are greatly scattered from 86 MPa 

to 315 MPa, with almost 270% difference. The samples failed at totally different peak 

stresses even though they were of the same visual categories. By taking samples UCT-

1, UCT-2 and UCT-3 for instance, their obtained UCS differ by about 60% although 

they all belong to the same category (rock type 4). So, it is not clear why a strong rock, 

such as dolerite, produces such a scatter of UCS values, while it usually has very few 

flaws, which are the main sources of such discrepancy. This is against reported results 

(Rohde & Feng, 1990) which indicate that measured UCS values for stronger rocks 

should be very close, with only small deviations from the mean value. It should be 

noted that the samples have a small difference in heights but by no means could this 

difference affect the UCS by 270%. Hence, it is concluded that other factors must 

influence the results and possible factors are discussed in the next sections. 

   Table 2.1. Unconfined Compressive Strength (UCS) of the tested samples. 

Sample No. Height(mm) UCS (MPa) Category* 

UCT-1 102.08 138.49 4 

UCT-2 106.16 85.9 4 

UCT-3 102.93 135.97 4 

UCT-4 102.33 314.86 5 

UCT-5 107.78 267.86 1 

Average = 188.6 MPa, Std. dev.= 97.53 
* The samples were visually categorized based on their visible textures

2.3. Examination of rock inherent variabilities 

As already mentioned, rock inherent variability is one of the main sources of 

uncertainty in rock engineering and is linked to the rock type (Hadjigeorgiou & 

Harrison, 2011). Since rock materials differ in their mineralogy, grain size, and texture, 

the degree of uncertainty and variability would also be different for each rock type. 

Therefore, heterogeneous and anisotropic rocks would need more examinations, 

compared to the relatively homogenous and isotropic rocks in order to get reliable 

design-based data. In this section, the inherent variability of the collected rock samples 

has been estimated by microscopic examination of thin sections and the analysis of the 

measured pulse velocities (i.e. ultrasonic testing), to assess whether and how the 

variability in microstructure affected the uniaxial compression test results. For this 
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purpose, the rock samples are categorized based on their inherent parameters obtained 

by the two techniques explained hereafter. 

 

 
Figure 2.4. Stress–strain curves for the uniaxial compressive tests on dolerite 

samples. 

 

2.3.1. Thin section analysis 

Determination of the rock minerals, its micro-fractures, alterations, grain size, and 

fabric, usually characterized by analyzing a thin section of rock sample, is very helpful 

for the model analysis and practical purposes of the mechanical behavior of rocks 

(ISRM, 1979b). To this end, 8 samples were randomly selected covering all visually 

categorized rock types (Figure 2.5). Some of these sections were selected from the rock 

pieces/cores as close as possible to the tested rock samples. The first three samples 

(R1–R3) are peridotite (base of dolerite sill) and the other five (R4–R8) are dolerite. 

The samples have all been recrystallized to greenschist metamorphic assemblages with 

various alteration of chlorite, epidote, and carbonate. The analysis shows the variation 

in the mineral assemblages of the samples. The main rock type is dolerite sills, which 

in the Goldfields region of Western Australia are differentiated with the ultramafic or 

peridotite bases graded into typical dolerite assemblages of clinopyroxene and 

plagioclase. Quartz becomes part of the mineralization as differentiation proceed but is 
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only minor (~5%) in some samples and partly inter-grown with feldspar. Figure 2.6 

shows some images from the thin section analysis of these samples in cross polarized 

light (XPL).  

 
Figure 2.5. Eight rock samples selected for the thin section analysis. 

It should be mentioned that within the dolerite sills in the Goldfields, the grain size 

can vary from very fine-grained (margins of dolerite body) to coarse-grained in the core 

of the body. The grain size is a function of temperature during crystallization and 

alteration.  Table 2.2 shows the full rock name, grain size and classification of the 

analyzed thin section samples. As can be seen, those samples visually categorized as 

rock type 4 are “Chlorite/Chlorite-carbonate altered peridotite” and those categorized 

as rock type 1 are “Epidote-Chlorite altered quartz dolerite”.  What can be clearly seen 

in this table is the similarity between the rock types. Rock types 1 and 4 are visually 

similar as they are in alteration, explored from the thin section analysis. On the other 

hand, while rock types 1 and 5 are visually distinguishable, they have the same 

alteration and are categorized microscopically the same (“Epidote-Chlorite altered 

quartz dolerite”). Taken together, this comparison indicates that the visual inspection 

and judgment by a professional geologist or rock engineer could be questionable and 

is not always accurate and needs more examinations and analysis.  
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Figure 2.6. Photomicrographs of thin sections of tested rock samples: (a) R1: the 

rounded forms preserved are former clinopyroxene and / or olivine crystals partially or 
totally enclosed in coarser grained pyroxene (now altered to fibrous amphibole-
tremolite); (b) R2: a poikilitic texture where medium-grained former pyroxene encloses 
finer grained, rounded pyroxene and/or olivine, (c) R4: the interlocking texture of 
plagioclase and former clinopyroxene, now replaced by actinolite; (d) R5: medium-
grained former pyroxene encloses finer grained plagioclase laths; (e) R7: a dolerite 
texture is defined by interlocking columnar plagioclase (dirty brown color due to 
alteration) and prismatic clinopyroxene; (f) R8: a dolerite texture of altered plagioclase 
and pyroxene dominates the sample. Patches of chlorite and epidote are present. 
Irregular patches of quartz are partly intergrown with the feldspar, in cross polarized 
light (XPL). 

 

  

    

    

    

(a) (d) 

1 mm 

(b) (e) 

1 mm 
R5 R1 

R2 R7 1 mm 1 mm 

(c) (f) 

R8 R4 1 mm 1 mm 
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With respect to the uniaxial strength of the rock samples, as can be seen in Table 

2.2, rock type 4 (“Chlorite /Chlorite-carbonate altered peridotite”) resulted in a UCS 

value in the range of 86 MPa to 139 MPa (UCT-1, UCT-2, and UCT-3), while rock 

types 1 and 5 (categorized microscopically as “Epidote-chlorite altered quartz 

dolerite”), resulted in a very high value of UCS, higher than 267 MPa (UCT-4 and 

UCT-5). Although rock types 1 and 5 showed mineralization of quartz, a question arises 

as to whether a minor quartz mineralization or minor difference in alteration sequence 

could change the rock mechanical properties to vary by almost 270%. Turning to the 

samples of R2 and R3, categorized as the same rock type, the UCS for rock samples 

close to them (UCT-2 and UCT-3) differ almost 60% from each other. The questions 

raised by this comparison are how a rock engineer can make sure that the difference in 

mechanical properties of rock, visually similar and identical, could be due to 

differences in mineralization; and whether there is another factor affecting the obtained 

data. How should a rock engineer or geologist analyze the rock samples to have valid 

rock parameters for the design? In the next section, the available rock samples were 

investigated in terms of their ultrasonic elastic parameters to see whether the major 

factor affecting the results can be determined and whether their classifications made by 

the ultrasonic results match the microscopic classification. 

 

Table 2.2. The full rock name and classification, grain size and quartz content of 

the rock samples after thin section analysis and comparison with the visual 

categorization. 

Sample 
No. 

Visual 
category 

Full rock name and 
classification 

Grain size 
(mm) 

Quartz 
content 

Tested 
sample 

UCS (MPa) 

R1 4 Chlorite altered peridotite <1 - UCT-1 138.49 
R2 4 Chlorite-carbonate altered 

peridotite 
<1 - UCT-2,3 

135.97, 85.9 

R3 4 Chlorite-carbonate altered 
peridotite 

<1 - UCT-2,3 
135.97, 85.9 

R4 1 or 3 Chlorite-epidote altered 
dolerite 

<2 - - 
- 

R5 4 Chlorite-epidote altered 
dolerite 

<1 - - 
- 

R6 1 Epidote-chlorite altered 
quartz dolerite 

<1 ~2-5% - 
- 

R7 1 Epidote-chlorite altered 
quartz dolerite 

<1 ~5% UCT-5 
267.86 

R8 5 Epidote-chlorite altered 
quartz dolerite 

<1 ~5% UCT-4 
314.86 
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2.3.2. Ultrasonic parameters 

Ultrasonic wave velocity measurements are popular for non-destructive testing (NDT) 

of rocks as it is relatively cheap, quick, simple, and easy to implement. This testing was 

conducted on 78 dolerite samples to both determine their dynamic elastic constants and 

potentially categorize them into different distinguishable groups for further 

experiments and to compare this classification with that based on the thin section 

analysis. The P-wave (longitudinal wave) and S-wave (shear wave) velocities have 

been recorded in this testing according ASTM D2845-08 (ASTM, 2008a). A high-

frequency ultrasonic test system with a digital waveform display was used for these 

experiments. It includes a signal generator, oscilloscope, and data acquisition unit and 

other components, the same as most commercially available ultrasonic test systems. 

Two different pairs of sensors (transducers) were used for measuring the waves. V103-

RM and V153-RM transducers from OLYMPUS – both with a nominal frequency of 

1.0 MHz and nominal element size of 13 mm – were used to record the compression 

and shear wave velocities, respectively. 

Some measurements and verifications have been taken for determination of travel 

time, delay time and positioning of transducers to ensure the validity of this experiment 

on the tested samples, according to ASTM and ISRM standards (ASTM, 2008b; Aydin, 

2014). Some of these measurements include using clippers for coaxial positioning of 

two sensors normal to the sample’s end surfaces, applying coupling medium (silicone 

grease) between the sample surfaces and each transducer to improve the energy 

transmission, and applying a small seating force again for better energy transmission.  

The P-wave velocity measurements have been conducted in both vertical (normal to 

the end surfaces of the samples) and diametrical (horizontal across the diameter or 

normal to the lateral dimension of the sample) directions. Three measurements have 

been conducted in three different points in each direction (3 in vertical and 3 in 

diametrical). As illustrated in Figure 2.7, all three measurements in each direction 

approximately resulted in the same P-wave arrival times (measured by the time of the 

first break, Figure 2.7) and, hence, they have been averaged for further analysis. Almost 

all vertical P-wave velocities vary by less than 2% from their average values except for 

two cases of which a crack is visible on the sample surface. Therefore, generally 

speaking, it can be concluded that the samples are isotropic since all velocities vary by 

less than 2% from their average values according to ASTM D2845-08 (ASTM, 2008a). 



CHAPTER 2. SOURCES OF VARIABILITY IN LABORATORY ROCK TEST RESULTS 

43 

(a) 

(b) 

Figure 2.7. Two examples of P-wave records. The arrival times were recorded by 

the time of first break: (a) vertical (axial) directions; (b) diametrical (horizontal) 

directions. 
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The S-wave velocity measurements have been conducted twice along the axial 

direction of the samples (normal to the sample ends). For the first measurement, both 

transducers were attached onto the sample end surfaces aligned parallel to each other 

(on the identical phase known hereafter as S-Phase-0). For the second measurement, 

one of the transducers was rotated almost 90 degrees to make a change in the phase of 

its wave arrival time, hereafter known as S-Phase-1 (Figure 2.8). The S-Phase-0 

velocities were taken as the representative shear velocities because this measurement 

is very sensitive to the direction of the transducers and operational error which is more 

likely in S-Phase-1 direction. Figure 2.9 shows the values for vertical P-wave velocities 

and S-Phase-0 shear velocities for all tested samples. The average P-wave and S-wave 

velocities were determined with 6160 and 3530 m/s, respectively, for this rock type. 

The results are very similar to what has been reported for dolerite rocks in Western 

Australia in another investigation (Adams & Dentith, 2018). 

 

 
(a) 

 
(b) 

Figure 2.8. S-wave velocity measurement in a) Phase-0 mode and b) Phase-1 mode 

along the sample axis. 
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Figure 2.9. Shear wave velocities for Phase-0 and vertical P-wave velocities of all 

tested samples. 

Two ultrasonic dynamic elastic constants of Young’s modulus and Poisson’s ratio 

were calculated from the measured compression (P-wave) and shear wave (S-wave) 

velocities. The dynamic Elastic Young’s modulus and Poisson’s ratio are calculated 

from the following equations (ASTM, 2008a): 

𝐸𝐸 = �𝜌𝜌𝑉𝑉𝑠𝑠2(3𝑉𝑉𝑝𝑝2 − 4𝑉𝑉𝑠𝑠2)/(𝑉𝑉𝑝𝑝2 − 𝑉𝑉𝑠𝑠2)�  (2.1) 

𝜈𝜈 = 𝜌𝜌�𝑉𝑉𝑝𝑝2 − 2𝑉𝑉𝑠𝑠2�  (2.2) 

Here E is the dynamic Young’s modulus, ν is the Poisson’s ratio, 𝑉𝑉𝑝𝑝 is the P-wave 

velocity, 𝑉𝑉𝑠𝑠 is the S-wave velocity and 𝜌𝜌 is the rock density. Figure 2.10 shows the 

values calculated for the dynamic Young’s modulus and Poisson’s ratio for all samples. 

The average dynamic Young’s modulus and Poisson’s ratio were determined as 92.45 

GPa and 0.25, respectively, for this rock type, however the scatter is considerable. 
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Figure 2.10. Determined dynamic Young’s modulus and Poisson’s ratio of the 

rock samples. 

As already mentioned, an initial objective of the ultrasonic measurements was to 

classify the available rock samples into different groups based on the obtained data. 

The data for the P-wave velocities and the Young’s modulus were selected for this 

purpose. Scott’s normal reference rule (Scott, 2010) was used to categorize rock 

samples based on the P-wave velocities and Young’s modulus. In this method, the bin 

width (or category) is determined according to the equation below: 

Bin width = (3.5×σ)/∛n  (2.3) 

where 𝜎𝜎 is the standard deviation of the data (either the wave velocities or Young’s 

modulus) and n is the number of values in the data source. The histograms plotted from 

this method are illustrated in Figure 2.11. As can be seen from this figure, generally 

four rock types can be assigned for all rock samples. These four groups, A, B, C and D 

can be described as: 

A: very strong dolerite, 

B: strong dolerite, 

C: medium strong dolerite 

D: weak dolerite (or with microcracks) 
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The ultrasonic parameters of the samples of the thin section analysis (R1 to R8) are 

approximated from the ultrasonic measurements of samples which were cut adjacent to 

them. For instance, the P-wave velocity of R4 was considered to be 5900 m/s based on 

the P-wave velocity measured from the sample that had been cut from the adjacent rock 

piece. Then, the classification based on the thin section analysis can be compared with 

that of the ultrasonic measurement. This comparison is shown in Table 2.3. It is 

apparent from this table that there is an agreement between these categories and rock 

types determined from the thin section analysis and the P-wave velocities. For instance, 

as can be seen in this table, R1, R2, and R3 belong to the same category based on both 

this section analysis and P-wave measurements. It should be mentioned that this 

comparison is between thin section analysis and P-wave velocity measurements not 

visual category as it has been questioned as subjective in previous sections. 

It should be noted that this will not be true for the rock categorization based on the 

Young’s modulus, since Young’s modulus is calculated from both P-wave and S-wave, 

whereas the S-wave measurements are very sensitive to the testing and operational 

conditions. Therefore, it could be said that the P-wave velocity measurements can be 

used to categorize rock samples for further analysis. This is very advantageous because 

the ultrasonic test is less expensive, simpler, and quicker than the thin section analysis. 

Having the ultrasonic parameters of the rock samples, a geologist, rock engineer or lab 

technician would be able to both have a good idea about the mechanical properties of 

the rock samples and use these, along with the thin section analysis, to better categorize 

the rock types. A similar comparison has been drawn on the samples used for the 

compression tests (Table 2.4). What can be clearly seen in this table is the similarity 

between visual category, the range of UCS, and category based on the P-wave velocity 

measurement for the fractured samples. This is evident in the case of those samples 

(UCT-1, UCT-2, and UCT-3), visually categorized as rock type 4, which failed at the 

same range of UCS between 86 MPa and 139 MPa, and also belong to the same group 

“B” based on the P-wave velocity measurements. However, there is an inconsistency 

between the results. Taken the UCT-4 sample, for example, it failed at a high value of 

stress (315 MPa), while the rock samples near to it resulted relatively in low value of 

P-wave velocity. This contradiction indicates that there might be other factors affecting 

the UCT results, of which the rock–machine interaction will be discussed in the next 

section. 
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(a)

 
(b) 

Figure 2.11. Histograms showing four main groups of tested rock samples based 

on (a) P-wave velocities and (b) dynamic Young’s modulus. 
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Table 2.3. Comparison between rock type categories based on the ultrasonic 

measurements and thin section analysis. 

Sample 

No. 

Visual 

category 

Full rock name and 

classification 

P-wave velocity  
Ultrasonic 

Young’s Modulus  

(m/s) Class (GPa) Class 

R1 4 
Chlorite altered 

peridotite 
≈6400 A ≈94 B 

R2 4 
Chlorite-carbonate 

altered peridotite 
≈6400 A ≈94 B 

R3 4 
Chlorite-carbonate 

altered peridotite 
≈6600 A ≈100 A 

R4 1/3 
Chlorite-epidote 

altered dolerite 
≈5900 C ≈87 C 

R5 4 
Chlorite-epidote 

altered dolerite 
≈5900 C ≈91 C 

R6 1 
Epidote-chlorite 

altered quartz dolerite 
≈5350 D ≈79 D 

R7 1 
Epidote-chlorite 

altered quartz dolerite 
≈6120 B ≈94 B 

R8 5 
Epidote-chlorite 

altered quartz dolerite 
≈5800 D ≈88 C 

 

 

Table 2.4. Comparison between the visual category, UCS and category determined 

from the ultrasonic measurements of the rock samples failed under unconfined 

compressive test. 

Sample No. UCS (MPa) Visual 
Category 

P-wave velocity Ultrasonic Young’s 
Modulus  

(m/s) Class (GPa) Class 
UCT-1 138.49 4 ≈6150 B ≈92 B 
UCT-2 85.9 4 ≈6350 B ≈94 B 
UCT-3 135.97 4 ≈6350 B ≈94 B 
UCT-4 314.86 5 ≈6000 C ≈96.5 B 
UCT-5 267.86 1 ≈6370 A ≈99 A 
Note: The P-wave velocities and dynamic Young’s modulus values of these samples are 
approximated from those of nearest samples. 
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2.4. Testing conditions 

As already mentioned, all factors which might affect the testing results should be 

checked to obtain valid data required for a reliability-based design. Inherent variability 

and testing conditions can both affect the results of a physical or mechanical testing. 

The inherent variability which come from different physical parameters of the testing 

material is somehow unavoidable but still needs precise examination. The effect of 

these parameters has been checked throughout the previous section. However, it is 

dubious whether the scatter observed in the rock UCS data is a direct consequence of 

the inherent variability or not.  

The variability due to the testing conditions could form another source of variability 

of the obtained mechanical properties. Among the possible sources, the sample-based 

variability coming from the shape deviation and machine-based variability coming 

from the equipment performance and the operational errors are discussed herein. In 

order to check these variabilities, a solid material with homogenous structure should be 

selected for testing in which the inherent variability is not of concern or otherwise 

ignorable. The testing variability could come from the shape deviation of the testing 

sample including flatness of its ends, perpendicularity, and parallelism related to the 

inaccuracy of the sample preparation, size effect pertinent to the different aspect ratio 

of the tested samples, or the loading machine performance. For samples with the same 

aspect ratios, the shape deviation and machine performance would be the remaining 

sources of variability affecting the test results. To check these types of variability, 

aluminum samples, as a standard medium with approximately homogenous structure, 

were selected for the control testing.  

The test samples are fabricated by extrusion using 6061-T6 aluminum alloy, 

according to the Australian/New Zealand Standard: AS/NZS 1664.1 AS/NZS (1997) 

(AS/NZS, 1997). The samples are 39.96 mm in diameter with a L/D ratio of 2.0. Sixteen 

tests have been carried out on these samples with details outlined in Table 2.5. It should 

be noted that two strain gauges were attached on each sample on different positions, as 

specified in Table 2.5. Two axial and two lateral strains were recorded during each test. 

Samples were loaded within the elastic limit up to a maximum load level as described 

in Table 2.5. For repeatability of the obtained data, some tests have been conducted on 

the same sample. Two different loading frames were used for these tests to check the 

variabilities attributed to the accuracy and performance of the loading machine.  
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2.4.1. The effect of sample shape deviation 

According to the standards, there are strict requirements for the preparation of a rock 

sample to determine its mechanical properties. The effect of shape deviation including 

flatness, perpendicularity, and parallelism of the prepared sample on the mechanical 

properties have already been investigated (Hawkes & Mellor, 1970; Hoskins et al., 

1968; Štambuk et al., 2015). According to these investigations, the effects of the 

parallelism and perpendicularity of the rock sample on its UCS would be negligible. 

However, the end surface flatness can be a critical parameter and needs more 

assessment. The effect of the end flatness on rock mechanical properties, including the 

UCS, is more evident for hard rocks. This is shown in Figure 2.12 in which a big 

dependency of stronger rock like granite on the sample end surface texture variation 

(flatness) can be clearly seen. The end preparation has been shown to affect the uniaxial 

compressive strength of concrete by 6% for stronger samples, whereas the samples with 

low strength showed lower sensitivity to the quality of end flatness (Carino, 1994). The 

unground rock samples have lower strength compared to the ground and flat samples 

(Fukui et al., 2005). It was also reported that the rock failure mechanism could be 

changed from splitting failure to shear failure in unconfined compression test because 

of the end effect (Gao et al., 2018). These all indicate that the sample end flatness could 

greatly affect the mechanical properties of rocks. The flatness tolerance specified by 

the ASTM D4543-08 (ASTM, 2008b), is about 0.001 inch (25 μm), which is difficult 

to achieve, especially for hard rocks. Some attempts have been made to optimize the 

flatness tolerance. However, these attempts have only used a small data sample and 

were limited to only some rock types. There is, therefore, a promising avenue for 

further research in this area to answer the question of how and to what extent the surface 

end flatness affects the mechanical properties of rocks covering all rock types and 

probably to optimize or change the sample preparation requirements. 
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Figure 2.12. Effect of the sample end surface texture variation (flatness- W) on the 

UCS of rock, showing great dependency of hard rocks on the sample end flatness 

compared to weak rocks (modified after Hoskins & Horino (1968) and Štambuk et al. 

(2015)). 

In this study, aluminum samples were ground almost flat with flatness less than 

0.0005 in (<10 μm) using high-quality machinery to avoid the variation resulting from 

the non-flatness of the samples. On the other hand, the inherent variability of these 

samples is ignorable since the aluminum alloy used is approximately homogenous with 

stable properties. Therefore, any difference in the results of the UCS tests conducted 

on these samples could be attributed to either testing conditions (excluding shape 

deviation because all samples are flat with the same aspect ratio) or the loading machine 

performance. For this purpose, four tests (numbers 3 to 6) have been conducted either 

in quasi-static (monotonically loaded up to a stress level) or cyclic loading (loaded 

monotonically up to a stress level, unloaded again and then underwent repetitive 

loading-unloading stages under a constant frequency). The tests aimed to investigate: 

a) correctness and precision of the testing procedure (i.e. operation errors) and b) 

whether there is any unusual behavior related to the loading frame or not. Therefore, if 

the deformation responses of these tests match each other, it will show that the testing 

conditions and machine performance are quite satisfactory and the inconsistency in the 

UCS results of the tested rock samples could be caused by either the rock inherent 
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variability or inconsistent end surface flatness. Otherwise, it could be said that the 

testing conditions play a part in the inconsistency of the obtained UCS data of rock 

together with the inherent variability.  

The strain gauge readings of these tests showed inconsistency in the deformation 

response of tested samples even for the same flat and homogenous sample. As can be 

seen in Figure 2.13, the strain recorded by SG-1 (strain gauge attached on the middle 

of the sample facing the front side of the machine) showed a noticeable difference from 

the strain recorded by SG-2 (strain gauge facing the back side of the machine) for all 

these four tests. This difference is about 20% for tests A-3 and A-6 (Table 2.6). Such 

huge differences indicate that the loading machine performance or the testing condition 

can be a source of variability of the test results. For further evaluations, tests A-7 and 

A-7-1 (with strain gauges attached on the same side of the sample at equal distances 

from its top and bottom) have been conducted on the same sample to see whether this 

discrepancy comes from the uneven loading of the sample or inconsistency in the strain 

gauge installation. It should be noted that test A-7-1 was conducted on the same sample 

(sample 7) while it was turned 180 degrees to check the loading condition of two sides 

of the loading frame. For these tests, the top and bottom axial strain gauges again 

showed different results – with 8.7% and 3.6% differences for the tests A-7 and A-7-1, 

respectively (Table 2.6). The top strain gauge (for test A-7 facing the front of the frame, 

and for test A-7-1 facing the back of the loading frame) showed 20% difference in 

recorded strain after the test. This amount was 10% for the bottom strain gauge. Hence, 

one side of the samples deforms more than the other side. This could be because of 

either uneven loading of the frame or tilting of the loading bar with respect to the 

sample end surfaces. It should be noted that the sample and strain gauge installation 

were identical for these two tests. Another conclusion is that the scatter data obtained 

for the UCS of the rock samples is not necessarily related to the shape deviation or rock 

inherent variabilities, as the loading machine also plays a role in the scatter of the 

results.  
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(a) 

(b) 

Figure 2.13. Stress–strain response of tests number: (a) 3, 4, and (b) 5, and 6, 

conducted on the aluminum samples. 
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Table 2.6. Comparison of axial strains recorded by strain gauges attached on 

different points of the aluminum samples. 

 
 

2.4.2. Loading machine performance 

Further analysis of the test results carried out by the loading frame “1” (LF1) indicates 

that the back side of the samples showed higher strain than the front side. It was found 

that this behavior is characteristic of almost all tests carried out by this loading frame 

on both rock and aluminum samples (Figure 2.14 and Figure 2.15). All these 

comparisons can be seen in Table 2.6. This issue was also numerically investigated 

which will be discussed in Section 2.5. For better assessment of the testing conditions, 

another loading frame (“LF2”) was chosen to repeat these tests to check the observed 
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8 and 8-1 ✓ ✓ - - - - 0.6 
8 and 8-1 - - - - ✓ ✓ 10 
9 ✓ - - - ✓ - 10.1 
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9 and 9-1 ✓ ✓ - - - - 39.6 
9 and 9-1 - - - - ✓ ✓ 46.7 
10 ✓ - - - ✓ - 0.8 

238 

W
ith

ou
t s

ph
er

ic
al

 p
la

te
ns

 

10-1 - ✓ - - - ✓ 4.9 
10 and 10-1 ✓ ✓ - - - - 33.5 
10 and 10-1 - - - - ✓ ✓ 41.2 
11 ✓ - - - ✓ - 1.2 
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Notes: (1): Test A-N-1 was the same as A-N while the sample turned 180 degrees with respect to the A-N, N is any number, 
            (2): Differences are calculated for the axial strains only, and  
            (3): SG stands for the strain gauge and LF stands for the Loading Frame. 
            (4): Tests on aluminum are named with A-N format such A-12, A-5, etc. 
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behavior. Two tests (tests A-8 and A-8-1) with the same procedure taken during tests 

A-7 and A-7-1 were conducted on the same sample (No. 7) in order to avoid any change 

in strain gauge installation and the sample itself. The results showed that the strain 

recorded by the top strain gauge still differs about 5.5% from the bottom one (Table 

2.6). However, their differences are lower than what have been recorded for tests A-7 

and A-7-1 (8.7%). The top strain gauges for these two tests showed almost the same 

readings with less than 0.6% error throughout the tests, while it was more than 20% for 

tests A-7 and A-7-1 carried out by loading frame “1” (LF1). This could be an indication 

of the better performance of LF2. The bottom strain gauges for these two tests (tests A-

8 and A-8-1), however, showed the same differences as recorded in tests A-7 and A-7-

1 (10%). Tests A-8 and A-8-1 have been repeated with the same sample inverted so 

that SG-2 is at the top and SG-1 is at the bottom to see if the platens on the bottom or 

the spherical seat on the top contribute to the different results. These two tests were 

named tests A-9 and A-9-1 (Table 2.5). No improvement has been observed and there 

was still mismatch between the strains. The strains recorded by the bottom and top 

strain gauges still showed ≥40% differences (refer to differences for tests A-9 and A-

9-1 in Table 2.6). 

 
Figure 2.14. Strain development of test A-7 and test A-7-1 conducted on the same 

aluminum sample by the loading frame LF1, showing more deformation recorded by 

the strain gauges facing the back of the loading frame compared to when they are 

facing the front of the loading frame. 
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(a) 

 

(b) 

Figure 2.15 (continued on the next page).  
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(c) 

 

(d) 

Figure 2.15 (continued from previous page). Strain curves of the tests: (a) UCT-1 

and UCT-2 on Dolerite samples; (b) UCT-5 on Dolerite sample; (c) tests A-3 and A-4 

on aluminum samples; (d) Test A-6 on aluminum sample, conducted by the loading 

frame LF1, indicating more strain recorded by the strain gauges facing the back of the 

loading frame compared when they are facing the front of the loading frame.  

 

Although the best effort has been made to centralize the sample, the platens and 

spherical seats with respect to the loading frame and one another, the effect of spherical 
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seats on the observed strain behavior was unclear. For this purpose, six more tests have 

been conducted with both loading frames using flat loading platens instead of the 

spherical ones between the sample end and the loading frame. As can be seen from 

Table 2.6, the results revealed a good agreement between the strain data of the top and 

bottom strain gauges for all these six tests (tests A-10 to A-12-1). The strain curves of 

tests A-10 and A-11-1 are shown in Figure 2.16, for example. However, the comparison 

between recordings of the top strain gauges (for example the top strain gauge of test A-

10 with the top strain gauge of test A-10-1) with each other and the bottom strain gauges 

with each other for all these tests, on the other hand, still showed a poor agreement and 

huge differences (33.5% and 41.2% for the top and bottom strain gauges, respectively, 

see Table 2.6). 

Detailed analysis of data for tests A-11 to A-12-1 conducted by loading frame LF1 

revealed another observation. As can be seen in Figure 2.17, there is mismatch between 

the measurements of the top and bottom strain gauges in both tests A-11 and A-12 

(when the strain gauges face the front of the machine), whereas, for samples turned 180 

degrees (the strain gauges face the back of the machine) for tests A-11-1 and A-12-1, 

all strain measurements are quite the same. The consistency in the last obtained data 

reveals that both the testing procedure and strain gauge installation were quite accurate 

and there was no variability because of the operation error and eccentricity of the 

cylinder axis. On the other hand, it also indicates that the spherical platens might be a 

source of variability in the obtained rock testing results and can induce non-uniform 

loading on the sample. It is despite the fact that the spherical platens are especially used 

to compensate the variations in the parallelism of the sample’s ends and to transmit the 

axial load uniformly. In summary, these observations show that although both loading 

frames were calibrated and the testing procedure was the same for all conducted tests, 

the machine performance itself and precision of its attached equipment greatly affects 

the testing condition and in turn rock laboratory test results. In the next section, this 

finding will be verified through numerical analysis. 
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(a) 

(b) 

Figure 2.16. Strain curves obtained in the loading frames with flat loading platens: 

(a) test A-10; (b) test A-11-1, conducted with loading fame LF2 and LF1,

respectively. Good agreement is seen between the strain recordings of top strain 

gauges with the bottom ones when the straight platens were used instead of the 

spherical platens between the sample end and loading frame.   
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(a) 

 
(b) 

Figure 2.17. Comparison between strain developments of the top and bottom strain 

gauges when they are facing (a) the front (test A-11 and A-12); (b) the back ((tests A-

11-1 and A-12-1) of loading frame LF1, conducted without spherical platens. 

 

2.5. Numerical Analysis 

In order to explore the effect of testing conditions on the obtained results, Finite 

Element Method (FEM) simulations have been carried out using ABAQUS3D 6.14 

(ABAQUS, 2014). For this purpose, two tests, A-11 and A-11-1, were taken as targets 

of this simulation. The aim of this numerical analysis was to find the effects of 

misalignment, non-axiality or other factors that affect the experimental measurements.  
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The parameters of the generated model, dimensions, and material properties are 

listed in Table 2.7. Two contact interfaces were defined at the top and bottom of the 

sample with normal and tangential properties. The pressure-overclosure behavior of the 

normal contact elements was considered as a hard contact during the numerical 

analysis. The bottom bar of the model was fixed in 3 directions (x, y, and z). The top 

plate of the model was fixed in 2 directions (x and y). A constant uniform pressure of 

54.125 MPa is applied on the surface of the cylindrical plate to induce the same loading 

condition as in the experiments. The lateral surfaces of the cylindrical sample were free 

of load. The loading rate throughout the test was the same as in the experiments. The 

element type C3D8 is considered for mesh generation which is defined as Continuum 

3 Dimensional 8 Nodal elements. 1918 3D elements were considered for the analysis 

(Figure 2.18). Firstly, an ideal condition in which sample and the loading platens are in 

direct contact with each other with neither non-axiality nor misalignment was simulated 

to obtain the strain development throughout the test. Then, back analysis was 

undertaken in which the top plate and bottom bar were either tilted or moved with 

respect to the aluminum sample to see the effects of these defects on the strain results 

and to reproduce the actual strain data of tests A-11 and A-11-1.  

This numerical analysis shows that the transition (movement of the center of either 

top plate or bottom bar with respect to the center of the sample, i.e. eccentricity) does 

not affect the strain curves of the aluminum sample throughout the test if its end 

surfaces are in complete contact with the top platen and bottom bar. On the other hand, 

the strain curves are very sensitive to the misalignment of the top plate and bottom bar. 

A very small angular change of touching end surfaces of these two components with 

respect to the sample (tilt) greatly affects the overall trend and results of the strain 

development of the sample. 

 

Table 2.7. Different components of the model generated for numerical analysis in 

ABAQUS, dimensions, and the material properties. 

 Diameter 
(mm) 

Height 
(mm) E (GPa) ν 

Aluminum Sample 39.96 77.1 70 0.33 
Top cylindrical steel plate 75 39.72 200 0.27 

Bottom steel bar 54 54 200 0.27 
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(a)                                                       (b) 

Figure 2.18. Numerical uniaxial compressive test set-up for the aluminum sample: 

(a) FEM model; (b) sample and platen dimensions with boundary conditions. Rough 

contact is a contact on which all relative sliding movement between two surfaces is 

prevented by specifying an infinite coefficient of friction. 
 

This model has been run with different tilt angles to reproduce the experimental 

results. Finally, a tilt angle of the plate of 0.106° was selected as an angle in which the 

numerical result is in good agreement with the experimental data. The axial and lateral 

strain contours of the sample after this simulation can be seen in Figure 2.19. It should 

be mentioned that the top plate and bottom bar have been tilted from the right side 

(View A in Figure 2.19) of the model and a gap between them and the sample has been 

created on the left side of the model (View b in Figure 2.19). So, the strain results of 

the right side and left side of the model were compared with the experimental data of 

tests A-11-1 and A-11, respectively. Four measurement points of the model were 

exactly on the same points where the strain gauges were installed (Figure 2.19). The 

strain development of the numerical model was compared with the experimental data 

in Figure 2.20. What stands out in this figure, is the curves of the strain obtained in the 

numerical simulation with 0.106° tilt of the top plate and bottom bar which are the same 

as in the experiments. This is more obvious when the experimental and numerical data 

are compared with that of the ideal condition simulated numerically. The final strains 

of the numerical simulations differ by less than 8% from that of the experiments which 

are acceptable. This difference could be because of the operational errors during the 
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experiments in turning the sample 180° or installation of the strain gauge in an identical 

distance from the top and bottom. It can, therefore, be concluded that the discrepancy 

in the results, compared to an ideal condition, is mainly due to the misalignment or tilt 

of the top and bottom plate with respect to the sample.  

 
(a) 

 
(b) 

Figure 2.19. Results of the FEM modelling: the axial (a) and lateral (b) strain 

contours of the aluminum sample with 0.106° angular tilt of the top plate and bottom 

bar with respect to the sample; four measurement points are also shown. 
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(a) 

 
(b) 

Figure 2.20. Comparison of the strain curves obtained from the numerical 

simulations in both ideal conditions and with misalignment with the experimental 

data for (a) test A-11 and (b) test A-11-1. Exp. and Num. stand for Experimental and 

Numerical, respectively. 

 

This numerical simulation strongly proves that a minor defect or inadequate 

precision of the equipment setup can affect the experimental results. This finding 

clearly explains that testing conditions are of great importance and as such they need 

to be carefully examined.  
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Therefore, it is concluded that some modifications need to be made to the relevant 

standards to address the required precision and performance of the testing equipment 

before the commencement of any rock testing. Such probable guidelines would not 

only minimize the operational errors, but also assure an experimentalist that the rock 

testing equipment is sufficiently accurate to carry out a test and to obtain valid data. 

 

2.6. Pre-existing microcracks 

In the previous sections, it was presumed that either the inherent rock properties or 

the testing conditions might affect the obtained test results. There might also be other 

factors like pre-existing micro-cracks which cannot be considered as an inherent 

feature, however, they can be formed either during the mineralization due to 

temperature and pressure gradient or during the operational activities of core taking and 

sample preparation. Such microstructural features and initial damage can noticeably 

affect the laboratory test results (Eberhardtv et al., 1998; Pakzad et al., 2018). In this 

study, the Computational Tomography (CT), as an NDT technique, was used to 

characterize some of the rock (dolerite) samples. Even qualitatively, the CT can provide 

useful information about the invisible rock features like cracks, heterogeneity, and 

change in lithology. This test showed that there might be some pre-existing micro-

cracks inside the rock samples which can neither be detected by the thin section analysis 

since it might be outside the sections taken for this analysis nor by the ultrasonic 

measurements because of the insufficiently wide frequency band of the transducers 

used for the purpose. It should also be mentioned that it is almost impossible to detect 

such tiny cracks visually. For example, an inclined tiny crack was detected inside a 

dolerite sample, while it has neither been detected visually nor through the ultrasonic 

test. As shows in Figure 2.21, this crack starts from the bottom of the sample and 

extends almost toward the middle. This crack could greatly affect the strength 

properties of the rock sample. Therefore, CT scanning is an excellent tool to detect 

invisible rock features required to be explored for better understanding of rock 

behavior. 
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Figure 2.21. CT scan slices for a dolerite sample showing a tiny pre-existing 

microcrack inside the sample. 

 

2.7. Conclusions  

This study set out to explore the affecting factors behind the variations in UCS results 

for dolerite rock samples. Another objective of this study was to see the difference 

between the rock sample categorizations made, based on the inherent parameters, 

including mineralogy and ultrasonic elastic constants. Although these categorizations 

are trivial and by no means new, the integration of this technique with others (e.g. cross-

checking between the categorization based on visual inspection, thin section analysis 

and ultrasonic measurement) may provide new insights. This will be beneficial for an 

experimentalist to categorize a set of real samples from the field. In general, it seems 

that in any rock engineering project, the rock samples selected for the experimental 

analysis need precise examinations rather than simply visual inspections. These 

examinations include but are not limited to analyzing the inherent properties such as 

mineralogy and ultrasonic elastic constants. The ultrasonic measurement of P-wave 

velocity has been found to be a straightforward and quick way of having a proper 

estimation of the mechanical properties of rock samples. The rock categorization based 

on the ultrasonic P-wave velocities has been determined to be as accurate as the thin 
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section analysis, which suggests that they can be used together to get a more accurate 

preliminary evaluation of the rock types before carrying out any experimental tests.  

It has been found that, among all variability sources investigated, the test results 

were affected by the sample shape deviation, mineralogical differences due to the 

different kinds of the alterations, and testing conditions. The rocks’ inherent variability 

is unavoidable since rocks vary in spatial and time domain, however, the variability 

because of the sample preparation could be at least reduced to an acceptable level. Here, 

we raise the possibility that the existing standard for the sample preparation, specially 

the end flatness, might not be good enough. An FEM analysis was implemented to 

check the effect of the testing conditions – specifically the loading plate deviation – 

and it has been found that the tilt/misalignment of the top plate and bottom steel bar 

with respect to the sample was the main reason of the discrepancies in the results. 

Therefore, the testing condition and loading machine performance have been found to 

act as hidden factors often not seen but affecting the laboratory test results. It seems 

that the standards for rock sample preparation and test instructions need to be modified 

to answer the questions of how and to what extent they can affect the laboratory tests 

results for all types of rock testing. More research could provide such information to 

establish a greater degree of test accuracy – this could include conducting 

comprehensive tests on different rock types considering the effect of sample shape 

deviation, especially the end flatness, the loading frame precision, the design and setup 

considerations of the spherical seats. Therefore, control tests with minimal variation in 

sample preparation, using a homogenous fabricated medium alongside the back 

analysis using FEM, are highly recommended to improve the loading quality.  

The spherical seats also need to undergo quality control to monitor the change in 

deformational behavior of the sample, by conducting some tests with and some tests 

without them. The interface friction between the spherical seats themselves and 

between the sample and loading platens should also be reduced. Using lubricants, 

which has been recommended by the relevant standards, might help but it does not 

remove the sample-platen friction and the end effect completely. This has also been 

addressed in other investigations (Xu et al., 2017). Using hydraulic spherical seats 

instead of the mechanical ones could be of assistance. 

Finally, it has been emphasized that while it is almost impossible to identify pre-

existing microcracks either visually or through the thin section analysis and even the 

ultrasonic measurements, they may play a considerable role in rock test results. The CT 
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scanning technique would allow experimentalists to detect such defects inside the rock 

samples. It is recommended that this technique to be included into the relevant 

standards as an accurate way for pre-assessment of the rock samples.  

Improving the quality of rock testing and reducing the scatter of the results will 

improve our understanding of the mechanics of rock deformation and failure and will 

assist in avoiding large scale rock failures. 
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2. Chapter 3 

3. Strength degradation of sandstone and 

granodiorite under uniaxial cyclic loading1 
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Geranmayeh Vaneghi, R., Ferdosi, B., Okoth, A. D., & Kuek, B. (2018). Strength degradation 

of sandstone and granodiorite under uniaxial cyclic loading. Journal of Rock Mechanics and 
Geotechnical Engineering, 10(1). https://doi.org/10.1016/j.jrmge.2017.09.005, Cited 15 times, and 
reprinted with permission in Appendix D. 
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ABSTRACT 

Change in mechanical properties of rocks under static loading has been widely studied 

and documented. However, the response of rocks to cyclic loads is still a much-debated 

topic. Fatigue is the phenomenon when rocks under cyclic loading fail at much lower 

strength as compared to those subjected to the monotonic loading conditions. A few 

selected cored granodiorite and sandstone specimens have been subjected to uniaxial 

cyclic compression tests to obtain the unconfined fatigue strength and life. This study 

seeks to examine the effects of cyclic loading conditions, loading amplitude and applied 

stress level on the fatigue life of sandstone, as a soft rock, and granodiorite, as a hard 

rock, under uniaxial compression test. One aim of this study is to determine which of 

the loading conditions has a stronger effect on rock fatigue response. The fatigue 

response of hard rocks and soft rocks is also compared. It is shown that the loading 

amplitude is the most important factor affecting the cyclic response of the tested rocks. 

The more the loading amplitude, the shorter the fatigue life, and the greater the strength 

degradation. The granodiorite specimens showed more strength degradation compared 

to the sandstone specimens when subjected to cyclic loading. It is shown that failure 

modes of specimens under cyclic loadings are different from those under static 

loadings. More local cracks were observed under cyclic loadings especially for 

granodiorite rock specimens.  

3.1. Introduction 

In situ rock is basically subjected to monotonic and cyclic or dynamic loadings. A 

proper and detailed understanding of how the mechanical properties of rock change 

when subjected to different loading scenarios is required for the safe and proper design 

and construction of civil, mining and geotechnical engineering structures such as 

underground openings, tunnels, rock pillars, foundations and for better understanding 

of other related operations such as drilling and blasting. Cyclic loadings are generated 

by seismic events, earthquakes, blasting, repetitive loadings and explosions which 

affect either surface or underground rock structures (Figure 3.1). As shown in Figure 

3.1, the stability of an underground excavation (openings like tunnels, galleries, caverns 

and shafts) is not only controlled by rock microstructures, geological features and in 

situ stress state, but also by the type of loading which could be static or dynamic. The 
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period of cyclic loading, its frequency and stress level are important factors which 

govern the influence of cyclic loading on a rock body. Hence, the mechanical properties 

of rock under cyclic or dynamic loading should be different from those under static 

loading condition. 

 
Figure 3.1. Typical schematic view of rock cyclic problems and their important 

factors in underground excavation design as well as other common influencing 

factors. σ1 and σ3 are the major and minor principal stresses, respectively; and σmin, 

σmax, and σa are the minimum stress, maximum stress, and loading amplitude stress 

levels, respectively, during a cyclic loading. 

 

It has been widely acknowledged that a rock structure subjected to cyclic loading 

often fails prior to reaching its designed stress level or bearing capacity of its static 

uniaxial compressive strength (UCS). The mechanism is widely referred to as “fatigue” 

(Eberhardt et al., 1998). Fundamental rock structures, as mentioned above, are often 

subjected to cyclic loadings and their mechanical strengths experience degradation 

along with the loading period. Therefore, the effects of cyclic loading on stability and 

serviceability of rock structures cannot be neglected.  

From the literature review, it was found that some researchers focused on the 

variation and degradation of intact or jointed rock properties under uniaxial and triaxial 

cyclic loadings and some others investigated the fatigue damage mechanism. It was 

first reported by Burdine (1963) that the pore pressure and confinement affected the 
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cyclic response of sandstone, and rock fatigue strength decreased and increased at high 

pore pressure and confinement, respectively. Attewell & Farmer (1973) also examined 

the strength degradation of concrete, mortar and rock under cyclic loading. They 

revealed that the fatigue strengths of their tested materials decreased up to 50%-70% 

compared to the static strength. Prost (1988) investigated the effect of pre-existing 

joints in Pikes Peak granite and Dakota sandstone on the crack initiation and 

propagation under compression-tension cyclic loading. He reported that the rocks 

generally failed at low number of cycles when loaded under higher stress levels and 

loading amplitudes. Macro tests conducted by Singh (1989) also concluded that cyclic 

loadings led to progressive weakening of rocks and in particular showed that there was 

a remarkable drop in the UCS of rocks following cyclic loading.  

Zhenyu & Haihong (1990)  attempted to correlate the experimental data of fatigue 

life to the mechanical properties of a rock specimen. They developed a constitutive 

equation to explain the stress-strain curves for cyclic loading. However, there is no 

single validated rule to describe the cyclic loading behavior of a rock. The equation 

developed by Zhenyu & Haihong (1990) only gives a best fit under given conditions. 

The effects of cyclic loading and strain rate on the uniaxial strength of sandstone 

were studied by Ray et al. (1999). They reported that the degradation of rock strength 

is noticeable at higher maximum stress levels. According to their results, the axial 

failure strain was also relatively higher at higher stress levels. 

Bagde and Petroš (2005a) reported that the fatigue strength and Young’s modulus 

of sandstone decreased and increased, respectively, with the loading frequency. Bagde 

and Petroš (2005b) reported that the loading machine showed sensitivity to high loading 

amplitude applied at high loading frequency, and found that the real applied loading 

amplitude was remarkably lower than the target loading amplitude. Bagde and Petroš 

(2005c) also revealed that the cyclic dynamic responses are different under different 

loading waveforms and loading rates. The sine waveform was found to have a stronger 

dynamic effect than a ramp (triangle) waveform. It was reported that damage 

accumulates most rapidly under square waveforms (Gong & Smith, 2003); however, it 

is purely of academic interest. Because the loading rate of a square waveform is 

theoretically infinite in a quarter of a cycle, its dynamic effect is similar to an impact 

load (Xiao et al., 2008). The effects of loading amplitude and frequency on the strength 

degradation and deformation behavior of rocks under uniaxial cyclic compression were 

also studied by Bagde and Petroš (2009). They reported that the microstructure, texture 
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and quartz content of the rock specimens affect the fatigue strength and cyclic dynamic 

response. It was found that the microfracturing is the main cause of fatigue failure. 

Different damage variables used to examine the damage evolution under cyclic 

loading were discussed by Xiao et al. (2010; 2009) . When the permanent strain is 

plotted against the number of cycles, it was observed that the three-stage inverted S-

shaped model is well capable of describing the whole process of fatigue damage 

development. The curve can be divided into three phases. The shape of the curve is 

dependent on the rock properties and magnitude of stress applied to the rock. The three 

phases may be associated with the three stages that a crack undergoes, i.e. crack 

initiation, stable propagation and unstable propagation (Xiao et al., 2009). Bastian et 

al. (2014) conducted uniaxial and triaxial cyclic compressive tests on Hawkesbury 

sandstone to examine the variation in its mechanical properties under cyclic loading 

conditions. Rapid evolution of damage was observed as unloading initiation stress and 

unloading amplitude increased. The variations of mechanical parameters and failure 

mechanism of Lac du Bonnet granite under uniaxial cyclic loading were discussed by 

Ghazvinian (2015). He described the relationship between the critical stress thresholds 

(crack initiation and crack damage thresholds) and the fatigue damage pattern during 

the cyclic process. Taheri et al. (2016) also studied the change in mechanical properties 

of the Hawkesbury sandstone during various cyclic loading conditions using uniaxial 

and triaxial compression tests. They reported that the unstable crack propagation was 

observed at approximately 65% of the cumulative axial strain.  

To date, most of previous works attempted to evaluate the change in mechanical 

properties of rocks under different cyclic loading conditions. Few studies, however, 

have addressed the question: Which of the maximum stress level and loading amplitude 

has a stronger cyclic effect? Moreover, the cyclic response of soft rocks and hard rocks 

is not fully understood. As mentioned previously, the fatigue behavior of hard rocks 

such as granodiorite and soft rocks such as sandstone, which are very common rocks 

in most rock structures, was always of great importance. The cyclic behaviors of these 

two kinds of rocks under constant frequency but with varying loading stress amplitude 

and stress level are presented in this study. 
 

 

 

3.2. Experimental set-up 
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3.2.1. Rock Specimens 

Among the intrusive rocks, granite and granodiorite are the most common and 

frequently encountered ones in most underground mining activities. In addition, as a 

result of the high strength of granitic rock, it is also widely used in the construction 

industry. Sandstone is also bedrock for rock structures and its behavior is different from 

a hard rock like granodiorite. The rock specimens were obtained from sandstone and 

Gosford granite/granodiorite outcrops quarry in New South Wales, Australia. 

Petrographic thin section analysis shows that granodiorite is weakly altered coarse-

grained leucocratic holocrystalline and it contains anhedral quartz (20%-30%), 

orthoclase (~20%), subhedral, zoned plagioclase (20%-30%) and medium-grained 

flakes biotite (~10%). Sandstone is fine-grained and well-sorted and dominated by sub-

rounded to angular quartz (~80%). The matrix material consisting of clay and sericite 

accounts for around 10% of the specimen. The intergranular porosity of this sandstone 

is approximately 10%. Photographs of the analyzed specimens from these two rock 

types in cross polarized light (XPL) are shown in Figure 3.2. The typical specimens of 

granodiorite and sandstone are shown in Figure 3.3. The densities of tested sandstone 

and granodiorite specimens were 2204 kg/m3 and 2524 kg/m3, respectively. 

Specimens were available in two sizes: regular size with diameter of about 54 mm 

and height of 131 mm and small size with diameter of 42 mm and height of 102 mm. 

Seven (five small-size and two regular-size) specimens of granodiorite and seven (four 

small-size and three regular-size) of sandstone were tested to determine their UCS 

values. The sandstone specimens were oven-dried for 24 h so as to eliminate any 

moisture present therein. Since the average water content was determined to be very 

low (equal to 0.3%), the effect of water content on the obtained results was neglected. 
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(a) 

 
(b) 

Figure 3.2. Photomicrographs of (a) granodiorite and (b) sandstone in XPL. Qtz, 

Plag, Orth and Biot stand for quartz, plagioclase, orthoclase and biotite, respectively. 
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(a)                                     (b) 

Figure 3.3. Typical specimens of (a) granodiorite and (b) sandstone before testing. 

 

3.2.2. Equipment 

The tests were done using a GCTS uniaxial testing system UCT 1000, as shown in 

Figure 3.4. The machine is fitted with a computer-controlled axial actuator and can load 

a specimen by controlling the loading rate or strain rate. The UCT 1000 is capable of 

both dynamic and static tests, and the data obtained from the tests were collected 

automatically using PC-based software. 

The specimens were loaded using a servo-controlled loading machine. The linear 

variable differential transformers (LVDTs) were used for simultaneous readings of 

axial, radial and volumetric strains. UCS values for all specimens were recorded for 

analysis. 

 

3.2.3. Methodology 

Some laboratory tests have been performed through use of uniaxial cyclic loading to 

investigate the mechanical fatigue behaviors of the tested rocks. The granodiorite and 

sandstone specimens, used for cyclic loading, were in the same size as those used for 

monotonic uniaxial compression loadings. 

Uniaxial monotonic compression tests were conducted on both rock types. The 

average UCS for the tested specimens was used as the guiding maximum possible 

strength of the rock and to define the maximum stress level of cyclic loading. Table 3.1 
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shows the average UCS for regular- and small-size granodiorite and sandstone 

specimens. The stress-strain curves of uniaxial tests on small-size specimens are 

illustrated in Figure 3.5. It should be mentioned that post-peak part of these curves are 

not correct as all samples failed suddenly at peak stresses.  

 
(a) 

 
(b) 

Figure 3.4. (a) Machine set-up and (b) LVDTs configuration to measure the axial 

and radial deformations. 

 

Circumferential strain gage 

Axial strain gage 
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The uniaxial cyclic tests were carried out in a stress control mode. The loading 

waveform was sine waveform which has already been found to have a stronger dynamic 

effect than a ramp (triangle) waveform (Bagde & Petroš, 2005c). The loading 

amplitudes were varied yet frequency was kept constant at 1 Hz. Two types of cyclic 

loadings were considered in these uniaxial cyclic tests. These two types were constant 

mean stress level or constant cyclic loading (CCL), and increasing mean stress level or 

stepped cyclic loading (SCL). The cyclic loading path with respect to time is illustrated 

schematically in Figure 3.6. 

The CCL was designed to examine the effects of loading amplitude and the 

maximum stress level on fatigue strength. The regular-size specimens were tested 

under a CCL condition while the testing for the small-size specimens was done in a 

SCL manner. 

 

Table 3.1. Average UCS of small- and regular-size granodiorite and sandstone 

specimens. 

Rock type Specimen No.* UCS (MPa) Average UCS (MPa) 

Sandstone St.-R-1 35.6 36.2 

St.-R-2 35.3 

St.-R-3 37.6 

St.-S-1 43.76 44 

St.-S-2 52.11** 

St.-S-3 45.21 

St.-S-4 42.95 

Granodiorite G-R-1 116.71 120 

G-R-2 123.25 

G-S-1 86.7 105.1 

G-S-2 103 

G-S-3 124.6 

G-S-4 103.3 

G-S-5 107.7 

* St.: Sandstone; G: Granodiorite; R: regular-size specimen; S: small-size specimen. 

** This specimen was not considered in the calculation of average UCS, since its 

strength seems to be quite different to the approximate strength values obtained for the 

three specimens. 
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(a) 

 
(b) 

Figure 3.5. Stress-strain curves for monotonic uniaxial compression tests 

conducted on small-size (a) sandstone and (b) granodiorite specimens. 

 

Under SCL conditions, the loading amplitude was kept constant whereas the 

maximum stress level was increased step by step. These tests were designed to find the 

fatigue stress of the tested rocks and to explore the effect of maximum stress level on 

the fatigue strength. For the SCL tests, the initial mean stress was set and the specimen 

loaded at a set amplitude for a specific time t. If no failure occurred, the mean stress 

was raised and the amplitude was kept constant and again the loading was done for 

another period of time t. This step-wise increase of mean stress was done up to the 



CHAPTER 3. STRENGTH DEGRADATION OF SANDSTONE AND GRANODIORITE UNDER 
UNIAXIAL CYCLIC LOADING 

87 

failure point. The maximum stress level was set as 75%-90% of static strength (UCS) 

for the granodiorite specimens and 85%-97% of UCS for the sandstone specimens. The 

amplitude stresses were set as 3-8 MPa and 5-10 MPa in cyclic tests conducted on 

sandstone and granodiorite specimens, respectively. The specimen was axially loaded 

up to the mean stress level (the average of the maximum and minimum stress levels, 

σmean) in the load control mode with loading rates of approximately 1 kN/s and 0.23 

kN/s for regular- and small-size sandstone specimens and 3.3 kN/s and 0.23 kN/s for 

regular- and small-size granodiorite specimens, respectively. Since the results of the 

cyclic tests on regular specimens were somewhat scattered, the loading rate on small-

size specimens was set relatively low. However, for the cyclic tests, it was attempted 

to set the loading rate of the initial loading to be the same as that of the uniaxial 

monotonic tests. 

(a) 

(b) 

Figure 3.6. Schematic illustration of cyclic loading path with (a) CCL and (b) 

SCL. 

...

1 hour

...

...

...

...

1 hour 1 hour
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3.3. Results and discussion 

The effects of the maximum stress level and loading amplitude on fatigue life and 

strength degradation of the tested rocks were investigated by uniaxial cyclic tests. As 

mentioned earlier, two types of cyclic loadings with constant mean stress level, named 

CCL, and increasing mean stress level cyclic loading, named SCL, were considered in 

these tests. Table 3.2 shows the experimental scheme and obtained results of uniaxial 

compression cyclic tests for both granodiorite and sandstone specimens. It is 

noteworthy that some specimens (St.-R-9, G-R-3 and G-R-4) were reloaded when they 

did not fail after a large number of cycles during the first loading path of CCL tests. 

Therefore, the results for specimens St.-R-10, G-R-5 and G-R-6 were used to analyze 

the effect of cyclic loading history on their fatigue response. Although these three 

specimens were loaded at a higher mean stress level for the second time, they were put 

into the CCL category. 

Characteristics of all SCL paths are detailed in Table 3.3. As can be seen, in all SCL, 

the loading amplitudes (σα) were constant yet the mean stress levels were varied. 

According to this table, the mean stress level and loading amplitude of specimen St.-S-

5, for instance, were set to 34.5 MPa and 3 MPa, respectively, for the first step. Then 

the specimen would be loaded for up to 30 min (1800 cycles). If it did not fail, the test 

would continue for another 1800 cycles within the second step in which the mean stress 

level would be increased to 37 MPa under the same loading amplitude (3 MPa). This 

procedure would be continued up to the failure point of the specimen. 

Figure 3.7 shows the stress-strain curves for the cyclic tests carried out on regular- 

and small-size specimens of granodiorite and sandstone. It should be mentioned that 

post-peak parts of these curves are not correct as all samples failed suddenly at peak 

stresses. As displayed in Figure 3.7a, the sandstone specimens St.-R-5, St.-R-6, St.-R-

8 and St.-R-10 failed at 30.92 MPa, 30.89 MPa, 32.84 MPa and 33.84 MPa, 

respectively. Figure 3.7b also presents that specimens St.-S-5, St.-S-6 and St.-S-7, 

which were loaded under 3 MPa, 5 MPa and 6 MPa, failed at 39.47 MPa, 38.03 MPa 

and 35.69 MPa, respectively. The greater the loading amplitude, the lower the fatigue 

strength. The regular-size granodiorite specimens G-R-5, G-R-6 and G-R-7 failed at 

85.09 MPa, 102.4 MPa and 93.11 MPa, respectively (Figure 3.7c). The small-size 

granodiorite specimens (G-S-6 and G-S-7), as illustrated in Figure 3.7d, failed at 83.33 

MPa and 79.4 MPa, respectively. These two specimens failed at the first step of SCL 
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even though it was planned to load them under different stress levels during the fatigue 

process. The results are explained in detail in the following sections. 
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(a) 

 
(b) 

Figure 3.7 (continued on the next page). 
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(c) 

(d) 

Figure 3.7 (continued from previous page). Stress-strain curves for uniaxial cyclic 

tests conducted on (a) regular- and (b) small-size sandstone specimens, and (c) 

regular- and (d) small-size granodiorite specimens. 

3.3.1. Effect of maximum stress level 

The analysis of fatigue behavior of specimens as well as strength characteristics under 

various maximum stress levels has been carried out. In Table 3.2, the maximum stress 
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levels were inadequate to influence the fatigue behavior of some rock specimens, either 

for granodiorite or sandstone. 

As can be found in Table 3.2, the sandstone specimens St.-R-4 and St.-R-9 did not 

fail even after a large number of cycles when they were loaded under the maximum 

stress levels of 30 MPa (83.3% of UCS) and 32 MPa (88.8% of UCS), respectively. 

This is also observed during the cyclic tests on small-size sandstone specimens, St.-S-

5 and St.-S-6, under the maximum stress levels of 85.2% of UCS (37.5 MPa) during 

the first step of SCL path. As the maximum stress level exceeded 90% of UCS, all 

sandstone specimens failed and fatigue life decreased as well. The specimens St.-S-5 

and St.-S-6, as can be seen in Table 3.2, yielded when the applied maximum stress level 

increased to 91% of UCS (40 MPa) during the second step of SCL. The effect of the 

maximum stress level on strength degradation of specimens St.-R-5 and St.-R-8 were 

more noticeable. They failed just after 65 cycles and 71 cycles (shorter fatigue life), 

respectively, since they were loaded under a higher maximum stress level of 94.4% of 

UCS (34 MPa). 

Comparing the results of specimens St.-R-4 and St.-S-6 with St.-R-5, under the same 

loading amplitude of 5 MPa, it can be seen that the fatigue life of specimens decreased 

as the maximum stress level increased. The specimen St.-R-5 failed after 65 cycles 

under a maximum stress level of 34 MPa (94.4% of UCS), whereas both specimens St.-

R-4 and St.-S-6 did not fail under the maximum stress of 83.3% and 85.2% of UCS, 

respectively, even after a large number of cycles. 

A similar result was also obtained for granodiorite specimens. Specimens G-R-3 

and G-R-4 did not fail after 1 h (about 3600 cycles) and 2 h (about 7200 cycles) of 

loading under the maximum stress levels of 90 MPa (75% of UCS) and 94 MPa (78.3% 

of UCS), respectively, however they failed when the maximum stress levels increased 

to 82.5% and 88.3% of UCS (results of G-R-5 and G-R-6), respectively. The fatigue 

life and strength (σf) of specimen G-S-7 under a maximum stress level of 85 MPa (81% 

of UCS) were compared with those of G-R-5 and G-R-6 under higher maximum stress 

levels of 99 MPa and 106 MPa (82.5% and 88.3% of UCS), respectively. It was found 

that the loading history had a great effect on cyclic response even though the loading 

amplitude was equal to 10 MPa for all specimens. Since G-R-5 and G-R-6 failed under 

a larger number of cycles compared to G-S-7, the strain-hardening behavior is clear, 

because they have already been loaded under cyclic conditions and experienced the 

fatigue process. As can be seen, specimen G-R-6, which had already been loaded under 
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the maximum stress level of 78.3% of UCS, failed after 217 cycles, while specimen G-

R-5, which had already experienced loading under a maximum stress level of 75% of 

UCS, failed after 313 cycles. Thus it can be stated that when a rock experienced a higher 

loading level at previous loading stages, yet less than the fatigue stress threshold, a 

shorter fatigue life would be resulted.  

A similar finding was also reported by other researchers. According to Singh (1989) 

and Momeni et al. (2015), the rock material tends to fail at a low number of cycles and 

has a shorter fatigue life as the maximum stress level increases (Figure 3.8). As can be 

seen in Figure 3.8, when the maximum stress level exceeded 90% of monotonic 

compressive strengths of granodiorite and graywacke, they failed at a number of cycles 

less than 200. Whereas when the graywacke, for instance, was loaded at 88% of UCS, 

it sustained more than 6000 cycles. It can be concluded that every rock material has a 

strength threshold, named as fatigue strength, and the rock fails at a low number of 

cycles when the maximum stress level is more than this threshold, if other testing 

conditions remain constant. Thus the maximum applied stress level is of great 

importance in assessing the mechanical parameters of rock and design of any structure 

which will be operated under a cyclic loading condition. 

 

 
Figure 3.8. Effect of the maximum stress level on fatigue life of granodiorite and 

graywacke. Data obtained from Singh (1989) and Momeni et al. (2015) under loading 

frequency of 1 Hz. 

 

3.3.2. Effect of loading amplitude 

Amplitude is a key factor when analyzing the cyclic loading, as it is an indicator of how 

much the maximum and minimum stresses vary from the mean stress and it also 

determines the values expected for the maximum stress reached. Even with a slightly 
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lower initial loading stress, the specimens subjected to higher magnitudes of amplitude 

failed sooner than those under low amplitudes. 

Comparing the fatigue life and strength of small-size sandstone specimens, St.-S-5 

and St.-S-6, under the same maximum stress level, it is clear that the fatigue life and 

strength of sandstone decreased as the loading amplitude increased from 3 MPa to 5 

MPa. Specimen St.-S-5 with loading amplitude of 3 MPa failed after 2153 cycles 

during the second stage of SCL when the maximum stress level was 40 MPa. Specimen 

St.-S-6, whereas, with loading amplitude of 5 MPa, failed after 1930 cycles during the 

second stage of SCL when the maximum stress level was 40 MPa. The fatigue strength 

of specimen St.-S-6 loaded under a higher loading amplitude was 38.03 MPa (86.4% 

of UCS), lower than that of specimen St.-S-5, which was 39.47 MPa (89.7% of UCS).  

Comparing the fatigue life and strength of specimen St.-S-7 with those of specimens 

St.-S-5 and St.-S-6, it suggests that the effect of loading amplitude is stronger than that 

of the maximum stress level. Specimen St.-S-7 loaded under a maximum stress level 

of 85.2% of UCS with higher loading amplitude of 6 MPa failed during the first step 

of SCL, after just 470 cycles (shorter fatigue life) and lower fatigue stress (81.1% of 

UCS) compared to St.-S-5 and St.-S-6 that did not fail during the first step (at the same 

maximum stress level of 85.2% of UCS). These two specimens failed during the second 

stage when the maximum stress level increased to 91% of UCS. Thus it can be 

concluded that the rock would more easily yield at a lower maximum stress level with 

higher loading amplitude than at a high maximum stress level with low loading 

amplitude. This finding, however, needs to be validated by more experimental data. 

The importance of loading amplitude has also been stated by Attewell and Farmer 

(1973) when they compared the cyclic response of rocks under different loading 

amplitudes and frequencies. They believed that failure of rock occurs more easily at 

low-frequency dynamic stress with higher amplitude than at high-frequency dynamic 

stress with low loading amplitude.  

As can be found in Table 3.2, if the fatigue strengths of granodiorite specimens G-

S-6 and G-S-7 are compared, the fatigue strength of G-S-6 with loading amplitude of 

7.5 MPa was 83.33 MPa (79.3% of UCS) compared to that of 79.4 MPa (75.6% of 

UCS) for G-S-7 with higher loading amplitude of 10 MPa. 

The effect of loading amplitude on fatigue life was also reported by Singh (1989), 

He et al. (2016) and Taheri et al. (2016). The more the loading amplitude, the shorter 

the fatigue life. As shown in Figure 3.9, the graywacke specimens sustained 10,189 
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cycles under loading amplitude of 50 MPa, while they failed at 287 cycles when the 

loading amplitude increased to 83 MPa (Singh, 1989). As illustrated in this figure, this 

trend was also reported by He et al. (2016) and Taheri et al. (2016) for their tested 

sandstone specimens. The sandstone specimens were loaded more than 100 cycles 

under loading amplitude of 40 MPa, whereas they failed just after 2 cycles as the 

loading amplitude increased to 47 MPa (Taheri et al., 2016). The sandstone specimens 

tested by He et al. (2016) showed a similar result. Specimens sustained loading up to 

233 cycles when the loading amplitude was less than 10 MPa, while they failed after 

20 cycles when the loading amplitude was more than 60 cycles. 

 

 
Figure 3.9. Effect of loading amplitude on fatigue life of rock material under 

cyclic loading. Data obtained from Singh (1989), He et al. (2016) and Taheri et al. 

(2016). 

3.3.3. Fatigue strength 

The fatigue strength of the tested rocks can be determined from the results discussed 

above. As previously mentioned, each type of rock has a strength threshold at which it 

can sustain loading under a large number of cycles if the loading level is less than this 

threshold. According to Table 3.2 and based on the discussion in previous sections, the 

fatigue strengths of sandstone and granodiorite specimens can be taken as 90% and 

80% of their UCS values, respectively. Thus the fatigue strengths of regular- and small-

size sandstone specimens are 32 MPa and 40 MPa, respectively. These amounts were 

found equal to be 96 MPa and 85 MPa for regular- and small-size granodiorite, 

respectively. 

Based on the fatigue strengths of sandstone and granodiorite, it can be concluded 

that the fatigue strength of hard rocks is relatively lower than that of soft rocks. Thus 

233 
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the brittle rocks are more prone to be weakened under cyclic loading than ductile rocks. 

The more brittle the rock, the more the strength degradation, and the less the fatigue 

strength. 

 

3.3.4. Failure modes of the tested rock specimens 

Damage mechanism was always an interesting topic to figure out how solid materials 

fail by fracturing and cracking. Identifying crack development through laboratory tests 

would improve our understanding of the real failure process in practice (Eberhardt, 

1998). The failure modes of the tested sandstone and granodiorite specimens are 

presented in Figure 3.10. As can be seen in this figure, there were more fractured planes 

observed on both sandstone and granodiorite specimens after cyclic loading compared 

to static loading tests. The main shearing plane (named 1) is accompanied by axial 

tensile cracks (named 2) for both specimens under cyclic loading. More tensile splitting 

cracks were observed under a cyclic loading condition. Since the granodiorite rock is 

more brittle, there was more powder on the fracture planes after the cyclic tests, which 

is an indication of fatigue failure. This pattern was also observed by Wang et al. (2013). 

Similar failure modes for sandstone specimens under triaxial monotonic and cyclic tests 

were also reported by Liu et al. (2011; 2012) and Yang et al. (2015). 
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(a) 

 
(b) 

Figure 3.10. Failure modes of tested (a) sandstone and (b) granodiorite specimens 

under static and cyclic loadings. Cracks named 1 are shearing cracks and the ones 

named 2 are axial tensile cracks. 
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3.3.5. Rock nonhomogeneity and response to cyclic loadings 

During laboratory testing of granodiorite and sandstone specimens subjected to 

uniaxial cyclic loadings, there were some disparities observed in the fatigue failure of 

rock specimens. Some specimens developed immediate failure and premature yielding 

though the loading amplitude was minimal and the maximum stresses were not 

significantly high. However, a few specimens have shown no yielding or axial strain 

and lateral strain as a result of dynamic deformation failure. One significant observation 

noted is that fatigue characteristics are dependent on geological condition, in situ stress 

and depth of core extraction as well as chemical composition of the rock microstructure 

formation. The unlikely variability in cyclic failure is an obvious heterogeneity of the 

rock specimens due to changes in in situ stress distribution, which might have altered 

the mechanical properties of the intact rock, i.e. strength, deformability and especially 

permeability initiated due to development of network of stress relief cracks. These 

conditions could have created stress corrosion phenomena and plenty of weakening 

mechanical actions, i.e. weak strain bonds around the crack tips thus facilitating crack 

propagation at lower stress levels. 

Moreover, the perceived nonhomogeneity is a result of microscale heterogeneity of 

the rock specimens. It is believed that the presence of microstructures has created an 

additional dimension on the nonhomogeneous specimen. There is room for expansion 

of one or more individual micro-fractures into cleavage fractures (splitting/extension 

mode) and a dramatic drop of load-bearing capacity to abrupt failure. 
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3.4. Conclusions 

The main objectives for this study were to investigate the effects of loading amplitude 

and stress on the mechanical properties of sandstone and granodiorite and to understand 

how the cyclic response differs from soft rock of sandstone to hard rock of granodiorite. 

From the conducted tests and obtained results, the following conclusions were drawn: 

 

(1) The increasing mean stress level tests (SCL path) provides a decent way to 

not only explore the effect of the maximum stress level and loading 

amplitude on cyclic response of rocks but also to investigate the effect of 

loading history on their fatigue behavior. 

(2) The fatigue life decreased with an increase in the maximum stress level if 

the cyclic loading amplitude remained constant. 

(3) The decreases in the fatigue life and strength were evident with increasing 

loading amplitude.  

(4) The effect of loading amplitude is stronger than that of the maximum 

stress level. The rock would more easily yield at a lower maximum stress 

level with higher loading amplitude than at high maximum stress level 

with lower loading amplitude.  

(5) The fatigue strength of hard/brittle rocks seems to be less than that of 

soft/ductile rocks. The more brittle the rock, the more the strength 

degradation, and the less the fatigue strength. 

(6) It is observed that more local cracks are formed after cyclic loading tests 

compared to static loading tests.  

Further experimental work, however, is required to be carried out to validate that 

the loading amplitude has more cyclic effect than the maximum stress level. Different 

rock types are suggested to be tested under cyclic loading to precisely explore the 

difference between fatigue response of hard rocks and soft rocks. It would also be 

interesting to assess the effects of rock fabric and its heterogeneity on the fatigue 

response.  
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ABSTRACT 

Understanding the strength and deformation response of hard and soft rocks under 

cyclic loading is very important for assessing fatigue in rock engineering structures. 

The effect of cyclic loading on rocks is different and more complex than that of 

monotonic loading. In this paper, the deformation and strength response of two 

mineralogically and microstructurally different rocks, sandstone and granodiorite, have 

been investigated by conducting multi-stage uniaxial cyclic compression loading tests. 

It is shown that these two rocks behave differently under cyclic loading mainly because 

of their microstructures. The stress–strain hysteresis loops of sandstone samples 

showed three phases of development, while there were two phases for the granodiorite 

samples. The fatigue strength threshold of granodiorite as hard rock is shown to be less 

than that of sandstone as soft rock. Residual lateral strain develops faster than residual 

axial strain during the cyclic stages. Axial and lateral strain after each step of loading, 

as well as residual strain, showed an increasing trend with maximum stress levels and 

loading amplitude. We discuss how rock damage develops in a rapid manner in lower 

loading frequencies and find that rock damage propagation can be assessed by 

ultrasonic measurement. The failure modes of the rock samples were also evaluated. 

We found that the damage mechanism of rocks under cyclic loading is highly 

dependent on loading frequency. In addition, the failure modes of the two rock types 

under cyclic loading differ not only from those under the monotonic conditions but also 

from those under different loading conditions. This study contributes to a deeper 

understanding of the deformation response and damage evolution of hard rocks and 

soft rocks under fatigue processes. 

4.1. Introduction 

Rock engineering structures such as traffic/haulage roads, mine and road tunnels, 

pressure tunnels, mine stopes, caverns, oil/gas storages and waste repositories are 

subjected to cyclic loading. Repetitive loading–unloading cycles cause rocks to deform 

and fail differently than when they undergo monotonic loading conditions. Cyclic 

loading can be induced by any repetitive loading–unloading activities, such as 

earthquakes (Haimson, 1978; Taheri et al., 2016) and blasting (Li et al., 2017; Sun et 

al., 2017) as high-frequency seismic events, traffic, slow injection and discharge of gas 
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(Fan et al., 2016; Ma et al., 2013; Roberts et al., 2015), oil (Wang et al., 2013), and 

hydrocarbons (Voznesenskii et al., 2017) in underground storages and even inflation 

and deflation of volcanic edifices (Kendrick et al., 2013) as low-frequency seismic 

events. An underground tunnel, for instance, might be at risk of instability, e.g., due to 

induced vibration from the repetitive loading of blasts in nearby galleries, or 

earthquakes (Figure 4.1), if the mechanical behavior of the surrounding rock mass at 

such conditions has not been properly assessed. The tunnel boundary is subjected to a 

biaxial state of stress since radial stress is zero after excavation. As biaxial loading 

requires the use of a true triaxial loading frame the fatigue response of rock structures 

under uniaxial compression has recently received attention in the field of fundamental 

rock mechanics.   

 

Figure 4.1. Schematic view of an underground opening under cyclic loading due to 

the effect of nearby blasting and earthquakes as well as other factors, shown in 

different scales, governing its stability (rock types, rock microstructure, and loading 

parameters). σ1, σmax, σmin, and σa are the major principal stress around the tunnel 

boundary, maximum, minimum stress, and stress amplitude of the cyclic loading, 

respectively.  

 

Previous research has established that the strength of rocks decreases by 30 to 50% 

under cyclic loading compared to monotonic strength (Attewell & Farmer, 1973; Bagde 

& Petroš, 2005a). On the other hand, rocks may also show hardening behavior, 

depending on the rock type and loading conditions (Singh, 1989; Taheri et al., 2016). 
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Loading parameters including the maximum stress level, loading amplitude, and 

loading frequency affect the strength and damage response of rocks under cyclic 

loading. The effect of stress levels on the fatigue strength of rocks has been investigated 

experimentally (Ma et al., 2013; Momeni et al., 2015; Ray et al., 1999; Singh, 1989). 

The experiments show that the higher the maximum applied stress, the greater the 

reduction in the fatigue strength of rocks. Loading amplitude has also been found to be 

an important factor affecting the fatigue response of rocks (Bagde & Petroš, 2009; He 

et al., 2016; Liu et al., 2018; Singh, 1989; Taheri et al., 2016). The strength degradation 

of rock loaded under a low stress level with high cycling amplitude is more than when 

it is loaded under a higher stress level with a lower cycling amplitude (Geranmayeh 

Vaneghi et al., 2018). There have also been attempts to address the effect of loading 

frequency on the deformation and strength of rocks (Attewell & Farmer, 1973; Bagde 

& Petroš, 2005a; Fuenkajorn & Phueakphum, 2010; Liu & He, 2012; Liu et al., 2012; 

Xiao et al., 2009). However, the dependence of fatigue strength and deformation on 

loading frequency is still not clear. The deformation response of rocks under cyclic 

loading is another complex problem since it is noticeably affected by loading 

parameters. For instance, it has been observed that axial strain at failure increases 

dramatically with an increase in the maximum stress level in cyclic loading (Ray et al., 

1999). On the other hand, some rocks loaded under cyclic condition show hardening 

behavior (Ma et al., 2013; Taheri et a., 2016). However, as pointed out by Cerfontaine 

and Collin (2018) very little is known about the deformation response of rocks under 

this type of loading. Also, the damage mechanism that underpins this behavior is not 

fully understood and is limited to specific observations (Fan et al., 2016; Liu & He, 

2012; Liu et al., 2017; Liu et al., 2018).  

 

The types of behavior are different in soft and hard rocks. In particular, the failure 

mechanism is greatly dependent on the microstructure, quartz content, and porosity of 

the rock (Peng & Yang, 2018). Rock type and texture play a significant role in the 

deformation behavior of rocks under different loading scenarios. Sedimentary rocks 

such as sandstone, which is known as a porous rock, show different deformation and 

failure responses compared to compact rocks such as granite with completely 

interlocked grains and with no initial porosity (Potyondy, 2012). This difference is very 

important since these rock types are usually the common host rocks for surface and 
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underground excavations and are often used in building and construction (Ludovico-

Marques et al., 2012). The deformation behavior of soft rocks and hard rocks under 

monotonic loading has been comprehensively studied. However, the deformation 

response of these rock types has never been compared under cyclic or fatigue processes. 

It seems that there is no systematic understanding of how rock materials behave under 

cyclic loading. This topic is in early stages of investigation and the need for more 

experimental data obtained from cyclic tests on different rock types is clear.  

This study seeks to explore how two different rock types behave under multi-stage 

cyclic loading. The rock types considered are granodiorite and sandstone, representing 

a typical crystalline hard rock and comparably soft porous rock, respectively. The 

stress–strain relationship during different loading steps of these two mineralogically 

different rocks is compared and discussed in detail in Section 4.3.1. The effect of the 

maximum stress level, stress amplitude, and loading frequency on fatigue strength or 

post-cyclic peak strength and strain of these rocks has also been analyzed, compared, 

and generalized by incorporating more data from the literature (Section 4.3.2 to Section 

4.3.4). The residual axial and lateral strains of individual loading stages of consecutive 

cycles are also compared with each other in Section 4.3.5. We discuss how different 

evolution responses of residual axial and lateral strain during cyclic steps relate to the 

damage mechanism of these rocks. This issue is also analyzed and validated by 

comparing the P-wave and S-wave velocities obtained from ultrasonic measurement 

carried out on the samples before each loading step (Section 4.3.6). Finally, a 

comparison of the failure modes under monotonic and cyclic loading is presented and 

discussion on how loading conditions influence different failure modes is provided 

(Section 4.3.7). 

 

4.2. Experimental methodology 

4.2.1. Rock samples 

Two different rock types, a fine-grained sandstone (S) and a weakly altered coarse-

grained granodiorite (G), acquired from outcrops in New South Wales, Australia, are 

used for this investigation. The mineral content of these rocks, determined from 

microscopic thin section analysis, is presented in Table 4.1. Figure 4.2 shows 
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photomicrographs of thin sections of the tested samples. The average density of the 

granodiorite and sandstone samples was determined to be 2670 kg/m3 and 2168 kg/m3, 

respectively. The water content of the samples was negligible in this investigation 

(0.11% for the granodiorite and 0.37% for the sandstone) and all samples were dried 

before testing. 

(a) 

(b) 

Figure 4.2. Photomicrographs of thin sections of two representative samples in 

cross polarized light (XPL): (a) granodiorite, and (b) sandstone, Qtz., Orth., Biot., and 

Plag. stand for Quartz, orthoclase, biotite, and plagioclase, respectively. 
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Altogether 17 sandstone samples and 7 granodiorite samples, all in a cylindrical 

shape with diameter of about 42 mm and length to diameter ratio of L/D = 2.4–2.5, 

were prepared according to ASTM D4543-08 and ISRM 1979 (ASTM, 2008b; 

Bieniawski & Bernede, 1979). Self-aligning spherical seats lubricated with grease were 

used to remove the effect of ample end flatness by minimizing the interface friction 

between the spherical seats themselves and the sample-platen contact and for uniform 

distribution of the stress on the sample end surface. Some samples of granodiorite and 

sandstone are shown in Figure 4.3.  

 

(a) 

 

(b) 

Figure 4.3. Samples used in the experiments: (a) granodiorite and (b) sandstone. 
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4.2.2. Testing Equipment 

A GCTS loading machine (UTC-1000 with compression loading capacity of 1000 kN 

and stiffness of 600–700 kN/mm) was used for the uniaxial monotonic and cyclic tests 

(Figure 4.4a). This frame is equipped with an electro-hydraulic closed-loop digital 

servo control system enabling smooth loading at any test stage under both load- and 

strain-controlled modes. Two rosette strain gauges with 10 mm in length and 120 Ω 

resistance were fitted on each sample (middle of the sample and opposite to each other) 

in order to record the axial and lateral strains (Figure 4.4b). A high-frequency ultrasonic 

measurement system with a data acquisition unit, oscilloscope, and signal generator 

was used for ultrasonic measurement of the compression (P) and shear wave (S) travel 

time (Figure 4.4c). The P-wave and S-wave ultrasonic data were measured using two 

different pairs of V103-RM and V153-RM transducers from OLYMPUS, respectively. 

The nominal element size and nominal frequency of these transducers is 13 mm and 

1.0 MHz, respectively. Figure 4.4d shows these sensors attached on both ends of a 

sample during ultrasonic measurement. 

 

4.2.3. Test procedure 

Cyclic loading tests under different stress amplitudes (σa), maximum stress levels 

(σmax), and loading frequencies (f) were conducted on the rock samples to investigate 

the effect of loading conditions on deformation and strength. The average uniaxial 

compression strength (UCS) of the samples was used to set the maximum stress level 

of the cyclic tests. The average UCS of the granodiorite and sandstone rock samples 

was measured to be 106.2 MPa and 41.7 MPa, respectively. The same load rate 

(0.1 MPa/s) was used for all tests. It should be noted that the average UCS of both 

samples was calculated from UCS values of small-size samples of the same material 

reported in Table 1 taken from another study (Geranmayeh et al., 2018) and the UCS 

values of 35.1 MPa and 112 MPa, obtained for samples of G-7 and S-17, respectively.  

The cyclic stages were conducted under sinusoidal waveform type. This waveform 

has been found to have a larger dynamic effect on the deformation response of rocks 

than the triangle ramp waveform (Bagde & Petroš, 2005c; Xiao et al., 2008; Zhenyu & 

Haihong, 1990). Multi-stage cyclic tests were carried out under different steps; 
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ultrasonic measurement and Computational Tomography (CT) were conducted before 

each loading stage (Figure 4.5). The stress path for each step of the test is shown in 

Figure 4.6. CT was used as a non-destructive technique to scan the samples in order to 

assess quality before the loading tests and to check for any microcrack development 

inside the rock samples after each loading step. A Siemens SOMATOM X-ray CT 

device with energy beam of 140 kV/500mAs was used for this purpose.  

 

 

Figure 4.4. Testing equipment: (a) UCT-1000 uniaxial compression test frame, (b) 

two rosette strain gauges attached on two sides of the sample, (c) ultrasonic 

measurement system, and (d) ultrasonic transducers during measurement. 

(a) 

(b) 

(c) 

(d) 
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Figure 4.5. Flow chart representing the testing steps of the multi-stage cyclic 

loading tests conducted on samples. 

Table 4.2 shows the loading setup for all tested samples. The cyclic tests were 

carried out under loading frequencies of 0.05, 0.1 and 1 Hz. The stress amplitudes were 

set to 10, 15, and 35 MPa for the granodiorite and 3, 5, 6, and 10 MPa for the sandstone 

samples. The maximum stress level was kept constant at 80% of UCSave. for the cyclic 

tests of the granodiorite samples, except for sample G-3, whereas it was set at 84, 90 

and 96% of UCSave. for the cyclic tests of the sandstone samples. The minimum stress 

level was set above 42 MPa and 15 MPa for the granodiorite and sandstone samples, 

respectively. The minimum stress level of sample G-6 was set low (15 MPa) in order 

to study the effect of high loading amplitude on the cyclic behavior of the granodiorite 

samples. All the cyclic tests were conducted between the minimum stress level equal 

to or above the crack initiation stress threshold σ𝑐𝑖 (which generally occurs around 40% 

of the peak uniaxial compression strength (Brace et al., 1966; Martin & Chandler, 

1994)), and the uniaxial peak strength. This helped in investigating the effect of loading 

and unloading on unstable crack growth within the samples. 
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(a) 

 
(b) 

 
(c) 

Figure 4.6. Schematic stress path for (a) step-1, (b) step-2, and (c) step-3 of the 

multi-stage cyclic loading test. 
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Table 4.2. Loading setup for the multi-stage cyclic tests on the granodiorite (G) 

and sandstone (S) samples. 

Sample No. Frequency 

(Hz)  
min 

(MPa) 

mean 

(MPa) 

max 

(MPa) 

max/UCS 

(%) 

a 

(MPa) 

G
ra

n
o

d
io

ri
te

  

G-1 1 65 75 85 80 10 

G-2 0.05 65 75 85 80 10 

G-3 a 0.1 60 75 90 85 15 

G-4 0.05 55 70 85 80 15 

G-5 0.1 65 75 85 80 10 

G-6 0.05 15 50 85 80 35 

G-7 monotonic loading 

S
a
n
d
st

o
n
e 

 

S-1 1 25.5 31.5 37.5 90 6 

S-2 0.05 25.5 31.5 37.5 90 6 

S-3 1 17.5 27.5 37.5 90 10 

S-4 0.05 17.5 27.5 37.5 90 10 

S-5 1 30 35 40 96 5 

S-6 0.05 30 35 40 96 5 

S-7 b  1 34 37 40 96 3 

S-8 0.05 34 37 40 96 3 

S-9 1 15 25 35 84 10 

S-10 0.05 15 25 35 84 10 

S-11 0.05 30 35 40 96 5 

S-12 c 1 30 35 40 96 5 

S-13 1 17.5 27.5 37.5 90 10 

S-14 1 17.5 27.5 37.5 90 10 

S-17 monotonic loading 

 aG-3 was loaded under monotonic condition up to 75 MPa in step-0 then 

unloaded completely → step-1 → step-2 to failure 
bS-7 stopped at the 30th cycle during step-1 
cS-12 was loaded under monotonic conditions up to 34 MPa in step-0 

then unloaded completely → step-1 → step-2 to failure     
 

 

4.3. Results and discussion 

4.3.1. Overall stress–strain behavior 

The effects of maximum stress levels, loading frequency, and loading amplitude during 

cyclic loading on the strength and deformation response of tested rock samples have 

been investigated throughout these experimental tests. The samples underwent cyclic 

loading of 100 cycles at first step, then were unloaded completely and the test was 
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repeated for a second and third time for 200 cycles and 300 cycles, respectively, until 

failure happened. If the sample did not fail during these steps, step-3 continued under 

monotonic conditions until failure. Table 4.3 summarizes the failure steps, the number 

of cycles (fatigue life if failure occurs), and stress levels depending on the different 

loading scenarios considered in this study. Some scenarios were repeated on other 

samples when the test was unsuccessful (e.g. S-13, S-14, S-3). The results of those 

successful tests are discussed hereafter.    

 

Table 4.3. Results of the multi-stage uniaxial cyclic compression tests conducted 

on sandstone and granodiorite samples. 

 

S
te

p
 

S
am

p
le

 

N
o

. f 

(MPa) 
f/UCSave (%) 

 N
u

m
b

er
 

o
f 

cy
cl

es
 Final strain (%)a 

Remarks 
Axial Lateral 

1 

G-1 

- - 100 0.185 -0.037 

Failed at monotonic stage after Step-3 

2 - - 200 0.198 -0.083 

3 123.6 116 300 0.287 -0.324 

1 
G-2 

- - 100 0.189 -0.049 

Failed during Step-2 2 80.0 75 17 0.192 -0.744 

0 

G-3 

- - - 0.190 -0.110 

Failed at monotonic stage after Step-3 

1  - 100 0.201 -0.087 

2 113.5 107 200 0.258 -0.492 

1 

G-4 

- - 100 0.176 -0.049 

Failed at monotonic stage after Step-3 

2   200 0.180 -0.094 

3 112.1 106 300 0.218 -0.101 

1 

G-5 

- - 100 0.188 -0.217 

Failed at monotonic stage after Step-3 

2  - 200 0.188 -0.101 

3 116.3 109 300 0.225 -0.351 

1 G-6 83.5 79 33 0.288 -0.538 Failed during Step-1 

1 S-1b - - 100 0.213 -0.126 - 

1 S-2 b - - 100 0.561 -0.329 - 

1 S-3 b - - 100 0.207 -0.104 - 

1 
S-4 

- - 100 0.250 -0.162  

2 36.6 88 1 0.310 -0.283 Failed during Step-2 

1 S-5 32.6 78 0 0.362 -0.365 Failed during monotonic stage of Step-1 

1 S-6 34.9 84 0 0.208 -0.152 Failed during first unloading cycle of Step-1 

1 
S-7 

- - 30 0.216 -0.142 Stopped at 30th cycle 

2 34.5 83 0 0.030 0.016 Failed before the first cycle of Step-2 

1 S-8 39.2 94 5 0.026 -0.039 Failed during Step-1 

1 
S-9 

- - 100 0.170 -0.101  

2 31.4 75 117 0.076 -0.073 Failed during Step-2 

1 S-10 34.3 82 2 0.345 -0.436 Failed during Step-1 

1 S-11 39.7 95 18 0.249 -0.427 Failed during Step-1 

1 S-13 33.8 81 4 0.387 -0.371 Failed during Step-1 

1 S-14 35.8 86 8 0.432 -0.510 Failed during Step-1 

 
a Final strain here is the strain when a test was finished, regardless of failure or the end of the cycles. 
b These samples broke during test setup of Step-2, hence only results for Step-1 are available. 

 1 
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Figure 4.7 shows the stress–strain curves for samples G-1, G-2, G-3, G-4, S-7, and 

S-14. The values of both axial and lateral strains were the average values recorded by 

two strain gauges attached on the middle of the samples. The recordings of both strain 

gauges have been analyzed to avoid any variation in the results stemming from 

equipment precision, sample shape deviation, or operational variability (cf. chapter 2) 

What stands out in the stress–strain curves presented in Figure 4.7 is the increase in 

both lateral and axial strain during the monotonic loading stages with test steps Step-1, 

Step-2 and Step-3 (cf. Figure 4.6). Those samples which did not fail at previous steps 

experienced more axial and lateral strain during successive steps (Table 4.3). This can 

clearly be seen in some of the stress–strain curves of both granodiorite and sandstone 

samples (Figure 4.7d and Figure 4.7e). This finding clearly indicates the effect of 

loading history on cracking and damage evolution of the rock samples. The difference 

in strain levels between two consecutive steps during the monotonic stages is related to 

cracking and unstable crack growth since the samples had already been loaded at a 

stress level above the crack initiation stress threshold (σ𝑐𝑖) during the previous step. 

This is the irreversible and permanent strain that rocks usually show under loading–

unloading history, in contrast to perfectly elastic materials for which permanent strain 

is ignorable after complete unloading (Eberhardt et al., 1999). The increase in strain 

following the test steps was more noticeable for the sandstone samples than the 

granodiorite specimens. This can be seen by comparing the difference in strains marked 

in Figure 4.7d and Figure 4.7e. This observation indicates that the effect of previous 

loading, either cyclic or monotonic, on crack/damage development in sandstone was 

more noticeable than that in granodiorite. Pore collapse followed by transgranular 

cracking of the sandstone samples resulted in more deformation than the crack closure, 

and new intergranular or intragranular crack initiation/extension in interlocked grains 

of granodiorite samples. However, it should be noted that this greatly depends on the 

stress level applied.     

From the stress–strain curves in Figure 4.7 and Figure 4.8, it can be seen that the 

hysteresis loops for the sandstone and granodiorite samples showed different patterns. 

Hysteresis loops for most rock types under cyclic testing usually develop according to 

the three-phase law of loose–dense–loose (Taheri et al., 2016; Taheri et al., 2017; Tien 

et al., 1990; Wang et al., 2016; Xiao et al., 2009). However, this pattern may vary 

depending on loading conditions and rock types. Hysteresis loops for soft rocks follow 
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the three-phase law in which irreversible strains accumulate rapidly during the first 

cycles followed by a stable incremental rate during the dense or second phase, and 

finally by an accelerated rate in strain accumulation recognizable by a loose pattern of 

the stress–strain curves approaching failure. On the other hand, hysteresis loops for 

hard rocks follow a dense pattern throughout the test followed by a sudden loose phase 

near failure. Therefore, the loose phase in strain accumulation during the first cycles is 

barely visible for hard crystalline rocks like granodiorite. This can be clearly seen from 

comparison of the stress–strain curves in Figure 4.7 and Figure 4.8. The first loose 

pattern of hysteresis loops is noticeable for sandstone, while it is generally dense for 

granodiorite throughout the test until failure, with a sudden expansion of the hysteresis 

loops. This result reflects the difference in deformation response and fracture 

mechanism of these different rock types.  

Comparing the hysteresis loops of the axial and lateral strains reveals another 

interesting feature. The lateral strain for both sandstone and granodiorite samples 

develops rapidly at a greater rate of increase than the axial strain. This can be seen from 

the expansion and overall slope of the stress–strain hysteresis loops illustrated in Figure 

4.8. The expansion of the lateral strain hysteresis loops is more than that of the axial 

strain. As also shown in Figure 4.8, the overall slope of the stress–lateral strain 

hysteresis loops is higher than that of the axial strain. Apparently, the reason for this 

difference is the gradual development of large dilatant cracks oriented parallel to the 

loading direction; their opening creates strongly increasing lateral strain (dilatancy). 

This could also be due to the closure of microcracks aligned perpendicular or at an 

angle with respect to the loading direction, during loading–unloading stages of the 

cyclic process. This observation, which has also been reported in another study (Zhenyu 

& Haihong, 1990), causes more extension of the lateral deformation and in turn a looser 

pattern of stress–strain hysteresis loops of the lateral strain than of the axial strain. What 

is surprising here is that this deformation response is more obvious for stress–strain 

hysteresis loops of the sandstone samples (cf. Figure 4.7c with Figure 4.7e and Figure 

4.8a with Figure 4.8b). This is because of the difference in the number of microcracks 

in these two rock types due to their microstructures. Grains in sandstone as a porous 

rock is sutured along narrow contacts which could deboned at lower stresses even 

before the actual mechanical loading (for instance during core taking etc.). Therefore, 

probably the greater number of pre-existing microcracks in sandstone, because of its 
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voids and relatively weak cementation, resulted in greater dilatancy and lateral 

expansion compared to the granodiorite, which has larger interlocked grains and a 

relatively lower number of dilatant microcracks. 

 

 

(a) 

 

(b) 

Figure 4.7 (continued on the next page). 
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(c) 

(d) 

(e)  

Figure 4.7 (continued on the next page). 
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(f) 

Figure 4.7 (continued from previous pages). The stress–strain curves of the multi-

stage uniaxial cyclic compression tests for granodiorite: (a) G-1, (b) G-2, (c) G-3, (d) 

G-4, and sandstone: (e) S-7, and (f) S-14, samples. 

 

(a) 

Figure 4.8 (continued on the next page). 
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(b) 

Figure 4.8 (continued from previous page). The stress–strain curves of the multi-

stage uniaxial cyclic compression tests: (a) granodiorite sample of G-6, and (b) 

sandstone sample of S-4, showing different patterns for hysteresis loops of two 

different rock types throughout the cyclic test. 

 

4.3.2. The effect of maximum stress levels 

The effect of maximum stress levels on fatigue strength or post-cyclic peak strength 

and deformation can be considerable. For instance, sample G-3 loaded under a 

maximum stress level of 90 MPa (85% of UCS) and loading amplitude of 15 MPa 

showed larger strains and less peak strength than sample G-5, loaded under a maximum 

stress level and loading amplitude of 85 MPa (80% of UCS) and 10 MPa, respectively 

(Table 4.3). The axial and lateral strain increased with an increase in the applied 

maximum stress level and loading amplitude. The axial and lateral strain for sample G-

3 were determined to be 0.258% and 0.492%, respectively, compared with 0.225% and 

0.351% recorded for sample G-5. A similar response was also observed for the 

sandstone samples. Samples S-13 and S-14, both loaded under a maximum stress level 

of 37.5 MPa (90% of UCS) and loading amplitude of 10 MPa, failed at greater axial 

and lateral strain and fewer cycles, compared to sample S-9 loaded under the same 

loading amplitude but with lower maximum stress of 35 MPa (84% of UCS), which 

failed during the second loading step (step-2) under a higher number of cycles (117 
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during the second step and 217 in total). Samples S-13 and S-14 failed during loading 

step-1 and experienced greater strain, whereas sample S-9 did not fail during step-1 and 

experienced less axial and lateral strain. This is illustrated in Figure 4.9 in which the 

strain for these samples during loading step-1 is compared. Samples S-13 and S-14 

failed at a lower number of cycles (4 and 8 cycles during step-1, respectively), 

compared with sample S-9. Therefore, it can be concluded that the higher the maximum 

stress level, the greater the axial and lateral deformation and the shorter the fatigue life. 

This result, which has also been reported in other studies (Geranmayeh et al., 2018; Ma 

et al., 2013; Ray et al., 1999; Singh, 1989), is consistent and independent of the rock 

type.   

Comparison of the residual axial strain of these samples at unloading points (valley 

points) of the cyclic stages revealed another interesting detail. Residual axial strain 

accumulates rapidly at higher maximum stress levels. This is shown in Figure 4.10. 

Independent of the values of the initial strain before the start of the cyclic stage, the 

difference ∆𝜀𝑟 between strain at the first cycle and strain at the last cycle, N = 100, was 

greater for samples loaded under a higher maximum stress level. This value was 

determined to be 0.015% for S-9, loaded under a lower maximum stress level, 

compared with 0.018%, 0.248%, and 0.117% for S-3, S-13, and S-14, respectively. 

This behavior was also observed for the granodiorite samples during loading step-1. 

Sample G-3, loaded under a higher maximum stress level, experienced greater ∆𝜀𝑟 of 

0.007% compared with that of G-5 (0.004%), loaded under the lower maximum stress 

level and loading amplitude. From Figure 4.10a, it can be seen that strain accumulation 

during the second phase of fatigue development (II) is more noticeable for the sample 

loaded under a higher maximum stress level. This indicates that sample G-3, for 

example, loaded under a greater maximum stress level, deformed relatively more 

during the second phase than G-5. Therefore, the slope of the second phase of both 

axial and lateral strains showed an increasing trend with an increase in the maximum 

stress level. This result, which has also been reported by others (Gong & Smith, 2003; 

Guo et al., 2012; Liu & Liu, 2017; Momeni et al., 2015), supports the idea that 

microcracks develop at a higher rate at higher maximum stress levels.  
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Figure 4.9. The stress–strain curves for the sandstone samples during step-1 under 

loading amplitude of 10 MPa, loading frequency of 1 Hz, and maximum stress of 

85% of UCS for S-9 and 90% of UCS for S-13 and S-14. 
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(a) 

 

(b) 

Figure 4.10. Comparison of the residual axial strains for: (a) granodiorite samples 

of G-3 and G-5, and (b) sandstone samples of S-3, S-9, S-13, and S-14. 

 

Turning now to the fatigue strength threshold at which the rock can sustain loading 

and unloading under indefinite cycles without failure, this limit is different for these 

two rock types. Fatigue strength is defined as the maximum stress at which a rock can 

be cyclically loaded for a large number of cycles without failure (Schijve, 2008; 

Vutukiri et al., 1978). Hence, the relevant fatigue life of the sample will be infinite for 

that stress level. Generally, plotting the stress ratio of the maximum stress level of 

cyclic loading to monotonic peak strength (σmax/σmon) against the number of cycles, 

termed as S–N plot, is a meaningful representation of fatigue strength and fatigue life. 
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Figure 4.11 illustrates the S–N curve for the sandstone and granite or granodiorite rocks 

of the current experiments and other published research (Burdine, 1963; Geranmayeh 

et al., 2018; Hardy, 1970; Ishizuka et al., 1990; Momeni et al., 2015; Nejati & 

Ghazvinian, 2014; Rajaram, 1981; Scholz & Koczynski, 1979; Singh, 1989; Taheri et 

al., 2016; Xiao et al., 2010; 2011; Yamashita et al., 1999; Zhenyu & Haihong, 1990). 

As can be seen, there is a downward trend in the data, despite the noticeable scatter 

around the regression line, plotted for all data on the semi-log axes. The equation for 

the regression line obtained and the standard deviation of data for both rock types are 

also shown on Figure 4.11. This trend confirms the abovementioned statement that the 

greater the stress ratio, the shorter the fatigue life. Moreover, the difference between 

the fatigue strength threshold of sandstone, as a relatively soft rock, and 

granite/granodiorite, as a hard rock, can be clearly identified from the S–N curve. This 

threshold ranges from 0.75 to 0.9 of monotonic peak strength for sandstone and 0.65 to 

0.80 for granite/granodiorite. These thresholds can be used as the reference fatigue 

limits for these two rock types but they may vary depending on loading conditions. It 

should be noted that a million cycles have been considered here to be sufficient for 

most rock engineering applications. These findings support the idea that the fatigue 

strength threshold of soft and ductile rocks is higher than that of hard and brittle rocks 

(Geranmayeh et al., 2018). Therefore, it can be assumed that hard rocks are more 

susceptible to cyclic loading, compared to soft rocks, and their strength degradation 

under cyclic loading is more pronounced. As can also be seen in this figure, the Cyclic 

Allowable Maximum Stress Levels (CAMSL) of these rock types are determined based 

on experimental data. For instance, for a medium-cycle event (≈100–10000 cycles) 

such as mine haulage roads, sandstone would not fail under the cyclic conditions if the 

maximum stress level did not exceed 80% of its monotonic strength. The CAMSLs 

determined can be used as rough stress levels for design purposes in both practical 

applications and experimental studies.  
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(a) 

 
(b) 

Figure 4.11. S–N curves for: (a) sandstone, and (b) granite/granodiorite samples, 

tested cyclically under constant loading amplitude of uniaxial / triaxial compression 

(Burdine, 1963; Geranmayeh Vaneghi et al., 2018; Hardy, 1970; Ishizuka et al., 1990; 

Momeni et al., 2015; Nejati & Ghazvinian, 2014; Rajaram, 1981; Scholz & 

Koczynski, 1979; Singh, 1989; Taheri et al., 2016; Xiao et al., 2010, 2011; Yamashita 

et al., 1999; Zhenyu & Haihong, 1990); CAMSL stands for Cyclic Allowable 

Maximum Stress Level. 
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4.3.3. The effect of cycling amplitude 

The cycling amplitude, defined as half of the algebraic difference between maximum 

and minimum stress levels, greatly affects the strength degradation of rock under cyclic 

loading conditions (He et al., 2016; Singh, 1989; Taheri et al., 2016). Comparing the 

fatigue life and strain of samples G-2, G-4, and G-6, all tested under the same maximum 

stress level, shows that sample G-6, loaded under a higher loading amplitude of 35 

MPa, failed during step-1 after 33 cycles at a shorter fatigue life compared with other 

samples that sustained loading for step-2 and even step-3 of the test steps (Figure 

4.12a). The axial and lateral strain of sample G-6 were greater than those of samples 

G-2 and G-4 during step-1 (Table 4.3). Therefore, damage develops more rapidly at 

higher loading amplitudes. This is clearly shown in Figure 4.13a, in which samples G-

6 and G-4 resulted in more ∆𝜀𝑟 of lateral strain during step-1 than sample G-2, loaded 

under a relatively lower loading amplitude. Similarly, samples S-13 and S-14 loaded 

under a loading amplitude of 10 MPa failed at a shorter fatigue life during step-1, 

compared with sample S-1 under a lower loading amplitude of 6 MPa, which sustained 

loading during this step (Figure 4.12b). As can be seen in this figure, the stress–strain 

hysteresis loops for the samples under higher loading amplitude show a wider pattern 

compared to those for a lower loading amplitude. The residual lateral strain also 

increases more rapidly for samples S-13 and S-14 with higher loading amplitudes 

(Figure 4.13b). These results are consistent with the literature confirming that damage 

accumulation is more evident at higher loading amplitudes (Gong & Smith, 2003; He 

et al., 2016) and the higher the loading amplitude, the shorter the fatigue life 

(Geranmayeh et al., 2018; He et al., 2016; Liu et al., 2018; Singh, 1989; Xiao et al., 

2010). The ratio of stress amplitude to monotonic strength (σa/σmon ) against the 

number of cycles, obtained from the literature and this study, is plotted in Figure 4.14. 

The curves fitted for each individual data in this figure all generally show a decreasing 

trend in fatigue life with an increase in loading amplitude or σa/σmon ratio, regardless 

of the test type and other loading conditions.  
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(a) 

 

(b) 

Figure 4.12. Stress–strain curves for: (a) granodiorite samples of G-2, G-4, and G-

6, and (b) sandstone samples of S-1, S-13, and S-14 during step-1. 
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(a) 

 

(b) 

Figure 4.13. Comparison of residual lateral strain for: (a) granodiorite samples of 

G-2, G-4, and G-6, and (b) sandstone samples of S-1, S-13, and S-14 during step-1. 
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Figure 4.14. The ratio of stress amplitude to monotonic strength of some rocks, 

tested cyclically under different loading conditions. 

 

4.3.4. The effect of loading frequency 

The effect of loading frequency on the strength and fatigue deformation of rocks is 

complicated since cyclic testing under high loading frequencies is very sensitive to the 

performance of loading machines, especially when the applied loading amplitude is 

high (Bagde & Petroš, 2005b). On the other hand, most cyclic tests so far have been 

carried out at low frequencies since most mining and civil related structures are exposed 

to low-frequency events. Based on the literature, there is no clear trend relating loading 

frequency to fatigue strength and fatigue life at high loading frequencies (Bagde & 

Petroš, 2009; He et al., 2016; Ishizuka et al., 1990). However, there is a direct 

relationship between loading frequency, fatigue strength and fatigue life at low 

frequencies of usually less than 1 Hz. Comparison of the test results of samples G-2, 

G-5, and G-1, all loaded under the same maximum stress of 85 MPa and loading 

amplitude of 10 MPa, and loading frequencies of 0.05, 0.1 and 1.0 Hz respectively, 

shows that fatigue life increases with loading frequency. Sample G-2 failed at the 

second loading step (step-2) and totally sustained 117 loading cycles, whereas samples 

G-5 and G-1 did not fail during the cycle stages, each achieving fatigue lives of more 

than 600 cycles. The failure strength of these samples also showed an increasing trend 
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with loading frequency. Sample G-2 failed at 80.0 MPa while the failure stress levels 

for samples G-5 and G-1, both tested at a relatively higher loading frequency, were 

116.33 MPa and 123.6 MPa, respectively. Those samples that were loaded at higher 

frequencies failed at greater axial and lateral strains (Table 4.3). Similarly, sample S-7 

under 1 Hz sustained loading for more than 30 cycles and final axial and lateral strains 

of 0.216% and -0.142%, respectively, during step-1, compared with S-8 with 0.05 Hz 

that failed at the 5th cycle with smaller final axial and lateral strains of 0.026% and -

0.039%, respectively (Table 4.3). 

 The residual strains showed a decreasing trend with increasing loading frequency. 

The development of residual axial strain during step-1 is shown in Figure 4.15 for 

samples loaded under the same stress level but at different frequencies. A closer 

comparison of the ∆𝜀𝑟  values indicates that residual strain develops rapidly at low 

loading frequencies. Therefore, it could be concluded that the evolution of damage 

during cyclic loading becomes slower at higher loading frequencies. In other words, 

microcracks do not have enough time to propagate at higher loading frequencies. In 

contrast, microcracks can develop more easily at low loading frequencies since the 

loading is applied slowly and there is enough time for nucleation of new microcracks 

and propagation and branching of existing cracks. This could also explain why the 

samples loaded at higher loading frequencies sustained greater final axial and lateral 

strain.  

In  Figure 4.15a and  Figure 4.15b, it can be seen that residual fatigue development 

in the sandstone samples was greater than that of the granodiorite samples. This finding 

relates to the microstructure of these two rock types, in which the almost homogenous 

grain cluster of the sandstone allows uniform crack propagation, whereas the irregular 

orientation of the grain boundaries of the interlocked hard grains of granodiorite 

restrain the initiation and propagation of cracks. Hence, this finding could be another 

reflection of the ductile behavior of sandstone and brittle behavior of hard granodiorite 

rock.      

Another interesting finding is that lateral strain accumulation is greater than that of 

axial strain during cyclic loading. Comparing ∆𝜀𝑟 in  Figure 4.15b and  Figure 4.15c 

shows that the development of lateral strain is almost double the development of axial 

strain. This difference was more evident in the case of low loading frequencies. This 

finding clearly indicates that lateral strain is irrecoverable and why the expansion of 
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stress–lateral strain hysteresis loops is wider than that for axial strain (cf. Section 

4.3.14.3.1). 

 

 

 

 

(a) 

 

(b) 

Figure 4.15 (continued on the next page). 
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(c) 

(d) 

Figure 4.15 (continued from previous page). Comparison of residual strain for: (a) 

granodiorite samples G-2, G-5, and G-1, and (b), and (c) sandstone samples S-3, and 

S-4, and (d) sandstone samples S-7, and S-8, during step-1.

4.3.5. Variation in residual strain 

Residual strain, usually determined at valley or peak points of a cycle and gradually 

accumulating as cycles approach fatigue failure, is taken as irreversible deformation 

and an indication of the permanent damage that a rock sample is experiencing 

throughout cyclic testing (Eberhardt et al., 1999). Accumulation of residual axial and 
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lateral strain during cyclic stages of each testing step is presented in Figure 4.16. What 

is striking in these plots is that the initial residual axial and lateral strains recorded for 

the second step of the test (step-2) are always greater than those of the first and third 

steps, regardless of loading conditions. The values for step-3 were also greater than 

those of step-1, i.e., ((εr)N=1)step−2 > ((εr)N=1)step−3 > ((εr)N=1)step−1. This result 

may be explained by the fact that residual permanent damage of the rock sample 

develops with the test step. The initial damage decreased from step-2 to step-3, which 

might be because of the hardening effect of the cyclic test after hundreds of cycles. In 

some loading conditions, when the applied load is not high enough for failure after a 

large number of cycles, the rock sample becomes difficult to damage. This could be 

because of the closure of some pre-existing microcracks or new microcracks nucleated 

at previous cyclic stages. On the other hand, closer analysis of these curves shows that 

the slope of the residual axial and lateral strain during step-2 is greater than that of step-

1. However, the curves for step-3 become flat compared to those of the previous test 

steps (∆εrstep−2
> ∆εrstep−1

> ∆εrstep−3
). Bar charts in each part of Figure 4.16 show 

the ∆𝜀𝑟 of each test step. This also indicates that the development of permanent damage 

becomes slower as the number of cycles exceeds a specific value, which is not definite 

and depends on the stress level applied and other loading conditions. This behavior is 

the damage accumulation rate reduction due to cyclic loading. All granodiorite samples 

(G-1, G-3, G-4, and G-5) that did not fail after three steps of loading showed an increase 

in failure strength from 106% to 116% (Table 4.3). This effect was not observed for 

the sandstone samples because the applied stress levels were high enough to cause 

failure of the samples within the first or second test steps. It could be concluded that 

the stress level applied for a cyclic condition is of great importance since it may not 

only cause strength weakening but also lead to damage accumulation rate reduction and 

an increase in strength, which are in favor of loading capacity and stability issues. 

However, caution must be applied as this effect depends on the loading history, cyclic 

loading conditions, and rock type.  
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(a) 

 
(b) 

 
(c) 

Figure 4.16 (continued on the next page). 
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(d) 

 
(e) 

 
(f) 

Figure 4.16 (continued from previous page). Comparison of the residual axial and 

lateral strains at each step of the test for granodiorite samples of (a and b) G-1, (c and 

d) G-4, and (e and f) G-5. 
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4.3.6. Monitoring of damage evolution by ultrasonic 

measurement results 

Ultrasonic measurements were used for preliminary evaluation of the rock properties. 

This testing has been found to be very useful and precise, along with thin section 

analysis, for evaluation of the mechanical properties of rock samples (cf. chapter 2). 

Because wave travel time is directly affected by the internal microstructure of the rock 

sample, this testing was used for qualitative assessment of damage evolution after each 

step of the multi-stage cyclic tests, and to see how the cyclic fatigue process affects 

ultrasonic parameters. It should be mentioned that most samples were CT scanned 

before loading and after each step of the tests to check for internal cracking. Some 

samples were saturated with potassium chloride (KCL) doping for better detection of 

microcracks, however this technique was unsuccessful for this purpose. 

The change in the compression P-wave and shear S-wave travel times (or velocities) 

could be related to damage evolution of the rock samples during the fatigue process. 

The P-wave and S-wave travel times of some samples were measured before each step 

of the multi-stage cyclic testing, according to ASTM D2845-08 and ISRM standards 

(ASTM, 2008a; Aydin, 2014). The P-wave travel time was measured along the axial 

direction of the samples (normal to the sample ends). The S-wave measurements were 

performed twice along the axial direction of the samples, termed as “In-Phase” and 

“Out-of-Phase” S-wave. For the In-Phase S-wave measurement, both transducers were 

parallel to each other, whereas for the Out-of-Phase S-wave measurement, one of the 

transducers, either transmitter or receiver, was rotated almost 90 degrees with respect 

to the other. The rotation makes a phase change of the first received main S-wave. The 

difference between the wave travel time or velocity recorded after each step of loading 

is an indication of the fracturing and damage evolution of a rock sample due to previous 

loading.  

Figure 4.17 shows the P-wave velocities for representative samples before loading 

and after each step of loading. Comparing the P-wave velocities of samples before 

loading and after the first loading step (step-1) reveals that the P-wave velocities of all 

samples decreased after they underwent the first loading. A similar trend was also 

observed for the In-Phase S-wave velocities of both sandstone and granodiorite samples 

(Figure 4.18). This observation supports the fact that the rock samples accumulated 
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permanent damage after the first loading stage. Further analysis of these data showed 

that the reduction in P-wave velocity after the first loading step was 7% to 11% for 

sandstone and 11% to 14% for granodiorite. These findings indicate how the 

mechanical properties of hard rocks can be adversely affected by damage causing only 

a small amount of deformation induced by the fatigue process. Sandstone samples, on 

the other hand, experienced greater residual deformation, however, the effect of this 

fatigue damage on their mechanical properties was relatively low. This also agrees with 

the finding mentioned in Section 4.3.2 that the strength weakening of hard rocks under 

cyclic loading is more noticeable than that of soft rocks. It could be argued that the 

closure of pre-existing microcracks and initiation of new cracks along grain boundaries 

and finally grain detachment play a significant role in the deformation response of 

crystalline rocks, and this microcracking phenomenon can occur even at a stress level 

of 80% of UCS (as shown in these experiments). On the other hand, one can 

hypothesize that pore collapse and grain crushing of microstructurally uniform 

sandstone will govern its damage response and the applied stress level should be quite 

high for transgranular cracking leading to failure. Therefore, low-stress cyclic loading 

could cause damage evolution at individual boundaries of large and mineralogically 

different grains of hard rocks, whereas uniformly arranged grains with almost the same 

minerals as sandstone do not allow individual grain detachment unless microcracks 

initiate and coalesce across the grains themselves at high stress levels. This could 

explain why the damage evolution and strength degradation of hard rocks under cyclic 

loading is greater than that of soft rocks.  

All sandstone samples failed during the first or second step of loading and ultrasonic 

parameters could not be obtained for them after the second step. However, P-wave 

velocities after step-2 of loading recorded for granodiorite samples increased in 

comparison with those of step-1. As shown in Figure 4.17a, ∆v0, which is the difference 

between velocity measured before loading and after step-1, is greater than ∆v1, which 

is the difference between velocity measured after step-1 and after step-2, for the 

granodiorite samples. Similarly, if ∆ε0 and ∆ε1 are defined as below: 

∆ε0 = ((εr)final)step−1    (4.1)   

∆ε1 = ((εr)final)step−2 − ((εr)final)step−1 (4.2) 
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where ((εr)final)step−1and ((εr)final)step−2 are the residual strains of the sample at the 

end of loading step-1 and step-2, respectively, the ∆ε0 is greater than ∆ε1 for both axial 

and lateral strains. This is illustrated in Figure 4.19 for granodiorite samples that 

sustained step-2 of the cyclic loading.  

 

(a) 

 

(b) 

Figure 4.17. P-wave velocity recorded for some: (a) granodiorite samples, and (b) 

sandstone samples, before loading and after each step of loading. 

 

Together these results provide important insights into the fatigue damage evolution 

of granodiorite samples. The first finding is that the permanent damage rock samples 

experienced during loading step-1 was greater than that experienced in the following 
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step. This indicates that permanent damage accumulates rapidly during the first cyclic 

stages followed by small increments during later steps. This result may be explained 

by the damage accumulation rate reduction because of cyclic loading discussed in 

previous sections. Another important finding is that the difference between ∆ε0 and 

∆ε1 for axial strain is much greater than that of lateral strain. This also supports the fact 

that lateral strain develops faster than axial strain during cyclic loading because of the 

initiation and nucleation of microcracks aligned parallel to the loading direction. This 

is another indication of the relatively wider expansion of the stress–strain hysteresis 

loops for lateral strain discussed in Section 4.3.1 (cf. Figure 4.8). 

 
(a) 

 
(b) 

Figure 4.18. S-wave velocity recorded for some: (a) granodiorite samples, and (b) 

sandstone samples, before loading and after each step of loading. 



 

 

 
CHAPTER 4. STRENGTH AND DAMAGE RESPONSE OF SANDSTONE AND GRANODIORITE 

UNDER DIFFERENT LOADING CONDITIONS OF MULTI-STAGE UNIAXIAL CYCLIC 

COMPRESSION  

 

 

145 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4.19. Bar charts of (a) differential residual axial strain, (b) differential 

residual lateral strain, and (c) differential P-wave velocity for three typical 

granodiorite samples. 
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4.3.7. Failure modes of tested samples 

All materials are assumed to contain inherent defects leading to the occurrence of 

failure at stress levels lower than their theoretical strength (Gdoutos, 2005). Therefore, 

studying the failure mechanism of rocks at small scale may help in visualizing their 

damage at larger scales. Failure modes of rock materials are very complex because of 

mineralogical differences and heterogeneity of rock microstructure in nature, the 

presence of crack-like defects, and other environmental factors such as weathering 

degree, water content, and level and orientation of the applied stresses. A rock sample 

can fail at different modes depending on the loading conditions. Even under monotonic 

loading conditions, failure modes of a rock can be different depending on its strength 

(Basu et al., 2013). Several researchers have reported that the failure modes of rocks 

under cyclic loading conditions are different to those under monotonic conditions 

(Burdine, 1963; Guo et al., 2012; Royer-Carfagni & Salvatore, 2000; Taheri et al., 

2016). More rock fragmentation and powdering, due to the local abrasion of grains, 

have been observed for rock samples under cyclic loading compared to monotonic 

conditions (Burdine, 1963; Guo et al., 2012; Liu et al., 2017; Royer-Carfagni & 

Salvatore, 2000). However, much uncertainty still exists around the failure mechanisms 

of rocks under cyclic fatigue conditions. Possible reasons for this uncertainty are that 

rocks fail at different modes depending on the rock microstructure itself, as mentioned 

above, and the effects of different cyclic loading conditions such as frequency and the 

level of stress applied.  

Comparing the failure modes of sandstone and granodiorite samples investigated 

here showed that there is a clear difference between the failure modes of samples under 

cyclic and monotonic conditions. Figure 4.20 shows the typical failure modes of 

granodiorite samples. The failure modes of these samples under monotonic loading and 

cyclic loading with a higher frequency of 1.0 Hz are different to those under low-

frequency cyclic loading. For sample G-7 tested under monotonic loading (Figure 

4.20a), and G-1 and G-3 tested under cyclic loading with a frequency of 1.0 Hz (Figure 

4.20b and Figure 4.20c), two shear cones developed from the central zone of the 

samples, ending their loaded end bases. However, fracturing of granodiorite samples 

under lower frequencies of 0.05 and 0.1 Hz occurred along a single shear plane inclined 

from the top corner to the bottom end of the sample accompanied by some other sub-
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vertical crossed tensile bands (Figure 4.20d to Figure 4.20g). One possible explanation 

for this difference is that low-frequency cyclic loading allows initiation, nucleation, 

and localization of tensile cracks growing parallel to the loading axis during slow 

loading–unloading stages. This mechanism governs the damage evolution of 

granodiorite rock samples during the initial stages of cyclic loading, followed by 

shearing through a single plane throughout the entire length of the sample. On the other 

hand, under high-frequency cyclic loading, tensile cracks do not have enough time for 

development and propagation and final failure occurs along two shearing planes that 

join at the central zone of the sample. This failure mode was also observed for sample 

G-7 under monotonic loading.  

A similar failure mode has also been reported by Royer-Carfagni and Salvatore 

(2000) for marble samples with an average UCS of about 100 MPa and loading 

frequency of about 0.017 Hz. Therefore, as shown herein, loading frequency is a key 

factor affecting the failure mechanism of this rock type. The failure modes observed 

for granodiorite samples under high-frequency cyclic loading are the same as those 

under monotonic conditions, whereas they are totally different under lower loading 

frequencies. Expansion of tensile cracks at low-frequency cyclic loading again clearly 

indicates a higher fatigue damage effect of cyclic loading at lower loading frequencies 

compared with higher loading frequencies as discussed in previous sections.  
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                                    (a)                                                                (b) 

 

                                              (c)                                     (d) 

 

                             (e)                                             (f)                                (g) 

Figure 4.20. Failure modes of granodiorite samples of: (a) G-7 under monotonic 

loading, (b) G-1, and (c) G-3 under cyclic loading with f = 1 Hz, and (d) G-2, (e) G-6, 

and (f) G-4 under cyclic loading with f = 0.05 Hz, and (g) G-5 under cyclic loading 

with f = 0.1 Hz. 
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The failure modes of the sandstone samples after monotonic and cyclic tests are 

shown in Figure 4.21. Under uniaxial monotonic compression testing, axial splitting 

and shearing along a single plane have been reported to be two common failure modes 

of sandstone with UCS of less than 30 MPa and 30–60 MPa, respectively (Basu et al., 

2013). Similarly, these two failure modes were observed for the sandstone samples 

which failed during monotonic loading or the first cycles of cyclic loading. Except for 

sample S-5, which failed at a lower stress level with axial splitting, all other samples 

subjected to monotonic loading (S-17) or step-1 of multi-stage cyclic loading (S-6, S-

8, S-10, S-11, and S-14) failed along a single shear plane, regardless of the applied 

stress level and loading frequency. The only difference is that the shear plane is 

accompanied by more tensile splitting under cyclic loading than under monotonic 

loading (Figure 4.21e and Figure 4.21f). However, those samples that experienced pre-

cyclic loading showed different failure modes. Sample S-4, which failed during the 

monotonic stage of the second step of multi-stage cyclic loading, showed the same 

single shear plane accompanied by another parallel shear band with a small opening 

(premature shear plane). Samples S-7 and S-9, which failed during the monotonic stage 

and after 117 cycles of step-2, respectively, showed a double plane shearing failure 

mode. Both S-4 and S-7 experienced pre-cyclic loading and failed just after the 

monotonic stage of step-2; their failure modes were a bit different, possibly because of 

the stress levels applied. The applied stress level on sample S-4 was 90% of UCS 

whereas sample S-7 was loaded with a stress level of 96% of UCS. The higher the 

applied stress level, the greater the fatigue effect. Therefore, it can be concluded that 

the failure mode of sandstone samples changes from axial splitting and shearing along 

a single plane under monotonic conditions to shearing along a single plane 

accompanied by axial tensile splitting under initial cycles of cyclic loading, and to 

double plane shearing for those samples that experienced cyclic loading with a large 

number of cycles. The failure modes of sandstone and granodiorite samples observed 

in the present study are summarized in Figure 4.22. The shear bands shown in this 

figure are tiny cracks propagated parallel to the main failure plane (shearing plane), 

whereas the tensile bands are sub-vertical cracks propagated parallel to the loading 

direction and crossed the shearing plane. 
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                       (a)                                (b)                                      (C) 

 
             (d)                             (e)                               (f)                             (g) 

 
                                  (h)                                             (i)                             (j) 

Figure 4.21. Failure modes of sandstone samples: (a) S-17, and (b) S-5, both failed 

at monotonic stage, and (c) S-6, (d) S-8, (e) S-10, and (f) S-11 failed during the first 

step of multi-stage cyclic loading with f = 0.05 Hz, and (g) S-14 failed during the first 

step of multi-stage cyclic loading with f = 1.0 Hz, and (h) S-7, and (i) S-9 both failed 

during the second step of multi-stage cyclic loading with f = 1.0 Hz, and (j) S-4 failed 

during the monotonic stage of the second step of multi-stage cyclic loading with f = 

0.05 Hz. 
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Figure 4.22. Failure modes of (a) granodiorite and (b) sandstone samples under 

monotonic and cyclic conditions. 
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4.4. Conclusions 

The purpose of the current research was to explore the effect of cyclic loading on the 

deformation and strength of sandstone and granodiorite as representatives of granular 

and crystalline rocks. By conducting multi-stage cyclic loading, it has been found that 

the deformation of granodiorite and sandstone samples after each step of loading is 

greater than that of the previous steps. The increase in the axial and lateral strain of 

sandstone with each test step is greater than that of granodiorite. A similar result was 

also obtained for residual strain. This is caused by microstructural differences in these 

two rocks and the ductility behavior of the sandstone. The investigation of the stress–

strain hysteresis loops of these two rock types also led to another interesting result. The 

stress–strain hysteresis loops of sandstone showed a clear three-phase development of 

loose–dense–loose during cyclic stages of the tests, compared to the cyclic loops 

developed in a dense–loose pattern (i.e. two-phase) for the hard rock of granodiorite. 

We also found that the expansion of the stress–strain hysteresis loops of lateral strain 

was wider than that of axial strain, which indicates greater damage of the samples in 

the axial direction. This behavior was also observed for residual lateral strain. The 

experiments also confirmed that the higher the maximum stress level and loading 

amplitude, the greater the axial and lateral strain, the shorter the fatigue life, and the 

faster the accumulation of residual strain and rock damage. Another important finding 

of this study is that sandstone, being a soft rock, showed greater fatigue limits compared 

to granodiorite which is a hard rock. By incorporating lots of data, it was found that the 

fatigue strength threshold of sandstone and granodiorite samples ranged from 75% to 

90% and 65% to 80%, respectively. Investigation of the effect of loading frequency on 

fatigue response also showed that fatigue strength, fatigue life, and fatigue strain 

increase with loading frequency; however, residual permanent strain decreases as 

loading frequency increases. This finding indicates that residual and permanent damage 

develops faster at lower loading frequencies. Deformation analysis also revealed that 

some rocks may show damage accumulation rate reductions under cyclic loading, 

which greatly depends on the applied stress level and rock type. It was also found that 

damage propagation of rocks after fatigue processes can be well evaluated by ultrasonic 

measurement. The ultrasonic P-wave velocity of both granodiorite and sandstone 

samples decreased after the first step of loading because of the permanent damage 
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induced by cyclic loading. The reduction in P-wave velocity for granodiorite samples 

was greater than that of the sandstone samples. This is a new finding and specifies the 

greater susceptibility of the hard rock of granodiorite to permanent damage developed 

within its grain boundaries by the cyclic process.  

Evaluation of fracturing of the samples after failure revealed that their failure modes 

under monotonic loading are different than those under cyclic loading. The failure 

mode of rocks under cyclic conditions seems to be controlled mainly by the loading 

frequency rather than by other loading factors, however this needs to be validated by 

further research. The granodiorite samples loaded under high-frequency cyclic 

conditions failed with double plane shearing mode, the same pattern as that under 

monotonic conditions. However, single plane shearing with tensile bands was the 

dominant failure mode observed under low-frequency cyclic loading. The failure 

modes of sandstone samples change from single plane shearing under monotonic 

conditions to single shearing with either tensile cracks or parallel shear band and double 

plane shearing under cyclic loading, which may vary depending on the loading 

parameters. The results of this study shed light on the mechanisms of rock failure under 

both cyclic and monotonic loading and will form a basis for further development of 

models describing the process of rock non-elastic deformation and fracturing. 
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ABSTRACT 

The effect of cyclic loading on the fatigue life, deformation properties and damage 

mechanisms of two microstructurally different rock types is explored by conducting 

uniaxial monotonic and cyclic compression tests under different loading conditions. 

Results show greater damage effects of low-frequency cyclic loading on the crystalline 

rock than on the granular rock. The damage evolution is characterized by introducing 

a damage variable based on residual strain. The results also indicate that damage 

evolution in the axial direction is different from that in the lateral direction. The 

development of many tensile microcracks is the main response of rocks to cyclic 

loading conditions.    

 

5.1. Introduction 

Underground structures are usually subjected to cyclic loading conditions due to 

disturbances from repeated loading–unloading seismic activities such as injection or 

extraction of fluids into or from reservoirs (Fan, Chen, Jiang, Ren, & Wu, 2016; 

Roberts, Buchholz, Mellegard, & Düsterloh, 2015; Voznesenskii, Krasilov, Kutkin, 

Tavostin, & Osipov, 2017; Wang, Li, Qiao, & Zhao, 2013), man-made explosions 

(blasting) (Li et al., 2017), and natural earthquakes or even traffic (Haimson, 1978). 

Furthermore, mining-induced seismic events, which occur along pre-existing faults, 

can also lead to catastrophic rock failures such as rockburst (Kaiser & Cai, 2012) often 

occurring during deep hard rock mining. Rock damage in the form of bulking, ejection 

and rockfall (Figure 5.1) as a consequence of such events is unpredictable. 

Nevertheless, additional geotechnical considerations can be considered and precautions 

can be suggested. Development of these measures needs better understanding of the 

stress state in the rock as well as properly designed support. The cyclic or dynamic load 

is applied to rock mass which has already been in a state of in-situ stresses 

monotonically altered in the process of excavation. Therefore, a combination of static 

and cyclic stress states should be considered in analyzing the strength and deformation 

responses of rocks. The mechanism of cyclic fatigue of rocks is very complex and 

believed to be a combination of cyclic damage due to opening and closing of pre-

existing cracks and further cracking due to progressive stress corrosion (Scholz & 

Koczynski, 1979). However, so far there is limited understanding as to how both 
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mechanisms may interact depending on rock microstructure, environmental conditions, 

and stress state (Cerfontaine & Collin, 2018; Scholz & Koczynski, 1979). 

Consequently, a better understanding of the damage responses of rocks under coupled 

static cyclic loading could be helpful in delivering well-engineered design of 

underground structures, which is crucial to the safety and profitability of mines (pillar 

stability in hard rock underground mining) and civil structures (bridges and tunnels), 

and longer durability of disc cutters for mechanized tunnel or shaft boring machines.  

Over the past two decades, considerable effort has been put into studying the effects 

of cyclic loading on the mechanical behavior of rocks. These investigations have 

focused on the effect of this type of loading on the degradation of rock properties 

(Attewell & Farmer, 1973; Bagde & Petroš, 2005a), and changes in rock behavior 

caused by changes in conditions of stress cycles including applied stress level (Ma et 

al., 2013; Momeni et al., 2015; Ray et al., 1999), loading amplitude (Geranmayeh et 

al., 2018; He et al., 2016; Liu et al., 2018; Taheri et al., 2016), and loading frequency 

(Liu & He, 2012; Liu et al., 2012; Xiao et al., 2009). However, up to now, most research 

has only focused on a specific rock type without developing a systematic understanding 

of how different rock types behave under this particular loading type. Undoubtedly, 

soft or granular rocks behave differently as compared to hard or crystalline rocks under 

the same loading conditions and this difference matters in terms of deformation 

response and damage mechanisms, as two principles of rock behavior. Nevertheless, 

there is a lack of understanding of deformation and strength responses of 

microstructurally and mineralogically different rock types to cyclic loading under the 

same loading conditions. 

In this work, comprehensive uniaxial monotonic and cyclic compression tests were 

conducted on intact sandstone and granite rock samples. These two rock types vary 

noticeably in terms of mineralogy, microstructure, and strength, and their fatigue 

behavior can be used to represent the fatigue responses of a wide range of rock types. 

The main objective of this study was to explore the differences in fatigue responses of 

these two typical rocks. The cyclic loading conditions, including loading stress level, 

amplitude, and frequency, were varied to see their effects on the parameters 

investigated. The aim was to draw robust conclusions on the effect of loading frequency 

on the fatigue life of crystalline and granular rocks. For this purpose, the stress level 

and amplitude of the cyclic load were normalized to the monotonic strength obtained, 

to investigate changes in the fatigue responses of these rocks related to differences in 
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their microstructures. Variations in fatigue life, axial strain, and differential residual 

strains of both rocks under different loading conditions are discussed. The mechanism 

of damage evolution in both axial and lateral directions, which had not been clear for 

rock materials, is investigated. A damage variable based on residual strain is defined to 

discuss the evolving damage of samples under different loading conditions. Finally, the 

failure modes of samples tested under both monotonic and different cyclic loading 

conditions are discussed with focus on the differences in the failure modes depending 

on the rock microstructure. 

 

 
Figure 5.1. Schematic view of rock damage in mine galleries, induced by seismic 

events and affecting factors of the stress state and rock microstructures at different 

scales (rock types, rock microstructure, and loading parameters). 𝛔𝟏, 𝛔𝐦𝐚𝐱, and 𝛔𝐦𝐢𝐧 

are the major principal stress applied on the rock, maximum, and minimum stress of 

the cyclic loading, respectively. 
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5.2. Experimental materials and test procedure 

5.2.1. Rock samples and test device 

Sandstone (S) as a granular rock, and granite (G) as a crystalline rock, are used as the 

two different rock types for this study. The sandstone samples, generally known as 

Hawkesbury sandstone, were taken from Mt White sandstone quarry, south of 

Somersby at Gosford, New South Wales, Australia. The granite samples are from 

another outcrop in this area. According to microscopic thin section analysis, the 

sandstone is fine-grained and well-sorted arenite with about 80% quartz minerals, and 

the granite is weakly altered with about 25% anhedral quartz (Figure 5.2). All samples 

were cored from the same block and prepared in a cylindrical shape with a length to 

diameter ratio of L/D >2 (ASTM, 2008b; Bieniawski & Bernede, 1979). Table 5.1 

shows the mechanical and physical properties of the samples tested. Ultrasonic 

measurements and thin section analysis were used for initial evaluation of the rock 

properties (cf. Chapter 2). Isotropy of both sandstone and granite rock samples was 

confirmed by ultrasonic measurements conducted on oven-dried samples, along their 

longitudinal directions, according to which all determined P-wave velocities vary by 

less than 2% from their mean values (ASTM, 2008a; Aydin, 2014). All samples were 

dried in an oven before testing (ASTM, 2016b). 
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(a) 

 

(b) 

Figure 5.2. Microscopic thin section photomicrographs of (a) sandstone, and (b) 

granite in cross polarized light (XPL): Qtz., Plag., Orth., Bt., and P. stand for quartz, 

plagioclase, orthoclase, biotite, and intergranular porosity, respectively. 
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Table 5.1. Mechanical and physical properties of the samples tested. 

Property Sandstone Granite  

Mineral compositiona 

~75–80% sub-rounded to angular 

quartz, 

5–7% clay and sericite in matrix, 

Rare grains of fine-grained, anhedral 

tourmaline, zircon and flakes of 

muscovite with associated fine 

opaques. 

coarse-grained, 

leucocratic holocrystalline, 

~20–30% quartz, 

~20–30% orthoclase, 

~10–20% subhedral, zoned 

plagioclase, 

~10% medium-grained 

flakes of biotite, 

10–30% other. 

Grain size (mm) a <1 mm 
1–5 mm (50% of grains are 

>3 mm) 

Intergranular 

 porosity a 
~25%  - 

Dimensions L(mm) × 

D(mm): b  
111.1× 54.1 130.0× 54.1 

Density (kg/m3) b 2205±11.2 2662±2.4 

Water content (%) b,c 0.74±0.370 0.07±0.016 

UCS (MPa) d,e 48.85±1.3 149.26±6.27 

P-wave (m/s) f 2536±46 4302±134 

aThese results are determined from microscopic thin section analysis on two representative 

samples of each rock type (according to ISRM (1978)). 

b61 sandstone samples and 54 granite samples were used to determine these average values. 

cWater content was determined according to ASTM D2216 (ASTM, 2016b). 

dThe average Uniaxial Compression Strength (UCS) was determined from test results of 8 

samples of each rock type (conducted according to ASTM D7012 and ISRM 1979 (ASTM, 

2016a; Bieniawski & Bernede, 1979)). 

eGCTS loading machine (UTC-1000) with 1000 kN compression loading capacity and 600–700 

kN/mm stiffness.  

fThe average P-wave velocities are determined from ultrasonic measurements on 56 sandstone 

and 49 granite samples. A pair of V103-SM transducers from OLYMPUS with nominal element 

size and nominal frequency of 13 mm and 1.0 MHz, respectively, was used for ultrasonic 

measurements. 
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5.2.2. Test method 

The experiments were designed to study differences in deformation and strength 

responses of sandstone and granite, as two different rocks in terms of strength and 

microstructure, at different cyclic loading conditions of maximum stress levels (σmax), 

loading frequency (f), and peak to peak stress amplitudes (σp−p). Due to the larger 

dynamic effect of the sinusoidal waveform compared to the triangle ramp waveform 

(Bagde & Petroš, 2005b; Xiao et al., 2008; Zhenyu & Haihong, 1990), cyclic loading 

in the form of periodic sinusoidal waveforms was selected for these tests. Figure 5.3 

shows the schematic loading path designed for this study in which samples were 

monotonically loaded up to a specified stress level and then subjected to the cyclic stage 

until failure. This stress path represents the natural stress regime given that the rocks 

are under coupled monotonic-cyclic loading conditions. The average UCS values 

obtained for both the sandstone and granite samples (cf. Table 5.1)  were used to set up 

the starting stress level, peak to peak loading amplitude, and maximum stress level of 

the cyclic stage. Both sandstone and granite samples were tested under the same loading 

scenarios to achieve a meaningful comparison of their responses. The monotonic 

compression tests and monotonic stages of cyclic tests (i.e. pre-cyclic and post-cyclic 

stages) were conducted under a load-controlled mode at a loading rate of 0.1 MPa/s to 

allow for quasi-static loading conditions. Lateral and axial deformations of samples 

during tests were recorded by two 10 mm long rosette strain gauges attached in the 

middle and on the opposite sides of the samples. The resistance of the strain gauges is 

120 Ω. The average of two strain gauge recordings was used for deformation analysis. 

The detailed cyclic loading paths are presented in Table 5.2. Each test was carried out 

2–5 times to assure repeatability of the results. A few samples that did not fail during 

the cyclic loading (≤1080 cycles) were further monotonically loaded to failure (i.e. 

post-cyclic stage).  
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Figure 5.3. Schematics of the loading path used in the tests (a coupled monotonic-

cyclic stress path). 

 

 

Table 5.2. Parameters of the loading. 

Loading 

path No. 

Frequency 

(Hz) 

σmax/UCS 

(%) 

σp-p/UCS 

(%) 

Investigated 

factor 

Number of samples 

tested 

σp-p σmax f Sandstone Granite 

1 0.1 90 30 ✓   5 5 

2 0.1 90 35 ✓   2 - 

3 0.1 90 40 ✓   3 - 

4 0.1 90 50 ✓ ✓ ✓ 3 5 

5 0.1 80 50  ✓  5 4 

6 0.1 70 50  ✓  6 - 

7 0.05 90 50   ✓ 2 5 

8 0.5, 0.2* 90 50   ✓ 5, 1* 5 

*One additional sandstone sample tested at 0.2 Hz. 
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5.3. Results and discussion 

5.3.1. Fatigue life 

Fatigue life was found to decrease with maximum stress level and loading amplitude 

and this reduction was more noticeable for granite samples, Figure 5.4. From the fitted 

curves in Figure 5.4a, it can be seen that the fatigue life of both sandstone and granite 

samples generally shows an exponential relation with the maximum stress level. It 

should be mentioned that the curve for the test data of granite is fitted on two data 

points of maximum stress levels since these samples did not fail after hundreds of 

cycles under a maximum stress of 80% of UCS and it would be meaningless to conduct 

tests at 70% of UCS. Therefore, the exponential curve fitted to these data points only 

gives a general trend and should be interpreted with caution. Figure 5.4a also shows 

that the fatigue strength threshold (i.e. the stress level at which a rock can sustain cyclic 

loading up to a large number of cycles without failure) of the granite samples tested in 

this study is greater than that of the sandstone samples. The fatigue strength threshold 

for the granite samples is around 80% of the peak uniaxial compression strength, 

whereas it does not exceed 70% of the UCS for the sandstone samples. However, the 

authors incorporated a large quantity of data from the literature in another investigation 

and showed that the fatigue strength threshold of soft rocks such as sandstone is 

generally greater than that of granite, as a hard rock (cf. chapter 4). The fatigue life of 

both sandstone and granite shows a small downward linear trend with loading 

amplitude, however, the granite samples sustained a larger number of loading cycles 

than the sandstone samples at the same loading amplitude (Figure 5.4b). This is more 

evident at higher loading amplitudes, indicating more susceptibility of sandstone to 

cyclic loading at higher loading amplitudes (>30% of UCS).  

Turning now to the effect of loading frequency on fatigue life, it was found that the 

relationship between loading frequency and fatigue life was unclear for both rocks 

(Figure 5.4c). Incorporating these results with the results of previous studies indicates 

an increasing trend of fatigue life with loading frequency, especially at loading 

frequencies greater than 1 Hz (Haghgouei et al., 2018; He & Chen, 2016; Ishizuka et 

al., 1990; Liu et al., 2012; 2018; 2017; 2017; Ma et al., 2013; Momeni et al., 2015; 

chapter 4). This is shown in Figure 5.5, in which curves fitted to individual data points 

generally show an increasing trend in fatigue life with an increase in loading frequency, 
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regardless of cyclic loading conditions and test type. Therefore, it can be concluded 

that fatigue life increases with loading frequency for both rock types.  

Re-plotting the data for fatigue life, presented in Figure 5.5, on a semi-logarithmic 

axis against the loading frequency (Figure 5.6) shows that fatigue life follows a linear 

and power relation with frequency for granular rocks (sandstone or rocks with similar 

strength) and hard/crystalline rocks (granite or rocks with similar strength), 

respectively. What stands out in this figure is the large damaging effect of low-

frequency cyclic loading on both rock types. The rocks can withstand a smaller number 

of cycles at low loading frequencies than at high loading frequencies. This is more 

evident in the case of hard rocks (Figure 5.6b) which are more vulnerable to low-

frequency cyclic loading. One possible explanation for this finding is that the slow 

loading process at low-frequency cyclic loading allows pre-existing or initiated 

microcracks along the grain boundaries to extend easily in a greater dilative manner 

which eventually results in a greater propagation of cracks and in turn greater damage. 

This dilative response is more evident for crystalline rocks, most probably because of 

preferred orientations of grain boundaries (i.e. pre-existing cracks) during 

mineralization. Therefore, it is evident that low-frequency seismic events have more 

damaging effects on all rock types and extra caution should be taken in designing rock 

structures when they are prone to this type of loading. 

 

 

(a) 

Figure 5.4 (continued on the next page). 
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Figure 5.4 (continued on the next page). 

 

(b) 

 

(c) 

Figure 5.4 (continued from previous page). The relation between fatigue life and: 

(a) maximum stress level, (b) loading amplitude, and (c) loading frequency; data 

shown by arrows are for those samples that underwent post-cyclic loading, fitted 

curves are linear fittings. 
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(a) 

 

(b) 

Figure 5.5. The increasing trend of fatigue life with loading frequency for: (a) soft 

rocks like sandstone, (b) hard rocks like granite; for notations shown on legends refer 

to references (Haghgouei et al., 2018; He & Chen, 2016; Ishizuka et al., 1990; Liu et 

al., 2012; 2018; 2017; 2017; Ma et al., 2013; Momeni et al., 2015; Geranmayeh 2020 

refers to data in chapter 4). 
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(a) 

 

(b) 

Figure 5.6. The relation between fatigue life and frequency of (a) soft rocks such 

as sandstone, (b) hard rocks such as granite; data obtained from the current study and 

the literature (Haghgouei et al., 2018; He & Chen, 2016; Ishizuka et al., 1990; Liu et 

al., 2012; 2018; 2017; 2017; Ma et al., 2013; Momeni et al., 2015; Geranmayeh 2020 

refers to data in chapter 4). 
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5.3.2. Deformation response  

The axial deformation response of the tested rock samples at the end of the cyclic stage, 

under different cyclic loading conditions, shows that there is a slight upward trend in 

the maximum axial strain at the end of the cyclic stage with the maximum stress level 

(Figure 5.7a). This trend is linked to the time period over which a sample is subjected 

to a stress level above the crack initiation stress threshold (σ𝑐𝑖) and close to the crack 

damage stress threshold (σ𝑐𝑑), which are around 40% and 80% of UCS, respectively 

(Martin & Chandler, 1994). At a higher maximum stress level, the time during which 

the sample is loaded around the crack damage stress threshold is longer than that under 

lower maximum stress levels. Therefore, the sample experiences more extensive crack 

growth during that time, which results in greater axial deformation. At a constant 

maximum stress level of 90% of UCS (around the crack damage stress threshold) the 

maximum axial strain of the cyclic stage is more or less independent of the loading 

amplitude (Figure 5.7b). The differential residual strains of both sandstone and granite 

samples, on the other hand, show a decreasing trend with loading amplitude, if the 

differential residual strains are defined as:  

(∆εr𝑖
)𝑎𝑥.  𝑜𝑟  𝑙𝑎𝑡. =  (εr𝑖=𝑛

)
𝑎𝑥.  𝑜𝑟  𝑙𝑎𝑡.

− (ε𝑖=0)𝑎𝑥.  𝑜𝑟 𝑙𝑎𝑡. (5.1)   

where i is the number of cycle, εr𝑖=𝑛
 is the residual axial or lateral strain at the end of 

the current cycle (start of the loading of a cycle), ε𝑖=0 is the axial or lateral strain at the 

end of the monotonic stage (i.e. strain at the starting point of the first cycle), and ax. 

and lat. stand for axial and lateral, respectively. 

The differential residual axial and lateral strains of both sandstone and granite at the 

end of the cyclic stage under higher loading amplitude (50% of UCS) were smaller than 

those under a lower loading amplitude of 30% of UCS (cf. fitted curves showing 

general trends in Figure 5.8). At high loading amplitudes, the sample was loaded for a 

shorter time at higher stress than under low loading amplitudes, under the same 

maximum stress level and loading frequency. Consequently, it resulted in relatively 

low strain before failure. The comparison of the differential residual strain of sandstone 

with that of granite shows that the differential residual strain in both axial and lateral 

directions for sandstone is greater than that of granite. Axial residual strain ∆ε𝑟𝑎𝑥.
 for 

sandstone is mostly greater than 0.04% while it is less than 0.04% for granite samples 
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at the end of the cyclic stage. All granite samples failed at a differential residual lateral 

strain of less than or equal to –0.24% whereas the sandstone samples failed at a higher 

differential residual lateral strain. This behavior is related to the ductility of sandstone 

and brittle behavior of granite. 

Turning now to variation in axial strain in the cyclic stage with loading frequency, 

this study found that axial strain at the end of the cyclic stage has no distinguishable 

relation with loading frequency for granite samples, whereas it decreases slightly with 

an increase in frequency for sandstone samples (Figure 5.7c). One possible explanation 

for this deformation response of sandstone is that in sandstone microcracks are 

produced at lower relative stress levels than in granite. Furthermore, the evolution of 

microcracks can easily occur at low loading frequencies because slow and gradual 

loading allows nucleation and development of existing and initiated microcracks before 

failure, resulting in greater deformation. In contrast, at higher loading frequencies 

microcracks do not have enough time to develop due to fast loading. Overall, a closer 

analysis of these curves shows that the deformation response of granite, as a brittle 

rock, is mostly affected by the maximum stress level rather than by any change in either 

loading amplitude or frequency. On the other hand, all cyclic loading conditions of 

maximum stress level, loading amplitude, and frequency can individually affect the 

deformation response of sandstone, as a ductile rock. This is a surprising result which 

may enhance our understanding of the deformation and fracturing response of hard or 

crystalline rocks and soft or granular rocks under fatigue.  

 

 
(a) 

Figure 5.7 (continued on the next page). 
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(b) 

 

(c) 

Figure 5.7 (continued from previous page). Maximum axial strain at the end of 

cyclic stage against: (a) maximum stress level, (b) loading amplitude, and (c) loading 

frequency, fitted curves are linear fittings. 
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(a) 

Figure 5.8 (continued on the next page). 
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(b) 

Figure 5.8 (continued from previous page). Variations in differential residual strain 

with the relative cycle number for sandstone and granite under different loading 

amplitudes: (a) axial strain; (b) lateral strain; N is the number of cycles at failure, 

fitted curves show the overall trends. All data starts at zero since differential residual 

strains at the starting point of the cyclic stage (i=0) are zero (refer to Eq. (5.1)).   
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5.3.3. Fatigue damage variable 

Rock damage is associated with the development of microcracks (or cracks of a 

corresponding scale much smaller than the characteristic length of the load 

redistribution), due to irreversible destruction of bonds in rock microstructure 

(Eberhardt, 1998). Assessment of damage evolution during the fatigue process is of 

great importance since most rock properties are affected by microcracks evolving and 

propagating. Therefore, a damage variable is needed to quantify damage accumulation 

during the fatigue process. An appropriate damage variable should have a physical 

meaning to represent the degradation in the mechanical properties of rocks as loading 

proceeds. Previous studies used different variables for this purpose (Eberhardt et al., 

1999; Liu & He, 2012; Qiu et al., 2014; Xiao et al., 2010; 2009; 2011). 

Regardless of damage that occurred during the monotonic stage, any change in 

residual strain throughout the cyclic stage can be a good indication of fatigue damage 

accumulation. Therefore, the damage variable proposed in this study is defined as: 

𝐷𝑖 = ∆ε𝑟𝑖=𝑛
/∆ε𝑟𝑖=𝑁

  (5.2)   

where 𝐷𝑖 is the damage variable at cycle i, ∆ε𝑟𝑖=𝑛
 is the differential residual strain 

(either axial or lateral) after n cycles, and ∆ε𝑟𝑖=𝑁
 is the differential residual strain at 

failure. This damage variable has a physical meaning and represents damage evolution 

throughout the cyclic stage (the residual strains at the start of the cyclic stage are 

deducted from those measured in the target cycle). It is also helpful in analyzing the 

effect of cyclic loading conditions on the progress of the damage by focusing on the 

deformation response during the cyclic stage. This damage variable is different for axial 

and lateral strain and evolves from zero to one if the rock sample fails during the cyclic 

stage. As discussed in detail later, the damage variable may exceed one if other factors 

rather than mechanical cracking contribute to rock damage. The damage variable would 

be less than one if the sample fails during the post-cyclic stage, of which ∆ε𝑟𝑖=𝑛
is taken 

as maximum strain during the cyclic stage. The axial and lateral damage accumulation 

of sandstone and granite under different loading amplitudes is illustrated in Figure 5.9. 

It is apparent from this figure that damage, especially lateral damage, usually develops 

in a three-phase process for both sandstone and granite, in which it accumulates rapidly 

during the initial cycles, phase I, followed by a steadily increasing trend in phase II, 
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and eventually a sharp accumulation during the final cycles, phase III. Phase I 

corresponds to rapid damage accumulation during the initial cycles due to the activation 

of weak microcracks (either existing or initiated during the monotonic stage of the 

loading). Then crack accumulation and propagation becomes steady and the damage 

evolution occurs in a steady trend throughout the later stage, which corresponds to 

phase II. Eventually, cracks reach the unstable stage of their growth and damage 

accumulation accelerates again approaching failure; this is phase III. This resembles 

the three stages of creep deformation. Nevertheless, the trend of the damage variables 

may sometimes only show two phases, depending on the stress level and other 

conditions.  

The proposed variables are capable of describing damage evolution at different 

loading conditions. The fitted curves show that the axial and lateral damage of both 

sandstone and granite samples under loading amplitude of 50% of UCS is greater than 

under loading amplitude of 30% of UCS. This result is independent of the rock type 

and indicates the greater fatigue damage effect of high-amplitude cyclic loading. The 

fitted curves in Figure 5.9 also show that axial damage of both sandstone and granite 

samples at high loading amplitudes occurs during the initial stage, whereas lateral 

damage evolves gradually throughout the test and follows the three-phase development 

form. The axial damage variables for both granite and sandstone samples tested at a 

high loading amplitude of 50% of UCS and a high maximum stress level of 90% of 

UCS increase sharply to a value greater than one during the initial phase then decrease 

gradually to one during the final cycles. This two-phase trend, which occurs for tests at 

higher amplitudes and higher stress levels, is very complex and most probably related 

to stress corrosion and/or rock dilatancy. Stress corrosion, as the most prevalent 

mechanism of damage evolution in a creep test dominating at a high maximum stress 

level and low loading amplitude, cannot easily be distinguished from fatigue damage, 

which is the main process at high stress amplitude and low maximum stress level 

(Cerfontaine & Collin, 2018; Scholz & Koczynski, 1979). Stress corrosion cracking is 

mainly induced by a change in the environment of cracks (chemical constituents) and 

temperature (Anderson & Grew, 1977), however anisotropy of the microstructures of 

minerals and grains and their preferred orientations can also induce this cracking 

phenomenon (Scholz & Koczynski, 1979). Stress corrosion is associated with low-

frequency events such as earthquakes, where this phenomenon is crucial and should be 

considered more precisely (Anderson & Grew, 1977; Cerfontaine & Collin, 2018; 
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Scholz & Koczynski, 1979). It can be argued that stress corrosion also contributed to 

the axial damage of the samples because all of the following factors, which are believed 

to be the main contributing characteristics of this process, existed in the tests: 

1. Stress state: stress corrosion is a probable phenomenon at high-stress or low-

frequency loading. All tests which showed this trend correspond to high stress 

levels. On the other hand, the loading frequency was also low. Therefore, this 

mechanism most probably contributed to the subcritical cracking of these samples. 

It should be noted that the influence of this mechanism was reinforced by a higher 

loading amplitude, when the maximum stress level was fixed. 

2. Tensile stress: stress corrosion is usually due to tensile stress concentration, most 

likely localized at the tips of pre-existing cracks or newly initiated cracks, which 

progressively branches into other microcracks (i.e. more tensile stress 

localizations), throughout the test. 

3. Environmental conditions: since all samples were tested after oven drying, the 

water content could not be an environmental condition resulting in stress 

corrosion. Changes in room temperature are not of concern since all samples were 

kept in a sealed box. However, changes in the temperature of the samples 

themselves during testing could occur since crack working can increase the 

temperature of the crack environment (crack tips or grain boundaries). 

4. Anisotropy in the grain boundaries and microstructures of both rock types 

reinforces stress corrosion. This mechanism is more significant in granite with 

more heterogeneous grain materials in different sizes and orientations. 

The greater lateral damage and its gradual increasing growth can be explained by 

the fact that samples expand laterally during the loading stage of a loading–unloading 

cycle due to the detachment of grains and opening of pre-existing microcracks along 

the loading direction (the dilatancy). Partial closure of such axial microcracks happens 

during the next unloading stage. However, tensile stress localized at the tips of 

microcracks allows their propagation if it exceeds the tensile strength of the rock. 

Tensile stress at tips of microcracks at higher loading amplitudes is relatively higher 

than under low loading amplitudes because of a higher unloading stress level. 

Accordingly, branching and propagation of axial microcracks would be more 

dominant, which subsequently results in higher lateral expansion continuously 

throughout the test or, in other words, greater axial splitting. Therefore, lateral damage 
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is higher due to the weakening of rock samples under high-amplitude cyclic loading. 

However, the weakening of rock samples under low loading amplitudes is controlled 

by both lateral and axial damage. From the curves in Figure 5.9, it can also be seen that 

the proportion of the second phase of lateral damage development (phase II) of 

sandstone to the whole process of its fatigue is relatively smaller than that for granite 

samples. The second phase of lateral damage development for granite samples accounts 

for about 60–70% of the fatigue process, whereas most of the fatigue damage of 

sandstone samples occurs during 30% of its fatigue process (Figure 5.9).     

  

 
Figure 5.9 (continued on the next page). 
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(a) 

Figure 5.9 (continued on the next page). 
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(b) 

Figure 5.9 (continued from previous pages). The variations in axial and lateral 

fatigue damage variables of (a) granite, and (b) sandstone samples under different 

loading amplitudes; vertical dotted lines indicate the boundaries between the 

identified phases, the fitted curves show the overall trends. All data start at zero since 

the damage variable is taken as zero at the starting point of the cyclic stage, i.e. i=0 

(refer to Eq. (5.2)).   

 

As well as the loading amplitude, the maximum stress level greatly affects the 

damage evolution of both rock types. The greater the maximum stress level, the greater 

the damage evolution of rocks in both axial and lateral directions (Figure 5.10). The 

permanent axial damage of samples under a low maximum stress level is less than 30% 

of its total damage which indicates the greater dependency of axial damage on the stress 

level applied. From the fitted curves in Figure 5.10, we can also see that the proportion 

of the first phase of damage development to the whole fatigue process increases as the 

maximum stress level increases, especially for the axial damage variable. In other 

words, this finding reveals that rocks under a high cyclic stress regime experience most 

fatigue damage during the initial cycles. The axial damage variable greater than one 
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(cf. Figure 5.10) for both sandstone and granite samples can be explained by stress 

corrosion, which was discussed in the previous paragraphs. 

The effect of loading frequency on fatigue damage is very complex and there is no 

clear relation between the defined damage variable and frequency (Figure 5.11). The 

difference between the damage evolutions of granite samples under different loading 

frequencies ranging from 0.05 to 0.5 Hz is hardly distinguishable. However, the first 

phase of the damage evolution for the samples loaded under 0.05 Hz is noticeable 

during the initial cycles, which may be an indication of the greater damage effect of 

low-frequency cyclic loading. 

  

 

Figure 5.10 (continued on the next page). 
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(a) 

 

Figure 5.10 (continued on the next page). 
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(b) 

Figure 5.10 (continued from previous page). The variations in axial and lateral 

fatigue damage variables of (a) granite, and (b) sandstone samples under different 

maximum stress levels; data above 1.2 for axial damage of sandstone samples are not 

shown to be consistent with the scale of the vertical axis of other plots, the fitted 

curves show the overall trends. All data start at zero since the damage variable is 

taken as zero at the starting point of the cyclic stage, i.e. i=0 (refer to Eq. (5.2)).    
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Figure 5.11. Lateral fatigue damage variable of granite under different frequencies; 

dotted vertical lines indicate the boundaries between the identified phases for each 

curve, fitted curves show the overall trends. 

 

5.3.4. Failure modes of tested samples 

Fracture mechanics originated from experiments carried out by Griffith on glass 

(Griffith & Taylor, 1921), in which he found that the strength of materials is lower than 

their theoretical strength and is affected by many factors including loading conditions, 

microstructure, crack size, and material properties (Gdoutos, 2005). Studying how 

materials fracture is very useful in figuring out how crack-like initial defects, which are 

assumed to exist in all solid materials, lead to their failure and affect the load-bearing 

capacity of structures. Observation of fracture patterns and failure mechanisms may 

help in analyzing stress distributions and the deformation response of rock in 

experiments; however, it could also be used as a basis for building theoretical damage 

models at different scales. The failure mode of rocks is mostly governed by their 

strength and microstructures. The failure mechanism of compact rocks such as granite, 

with very little porosity, is different to that of porous rocks such as sandstone with 

granular microstructures, merely due to the difference in their microstructures, even if 

all other conditions are kept identical (Basu et al., 2013). The failure mechanism of 

rock under cyclic loading conditions is more complex than under monotonic conditions 

and depends on many factors. It has been found that fracturing under cyclic conditions 
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is accompanied by more fragmentation and powdering of rock grains in failed surfaces 

(Burdine, 1963; Liu et al., 2017; Royer-Carfagni & Salvatore, 2000), however, the 

difference between failure mechanisms of rocks under monotonic and cyclic conditions 

is beyond this understanding and greatly depends on loading conditions (cf. chapter 4). 

Hard rocks fail abruptly without prior warning at a particular stress level. This is a 

simple definition of brittle fracturing. Figure 5.12 illustrates typical and representative 

failure modes of tested granite and sandstone samples after uniaxial monotonic and 

cyclic compression tests. As can be seen, the failure mode of granite samples under 

monotonic loading is associated with two shear fractures inclined at an angle of less 

than 45° to the loading direction. These two shear planes developed in a cone shape 

from the loaded ends to the middle of the sample. Some tensile microcracks originate 

mostly across the shear planes in response to induced local tensile stresses, however, 

the shearing phenomenon is the main fracturing mode of granite under monotonic 

conditions. The failure modes of those samples that did not fail during the cyclic stage 

are similar to those under monotonic conditions (cf. sample 25 in Figure 5.12, for 

instance). The only difference is that the shearing planes of the samples that failed at 

the post-cyclic stage were accompanied by more tensile microcracks. This observation 

indicates that cyclic loading induces more tensile stress localizations around the grain 

boundaries or pre-existing defects of rock, leading to the nucleation and propagation of 

tensile cracks parallel to the axial loading. The failure modes of these samples under 

cyclic compression are certainly different and governed by shearing through a single 

plane throughout the entire length of the sample accompanied by more parallel axial 

cracks close to each other (making narrow straps of fractured rocks, herein called 

tensile bands). The effect of cyclic loading conditions on fracturing can be easily 

distinguished from the observed failure modes. Under the same maximum stress level 

and loading frequency, the aperture of tensile microcracks increases with an increase 

in loading amplitude (cf. granite samples 12 and 21 in Figure 5.12). This leads to greater 

dilation and lateral expansion of the samples at high loading amplitudes, which was 

discussed in Section 5.3.3. Similarly, at a constant loading amplitude and maximum 

stress level, the single shear plane is accompanied by relatively more tensile bands of 

greater length and aperture at lower loading frequencies than under high loading 

frequencies (cf. granite samples 21 and 13 in Figure 5.12). Slow loading–unloading at 

low loading frequencies facilitates the initiation, nucleation, opening, and localization 

of tensile cracks growing parallel or at a small angle to the loading direction. However, 
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the failure modes of granite samples under a higher loading frequency (here 0.5 Hz) 

are similar to those under monotonic conditions. Rapid loading–unloading at high 

loading frequencies does not allow for tensile stress localization at grain boundaries or 

existing flaws, which resulted in shearing along two inclined planes with occasional 

axial splitting.  

As can be seen in Figure 5.12, the failure modes of sandstone samples after uniaxial 

cyclic and monotonic compression tests are very similar. All samples tested under 

monotonic conditions failed along a single shear plane, accompanied by tensile 

splitting which propagated parallel to the loading direction and crossed the shearing 

plane (cf. sandstone sample 5 in Figure 5.12). A very similar failure mode was observed 

for those samples that did not fail after hundreds of cycles then underwent the post-

cyclic stage before failure (cf. sandstone sample 41 in Figure 5.12). One could speculate 

that the stress levels applied to these samples were not high enough to induce tensile 

stress localization, which is essential for grain detachment and intergranular cracking 

as the main mechanisms of failure in granular materials. Therefore, they failed in a very 

similar pattern to that under monotonic conditions. Under constant loading amplitude 

and frequency, as the maximum stress level increases, the shearing plane is 

accompanied by more axial splitting. Under the maximum stress level of 80% of UCS 

(cf. sandstone sample 23 in Figure 5.12), the extension and branching of axial cracks 

were obvious. However, as the maximum stress level increases to 90% of UCS (cf. 

sandstone sample 52 in Figure 5.12), the shear plane is accompanied by another 

premature shear plane, creating a shear band caused by either coalescence of large 

numbers of tiny tensile microcracks or grain compression itself. However, this shear 

band merged with the main shear plane in the middle of the sample and did not extend 

throughout the whole section of the sample. The loading amplitude also affects the 

failure mode of sandstone under cyclic conditions. The failure of samples tested under 

a higher loading amplitude occurred along a shear band rather than on a single shear 

plane (cf. sandstone samples 21 and 52 in Figure 5.12). Differences between failure 

modes of sandstone samples under different loading frequencies are very difficult to 

distinguish. Sandstone samples tested under a low loading frequency of 0.05 Hz failed 

along a single shear plane, whereas samples tested under higher loading frequencies of 

0.1 and 0.5 Hz failed along a shear band.  
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Figure 5.12. Failure modes of granite and sandstone samples under uniaxial 

monotonic and cyclic compression tests; blue line represents shear fracturing and 

green line is the tensile cracking.   

 

Taken together, these observations indicate that tensile cracking is an indication of 

the fatigue process in both granular and crystalline rocks. However, this tendency is 

more evident in coarse-grained granite. This supports the previous understanding of 

rock fracture mechanism, that fine-grained rocks show less axial splitting than coarse-

grained rocks(Wawersik & Fairhurst, 1970). Moreover, the failure mode may vary 

depending on the cyclic loading conditions. The effect of an increase in the stress 

amplitude of cycles becomes visible in more widening and extension of tensile cracks 

in crystalline rocks and more widening of the shear plane accompanied by another 

premature shear plane in granular rocks. As the maximum stress level of cyclic loading 

increases, more tensile cracks that usually form tensile bands propagate in both types 
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of rock, however, these tensile cracks finally form a shear band in sandstone and a 

single shear plane in granite before failure. An increase in extension and aperture of 

tensile cracks is the result of a reduction in loading frequency in crystalline granite. On 

the other hand, they fail in a similar mode of monotonic conditions when the loading 

frequency exceeds a specific value. The failure modes of sandstone, however, did not 

show a clear relation with loading frequency.   

 

5.4. Conclusions 

This study characterizes the difference in damage responses of two mineralogically and 

microstructurally different rock types under the fatigue process. Test data obtained 

from uniaxial cyclic compression tests conducted on samples of both rock types show 

a greater susceptibility of tested samples to low-frequency cyclic loading, especially 

granite as a crystalline/hard rock. Both rock types show low deformation before fatigue 

failure under a higher amplitude of cyclic loading. However, analyzing the proposed 

damage variable indicates greater damage evolution of both rock types under higher 

loading amplitudes. Test data also show that the lower the frequency of load variation, 

the bigger the fatigue deformation. By incorporating plenty of data from the literature 

with the results of these tests, this study showed that high-frequency loading is more 

favorable to fatigue mechanisms since the fatigue life of rock samples increased with 

loading frequency. 

The damage evolution of both rocks shows three-phase or two-phase development. 

We also found that this damage evolution response is surprisingly different for axial 

and lateral damage and depends on the loading conditions. The duration of each phase 

of the damage evolution relative to the whole fatigue process depends on the cyclic 

loading conditions. We found that the damage evolution of rocks under higher loading 

amplitudes is mostly seen in the lateral expansion which evolves gradually throughout 

the fatigue process. Axial damage of both rocks under higher loading amplitudes and 

higher maximum stress levels occurs during initial cycles and the rock damage during 

later cycles is mainly induced by lateral expansion because of tensile stress localization. 

This finding suggests using lateral confinement to contain the lateral expansion and 

consequently fatigue damage. Stress corrosion (static fatigue) is also inferred as another 

mechanism interacting with fatigue damage of rocks in high-stress fatigue; however, it 

is still a gray area and needs to be verified by more experiments and observations.  
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The evaluation of failure modes of the samples revealed different failure 

mechanisms depending on the loading conditions. More tensile fracturing was found to 

be the main indication of the fatigue effect on failure modes of both crystalline and 

granular rocks. The effect of loading amplitude and frequency on the failure mode of 

granite is reflected in tensile cracking. The lower the loading frequency and the higher 

the loading amplitude, the bigger the opening and extension of tensile microcracks, 

which finally form tensile bands crossing the shear planes. For sandstone samples, as 

loading amplitude increases, tensile fractures create other shear bands merged with the 

main shearing plane, leading to the failure of the sample. We also found that granite 

samples tend to fail in a fracturing mode similar to that under monotonic conditions at 

higher loading frequencies. The effect of loading frequency on the failure mode of 

sandstone, on the other hand, is very complex and difficult to distinguish.  

The results of this study improve our understanding of the damage evolution and 

non-linear deformation responses of hard rocks and soft rocks under cyclic loading, 

which is essential to monitor, predict and whenever possible control rock damage 

evolution both in the natural environment and in mining excavations.    
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6.1. Conclusions 

The main objective of this research was to explore the damage responses of rocks to 

cyclic/fatigue loading. The research focused on experimental studies to investigate 

important subjects related to cyclic/fatigue loading under different loading scenarios. This 

final chapter describes the conclusions of this study and some promising avenues for 

further research in this area. The following conclusions were reached in the present 

investigation:  

Valid rock testing 

Rock samples need to be examined and inspected properly before conducting any 

experimental tests. Rock engineers or experimentalists must not rely merely on visual 

inspection and should implement other techniques for appropriate categorization of a set 

of real samples. It was found that P-wave velocity measurements are a quick and 

straightforward method for the initial assessment and categorization of rock samples in 

order to minimize the effects of variabilities from inherent characteristics of rock samples 

on the test results obtained. CT scanning was also found to be an appropriate tool for 

detection of visually invisible microcracks detected by neither ultrasonic measurements 

nor thin section analysis. It is suggested that CT scanning and ultrasonic measurements be 

conducted on rock samples before testing to a provide better pre-assessment of rock 

samples. These techniques could be included in the relevant standards in the field of rock 

mechanics.  

This research discussed the sources of variabilities in test results of rocks. Among 

them, shape deviation as sample-based variability and equipment precision as machine-

based variability were found to be hidden factors, often not seen but considerably affecting 

laboratory test results. Hence, accurate preparation of samples and regular 

testing/calibration of machines need to be considered. 

Fatigue strength and fatigue life 

Based on the test results obtained, this research strongly proved that the fatigue life and 

fatigue strength of both rock types decrease with the amplitude and maximum level of 

cyclically applied stress. On the other hand, fatigue life and fatigue strength showed an 

upward trend with loading frequency. The reduction in fatigue life with increases in the 
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maximum stress level of cyclic loading is more remarkable for the crystalline 

granite/granodiorite rock. It was also found that sandstone samples sustained a lower 

number of stress cycles than granodiorite samples under the same loading amplitude, 

indicating that sandstone is more prone to weakening at higher stress amplitudes than the 

granodiorite samples. The research also found that loading amplitude, generally, has 

stronger fatigue damage effects on rocks than maximum stress levels. Therefore, bigger 

mitigation and protection measures should be considered in the geotechnical design of 

structures under a lower maximum stress levels with higher loading amplitudes, than 

under high-stressed cyclic conditions but with low fluctuations in the loading-unloading 

amplitude. 

The most significant finding to emerge from this investigation is that the fatigue 

strength threshold of a rock depends highly on its fabric and the heterogeneity of its 

microstructure. Crystalline or hard rocks showed lower fatigue strength thresholds than 

granular or soft rocks. The thresholds were found to be 0.65 to 0.80 of the monotonic peak 

strength for the granite/granodiorite and 0.75 to 0.90 for the sandstone. This indicates a 

greater susceptibility of hard or crystalline rocks to fatigue loading than soft or granular 

rocks. Generally, a fatigue strength threshold of 0.80 should be considered for both rock 

types when loading-unloading is predicted to be repeated for fewer than 100 cycles.   

 

Loading history 

It was demonstrated that the effect of the previous loading history on the damage progress 

can be investigated by specific loading paths. In this study, the stepped cyclic loading and 

multi-stage cyclic loading paths were shown to be capable of presenting the effect of 

loading history on progressive damage in the rock. It was shown that when a rock 

experienced any level of stress, despite it being less than the fatigue strength threshold at 

previous loading stages, shorter fatigue life, a lower fatigue strength and greater 

deformation are obtained. This was more noticeable in the sandstone than in the 

granodiorite, reflecting the ductility behavior of sandstone. However, the effect of loading 

history on rock damage greatly depends on the stress level and other loading conditions 

the rock has previously experienced.   
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Stress–strain behavior 

The results of this study revealed that crystalline/brittle rocks showed a different pattern for 

stress–strain hysteresis loops compared to granular/ductile rocks. The stress–strain 

hysteresis loops for granite/granodiorite generally showed a dense–loose pattern (i.e. two-

phase) of development throughout the cyclic/fatigue process, especially in the axial 

direction; whereas it was a three-phase pattern of loose–dense–loose for the sandstone. 

However, it should be noted that the trend of stress–strain hysteresis loops may vary in 

axial or lateral directions and depend on the loading conditions. Comparing stress–strain 

hysteresis loops in axial and lateral directions also showed greater extension and a higher 

overall slope of hysteresis loops of the stress–lateral strain than those of the stress–axial 

strain. This result was more obvious for the sandstone, which is an indication of the 

microstructural differences and the greater number of dilatant microcracks in the fine-

grained granular sandstone, than in the large-grained crystalline granite/granodiorite. The 

greater rate of increase in the lateral strain than the axial strain for both rock types 

addresses the main damage mechanism of these rocks under cyclic/fatigue conditions. It 

was also observed that the higher the loading amplitude, the wider the stress–strain 

hysteresis loops, indicating an increased damage effect of high-amplitude cyclic loadings. 

The maximum axial and lateral strains and the differential residual axial and lateral 

strains at the end of the cyclic stage showed an upward trend with the maximum stress 

level, independent of the rock type, whereas they showed a slightly decreasing trend with 

increases in the stress amplitude, especially for the sandstone. This response, which is 

more noticeable at higher maximum stress levels, is related to the length of time a sample 

spent loaded under high levels of stress. As the maximum stress level was fixed at a higher 

level close to or above the crack damage stress threshold, this effect of loading amplitude 

on the deformation response of rocks was more noticeable. The amplitude and maximum 

level of the applied stress also affect the accumulation of both axial and lateral 

deformations at different stages of the fatigue process. The results showed that higher 

maximum stress levels resulted in a relatively higher accumulation of deformations during 

the second phase of fatigue development. The effect of loading frequency on the fatigue 

deformation of crystalline/hard rocks was found to be uncertain and the obtained test data 

did not show a distinguishable relationship between them. On the other hand, the axial 

strain of the cyclic stage for the granular rock of sandstone showed a decreasing trend with 

increased loading frequency. 
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Fatigue damage response  

The damage analysis in this study revealed that all cyclic conditions of maximum stress 

level, loading amplitude and frequency individually affect the damage evolution of 

sandstone, as a granular rock. However, fatigue damage in granite/granodiorite, as a brittle 

crystalline rock, is mostly governed by maximum stress levels rather than other conditions 

of stress cycles. It was also observed that fatigue damage in both crystalline and granular 

rocks increased with the maximum stress level and loading amplitude. The fatigue damage 

progress of both rocks under high-amplitude stress cycles was found to be controlled by 

gradually evolving lateral damage due to tensile stress localization. On the other hand, 

both axial and lateral damage contributed to the fatigue damage of rocks under low-

amplitude stress cycles. The axial damage of both rocks under high amplitude and 

maximum levels of stress cycles occurred during initial cycles, which indicates that fatigue 

damage in the axial direction probably interacts with another mechanism, potentially 

stress corrosion.  

It was also demonstrated that the microstructure of rock plays an important role in 

fatigue damage. Low-stress cyclic loading could damage individual grain boundaries of 

crystalline rocks, leading to fatigue damage evolution, whereas the applied stress should 

be high enough for individual grain detachment of granular rocks. 

The evolution of both axial and lateral damage of sandstone and granite became slower 

at higher loading frequencies. Therefore, the current research highlights the greater 

damage effect of low-frequency cyclic loading on both rock types. This effect was more 

evident for crystalline/hard rocks, indicating that these rock types are more susceptible to 

low-frequency cyclic loading.  

The ultrasonic P-wave velocity measurements and a damage variable defined based on 

the differential residual strains were shown to be capable of describing the damage 

evolution throughout the cyclic/fatigue process. 

The study also complements the understanding of the hardening response that rocks 

may show under the cyclic fatigue process, depending on the loading history, cyclic 

loading conditions, and rock type. The reduction in the damage accumulation rate, i.e. a 

hardening effect, was observed for some rock samples, indicating that some rocks may 

not only become gradually weaker under this kind of loading, but also become gradually 

less likely to fail, which greatly depends on the applied stress level.    
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Failure mechanism 

The main difference between the failure mechanisms of rocks under monotonic and cyclic 

conditions is local cracks, which are more dominant under cyclic loading conditions. The 

current research provides evidence that the propagation of tensile microcracks, as a result 

of tensile stress localization around grain boundaries or pre-existing cracks, is the main 

response of both rock types to cyclic/fatigue loading. This is the main reason for the 

strength degradation of rocks under cyclic conditions, compared to the monotonic 

strength. Crystalline rocks showed a greater tendency to tensile cracking under the 

fatigue/cyclic process, compared to granular rocks. This is empirical evidence confirming 

that the fatigue strength threshold of a crystalline rock is less than that of a granular rock. 

The research also provides strong evidence that both rock types may fail in different 

modes depending on the cyclic loading conditions. The effect of loading frequency on the 

damage mechanisms of both rock types reflects itself in initiation, branching, elongation, 

or opening of more tensile microcracks, especially in crystalline rocks. On the other hand, 

the effect of loading frequency on the failure modes of sandstone is hard to distinguish. 

Low-frequency cyclic loading was found to have a more damaging effect on both rocks. 

However, the failure modes of both rock types tend to be similar to those under monotonic 

conditions, when the loading frequency exceeds a specific value which is not definite. The 

failure modes of both sandstone and granite/granodiorite are affected by amplitude and 

maximum level of cyclic stress. An increase in the extensions and apertures of tensile 

cracks, which finally led to the creation of tensile bands and in turn to a single shear plane 

in high-stressed conditions in granite/granodiorite as crystalline rock and a premature 

shear plane propagated along the main shear plane in sandstone as granular rock, was 

observed.  

Rock heterogeneity 

The clear variability in cyclic responses of crystalline and granular rocks is a direct 

consequence of heterogeneity at a microscale, i.e. fabric, grain size, porosity, and initial 

defects. The research provides evidence of how the fatigue life, fatigue strength, 

deformation, damage response, and failure modes of crystalline and granular rocks differ 

from each other under cyclic/fatigue processes due to heterogeneity in their 

microstructures. Heterogeneity in rock microstructure, as an inherent source of variability, 

created another dimension to all variabilities, contributing to change in the mechanical 
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response of a heterogeneous rock sample. The study shows how stress corrosion, as a 

hidden mechanism in rock damage under high-stressed cyclic conditions, is more effective 

when the rock is more heterogeneous in terms of mineralogy, grain size, and preferred 

orientation of mineralization. 

 

 

6.2. Contribution to the current state of knowledge  

The findings from this experimental study not only complement those of earlier 

investigations but also make several important contributions to the current state of 

knowledge in the field of rock fatigue: 

• The research demonstrates that improving the quality of rock testing and better pre-

assessment of rock samples and equipment before testing are of benefit in reducing 

the scatter of test results. This will lead to optimizing the number of laboratory tests 

required to determine the mechanical properties of intact rocks, with a satisfactory 

level of confidence.  

• The study is the first comprehensive investigation comparing the strength and damage 

responses of two different crystalline and granular rocks under cyclic/fatigue 

processes. The findings obtained from the fatigue strength analysis provide insights 

for a better understanding of the time-dependent behavior of hard/crystalline/brittle 

and soft/granular/ductile rocks. The Cyclic Allowable Maximum Stress Levels 

(CAMSL) which were determined for both rock types would be of benefit for design 

purposes, not only in experimental studies but also in practical applications. Prior to 

this study it was difficult to make judgments about how the strength and deformation 

responses of granular and crystalline rocks would differ when subjected to 

cyclic/fatigue loading.   

• The insights gained from the study of failure mechanisms of both crystalline and 

granular rock under cyclic and monotonic conditions may be of benefit for further 

development of models describing the process of nonlinear rock deformation. The 

findings provide a new understanding of all mechanisms contributing to the evolving 

damage of these rock types under loading-unloading processes. 

• The study provides the first assessment of fatigue damage evolution using the result 

of ultrasonic measurements carried out on rock samples. This investigation also 
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appears to be the first study providing evidence of how ultrasonic measurements are 

of benefit in rock categorization. 

• The results of this experimental study contribute to existing knowledge of rock fatigue 

by providing more evidence about the effects of different cyclic loading conditions 

such as stress amplitude, maximum stress level, and frequency on the deformation 

and strength responses of rocks. The effect of each individual loading condition was 

analyzed separately and compared to the others considering the microstructural 

differences of tested rock types.   

 

6.3. Recommendations for future research 

The research conducted provides the following insights for future research: 

• The current research highlighted that the relevant standards for rock sample 

preparation and testing procedures should be revised to consider the effects of sample 

shape deviation, especially end flatness, loading machine performance, and the design 

and setup considerations of spherical seats. Detailed suggestions for further research 

avenues in this area are provided in Section 2.7.  

• Further experiments, using a broader range of rocks with different fabrics, grain sizes, 

and microstructures, could shed more light on the fatigue responses of rocks and 

variation due to rock inhomogeneity. 

• In the current study, it was not possible to implement continuous ultrasonic 

measurements along with the loading cycles. A continuous measurement of P-wave 

velocity, cycle after cycle, could provide more definitive evidence about the damage 

evolution of rocks under cyclic/fatigue processes.  

• Continuous Acoustic Emission (AE) monitoring would also be beneficial in detection 

of crack development, types of cracks, and stress thresholds at which the cracks 

initiate and propagate in an unstable manner during loading. The current study was 

unable to implement AE, however this technique, which has already been used in 

several research, could shed more light on the fatigue damage mechanisms of 

hard/crystalline or soft / granular rocks.  

• Further experimental investigations with primary focus on comparing the effects of 

loading amplitude and maximum stress levels on the strength degradation of rocks 
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might be of benefit to validate the novel research in which loading amplitude was 

shown to have a stronger damage effect on rocks than maximum stress levels during 

the cyclic stage. 

• The fatigue mechanism under high-stressed cyclic conditions and high loading 

frequencies is complex. Studying the interaction of the main fatigue damage 

mechanism with stress corrosion to find out which of these two mechanisms cause 

rock failure would be another interesting research area. All experiments were 

conducted under loading frequencies of less than 1 Hz. Further experiments under 

higher loading frequencies would be of benefit to deeply explore the effect of high-

frequency cyclic loading on rock damage and fatigue parameters and to distinguish it 

from creep behavior, which is a likely mechanism at higher loading frequencies.   

• The major limitation of the current study is the lack of numerical simulation to 

validate the failure modes and other results obtained through experimental 

investigations. Numerical modeling using discrete element methods would be highly 

valuable to better understand and validate the differences in fatigue/cyclic damage 

responses of these rocks due to their inhomogeneities and microstructural differences.  

• Development of a new constitutive law to reproduce the cyclic behavior of these rocks, 

especially the accumulation of residual/permanent deformations with the number of 

cycles, is another direction for further research. Such physical models could reproduce 

different features of crystalline and granular rocks under cyclic loading, such as 

differences in stress–strain development depending on cyclic load, strength degradation, 

and accumulation of differential residual strain obtained through experiments.  
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Appendix A 

Summary of researches related to the rock 

fatigue behaviour1 

1
Modified after (Cerfontaine & Collin, 2018) 
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Reference Material Frequency, rate Type N max 
Fatigue 

Limit 

Loading 

form 

Grover et al., (1950) Limestone – UCT – 0.65 Constant 

Burdine (1963) Sandstone 15–50 Hz UCT, TCT 1 × 106 0.74 Constant 

Haimson and Kim (1971) Marble 2–4 Hz UCT 1 × 106 0.75 Constant 

Attewell and Farme (1973) Limestone 0.3–20 Hz UCT 4.1 × 104 – Constant 

Brown and Hudson (1973) Gypsum plaster 0.5–2 Hz UCT 1.4 × 104 – Constant 

Scholz and Kranz (1974) Granite 1×10−5 /s UCT 2 × 101 – Constant 

Haimson (1978) 

Tennessee marble, 

Indiana limestone, 

Berea sandstone. 

Westerly granite 

1 Hz 
UCT, TCT, 

UTT 
2 × 106 0.6-0.8 Constant 

Scholz and Koczynski 

(1979) 

Westerly granite, 

Diabase 
1 MPa/s TCT 3.2 × 103 – Constant 

Rajaram (Rajaram, 1981) Westerly granite 1 Hz UCT, TCT 1 × 106 0.73 Constant 

Singh (1989) Sandstone 1 Hz UCT 1 × 104 0.87 Constant 

Ishizuka et al., (1990) Inada Granite 0.00025-1.0 Hz UCT, TCT 4 × 104 0.76-0.85 Constant 

Tien et al., (1990) Sandstone 0.1–1 Hz TCT 1 × 103 – Constant 

Zhenyu and Haihong (1990) Sandstone, marble 0.0019–0.005 Hz UCT 3 × 102 0.85-0.97 
Constant, 

Ramp 

Li et al., (1992) Sandstone 0.5 Hz Brz. 3 × 104 – Constant 

Rao and Ramana (1992) Granite – UCT 2.4 × 101 – Damage 

Martin and Chandler (1994) Granite 0.75 MPa/s UCT, TCT – – Damage 

Celestino et al., (1995) Granite 7 kN/min Brz. 2.3 × 101 – Constant 

Eberhardt et al., (1999) Granite 0.25 MPa/s UCT – – Damage 

Yamashita et al., (1999) 
Tuff, sandstone, 

marble, granite 
1 Hz UCT 1 × 106 0.55–0.80 Constant 

Royer-Carfagni and 

Salvatore (2000) 
Marble 1–2 MPa/s UCT 1.8 × 102 – Constant 

Ray et al., (1999) Sandstone 2.5 × 101/s UCT 1 × 104 0.65 Constant 

Cattaneo and Labuz (2001) Marble – FLx. – – Damage 

Lavrov (2001) Limestone – UCT, Brz. – – Damage 

Li et al., (2001) gypsum 0.2, 2, 21 Hz UCT – – Damage 

Gatelier et al., (2002) Sandstone 0.025–0.2 Hz UCT, TCT – – Damage 

Li et al., (2003) Sandstone 2–20 Hz UCT – – Damage 

Akesson et al., (2004) Granite 4 Hz UCT 3.5 × 104 0.6 Constant 

Ko (2005) Gypsum 0.5 Hz UCT 4 × 103 – Constant 

Bagde and Petroš (2005) Sandstone 0.1–1–10 Hz UCT – – Ramp 

Zhang et al., (2008) Reconstituted 0.02, 2, 1 Hz UCT – – Constant 

Heap and Faulkner (2008) Westerly granite 2.5 MPa/min UCT – – Damage 

Mitchell and Faulkner 

(2008) 

Granite, 

granodiorite 
3.3 × 10−4 Hz TCT 1 × 101 – Constant 

Jiang et al., (2009) Sandstone 100.9 kN/min UCT – – Constant 

Xiao et al., (2009) Granite 0.2 Hz UCT – – Constant 
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Reference Material Frequency, rate Type N max 
Fatigue 

Limit 

Loading 

form 

Heap et al., (2009) Basalt 7.0 × 10−6 /s UCT – – Damage 

Heap et al., (2010) 
Basalt, sandstone, 

granite 
7.0 × 10−6 /s TCT – – Damage 

Xiao et al., (2010) Granite 0.2 Hz UCT 3 × 103 – Constant 

Fuenkajorn and 

Phueakphum (2010) 
Salt 0.001–0.03 Hz TCT 1 × 103 – Constant 

Chen et al., (2011) Westerly Granite 0.1 Hz UCT 43 × 103 – Constant 

Xiao et al., (2011) Granite 0.2 Hz UCT 1 × 103 – Constant 

Liu et al., (2011) Sandstone 1 Hz, 60 kN/min TCT 6.2 × 102 – Constant 

Erarslan and Williams 

(2012b) 
Brisbane Tuff 1 Hz Brz. 1 × 105 0.7 

Constant, 

Ramp 

Erarslan and Williams 

(2012a) 
Brisbane Tuff 1 Hz Brz. 2.9 × 103 – Ramp 

Liu et al., (2012) Sandstone 
0.1, 1.0, 3 Hz,  

60 kN/min 
TCT 

14.3  

× 102 
– Constant 

Liu and He (2012) Sandstone 1 Hz TCT 6.2 × 102 – Constant 

Guo et al., (2012) Salt 1 Hz UCT 1.5 × 104 0.75 Constant 

David et al., (2012) Sandstone, granite 2 × 10−6 /s UCT – – Damage 

Wang et al., (2013) Granite 50 N/s TCT – – Damage 

Ma et al., (2013) Salt 0.025 –0.1 Hz TCT 8.5 × 102 – Constant 

Song et al., (2013) Salt 0.36–10 kN/s UCT 6 × 102 0.75 Constant 

Trippetta et al., (2013) Evaporites 7 × 10−6 /s UCT – – Damage 

Faoro et al., (2013) Granite, basalt 5 × 10−6 m/s TCT – – Damage 

Kendrick et al., (2013) Volcanic 1 × 10−5 /s UCT – – Damage 

Bastian et al., (2014) Sandstone 1–6 mm/min UCT, TCT 1 × 102 – Constant 

Erarslan et al., (2014) Brisbane Tuff – Brz. 8 × 105 0.68 
Constant, 

Ramp 

Nejati and Ghazvinian 

(2014) 

Marble,sandstone,  

limestone 
1 Hz Brz. 3 × 103 

0.6 / 0.7 / 

0.8 
Constant 

Le et al., (2014) Sandstone 1 Hz FLx. 5.5 × 103 – Constant 

Liu et al., (2014) Salt 1 Hz UCT – – Damage 

Pola et al., (2014) 
Lava, pyroclastic, 

tuff, ignimbrite 
4 mm/h UCT – – 

Damage 

Ni (2014) Granite 0.01–1 Hz UCT – – Constant 

Qiu et al., (2014) Marble 0.25 MPa/s TCT   Damage 

Shi et al., (2014) Mudstone 1.0 - 10 Hz TCT 5 × 105 – Constant 

Momeni et al., (2015) Granite 0.1–5 Hz UCT 2.4 × 103 – Constant 

Voznesenskii et al., (2015) 
Limestone, 

gabbro, marble 
– UCT 2 × 102 – Constant 

Yang et al., (2015) Sandstone 0.08 mm/min TCT – – Damage 

Schaefer et al., (2015) Basalt 10−5 /s UCT – – Damage 

Roberts et al., (2015) Salt – TCT – – Constant 
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Reference Material Frequency, rate Type N max 
Fatigue 

Limit 

Loading 

form 

Voznesenskii et al., (2016) Gypsum – UCT 1 × 102 – Constant 

Taheri et al., (2016) Sandstone 5 mm/min TCT 2.2 × 103 0.94 
Constant, 

Damage 

Taheri et al., (2016) Sandstone 2 mm/min TCT 2.68 ×102 – Constant 

Ghamgosar and Erarslan 

(2016) 
Tuff 1–5 Hz Brz. – – 

Ramp, 

Damage 

Erarslan (2016) Tuff – Brz. – – 
Constant, 

Ramp 

Wang et al., (2016) Salt 1 Hz Brz. 5.2 × 103 – Damage 

Fan et al., (2016) Salt 2 kN/s UCT 9 × 101 – Interval 

Jiang et al., (2016) Salt 2 kN/s UCT 6 × 101 – Interval 

Song et al., (2016) Sandstone 0.12 mm/min UCT – – Damage 

Meng et al., (2016) Sandstone 0.5–4 kN/s UCT – – Damage 

Karakus et al., (2016) Sandstone – UCT 1 × 104 – Constant 

Liu et al., (2016) 
Mudstone, 

siltstone 
5 mm/min UCT – – Damage 

Hu et al., (2016) Sandstone 0.1 Hz UCT 6 × 101 – Constant 

Fan et al., (2017) Salt 2 kN/s UCT 9 × 101 – Interval 

Jobli et al., (2017) Granite 1 Hz UCT 1 × 102 – Constant 

Yang et al., (2017) Marble 0.02 mm/s TCT – – Damage 

Wang et al., (2017) Sandstone – TCT – – Damage 

Ghamgosar et al., (2017) Tuff/monzonite 1, 5 Hz Brz. – – Ramp 

Voznesenskii et al., (2017) Salt 10−4 –2 mm/min UCT 1 × 102 – Constant 

Liu et al., (2017) Sandstone 0.1, 0.5, 1.0 Hz Brz. 8.5 × 101 – Constant 

Liu et al., (2017) Artificial 1 Hz TCT 4.65 ×104 – Constant 

Liu et al., (2017) Artificial 0.01–20 Hz UCT 1.2 × 103 – Constant 

Liu et al., (2017) Artificial 
0.1, 0.2,  

1.0, 3.0 Hz 
UCT 4.4 × 101  Constant 

Jamali Zavareh et al., 

(2017) 

Gabbro, onyx, 

limestone 
5 Hz B. > 1 × 106 0.4–0.6 Constant 

Munoz and Taheri (2017) Sandstone 0.18 × 10−4 /s UCT – – Damage 

Ma et al., (2017) Salt 0.025 –0.1 Hz TCT – – Constant 

Rukhaiyar and Samadhiya 

(2018) 
Limestone 0.05 - 0.4 kN/s UCT 2.0 × 101 0.9 

Damage, 

Constant 

Su et al., (2018) Granodiorite 0.2 - 3.0 Hz True TCT – – Constant 

Sun et al., (2017) Sandstone – TCT – – Constant 

Liu et al., (2018) Artificial 1 Hz UCT 2.4 × 103 – Constant 

Liu et al., (2018) Sandstone 0.5 - 1.5 kN/s D.S. 5.0 × 102 – Constant 

Liu et al., (2018) Artificial 1.0–10 Hz UCT 2.5 × 103 – Constant 
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Reference Material Frequency, rate Type N max 
Fatigue 

Limit 

Loading 

form 

Liu et al., (2018) Artificial – UCT – – Variable 

Meng et al., (2018) Sandstone 0.5–4 kN/s UCT – – Damage 

Ning et al., (2018) Coal 0.002 mm/s TCT – – Damage 

Zhou et al., (2019) Beishan granite 0.05 MPa/s TCT 1.4 × 101 – Damage 

Peng et al., (2019) Sandstone 
0.1 Hz, 

0.02%/min 
TCT 2.4 × 102 – Constant 

Peng et al., (2019) Sandstone 
0.1, 0.3, 0.5 Hz, 

0.02%/min 
TCT 2.4 × 102 – Constant 

Note: UCT, TCT, UTT, Flx., Brz., B., and D.S. stand for Uniaxial compression test, Triaxial compression test, 

Uniaxial tension test, Flexion, Brazilian, Bending, and Direct shear, respectively. 

Interval mode is when a time interval is imposed between cycles at a constant amplitude and without changing 

the load level.  
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Change in mechanical properties of rocks under static loading has been widely studied and documented.
However, the response of rocks to cyclic loads is still a much-debated topic. Fatigue is the phenomenon
when rocks under cyclic loading fail at much lower strength as compared to those subjected to the
monotonic loading conditions. A few selected cored granodiorite and sandstone specimens have been
subjected to uniaxial cyclic compression tests to obtain the unconfined fatigue strength and life. This
study seeks to examine the effects of cyclic loading conditions, loading amplitude and applied stress level
on the fatigue life of sandstone, as a soft rock, and granodiorite, as a hard rock, under uniaxial
compression test. One aim of this study is to determine which of the loading conditions has a stronger
effect on rock fatigue response. The fatigue response of hard rocks and soft rocks is also compared. It is
shown that the loading amplitude is the most important factor affecting the cyclic response of the tested
rocks. The more the loading amplitude, the shorter the fatigue life, and the greater the strength
degradation. The granodiorite specimens showed more strength degradation compared to the sandstone
specimens when subjected to cyclic loading. It is shown that failure modes of specimens under cyclic
loadings are different from those under static loadings. More local cracks were observed under cyclic
loadings especially for granodiorite rock specimens.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
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1. Introduction

In situ rock is basically subjected to monotonic and cyclic or
dynamic loadings. A proper and detailed understanding of how the
mechanical properties of rock change when subjected to different
loading scenarios is required for the safe and proper design and
construction of civil, mining and geotechnical engineering struc-
tures such as underground openings, tunnels, rock pillars, foun-
dations and for better understanding of other related operations
such as drilling and blasting. Cyclic loadings are generated by
seismic events, earthquakes, blasting, repetitive loadings and ex-
plosions which affect either surface or underground rock structures
(Fig. 1). As shown in Fig. 1, the stability of an underground exca-
vation (openings like tunnels, galleries, caverns and shafts) is not
only controlled by rock microstructures, geological features and in
situ stress state, but also by the type of loading which could be
.au (R. GeranmayehVaneghi).
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static or dynamic. The period of cyclic loading, its frequency and
stress level are important factors which govern the influence of
cyclic loading on a rock body. Hence, the mechanical properties of
rock under cyclic or dynamic loading should be different from those
under static loading condition.

It has beenwidely acknowledged that a rock structure subjected
to cyclic loading often fails prior to reaching its designed stress level
or bearing capacity of its static uniaxial compressive strength (UCS).
The mechanism is widely referred to as “fatigue” (Eberhardt et al.,
1998). Fundamental rock structures, as mentioned above, are
often subjected to cyclic loadings and their mechanical strengths
experience degradation along with the loading period. Therefore,
the effects of cyclic loading on stability and serviceability of rock
structures cannot be neglected.

From the literature review, it was found that some researchers
focused on the variation and degradation of intact or jointed rock
properties under uniaxial and triaxial cyclic loadings and some
others investigated the fatigue damage mechanism. It was first
reported by Burdine (1963) that the pore pressure and confinement
affected the cyclic response of sandstone, and rock fatigue strength
decreased and increased at high pore pressure and confinement,
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Fig. 1. Typical schematic view of rock cyclic problems and their important factors in underground excavation design as well as other common influencing factors. s1 and s3 are the
major and minor principal stresses, respectively; and smin, smax, and sa are the minimum stress, maximum stress, and loading amplitude stress levels, respectively, during a cyclic
loading.
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respectively. Attewell and Farmer (1973) also examined the
strength degradation of concrete, mortar and rock under cyclic
loading. They revealed that the fatigue strengths of their tested
materials decreased up to 50e70% compared to the static strength.
Prost (1988) investigated the effect of pre-existing joints in Pikes
Peak granite and Dakota sandstone on the crack initiation and
propagation under compression-tension cyclic loading. He re-
ported that the rocks generally failed at low number of cycles when
loaded under higher stress levels and loading amplitudes. Macro
tests conducted by Singh (1989) also concluded that cyclic loadings
led to progressive weakening of rocks and in particular showed that
there was a remarkable drop in the UCS of rocks following cyclic
loading.

Tao andMo (1990) attempted to correlate the experimental data
of fatigue life to the mechanical properties of a rock specimen. They
developed a constitutive equation to explain the stressestrain
curves for cyclic loading. However, there is no single validated rule
to describe the cyclic loading behavior of a rock. The equation
developed by Tao and Mo (1990) only gives a best fit under given
conditions.

The effects of cyclic loading and strain rate on the uniaxial
strength of sandstone were studied by Ray et al. (1999). They re-
ported that the degradation of rock strength is noticeable at higher
maximum stress levels. According to their results, the axial failure
strain was also relatively higher at higher stress levels.

Bagde and Petro�s (2005a) reported that the fatigue strength and
Young’s modulus of sandstone decreased and increased, respec-
tively, with the loading frequency. Bagde and Petro�s (2005b) re-
ported that the loading machine showed sensitivity to high loading
amplitude applied at high loading frequency, and found that the
real applied loading amplitude was remarkably lower than the
target loading amplitude. Bagde and Petro�s (2005c) also revealed
that the cyclic dynamic responses are different under different
loading waveforms and loading rates. The sine waveform was
found to have a stronger dynamic effect than a ramp (triangle)
waveform. It was reported that damage accumulates most rapidly
under square waveforms (Gong and Smith, 2003); however, it is
purely of academic interest. Because the loading rate of a square
waveform is theoretically infinite in a quarter of a cycle, its dy-
namic effect is similar to an impact load (Xiao et al., 2008). The
effects of loading amplitude and frequency on the strength
degradation and deformation behavior of rocks under uniaxial
cyclic compression were also studied by Bagde and Petro�s (2009).
They reported that the microstructure, texture and quartz content
of the rock specimens affect the fatigue strength and cyclic dy-
namic response. It was found that the microfracturing is the main
cause of fatigue failure.

Different damage variables used to examine the damage evo-
lution under cyclic loading were discussed by Xiao et al. (2009,
2010). When the permanent strain was plotted against the num-
ber of cycles, it was observed that the three-stage inverted S-sha-
pedmodel is well capable of describing thewhole process of fatigue
damage development. The curve can be divided into three phases.
The shape of the curve is dependent on the rock properties and
magnitude of stress applied to the rock. The three phases may be
associated with the three stages that a crack undergoes, i.e. crack
initiation, stable propagation and unstable propagation (Xiao et al.,
2009). Bastian et al. (2014) conducted uniaxial and triaxial cyclic
compressive tests on Hawkesbury sandstone to examine the vari-
ation in its mechanical properties under cyclic loading conditions.
Rapid evolution of damage was observed as unloading initiation
stress and unloading amplitude increased. The variations of me-
chanical parameters and failure mechanism of Lac du Bonnet
granite under uniaxial cyclic loading were discussed by Ghazvinian
(2015). He described the relationship between the critical stress
thresholds (crack initiation and crack damage thresholds) and the
fatigue damage pattern during the cyclic process. Taheri et al.
(2016) also studied the change in mechanical properties of the
Hawkesbury sandstone during various cyclic loading conditions
using uniaxial and triaxial compression tests. They reported that
the unstable crack propagationwas observed at approximately 65%
of the cumulative axial strain.

To date, most of previous works attempted to evaluate the
change in mechanical properties of rocks under different cyclic



Fig. 2. Photomicrographs of (a) granodiorite and (b) sandstone in XPL. Qtz, Plag, Orth
and Biot stand for quartz, plagioclase, orthoclase and biotite, respectively.
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loading conditions. Few studies, however, have addressed the
question: Which of the maximum stress level and loading ampli-
tude has a stronger cyclic effect? Moreover, the cyclic response of
soft rocks and hard rocks is not fully understood. As mentioned
previously, the fatigue behavior of hard rocks such as granodiorite
and soft rocks such as sandstone, which are very common rocks in
most rock structures, was always of great importance. The cyclic
behaviors of these two kinds of rocks under constant frequency but
with varying loading stress amplitude and stress level are pre-
sented in this study.

2. Experimental set-up

2.1. Rock specimens

Among the intrusive rocks, granite and granodiorite are the
most common and frequently encountered ones in most under-
groundmining activities. In addition, as a result of the high strength
of granitic rock, it is also widely used in the construction industry.
Sandstone is also bedrock for rock structures and its behavior is
different from a hard rock like granodiorite. The rock specimens
were obtained from sandstone and Gosford granite/granodiorite
outcrops quarry in New South Wales, Australia. Petrographic thin
section analysis shows that granodiorite is weakly altered coarse-
grained leucocratic holocrystalline and it contains anhedral
quartz (20e30%), orthoclase (w20%), subhedral, zoned plagioclase
(20e30%) and medium-grained flakes biotite (w10%). Sandstone is
fine-grained and well-sorted and dominated by sub-rounded to
angular quartz (w80%). The matrix material consisting of clay and
sericite accounts for around 10% of the specimen. The intergranular
porosity of this sandstone is approximately 10%. Photographs of the
analyzed specimens from these two rock types in cross polarized
light (XPL) are shown in Fig. 2. The typical specimens of granodi-
orite and sandstone are shown in Fig. 3. The densities of tested
sandstone and granodiorite specimens were 2204 kg/m3 and
2524 kg/m3, respectively.

Specimens were available in two sizes: regular-size with
diameter of about 54 mm and height of 131 mm and small-size
with diameter of 42 mm and height of 102 mm. Seven (five small-
size and two regular-size) specimens of granodiorite and seven
(four small-size and three regular-size) of sandstone were tested to
determine their UCS values. The sandstone specimens were oven-
dried for 24 h so as to eliminate any moisture present therein.
Since the average water content was determined to be very low
(equal to 0.3%), the effect of water content on the obtained results
was neglected.

2.2. Equipment

The tests were done using a GCTS uniaxial testing system UCT
1000, as shown in Fig. 4. The machine is fitted with a computer-
controlled axial actuator and can load a specimen by controlling
the loading rate or strain rate. The UCT 1000 is capable of per-
forming both dynamic and static tests, and the data obtained from
the tests are collected automatically using PC-based software.

The specimens were loaded using a servo-controlled loading
machine. The linear variable differential transformers (LVDTs) were
used for simultaneous readings of axial, radial and volumetric
strains. UCS values for all specimens were recorded for analysis.

2.3. Methodology

Some laboratory tests have been performed through use of
uniaxial cyclic loading to investigate the mechanical fatigue be-
haviors of the tested rocks. The granodiorite and sandstone
specimens, used for cyclic loading, were in the same size as those
used for monotonic uniaxial compression loadings.

Uniaxial monotonic compression tests were conducted on both
rock types. The average UCS for the tested specimens was used as
the guiding maximum possible strength of the rock and to define
the maximum stress level of cyclic loading. Table 1 shows the
average UCS for regular- and small-size granodiorite and sandstone
specimens. The stressestrain curves of uniaxial tests on small-size
specimens are illustrated in Fig. 5.

The uniaxial cyclic tests were carried out in a stress control
mode. The loading waveformwas sine waveformwhich has already
been found to have a stronger dynamic effect than a ramp (triangle)
waveform (Bagde and Petro�s, 2005c). The loading amplitudes were
varied yet frequency was kept constant at 1 Hz. Two types of cyclic
loadings were considered in these uniaxial cyclic tests. These two
types were constant mean stress level or constant cyclic loading
(CCL), and increasing mean stress level or stepped cyclic loading
(SCL). The cyclic loading path with respect to time is illustrated
schematically in Fig. 6.

The CCL was designed to examine the effects of loading ampli-
tude and the maximum stress level on fatigue strength. The
regular-size specimenswere tested under a CCL conditionwhile the
testing for the small-size specimens was done in a SCL manner.



Fig. 3. Typical specimens of (a) granodiorite and (b) sandstone before testing.
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Under SCL conditions, the loading amplitude was kept constant
whereas the maximum stress level was increased step by step.
These tests were designed to find the fatigue stress of the tested
rocks and to explore the effect of maximum stress level on the fa-
tigue strength. For the SCL tests, the initial mean stress was set and
the specimen was loaded at a set amplitude for a specific time t. If
no failure occurred, the mean stress was raised and the amplitude
was kept constant and again the loading was done for another
period of time t. This stepwise increase of mean stress was done up
to the failure point. The maximum stress level was set as 75e90% of
static strength (UCS) for the granodiorite specimens and 85e97% of
UCS for the sandstone specimens. The amplitude stresses were set
as 3e8 MPa and 5e10 MPa in cyclic tests conducted on sandstone
and granodiorite specimens, respectively. The specimenwas axially
loaded up to the mean stress level (the average of the maximum
and minimum stress levels, smean) in the load control mode with
loading rates of approximately 1 kN/s and 0.23 kN/s for regular- and
small-size sandstone specimens and 3.3 kN/s and 0.23 kN/s for
regular- and small-size granodiorite specimens, respectively. Since
the results of the cyclic tests on regular specimens were somewhat
scattered, the loading rate on small-size specimens was set rela-
tively low. However, for the cyclic tests, it was attempted to set the
loading rate of the initial loading to be the same as that of the
uniaxial monotonic tests.

3. Results and discussion

The effects of the maximum stress level and loading amplitude
on fatigue life and strength degradation of the tested rocks were
investigated by uniaxial cyclic tests. As mentioned earlier, two
types of cyclic loadingswith constantmean stress level, named CCL,
and increasing mean stress level cyclic loading, named SCL, were
considered in these tests. Table 2 shows the experimental scheme
and obtained results of uniaxial compression cyclic tests for both
granodiorite and sandstone specimens. It is noteworthy that some
specimens (St.-R-9, G-R-3 and G-R-4) were reloaded when they did
not fail after a large number of cycles during the first loading path of
CCL tests. Therefore, the results for specimens St.-R-10, G-R-5 and
G-R-6 were used to analyze the effect of cyclic loading history on
their fatigue response. Although these three specimens were
loaded at a higher mean stress level for the second time, they were
put into the CCL category.

Characteristics of all SCL paths are detailed in Table 3. As can be
seen, in all SCL, the loading amplitudes (sa) were constant yet the
mean stress levels were varied. According to this table, the mean
stress level and loading amplitude of specimen St.-S-5, for instance,
were set to 34.5MPa and 3MPa, respectively, for the first step. Then
the specimen would be loaded for up to 30 min (1800 cycles). If it
did not fail, the test would continue for another 1800 cycles within
the second step in which the mean stress level would be increased
to 37 MPa under the same loading amplitude (3 MPa). This pro-
cedure would be continued up to the failure point of the specimen.

Fig. 7 shows the stressestrain curves for the cyclic tests carried
out on regular- and small-size specimens of granodiorite and
sandstone. As displayed in Fig. 7a, the sandstone specimens St.-R-5,
St.-R-6, St.-R-8 and St.-R-10 failed at 30.92 MPa, 30.89 MPa,
32.84 MPa and 33.84 MPa, respectively. Fig. 7b also presents that
specimens St.-S-5, St.-S-6 and St.-S-7, which were loaded under



Fig. 4. (a) Machine set-up and (b) LVDTs configuration to measure the axial and radial
deformations.

Table 1
Average UCS of small- and regular-size granodiorite and sandstone specimens.

Rock type Specimen No.a UCS (MPa) Average UCS (MPa)

Sandstone St.-R-1 35.6 36.2
St.-R-2 35.3
St.-R-3 37.6
St.-S-1 43.76 44
St.-S-2 52.11b

St.-S-3 45.21
St.-S-4 42.95

Granodiorite G-R-1 116.71 120
G-R-2 123.25
G-S-1 86.7 105.1
G-S-2 103
G-S-3 124.6
G-S-4 103.3
G-S-5 107.7

a St.: sandstone; G: granodiorite; R: regular-size specimen; S: small-size
specimen.

b This specimen was not considered in the calculation of average UCS, since its
strength seems to be quite different from the approximate strength values obtained
for the three specimens.

Fig. 5. Stressestrain curves for monotonic uniaxial compression tests conducted on
small-size (a) sandstone and (b) granodiorite specimens.
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3 MPa, 5 MPa and 6 MPa, failed at 39.47 MPa, 38.03 MPa and
35.69 MPa, respectively. The greater the loading amplitude, the
lower the fatigue strength. The regular-size granodiorite specimens
G-R-5, G-R-6 and G-R-7 failed at 85.09 MPa, 102.4 MPa and
93.11 MPa, respectively (Fig. 7c). The small-size granodiorite spec-
imens (G-S-6 and G-S-7), as illustrated in Fig. 7d, failed at
83.33 MPa and 79.4 MPa, respectively. These two specimens failed
at the first step of SCL even though it was planned to load them
under different stress levels during the fatigue process. The results
are explained in detail in the following sections.
3.1. Effect of maximum stress level

The analysis of fatigue behavior of specimens as well as strength
characteristics under various maximum stress levels has been
carried out. In Table 2, the maximum stress levels were inadequate
to influence the fatigue behavior of some rock specimens, either for
granodiorite or sandstone.

As can be found in Table 2, the sandstone specimens St.-R-4 and
St.-R-9 did not fail even after a large number of cycles when they
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Fig. 6. Schematic illustration of cyclic loading path with (a) CCL and (b) SCL.
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were loaded under the maximum stress levels of 30 MPa (83.3% of
UCS) and 32 MPa (88.8% of UCS), respectively. This was also
observed during the cyclic tests on small-size sandstone specimens,
St.-S-5 and St.-S-6, under the maximum stress levels of 85.2% of
UCS (37.5 MPa) during the first step of SCL path. As the maximum
stress level exceeded 90% of UCS, all sandstone specimens failed
and fatigue life decreased as well. The specimens St.-S-5 and St.-S-
6, as can be seen in Table 2, yielded when the applied maximum
stress level increased to 91% of UCS (40MPa) during the second step
of SCL. The effect of the maximum stress level on strength degra-
dation of specimens St.-R-5 and St.-R-8 was more noticeable. They
Table 2
Experimental scheme of uniaxial compression cyclic tests for both granodiorite and sand

Rock type Specimen No. Loading
type

smin (MPa) smean

(MPa)
smax

(MPa)
smax/UCS (%)

Sandstone St.-R-4 CCL 20 25 30 83.3
St.-R-5 24 29 34 94.4
St.-R-6 26 29 32 88.8
St.-R-7 18 26 34 94.4
St.-R-8 18 26 34 94.4
St.-R-9 20 26 32 88.8
St.-R-10 24 29 35 97.2
St.S-5 SCL 31.5 34.5 37.5 85.2
St.-S-6 27.5 32.5 37.5 85.2
St.S-7 25.5 31.5 37.5 85.2

Granodiorite G-R-3 CCL 80 85 90 75
G-R-4 84 89 94 78.3
G-R-5 79 89 99 82.5
G-R-6 86 96 106 88.3
G-R-7 81.5 89 96.5 80.41
G-S-6 SCL 70 77.5 85 81
G-S-7 65 75 85 81

Note: sf is the fatigue strength.
failed just after 65 cycles and 71 cycles (shorter fatigue life),
respectively, since they were loaded under a higher maximum
stress level of 94.4% of UCS (34 MPa).

Comparing the results of specimens St.-R-4 and St.-S-6 with that
of St.-R-5, under the same loading amplitude of 5 MPa, it can be
seen that the fatigue life of specimens decreased as the maximum
stress level increased. The specimen St.-R-5 failed after 65 cycles
under a maximum stress level of 34 MPa (94.4% of UCS), whereas
both specimens St.-R-4 and St.-S-6 did not fail under the maximum
stress of 83.3% and 85.2% of UCS, respectively, even after a large
number of cycles.

A similar result was also obtained for granodiorite specimens.
Specimens G-R-3 and G-R-4 did not fail after 1 h (about 3600 cy-
cles) and 2 h (about 7200 cycles) of loading under the maximum
stress levels of 90 MPa (75% of UCS) and 94 MPa (78.3% of UCS),
respectively, however, they failed when the maximum stress levels
increased to 82.5% and 88.3% of UCS (results of G-R-5 and G-R-6),
respectively. The fatigue life and strength (sf) of specimen G-S-7
under a maximum stress level of 85 MPa (81% of UCS) were
compared with those of G-R-5 and G-R-6 under higher maximum
stress levels of 99 MPa and 106 MPa (82.5% and 88.3% of UCS),
respectively. It was found that the loading history had a great effect
on cyclic response even though the loading amplitude was equal to
10 MPa for all specimens. Since G-R-5 and G-R-6 failed under a
larger number of cycles compared to G-S-7, the strain-hardening
behavior is clear, because they have already been loaded under
cyclic conditions and experienced the fatigue process. As can be
seen, specimen G-R-6, which had already been loaded under the
maximum stress level of 78.3% of UCS, failed after 217 cycles, while
specimen G-R-5, which had already experienced loading under a
maximum stress level of 75% of UCS, failed after 313 cycles. Thus it
can be stated that when a rock experienced a higher loading level at
previous loading stages, yet less than the fatigue stress threshold, a
shorter fatigue life would be resulted in.

A similar finding was also reported by other researchers. Ac-
cording to Singh (1989) and Momeni et al. (2015), the rock material
tends to fail at a low number of cycles and has a shorter fatigue life
as the maximum stress level increases (Fig. 8). As can be seen in
Fig. 8, when the maximum stress level exceeded 90% of monotonic
compressive strengths of granodiorite and graywacke, they failed at
a number of cycles less than 200. Whereas when the graywacke, for
instance, was loaded at 88% of UCS, it sustained more than 6000
cycles. It can be concluded that every rock material has a strength
threshold, named as fatigue strength, and the rock fails at a low
stone specimens.

sa (MPa) sf (MPa) sf/UCS (%) Number
of cycles

Remarks

5 Not failed after 2 h
5 30.92 85.9 65
3 30.89 85.8 12
8 Failed before cyclic loading starts
8 32.84 91 71
6 Not failed after 2 h
6 33.84 94 449 Continued on specimen St.-R-9
3 39.47 89.7 2153 Failed on the second step
5 38.03 86.4 1930 Failed on the second step
6 35.69 81.1 470 Failed on the first step
5 Not failed after 1 h
5 Not failed after 2 h

10 85.09 71 331 Continued on specimen G-R-3
10 102.4 85.3 217 Continued on specimen G-R-4
7.5 93.11 77.6 7
7.5 83.33 79.3 9 Failed on the first step

10 79.4 75.6 191 Failed on the first step



Table 3
Detail of loading path for specimens loaded under SCL tests.

Rock type Specimen No. Step smean (MPa) sa (MPa) Loading sequence

Sandstone St.S-5 1 34.5 3 Loading for 30 min. If no failure, increase mean stress to 37 MPa
2 37 Loading for 30 min. If no failure, increase mean stress to 39 MPa
3 39 Loading for 30 min. If no failure, increase mean stress to 41 MPa
4 41 Loading for 30 min. If no failure, stop test

St.S-6 1 32.5 5 Loading for 30 min. If no failure, increase mean stress to 35 MPa
2 35 Loading for 30 min. If no failure, increase mean stress to 37 MPa
3 37 Loading for 30 min. If no failure, increase mean stress to 39 MPa
4 39 Loading for 30 min. If no failure, stop test

St.-S-7 1 31.5 6 Loading for 30 min. If no failure, increase mean stress to 34 MPa
2 34 Loading for 30 min. If no failure, increase mean stress to 36 MPa
3 36 Loading for 30 min. If no failure, increase mean stress to 38 MPa
4 38 Loading for 30 min. If no failure, stop test

Granodiorite G-S-6 1 77.5 7.5 Loading for 1 h. If no failure, increase mean stress to 82.5 MPa
2 82.5 Loading for 1 h. If no failure, increase mean stress to 87.5 MPa
3 87.5 Loading for 1 h. If no failure, increase mean stress to 92.5 MPa
4 92.5 Loading for 1 h. If no failure, increase mean stress to 122.5 MPa
5 112.5 Loading for 1 h. If no failure, stop the test

G-S-7 1 75 10 Loading for 1 h. If no failure, increase mean stress to 80 MPa
2 80 Loading for 1 h. If no failure, increase mean stress to 85 MPa
3 85 Loading for 1 h. If no failure, increase mean stress to 90 MPa
4 90 Loading for 1 h. If no failure, increase mean stress to 110 MPa
5 110 Loading for 1 h. If no failure, stop the test
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number of cycles when the maximum stress level is more than this
threshold, if other testing conditions remain constant. Thus the
maximum applied stress level is of great importance in assessing
the mechanical parameters of rock and design of any structure
which will be operated under a cyclic loading condition.
Fig. 7. Stressestrain curves for uniaxial cyclic tests conducted on (a) regular- and (b) small
3.2. Effect of loading amplitude

Amplitude is a key factor when analyzing the cyclic loading, as it
is an indicator of how much the maximum and minimum stresses
vary from the mean stress and it also determines the values
-size sandstone specimens, and (c) regular- and (d) small-size granodiorite specimens.



Fig. 8. Effect of the maximum stress level on fatigue life of granodiorite and gray-
wacke. Data obtained from Singh (1989) and Momeni et al. (2015) under loading
frequency of 1 Hz.

Fig. 9. Effect of loading amplitude on fatigue life of rock material under cyclic loading.
Data obtained from Singh (1989), He et al. (2016) and Taheri et al. (2016).
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expected for the maximum stress reached. Even with a slightly
lower initial loading stress, the specimens subjected to higher
magnitudes of amplitude failed sooner than those under low
amplitudes.

Comparing the fatigue life and strength of small-size sandstone
specimens, St.-S-5 and St.-S-6, under the same maximum stress
level, it is clear that the fatigue life and strength of sandstone
decreased as the loading amplitude increased from 3MPa to 5 MPa.
Specimen St.-S-5 with loading amplitude of 3 MPa failed after 2153
cycles during the second stage of SCL when the maximum stress
level was 40 MPa. Specimen St.-S-6, whereas, with loading ampli-
tude of 5 MPa, failed after 1930 cycles during the second stage of
SCL when the maximum stress level was 40 MPa. The fatigue
strength of specimen St.-S-6 loaded under a higher loading
amplitude was 38.03 MPa (86.4% of UCS), lower than that of
specimen St.-S-5, which was 39.47 MPa (89.7% of UCS).

Comparing the fatigue life and strength of specimen St.-S-7
with those of specimens St.-S-5 and St.-S-6, it suggests that the
effect of loading amplitude is stronger than that of the maximum
stress level. Specimen St.-S-7 loaded under a maximum stress
level of 85.2% of UCS with higher loading amplitude of 6 MPa
failed during the first step of SCL, after just 470 cycles (shorter
fatigue life) and lower fatigue stress (81.1% of UCS) compared to
St.-S-5 and St.-S-6 that did not fail during the first step (at the
same maximum stress level of 85.2% of UCS). These two specimens
failed during the second stage when the maximum stress level
increased to 91% of UCS. Thus it can be concluded that the rock
would more easily yield at a lower maximum stress level with
higher loading amplitude than at a high maximum stress level
with low loading amplitude. This finding, however, needs to be
validated by more experimental data. The importance of loading
amplitude has also been stated by Attewell and Farmer (1973)
when they compared the cyclic response of rocks under different
loading amplitudes and frequencies. They believed that failure of
rock occurs more easily at low-frequency dynamic stress with
higher amplitude than at high-frequency dynamic stress with low
loading amplitude.

As can be found in Table 2, if the fatigue strengths of granodi-
orite specimens G-S-6 and G-S-7 are compared, the fatigue
strength of G-S-6 with loading amplitude of 7.5 MPawas 83.33 MPa
(79.3% of UCS) compared to that of 79.4 MPa (75.6% of UCS) for G-S-
7 with higher loading amplitude of 10 MPa.

The effect of loading amplitude on fatigue life was also reported
by Singh (1989), He et al. (2016) and Taheri et al. (2016). The more
the loading amplitude, the shorter the fatigue life. As shown in
Fig. 9, the graywacke specimens sustained 10,189 cycles under
loading amplitude of 50 MPa, while they failed at 287 cycles when
the loading amplitude increased to 83 MPa (Singh, 1989). As
illustrated in this figure, this trend was also reported by He et al.
(2016) and Taheri et al. (2016) for their tested sandstone speci-
mens. The sandstone specimens were loaded more than 100 cycles
under loading amplitude of 40 MPa, whereas they failed just after 2
cycles as the loading amplitude increased to 47 MPa (Taheri et al.,
2016). The sandstone specimens tested by He et al. (2016)
showed a similar result. Specimens sustained loading up to 233
cycles when the loading amplitude was less than 10 MPa, while
they failed after 20 cycles when the loading amplitude was more
than 60 cycles.

3.3. Fatigue strength

The fatigue strength of the tested rocks can be determined from
the results discussed above. As previously mentioned, each type of
rock has a strength threshold at which it can sustain loading under
a large number of cycles if the loading level is less than this
threshold. According to Table 2 and based on the discussion in
previous sections, the fatigue strengths of sandstone and granodi-
orite specimens can be taken as 90% and 80% of their UCS values,
respectively. Thus the fatigue strengths of regular- and small-size
sandstone specimens are 32 MPa and 40 MPa, respectively. These
amounts were found equal to be 96 MPa and 85 MPa for regular-
and small-size granodiorite, respectively.

Based on the fatigue strengths of sandstone and granodiorite, it
can be concluded that the fatigue strength of hard rocks is relatively
lower than that of soft rocks. Thus the brittle rocks are more prone
to be weakened under cyclic loading than ductile rocks. The more
brittle the rock, the more the strength degradation, and the less the
fatigue strength.

3.4. Failure modes of the tested rock specimens

Damage mechanism was always an interesting topic to figure
out how solid materials fail by fracturing and cracking. Identifying
crack development through laboratory tests would improve our
understanding of the real failure process in practice (Eberhardt,
1998). The failure modes of the tested sandstone and granodiorite
specimens are presented in Fig. 10. As can be seen in this figure,
there were more fractured planes observed on both sandstone and
granodiorite specimens after cyclic loading compared to static
loading tests. The main shearing plane (named 1) is accompanied
by axial tensile cracks (named 2) for both specimens under cyclic
loading. More tensile splitting cracks were observed under a cyclic
loading condition. Since the granodiorite rock is more brittle, there
was more powder on the fracture planes after the cyclic tests,
which is an indication of fatigue failure. This pattern was also
observed byWang et al. (2013). Similar failure modes for sandstone
specimens under triaxial monotonic and cyclic tests were also re-
ported by Liu et al. (2011, 2012) and Yang et al. (2015).



Fig. 10. Failure modes of tested (a) sandstone and (b) granodiorite specimens under
static and cyclic loadings. Cracks named 1 are shearing cracks and the ones named 2
are axial tensile cracks.
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3.5. Rock nonhomogeneity and response to cyclic loadings

During laboratory testing of granodiorite and sandstone speci-
mens subjected to uniaxial cyclic loadings, there were some dis-
parities observed in the fatigue failure of rock specimens. Some
specimens developed immediate failure and premature yielding
though the loading amplitude was minimal and the maximum
stresses were not significantly high. However, a few specimens
have shown no yielding or axial strain and lateral strain as a result
of dynamic deformation failure. One significant observation noted
is that fatigue characteristics are dependent on geological condi-
tion, in situ stress and depth of core extraction as well as chemical
composition of the rock microstructure formation. The unlikely
variability in cyclic failure is an obvious heterogeneity of the rock
specimens due to changes in in situ stress distribution, whichmight
have altered the mechanical properties of the intact rock, i.e.
strength, deformability and especially permeability initiated due to
development of network of stress relief cracks. These conditions
could have created stress corrosion phenomena and plenty of
weakening mechanical actions, i.e. weak strain bonds around the
crack tips thus facilitating crack propagation at lower stress levels.

Moreover, the perceived nonhomogeneity is a result of micro-
scale heterogeneity of the rock specimens. It is believed that the
presence of microstructures has created an additional dimension
on the nonhomogeneous specimen. There is room for expansion of
one or more individual micro-fractures into cleavage fractures
(splitting/extension mode) and a dramatic drop of load-bearing
capacity to abrupt failure.

4. Conclusions

Themain objectives for this study were to investigate the effects
of loading amplitude and stress on the mechanical properties of
sandstone and granodiorite and to understand how the cyclic
response differs from soft rock of sandstone to hard rock of
granodiorite. From the conducted tests and obtained results, the
following conclusions were drawn:

(1) The increasing mean stress level tests (SCL path) provides a
decent way to not only explore the effect of the maximum
stress level and loading amplitude on cyclic response of rocks
but also to investigate the effect of loading history on their
fatigue behavior.

(2) The fatigue life decreased with an increase in the maximum
stress level if the cyclic loading amplitude remained
constant.

(3) The decreases in the fatigue life and strength were evident
with increasing loading amplitude.

(4) The effect of loading amplitude is stronger than that of the
maximum stress level. The rock would more easily yield at a
lower maximum stress level with higher loading amplitude
than at high maximum stress level with lower loading
amplitude.

(5) The fatigue strength of hard/brittle rocks seems to be less
than that of soft/ductile rocks. The more brittle the rock, the
more the strength degradation, and the less the fatigue
strength.

(6) It is observed that more local cracks are formed after cyclic
loading tests compared to static loading tests.

Further experimental work, however, is required to be carried
out to validate that the loading amplitude has more cyclic effect
than the maximum stress level. Different rock types are suggested
to be tested under cyclic loading to precisely explore the difference
between fatigue response of hard rocks and soft rocks. It would also
be interesting to assess the effects of rock fabric and its heteroge-
neity on the fatigue response.
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