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ABSTRACT 
 
An experimental investigation was carried out on the Hawkesbury sandstone to study the mechanical 
rock behaviour (i.e. strength and deformability) during uniaxial and triaxial cyclic compressive testing. 
Axial load, confining pressures and axial and lateral deformations were measured continuously from 
start of loading until post-peak state. Cyclic tests were carried out at different confining pressures, 
stress levels and unloading amplitudes. Results indicate that damage increases with an increase in 
unloading stress level and unloading amplitude. It was observed that fatigue life of a confined 
specimen is longer than fatigue life of a sample without confinement. In addition, in cyclic loading 
tests, a relatively uniform accumulation in axial, lateral and volumetric strain follows by a rapid 
increase in strain as the sample headed towards failure. Moreover, during cyclic loading a continuous 
degradation in the tangent Young’s modulus until beginning of large plastic deformation was observed 
and then it decreased rapidly within few cycles before the failure. Poisson’s ratio increased during 
cyclic loading. This trend became very significant when unstable cracks begin to initiate inside the 
sample.  
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INTRODUCTION 
 
The underground excavation of rock results in the disturbance and redistribution of the in situ stress 
field. As a result, the surrounding undisturbed rock compensates for the excavated rock by supporting 
the redistributed stresses. With continuous mining activity, the burdened rock mass experiences 
further loading and unloading in the form of cyclic loading due to drilling and blasting, train and truck 
haulage vibrations and seismic events. In many engineering applications, particularly at shallow 
depths, jointed rock masses are common, and the rock mass strength is significantly lower than the 
intact rock strength. However, in the mining (and petroleum) industry, excavations can exist at much 
greater depths where the rock mass becomes tightly interlocked and essentially behaves as intact 
rock (Martin and Chandler 1994).  
 
Effects of cyclic loading on mechanical properties of geomaterials have been studied by several 
researchers. Taheri and Tatsuoka (2014) conducted a study on the effects of cyclic pre-shearing on 
the stress-strain behaviour of cement-mixed gravel. It was concluded that the decrease in peak 
strength by several relatively large unload/reload pre-cycles is insignificant. Koseki et al. (2003) 
conducted a series of cyclic triaxial tests to analyse residual deformation and small strain properties of 
soft rocks (mudstone and silt-sandstone). Only minor discrepancies between peak strengths were 
observed and were attributed to variation in specimen conditions including different extents of sample 
disturbance. Along with this, Singh (1989) discusses, however, that in some cases the applied stress 
level in cyclic loading does not cause rock failure during a very large number of cycles. Instead, the 
rock can become 'strain hardened' and in turn increases its uniaxial compressive strength. In contrast 
to the previous studies, the cyclic loading testing procedure can often also cause rock to fail at a 
stress lower than its determined compressive strength (Haimson 1978). Xiao et al. (2010) discussed 
that during cyclic loading rocks always fail at a stress level lower than their determined strength under 
monotonic loading. Badge and Petros (2005) also investigated the fatigue behaviour of intact 
sandstones samples under dynamic uniaxial cyclic loading. They concluded that rock strength 
decreases with dynamic loading due to progressive degradation of material strength. Taheri and Tani 
(2013) and Ray et al. (1999) also found that rock peak strength can be reduced by successive cyclic 
loading.     
  



Apart from peak strength Young’s modulus, E, and Poisson’s ratio, , behave differently depending on 
what compressive stress cyclic loading is initiated (Eberhardt et al. 1999). The effects of cyclic loading 
on the tangent Young’s modulus, Etan, can become significant and quite complicated (Taheri and 
Tatsuoka 2014). When considering the rate at which axial and lateral strain develops with respect to 
cyclic triaxial loading, Zhenyu & Haihong (1990) found that the lateral deformation of the specimen 
developed more rapidly than axial deformation. Zhenyu & Haihong (1990) observed that the higher the 
stress level or the larger the cyclic amplitude, the more obvious this behaviour became. Eberhardt et 

al. (1999) also looked at how E and  are effected as a result of initiating cyclic loading at different 

stages of crack damage. For cyclic loading above the crack damage threshold, E and  progressively 
decrease and increase respectively.  
 
The progressive deterioration properties of damaged rock can be highlighted by performing cyclic 
loading tests (Gatelier et al. 2002). Cyclic loading methods vary significantly depending on what rock 
properties and damage levels are of interest. This study aims to assess the effect of cyclic loading on 
the peak strength and deformability of Hawkesbury sandstone for comparison and further prediction of 
mechanical properties of the rock.  
 
 
1 TESTING SET-UP 
 
1.1 Sample Preparation 
 
Hawkesbury sandstone samples were cored and prepared according to ISRM (International Society 
for Rock Mechanics) standards with approximate dimensions of 100 mm in height and 42 mm in 
diameter. The axial and lateral strains were measured with pairs of axial and lateral strain gauges 
pasted on the centre of the specimens in axial and lateral directions. To prevent the strain gauges 
from being damaged different strain gauge protection methods were practiced. Figure 1 shows strain 
gauged specimen and Hoek cell testing set-up.  
 

a)                             b)  
Figure 1. a) Instrumented Hawkesbury sandstone b) Hoek cell testing set-up 

 
1.2 Loading Method 
 
A closed-loop servo-controlled testing machine with a loading capacity of 250 kN was used for the 
Hawkesbury sandstone specimens. The machine has a loading rate capability in the range of 0.001 – 
10 mm/s. To determine the peak strength of the Hawkesbury sandstone, monotonic tests were 
completed prior to commencing cyclic loading testing. All monotonic tests were performed in 
displacement controlled mode and loading rate was 0.05 mm/min.  
 
For the triaxial tests, a high pressure Hoek cell and hydraulic pressure system were used to apply and 
control the confining pressure. The machine has a LVDT to measure axial displacements and control 
axial loading. A ramp waveform was used to control the cyclic compressive tests. A ramp wave shape 
generates a triangular waveform, which is representative of an advancing tunnel face (Bagde & Petroš 
2005). 
 
Systematic cyclic loading was simulated by applying a number of identical cycles to Hawkesbury 
sandstone specimens until failure.  The loading and unloading rates during cyclic tests were 1 and 3 
mm/min respectively. Tests were performed at 0 and 4 MPa confining pressure, σ3. To study the effect 
of stress level on progressive damage, the deviator stress at which cyclic loading was initiated, qun, 



was varied and it was set at 0.80-0.95 of peak strength during monotonic loading, qf. In addition, the 
cyclic loading amplitude, qb, was set at 0.5qun, 0.75qun, 0.8qun and 1.0qun. 
 
In addition, to study the degradation of rock stiffness after a systematic cyclic loading, one different 
uniaxial and one different triaxial cyclic loading tests were completed. The loading cycles involve 1 
slow cycle, followed by 50 fast cycles and repeated 4 times. The tests are referred to as interval cyclic 
loading tests due to the repeated intervals of 1 slow cycle followed by 50 fast cycles. qun was chosen 
to be significantly lower than the qf, in order to apply over two hundred cyclic loads without failing the 
specimen. If the rock had not failed after 4 intervals the rock was then loaded until failure under the 
slow loading rate. 
 

 
2 TESTS RESULTS 
 
A total of 24 tests were conducted for this study. This consisted of 12 uniaxial tests (3 monotonic, 9 
cyclic) and 12 triaxial tests (4 monotonic, 8 cyclic). The test results were compiled to plot graphs of the 
applied deviator stress (q) against the axial strain measured by the LVDT, the axial (εax) and lateral 
strain (εlat) recorded by strain gauges and the volumetric strain (εvol). 
 

            
Figure 2. Example of uniaxial monotonic test results  

 

          
Figure 3. Example of triaxial monotonic test results  

 
2.1 Monotonic Tests 
 
Figure 2 displays uniaxial monotonic testing results for samples HS1 and HS3. Monotonic testing was 
used to obtain the failure strength, qf, of an unconfined specimen to determine the stress level at 
which cyclic loading should be initiated, qun. The average peak monotonic strength for uniaxial loading 
was 47.1 MPa. The amount of axial strain measured by the axial external LVDT is larger than that 
recorded by strain gauges. This is because of the bedding errors and also deformations in loading 
piston, cap, and axial loading system, which were included in the recorded displacements by the axial 
external LVDT.  
 
Figure 3 displays triaxial monotonic testing results for samples HS15 and HS18. These tests were 
used to obtain the failure strength, qf, of a specimen confined at confining pressure (σ3) = 4MPa to 
determine the stress level at which cyclic loading should be initiated, qun. Due to sample variability a 

a) 

a) 

b) 

b) 



wide range of monotonic strengths were measured, ranging between 61 MPa and 82 MPa. The 
average peak monotonic strength for triaxial loading was 69.2 MPa. 

 

          

           
Figure 4. Examples of uniaxial cyclic loading test results for HS4 & HS7 

 

          

           
Figure 5. Examples of triaxial cyclic loading test results  
 

a) b) 

c) d) 

a) b) 

c) d) 



             
Figure 6. Examples of Interval cyclic loading tests results  
 
2.2 Cyclic Tests 
 
Figure 4 summarises results for uniaxial cyclic loading tests HS4 and HS7. Both tests were conducted 
under the full unloading (100% unloading amplitude) cyclic testing regime, requiring 70 and 106 cycles 
to failure respectively. Cyclic loading was initiated at 42.6 MPa and 40.3 MPa respectively causing a 
failure of the samples at 87% and 82% of the peak monotonic strength. 
 
Figure 5 demonstrates sample results for triaxial cyclic loading tests. Stress-strain relations for test 
HS12 and test HS16 are shown in this figure. Test HS12 was conducted with unloading amplitude of 
80% and HS16 conducted under full unloading (100%). Cyclic loading was initiated at 74.6 MPa and 
68.8 MPa, requiring 42 and 129 cycles until failure respectively. In addition, Figure 6 shows results of 
test HS21 which is an interval cyclic loading test.  
 
 
3 PROGRESSIVE ROCK DAMAGE 
 

4.1 Cumulative Strain Variations 
 
When a sample experiences the load that exceeds the elastic limit of the sample, it will incur a 
permanent strain. This permanent strain is accumulated incrementally with each cycle. That is, the 
incremental accumulation of strain increases as the stress approaches the crack damage threshold. 
Cumulative strain can be used to represent the non-visible damage incurred on a specimen. The 
cumulative strain at each damage increment is the difference in strain value from the peak of each 
successive loading cycle to the peak of the primary loading curve as shown in Figure 7. In order to 
study the behaviour of this cumulative strain the axial, lateral and volumetric strain (ωax, ωlat, ωvol) for 
the two full unloading tests were plotted against damage increments as shown in Figures 8 and 9.   
 

 
Figure 7. Cumulative strain measurement during systematic cyclic loading 
 

a) 

 

b) 



   
 
Figure 8. Cumulative strain versus damage increment for specimen HS4 
 

 
 
Figure 9. Cumulative strain versus damage increment for specimen HS7 
 
Sample HS4 and HS7 show a relatively uniform accumulation in strain followed by a rapid strain 
increase as it heads towards failure. This trend is seen with the axial and lateral, as well as the 
volumetric strain graphs. The damage increment at which the accumulated strain rate changes is 55 
and 69 for samples HS4 and HS7, respectively. Borth HS4 and HS7 tests were uniaxial tests, however 
sample HS4 was cycled with an upper bound of 43 MPa, with HS7 cycled with an upper bound of 40 
MPa. The testing showed that the increment at which rapid strain accumulation occurred was greater 
in HS4 suggesting that a higher loading level leads to greater damage and, therefore, shorter fatigue 
life. 
 
4.1 Deformability Variations 
 
To quantify the effects of cyclic loading on the deformability of Hawkesbury sandstone, Tangent 

Young’s modulus, Etan, and Poisson’s ratio, , were calculated. Etan, and , were determined at 50% of 
qun for each damage increment. The measurement of Etan is an accurate method of assessing 
progressive damage of the rock in the form of plastic deformation and the development of unstable 
cracks. 
 

          
 
Figure 10. Gradual degradation in tangent Young’s modulus and Poisson’s ratio a) a uniaxial cyclic 
test (sample HS4) and b) a triaxial cyclic test (sample HS13) 

 

a) b) 



In all tests there was a continuous degradation in the tangent Young’s modulus until beginning of large 
plastic deformation, after which there is a rapid decrease in stiffness until failure. Figure 10 show an 
example of results for a cyclic uniaxial and a cyclic triaxial test. Poisson’s ratio initially increases 
rapidly, followed by a stage of slower accumulation. During this second stage, the rate of increase 
remains relatively constant as shown by the linearity of graphs in the middle cycles. As the sample 
approaches failure, Poisson’s ratio begins to rapidly increase until failure. 

 
Figure 11 summarise the variations of Etan for interval cyclic loading tests presented in Figure 1. More 
specifically the figure shows the breakdown of the individual fast cycle sets. For both uniaxial and 
triaxial cyclic loading tests it is evident that there is a constant degradation of the tangent modulus 
even when cyclic loading is interrupted by a very slow loading cycle. The uniaxial loading caused a 
more significant decrease in Etan per set of 50 cycles in comparison with the triaxial test, which could 
be attributed to a higher stress level at initiation of cyclic loading with respect to the peak strength. 

         
 
Figure 11. Tangent Young's modulus vs. fast cycle number for: a) uniaxial interval cyclic loading test 
(sample HS21) and b) triaxial interval cyclic loading test (sample HS20) 
 

 
4 EFFECT OF DIFFERENT PARAMETERS ON PEAK STRENGTH 
 

5.1 Unloading Amplitude  
 
The results for qun/qf (stress at the beginning of unloading/peak stress in monotonic test) plotted 
against unloading amplitude are shown in Figure 12 for both uniaxial and triaxial cyclic tests. As can 
be seen in this figure, rock damage increases with an increase in unloading amplitude. This shows 
that the extent of damage experienced by a specimen is dependent of the amplitude of unloading. The 
linear lines show trend of change in normalized deviator stress at unloading with unloading amplitude.  

                               
Figure 12. Normalised deviator stress at unloading vs. (a) unloading amplitude for triaxial tests (b) 
unloading amplitude for uniaxial tests (each point is labelled according to which test it corresponds to). 
 
 
5.2 Confining Pressure  
 
Results presented in Figure 13 show that for an increase in confining pressure a higher stress level at 
start of cyclic loading required to fail the sample. As well as this, it was found that for rock specimens 
under the same unloading amplitude the one at higher confinement required a greater amount of 
cycles for failure to occur. In other words fatigue life of a confined specimen is longer than fatigue life 

a) b) 

a) b) 



of an unconfined specimen. Note that in this study only cyclic triaxial tests at σ3=4 MPa were 
performed; more tests at different confining pressures are required to completely validate this 
conclusion. 

 
Figure 13. Normalised deviator stress at unloading vs. damage increment at failure for triaxial and 
uniaxial (each point is labelled according to which test it corresponds to). 

 
5 CONCLUSION 
 
An experimental investigation was carried out on the Hawkesbury sandstone to identify and predict the 
change in mechanical properties of the rock during uniaxial and triaxial cyclic compressive testing. 
Cyclic tests were completed at different stress levels and unloading amplitudes. In cyclic loading tests 
a relatively uniform accumulation in axial, lateral and volumetric strain follows by a rapid strain 
increase as it heads towards failure. In addition, during cyclic loading a continuous degradation in the 
tangent Young’s modulus until beginning of large plastic deformation was observed. Stiffness 
decreases rapidly during few cycles before the failure. Poisson’s ratio generally increases during cyclic 
loading and increases significantly when the sample approaches to failure. Moreover, damage 
increased with an increase in unloading stress level and unloading amplitude. Finally, it was 
concluded that fatigue life of a confined specimen is longer than a sample without confinement.  
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