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Abstract 10 

In this paper, the monotonic and cyclic behaviour of a structured clay is experimentally evaluated by means 11 

of anisotropically consolidated undrained triaxial tests. The material behaviour under high confinement pressure 12 

is analysed with a view to underground gas storage applications by imposing one-way fatigue loads 13 

characterized by large periods. The experimental results highlight the role of the material structure and the 14 

consequences of its progressive degradation, which implies a fragile stress-strain response. The results also 15 

show the relevance of time-dependent effects. Under monotonic strain-controlled conditions, such effects induce 16 

a strong strain rate dependence of the peak strength. Under cyclic stress-controlled loading, the fatigue life is 17 

shown to be influenced by the loading period and the characteristics of the sinusoidal history. Longer loading 18 

periods result in a lower number of cycles to failure. Similarly, larger maximum imposed deviatoric stresses also 19 

result in a reduction in fatigue life. Conversely, a somewhat counter-intuitive response is observed in tests 20 

carried out with the same maximum imposed deviatoric stress, since an increase in loading amplitude implies an 21 

increase in the number of cycles to failure. The reasons for the observed results are discussed in detail in the 22 

light of the peculiarities of the material response. 23 

Keywords 24 

fabric/structure of soils; cyclic loading; time dependence; fatigue; laboratory tests   25 
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1 Introduction 26 

Experimental evidence has shown that the mechanical response of natural clays is governed by their 27 

microstructural features, which confer to the material a lower compressibility before yielding and a larger shear 28 

strength than those observed in the corresponding reconstituted soil (e.g., Burland, 1990; Leroueil & Vaughan, 29 

1990; Cotecchia & Chandler, 1997). These differences are attributed to the ‘structure’ of the material in its 30 

undisturbed state, resulting from a combination of ‘fabric’ (i.e. the arrangement of soil particles, e.g., Ladd, 31 

1965; Parry & Nadarajah, 1974) and interparticle ‘bonding’ (e.g. Gens, 2013). The structure is therefore the 32 

result of both sedimentation and post-sedimentation processes (Cotecchia & Chandler, 2000).  33 

The role of structure has been widely reported in the past, both in terms of volumetric and deviatoric 34 

responses. Under oedometric compression, this role can be exploited by using the ‘intrinsic’ compression line as 35 

a reference, i.e. the line associated with the admissible states for a normally-consolidated, reconstituted clay in 36 

the void ratio – effective vertical stress log 've −   plane (after Burland, 1990). The state of a natural, normally-37 

consolidated clay not affected by post-sedimentation effects typically lies above the intrinsic compression line, 38 

on the so-called ‘sedimentation’ compression line (Terzaghi, 1941; Skempton, 1969). Consequently, the 39 

admissible state space for natural clay is extended compared to that for reconstituted clay due to its natural 40 

fabric (Leroueil & Vaughan, 1990). After deposition, cementation and lithification processes can occur, leading 41 

to the development of interparticle bonding (e.g. Cotecchia & Chandler, 1997). The degree of bonding can 42 

impart a substantial structure to natural clays, so they can be considered as transitional materials between rocks 43 

and soils in terms of strength, porosity and compressibility (Clayton & Serratrice, 1993). Upon reloading, 44 

bonded geomaterials are expected to exhibit a consolidation curve that crosses the sedimentation line before 45 

yield stress is reached (Burland et al., 1996). After yielding, progressive destructuration typically occurs. This is 46 

manifested, for example, by an increase in the slope of the swelling line, as has been shown for several 47 

structured clays (e.g., Banks et al., 1975; Gasparre et al., 2007; Mohajerani et al., 2011). The structure 48 

degradation implies a reduction in the yield stress with a consolidation path tending towards the intrinsic 49 

compression line. However, the response of natural clays does not always converge to the reconstituted one (e.g. 50 

Amorosi & Rampello, 2007). This can be explained by referring to the distinction proposed by Baudet and 51 

Stallebrass (2004) between ‘stable’ and ‘metastable’ structures. A stable structure is mainly associated with the 52 

natural fabric, which evolves after yielding, but does not necessarily tend towards the intrinsic one. Instead, 53 

metastability is more likely to result from interparticle debonding, an irreversible process that occurs when the 54 

interparticle contact forces approach the bond strength. This type of degradation is controlled by inelastic strain 55 
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accumulation and often results in a fragile mechanical response, tending towards a fully debonded state (e.g., 56 

Smith et al., 1992). 57 

Under monotonic shear, structured clays are characterised by a stiff response up to the peak strength, 58 

followed by a pronounced softening and then a gradual reduction in strength. Experimentally, this behaviour has 59 

been observed in direct shear tests (e.g., Bardanis, 2024) and in triaxial tests (e.g., Leroueil & Vaughan, 1990; 60 

Burland et al., 1996). The initial steep decrease to the so-called post-rupture strength is mainly associated with 61 

interparticle debonding, whereas the second stage can be considered as an effect of the fabric evolution 62 

(Burland, 1990). Brittle failure is typically associated with the progressive development of a sharp shear band 63 

within the specimen. A more ductile response can be observed for the same materials when consolidated up to 64 

large confinements (i.e., larger than in situ), although brittle failure is most likely to develop in conventional 65 

geotechnical applications (Gens, 2013). 66 

The brittleness of structured geomaterials also governs their cyclic behaviour. Indeed, structured soils can 67 

undergo progressive destructuration under cyclic loading due to inelastic strain accumulation (e.g., Lefebvre & 68 

LeBoeuf, 1987; Sharma & Fahey, 2003b). Depending on the characteristics of the cyclic loading, the structure 69 

metastability can lead to abrupt failure with a rapid increase in inelastic strains when the applied stress tends to 70 

the material strength, which is reduced from its initial peak value (e.g., Ahmadi-Naghadeh et al., 2022; Ushev & 71 

Jardine, 2022). Hard soils and soft rocks are therefore known to be particularly sensitive to fatigue loading, with 72 

fatigue life (defined as the number of cycles to failure) depending on a wide range of loading parameters, 73 

including maximum and mean applied stresses, loading amplitude, frequency, waveform type and confinement 74 

pressure (e.g., Lefebvre & LeBoeuf, 1987; Ahmadi-Naghadeh et al., 2022; Ushev & Jardine, 2022; see also 75 

Cerfontaine & Collin, 2018, for a comprehensive review of rock fatigue response). 76 

Typical geotechnical areas involving structured geomaterials include slope stability problems (e.g., Potts et 77 

al., 1997; Mesri & Shahien, 2003), dams and embankments (e.g., Potts et al., 1990; Chen et al., 1992), and deep 78 

excavations, particularly where the formation is considered a potential host for radioactive waste disposal (e.g., 79 

Bernier et al., 2007; Lisjak et al., 2014). Instead, the fatigue behaviour of this class of materials has mainly been 80 

investigated in relation to the cyclic response of foundations subjected to seismic, wind or wave loading, as 81 

required for the design of offshore and onshore foundations (e.g., Ahmadi-Naghadeh et al., 2022; Ushev & 82 

Jardine, 2022). 83 

However, the mechanical response of structured clays is also of particular importance in reservoir 84 

geomechanics. Hydrocarbon reservoirs consist of a porous host formation surrounded by a low permeability 85 
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caprock which prevents the migration of hydrocarbons. Such caprocks are typically either evaporites or, in many 86 

cases, sedimentary argillaceous rocks with varying degrees of bonding. The mechanical effects of hydrocarbon 87 

production have been shown to cause significant compaction of the reservoir, resulting in surface subsidence 88 

and reduction in the deviatoric stress state of the overlying caprock formation (e.g. Hettema et al., 2000), 89 

whereas gas injection leads to a gradual expansion of the host formation, implying an increase in the deviatoric 90 

stress of the overburden (Lavrov, 2016). In recent years, the mechanical response of caprock materials has also 91 

attracted attention in relation to other energy-related applications, such as temporary storage of natural gas (e.g. 92 

Teatini et al., 2011) and seasonal regulation of hydrogen production from renewable energy sources (e.g. 93 

Heinemann et al., 2018). In such applications, depleted reservoirs are used as storage sites due to their large 94 

capacities and global availability. Unlike conventional oil and gas applications, underground gas storage results 95 

in cyclic stress paths in the caprock driven by reservoir deformation, which can lead to degradation of the 96 

material structure, potentially compromising its sealing integrity (e.g. Jeanne et al., 2020). It is therefore of 97 

paramount importance to assess potential fatigue-related risks associated with underground gas storage. The 98 

detrimental effects of fatigue loading have already been widely recognised in the context of gas storage in salt 99 

caverns (e.g. He et al., 2019). In contrast, the fatigue behaviour of soft clayey rocks from high depths has not yet 100 

been investigated in depth. 101 

This paper presents an experimental investigation of the undrained monotonic and cyclic response of a 102 

deep structured clay, constituting a typical caprock formation. The fatigue behaviour of the material was studied 103 

in relation to the influence of the loading period T  and to the combined effects of the parameters defining the 104 

imposed cyclic deviatoric stress history, namely: the maximum deviatoric stress maxq , the mean deviatoric stress 105 

meanq , and the loading amplitude A . The tests were performed at high confining pressures in accordance with 106 

the expected in situ stress state. In addition, special attention was paid to the analysis of the time dependence of 107 

the mechanical response, since underground gas storage operations are usually associated with very slow 108 

processes, which are not compatible with the usual test times. 109 

2 Methodology 110 

2.1 Material properties and sampling procedures 111 

The studied material is a Plio-Pleistocene stiff clay cored from a deep formation from the Po valley in Italy 112 

known as Santerno clay (e.g., Benetatos et al., 2023). It was selected as it represents a typical caprock of a 113 

hydrocarbon reservoir. Intact samples were retrieved from a depth of approximately 1150 m and then 114 

immediately sealed to preserve their undisturbed state. Samples disturbance was investigated by Ciancimino et 115 
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al. (2024) using initial suction measurements. Initial suction was found to be only slightly higher than that 116 

theoretically expected under ideal undisturbed coring conditions, suggesting that very minor drying occurred 117 

during coring and storage. In addition, laboratory measurements of shear and compressional wave velocities, 118 

taken at a stress state consistent with that in situ, were in excellent agreement with the results from borehole 119 

sonic logs. These observations suggest that the samples can be considered representative of the in-situ material 120 

response, as no significant change in their structure had occurred during coring, storage and saturation stages. 121 

Santerno clay can be classified as a clay with silt (clay and silt fractions equal to 50% and 49%, 122 

respectively) with liquid limit Lw  = 43.5% and plastic limit Pw  = 25.3% (plasticity index PI  = 18.2%). From a 123 

mineralogical point of view, it is composed of about 36.3% of clay minerals, with Illite and Kaolinite being the 124 

dominant ones. The percentage of carbonates is about 38.8%, with Calcite at 28.1% and Dolomite at 10.7% 125 

(data after Ciancimino et al., 2024). Such abundance of carbonate minerals suggests the presence of a post-126 

sedimentation structure which may include diagenetic carbonate bonding. 127 

The role of structure was investigated through high-pressure oedometer tests carried out on both intact and 128 

reconstituted specimens with a height of 20 mm and a diameter of 25.2 mm. Three tests were carried out on 129 

natural Santerno clay and one on reconstituted material. The reconstituted specimen was prepared by one-130 

dimensional compaction of a thoroughly mixed slurry with a water content 1.5 Lw w= . This procedure ensures 131 

that the mechanical properties of the specimen are completely independent of its natural state and can therefore 132 

be identified as intrinsic properties (Burland, 1990).  133 

The results are shown in Figure 1 in terms of void ratio e  as a function of 'v . The oedometer test carried 134 

out on reconstituted material shows a relatively stiff response to reloading up to the pre-consolidation stress 135 

(equal to 9 MPa) applied during reconstitution. Beyond this value, the material tends towards normally 136 

consolidated conditions, so that the compression curve can be interpreted as the intrinsic compression line, 137 

whose estimate is shown in the graph. On the contrary, intact Santerno clay shows a very stiff behaviour with 138 

only a slight hint of curvature for 'v  larger than 10 MPa. No clear yielding can be detected, suggesting a yield 139 

stress value 'vy  larger than the maximum stress 'v = 58 MPa achieved. The in-situ stress state was 140 

reconstructed from direct borehole measurements together with analysis of log data and was found to be 0'v141 

= 12.3 MPa and 0'h = 6 MPa. These values would result in a yield stress ratio YSR > 4.5 (being 0' / 'vy vYSR =  142 

, after Burland, 1990). Such a large YSR  cannot be considered as the consequence of erosion or other tectonic 143 

processes, nor to creep (e.g. Leonards & Altschaeffl, 1964), suggesting a significant material structure. This 144 

hypothesis is further supported by the observation that the oedometric curve of the natural material clearly 145 

crosses that of the reconstituted specimen. Indeed, as will be shown in section 3.1, the fragile material response 146 
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suggests a relevant post-sedimentation structure, since as noted by Cotecchia and Chandler (2000), diagenetic 147 

effects are expected to play a significant role for natural materials at large depths, where both temperature and 148 

pressure are high. 149 

 150 

Figure 1: Results of high-pressure oedometer tests performed on natural and reconstituted specimens of Santerno clay 151 

2.2 Experimental procedures and testing programme 152 

The mechanical response of natural Santerno clay was investigated by means of undrained monotonic and 153 

cyclic triaxial tests performed on either the medium- or the high-pressure triaxial apparatus (MPTA or HPTA, 154 

respectively) of the Politecnico di Torino (see also Barla et al., 2010). Specimens of 100 mm height and 50 mm 155 

diameter were tested in the HPTA, while tests performed on the MPTA used 76 mm height and 38 mm diameter 156 

specimens. A pair of vertical linear displacement transducers mounted diametrically opposite on the central part 157 

of the specimens measured local axial displacements. Global measurements were also taken using external 158 

transducers calibrated to remove spurious displacements due to the deformability of the apparatus. When not 159 

clearly specified in the text, reference is made to axial strains from external transducers. This was done because 160 

divergent local axial strains were measured upon shearing due to the formation of a well-defined shear band 161 

within the specimens. However, external and local measurements prior to failure were found to be almost 162 

identical (see  Figure 4). 163 

The test protocol consisted of the classic three phases of triaxial testing: saturation, consolidation, and 164 

shear. The saturation procedure included both a flushing step and a back pressure sequence to ensure complete 165 

saturation of the specimen and the entire apparatus, with final Skempton’s (1954) B-values larger than 0.97. 166 
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This phase was carried out under an effective confining stress of about 400 kPa, in order to avoid excessive 167 

disturbance effects induced by swelling of the specimens. As mentioned above, the absence of significant 168 

destructuration is also supported by the alignment of laboratory and in situ measurements of shear and 169 

compressional wave velocities at the end of the consolidation phase. Consolidation was carried out up to the 170 

expected lithostatic stress state, namely: 0'p = 8.1 MPa and 0q = 6.3 MPa. Full drainage through the external 171 

surfaces was achieved by placing filter paper strips all around the boundaries of the specimen. The stress state 172 

was increased in a sufficiently large time to ensure practically drained conditions. Shear was then applied in 173 

compression under undrained conditions. Pore water pressure build-up was measured using external transducers 174 

connected to the top and bottom bases of the specimens. No significant differences were observed between the 175 

two measurements during triaxial testing. Further details about the experimental procedures can be found in 176 

Ciancimino et al. (2024).  177 

A summary of the experimental program is presented in Table 1. Three specimens were monotonically 178 

sheared under strain control imposing different axial strain rates ax , namely; 0.0005 %/min, 0.01 %/min, and 179 

0.5%/min (data after Ciancimino et al., 2024). The strain rate of 0.01 %/min corresponds to the reference value 180 

computed according to ASTM D4767-11 (2020) standard. The other two values were chosen to show the 181 

importance of time dependence in the mechanical response of the Santerno clay and to provide a basis for 182 

interpretation of the cyclic tests. These were carried out under stress-control by imposing a sinusoidal deviatoric 183 

load. A schematic representation of the loading protocol is shown in Figure 2. Under undrained conditions, the 184 

deviatoric stress was firstly increased from 0q  to the mean value meanq  around which the cyclic loading was 185 

applied. The load was then held constant until the axial strain and pore pressure were practically stable. Finally, 186 

the sinusoidal history was applied according to a certain amplitude A  up to a maximum deviator 187 

max meanq q A= +  and down to a minimum one min meanq q A= − . The cycles were applied with a period T  of either 188 

5 min or 250 min. Similarly to Ushev and Jardine (2022), the first value was chosen as a good compromise 189 

between accuracy of load control, reliability of pore pressure measurements and feasibility of the testing times. 190 

Instead, the longer period was chosen to investigate the time dependence of the cyclic material response.  191 

 192 

Figure 2: Loading protocol at shear for cyclic triaxial tests 193 
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Table 1: Summary of the anisotropically consolidated undrained triaxial tests 194 

ID Type Apparatus ax  or aaxx : 

%/min 

maxq :  

MPa 

A : 

MPa 

meanq : 

MPa 

T :  

min 
fN  Reference 

M-TX 01 Monotonic HPTA 0.01 - - - - - Ciancimino et al. (2024) 

M-TX 02 Monotonic HPTA 0.5 - - - - - Ciancimino et al. (2024) 

M-TX 03 Monotonic MPTA 0.0005 - - - - - Ciancimino et al. (2024) 

C-TX 01 Cyclic MPTA 0.18 13 3.25 9.75 5 18 Ciancimino et al. (2024) 

C-TX 02 Cyclic HPTA 0.24 11.8 5.45 6.35 5 > 4635 This study 

C-TX 03 Cyclic MPTA 0.004 11.9 5.2 6.7 250 > 238 This study 

C-TX 04 Cyclic MPTA 0.004 13 5.25 7.75 250 7 This study 

C-TX 05 Cyclic MPTA 0.19 13 5.25 7.75 5 60 This study 

C-TX 06 Cyclic HPTA 0.33 13.5 5.95 7.55 5 13 This study 

C-TX 07 Cyclic MPTA 0.27 12.5 5.25 7.25 5 1146 This study 

C-TX 08 Cyclic MPTA 0.10 12.5 3.25 9.25 5 77 This study 

C-TX 09 Cyclic MPTA 0.16 12.5 4.25 8.25 5 173 This study 

 195 

The loading characteristics are presented in Table 1, along with the number of cycles to failure fN  and the 196 

average axial strain rate applied during cyclic loading ,ax c . It should be noted that under cyclic, stress-197 

controlled conditions, failure occurs as a rapid accumulation of axial strains, tending towards extremely large 198 

values. As the maximum strain rate applicable to the specimens is limited by the maximum axial displacement 199 

velocity of the apparatus, this often results in a reduction in the maximum applied deviatoric stress as failure 200 

approaches (see also Figure 5a, presented in the following). To avoid any possible ambiguity in the definition of 201 

fN , failure was considered to have occurred when the apparatus was no longer able to apply a deviatoric stress 202 

equal to 95% of maxq . ,ax c  was computed by referring to the average axial strain applied during one quarter of 203 

cyclic loading ,ax c  as: 204 

,

,

4 ax c

ax c

T


 =  (1) 

Such a value is only indicative of the order of magnitude of the resulting strain rate, as the actual rate 205 

changed continuously during the stress-controlled cyclic tests. However, it can be used as a reference to 206 

compare monotonic and cyclic tests in a consistent manner. For the tests carried out at T = 5 min, the resulting 207 

,ax c  values are reasonably close to the faster monotonic test (i.e. with ax = 0.5 %/min). Conversely, the cyclic 208 

loads with T = 250 min yield ,ax c  values which are closer to the monotonic test carried out at ax = 0.01 %/min. 209 
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3 Stress-strain response and stress paths 210 

3.1 Undrained monotonic behaviour 211 

The role of the material structure is clear from the stress-strain axq −   curves and the stress-paths 'q p−  212 

resulting from the undrained monotonic tests shown in Figure 3 (experimental data after Ciancimino et al., 213 

2024). The response is quite stiff up to the peak shear strength. The deviatoric stress then suddenly decreases at 214 

the onset of brittle failure and shows a pronounced softening branch up to the post-rupture strength (Figure 3a). 215 

As suggested by Burland (1990), this reduction is mainly associated with interparticle debonding. It can 216 

therefore be inferred that in the intact Santerno clay is present a metastable structure which suddenly degrades 217 

after yielding, leading to the development of a sharp shear band (see also Ciancimino et al., 2024). 218 

Subsequently, a further gradual reduction towards stable conditions is observed. The onset of shear banding can 219 

be detected by comparing local and global axial strain measurements,  ,ax l  and  , gax  respectively, as shown in 220 

Figure 4 for tests M-TX 01 and M-TX 02. Local and external measurements are practically equivalent up to the 221 

peak deviatoric stress, while they start to diverge significantly in the softening branch (i.e. for  , gax  larger than 222 

1.5% and 2% respectively for tests M-TX 01 and M-TX 02). 223 

 224 

 225 

Figure 3: Undrained monotonic response under different axial strain rates: (a) stress-strain behaviour; (b) effective stress-226 

paths (data after Ciancimino et al., 2024) 227 
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 228 

Figure 4: Comparison between local and global axial strain measurements during monotonic shear; black and grey lines 229 

refer to two different local measurements taken during the test 230 

The peak strength strongly depends on ax . By observing the effective stress-paths (Figure 3b), each test 231 

appears to be associated with a different stress obliquity at failure. Conversely, the stress-obliquity / 'q p =1 at 232 

critical state does not appear to be affected by ax . Similar observations have been reported, for example, by 233 

Vaid and Campanella (1977) for overconsolidated Leda clay, by Tavenas et al. (1978) for overconsolidated 234 

Saint-Alban clay, and by Lefebvre and LeBoeuf (1987) for structured Grande-Baleine clay. Time-dependency 235 

appears therefore to play an important role in the mechanical response of Santerno clay, and on it its peak 236 

strength envelope enlarged by the material structure. 237 

3.2 Undrained cyclic behaviour 238 

To analyse the distinctive features of the cyclic response of Santerno clay, test C-TX 06 is taken as an 239 

example. The results are shown in Figure 5 in terms of axq −   curves, excess pore water pressure wu  build-up, 240 

and 'q p−  paths. During the first cycle, the specimen accumulates significant inelastic ax  (Figure 5a). 241 

Subsequently, the response tends to stabilize, and a smaller accumulation is observed for each cycle. 242 

Acceleration of the degradation process with increasing accumulation of inelastic strains with each cycle occurs 243 

at the 10th cycle. Similar to what was observed for monotonic conditions, this acceleration can be related to the 244 

onset of shear banding and therefore to the rapid degradation of the metastable structure associated with 245 

interparticle bonding. This hypothesis is supported by the comparison between  ,ax l  and  , gax , shown in Figure 6 246 

as a function of the number of cycles N . The measurements begin to diverge at around the 10th cycle, while 247 

they completely diverge at the 13th cycle, which is assumed as the fatigue life fN . Initially, no significant pore 248 

water pressure accumulation is observed from cycle to cycle (Figure 5b), resulting in a fairly stable cyclic stress 249 
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path (Figure 5c). As the specimen approaches failure, there is a progressive decrease in the excess pore water 250 

pressure, which is greater as the shear band develops, shifting the cyclic effective stress path to the right. Such a 251 

trend is consistent with the monotonic 'q p−  paths reported in Figure 3b, which tend to the right as the peak 252 

shear strength is approached. Figure 5c also shows the monotonic peak strength envelope proposed by 253 

Ciancimino et al. (2024) for the Santerno clay when sheared at a constant ax = 0.5 %/min. This test was chosen 254 

because its ax  is somewhat consistent with the average value ,ax c = 0.33%/min obtained in the cyclic test. 255 

Cyclic failure occurs at the 13th cycle, well below the peak strength envelope. Under cyclic stress-controlled 256 

loading, the material accumulates inelastic axial strains, progressively degrading its structure and yielding to the 257 

onset of the shear band. As the maximum deviatoric stress maxq  approaches the material strength (reduced from 258 

its initial value), fragile failure occurs. 259 
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 260 

Figure 5: Undrained cyclic response (test C-TX 06, T = 5 min): (a) stress-strain behaviour; (b) pore water pressure build-261 

up; (c) effective stress-path compared to the strength envelope suggested by Ciancimino et al. (2024) for an axial strain rate 262 

of 0.5 %/min 263 
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 264 

Figure 6: Comparison between local and global axial strain measurements during cyclic loading 265 

The role of the metastable structure under cyclic loading is clear from the above discussion. To illustrate 266 

the relevance of the second aspect highlighted under monotonic conditions, i.e. the time-dependency, the results 267 

of two tests carried out at different T , 5 min and 250 min for tests C-TX 06 and C-TX 04 respectively, are 268 

compared with the monotonic curves in Figure 7. The results are presented in terms of stress obliquity / 'q p  269 

with ax  (Figure 7a and Figure 7b) to normalise for possible wu  accumulation. Reference is made to two 270 

different monotonic curves to match the ,ax c  with the ax  applied under strain control. Additionally, Figure 7c 271 

and Figure 7d compare the actual strain rates applied during the cyclic tests with those imposed in the 272 

monotonic tests. For both cyclic tests, the ax  resulting from the stress-controlled loading approaches that 273 

imposed in the monotonic tests when the cyclic deviatoric stress is close to maxq . Under this condition, the 274 

monotonic curves serve as a sort of envelope for the cyclic response (Figure 7a and Figure 7b). When the 275 

permanent ax  accumulation is such that the cyclic responses approach the monotonic curves, failure occurs. 276 

Consequently, ax  rapidly increases and the cyclic stress-strain response can therefore “cross” the monotonic 277 

envelope which now refers to a smaller strain-rate value with respect to the actual cyclic one. 278 

A similar dependence has already been observed, for example, by Lefebvre and LeBoeuf (1987) on 279 

sensitive clays retrieved at shallow depths. However, no experimental results have been reported on highly 280 

structured clays from large depths. The time dependence of the mechanical response and its relevance to the 281 

structural degradation process is a peculiar aspect of material behaviour and it is expected to govern its response 282 

to fatigue loading. 283 
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 284 

Figure 7: Comparison between monotonic and cyclic responses observed in tests performed at consistent strain rates:  285 

(a-b) stress ratio vs axial strain; (c-d) axial strain rate vs axial strain 286 

4 Fatigue response 287 

The results of the cyclic tests can be summarised in three underground gas storage scenarios: (i) different 288 

storage regulations, e.g., daily or seasonal variations, can be studied by imposing the same deviatoric stress 289 

history but with different periods T ; (ii) the maximum amount of gas stored can be somehow related to the 290 

maximum deviatoric stress maxq  imposed to the caprock formation; and (iii) the amplitude A  can be associated 291 

with reservoir pressure declines needed to balance energy supply and demand cycles.  292 

 293 

 294 

Figure 8: Definition of the cyclic parameters adopted to describe the undrained stress-strain loops 295 
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The fatigue response of Santerno clay is analysed with reference to these scenarios using a set of synthetic 296 

cyclic parameters as defined in Figure 8 for a typical stress-strain loop. The mean axial strain  ,ax m  is the value 297 

measured at the end of a loading cycle, while the unloading secant Young’s modulus uE  is used to evaluate the 298 

stiffness degradation. cycW  represents the energy dissipated within the Nth loading cycle, calculated as: 299 

 ,

, 

( )

( 1)

ax m

ax m

N

cyc ax

N

W q d



 −

=    (2) 

Stress-strain loops are not closed due to the accumulation of inelastic strains, resulting in significant energy 300 

dissipation as shown by the dark grey shaded area represented in Figure 8. cycW  can therefore be considered 301 

representative of the damage process, as often assumed in rock fatigue studies (e.g., Cerfontaine & Collin, 302 

2018). In addition, information on the pore water pressure build-up is presented by the average , mwu  measured 303 

at the end of each load cycle. 304 

4.1 Role of loading period 305 

The same deviatoric history applied with different periods implies significantly different resulting strain 306 

rates and total test durations. By virtue of the role played by the time dependence of the mechanical response, 307 

progressive destructuration occurs at increasing cyclic rates as T  increases. Figure 9 compares the cyclic 308 

parameters for two tests performed with the same deviatoric stress values but different T , namely tests C-309 

TX 04 and C-TX 05 corresponding to T = 250 min and 5 min respectively. 310 

 311 

Figure 9: Influence of the period on the evolution of the material response with loading cycles: (a) mean axial strain; (b) 312 

mean excess pore water pressure; (c) cyclic strain energy; d) unloading secant Young’s modulus 313 
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By observing the evolution of  ,ax m , it is possible to identify the typical behaviour of cemented materials 314 

subjected to cyclic loadings with maxq  close to the monotonic strength (Figure 9a). The initial “deceleration” and 315 

“stabilisation” phases of axial strain accumulation, typical of the fatigue behaviour of brittle materials (e.g., 316 

Fuenkajorn & Phueakphum, 2010) are quite short, especially in the case of test C-TX 04. Failure occurs at the 317 

7th and 60th cycle for tests C-TX 04 and C-TX 05 respectively, where a rapid increase in the permanent strains 318 

indicates the development of the shear band, associated with the “acceleration” phase. Although the same 319 

history was applied in terms of deviatoric stress values, the influence of the loading period T  is such that an 320 

almost tenfold increase in the fatigue life fN  is observed in the test characterised by a shorter T .  321 

The onset of cyclic failure can also be identified in Figure 9c, which shows the evolution of cycW . For both 322 

tests, a sudden increase in cycW  is observed when approaching failure. However, test C-TX 04 shows a larger 323 

energy dissipation even in the first cycles, reflecting the larger accumulation of inelastic strains. Test C-TX 04 324 

also shows a faster increase in , mwu  (Figure 9b), reaching a value of about 1 MPa in 6 cycles consistent with 325 

the wu  measured in test M-TX 01 just before failure. Almost the same value is reached in 60 cycles in test C-326 

TX 05. When approaching failure, both specimens show a stabilisation or even a decrease of , mwu . Such a 327 

response is typically associated with the development of the shear band (Burland, 1990). 328 

The secant modulus uE  shows a progressive and almost linear (on a semilogarithmic scale) decrease with 329 

N  (Figure 9d). Such a decrease somewhat reflects cyclic destructuration, as has been observed for other 330 

cemented materials (e.g., Sharma & Fahey, 2003a; Ushev & Jardine, 2022). Comparing the results of the two 331 

tests, uE  appears strongly influenced by T . Although the value of A  was the same for both tests, their 332 

nonlinear response was indeed significantly different, with a greater deformability for test C-TX 04, which was 333 

conducted at a larger T . 334 

4.2 Combined effect of maximum deviatoric stress and mean deviatoric stress 335 

The maximum imposed deviatoric stress maxq  is generally considered to be the most influential factor in the 336 

fatigue life of structured materials. Its relevance is analysed in Figure 10 by comparing tests C-TX 01 and C-337 

TX 08, carried out imposing the same A = 3.25 MPa and T = 5 min but different maxq  equal to 13 MPa and 338 

12.5 MPa respectively. However, it should be noted that tests carried out imposing the same A  but different 339 

maxq  are necessarily characterized also by different mean maxq q A= − . Therefore, the results of this set of tests 340 

should be interpreted as the combined effect of both maxq  and meanq , rather than as the influence of just one 341 

parameter. 342 
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The evolution of  ,ax m  shows a more rapid increase from the first cycles in test C-TX 01 performed at 343 

larger maxq , and in turn meanq , leading to specimen failure after 18 cycles (Figure 10a). In contrast, 77 cycles are 344 

required to reach the fatigue life in test C-TX 08. At the same time, , mwu  is slightly higher in test C-TX 01, 345 

likely because of the higher meanq  imposed (Figure 10b). In both tests, a decreasing trend of , mwu  is observed 346 

when approaching failure, suggesting the development of the shear band. 347 

 348 

 349 

Figure 10: Influence of the maximum (and mean) deviatoric stress on the evolution of the material response with loading 350 

cycles: (a) mean axial strain; (b) mean excess pore water pressure; (c) cyclic strain energy; d) unloading secant Young’s 351 

modulus 352 

The measured values of uE  and cycW  are practically equivalent in the two tests before approaching failure. 353 

These quantities appear being characteristic of the material response within a single load cycle and are 354 

predominantly defined by the value of A , which is 3.25 MPa in both tests. A rapid increase in cycW  can be 355 

detected close to the failure condition (Figure 10c). On the other hand, uE  shows a modest, and again almost 356 

linear, reduction with N , with a slightly more marked decrease only in the last few cycles (Figure 10d).  357 

To analyse the influence of maxq  on fN , reference can be made to Figure 11 which shows the results of 358 

tests performed at almost the same amplitude (i.e. A ≈ 5.25 MPa - 5.45 MPa), except for test C-TX 06, for 359 

which a slightly larger value (i.e. A = 5.9 MPa) was imposed. Tests C-TX 02 and C-TX 03 were interrupted 360 

before reaching failure due to their excessive duration; the results are therefore plotted for comparison purposes 361 
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only. Looking at the tests carried out with T = 5 min, the fN  - maxq  data appear to be well approximated by a 362 

linear relationship (on a semi-logarithmic scale). Based on this line, it is reasonable to assume that test C-TX 02 363 

could have led to failure of the specimen, but at the cost of a very high number of cycles applied, which was not 364 

compatible with the testing times.  365 

The results presented in Figure 11 show the relevance of maxq  on fN . However, as previously mentioned, 366 

this relevance should be interpreted as the combined effect of maxq  and meanq , which cannot be decoupled. As 367 

will be better clarified in more detail below, an increase in meanq  can lead a significant reduction in fN . 368 

Therefore, it is reasonable to infer that if test C-TX 06 had been carried out at the same amplitude as the other 369 

tests presented in Figure 11, the alignment with the represented line would likely have been even better. This is 370 

because it would have been associated with a higher meanq  and, in turn, a smaller fN . 371 

The comparison between tests performed at approximately the same maxq  but different T  suggests that an 372 

increase in the imposed rate of deformation leads to a significant increase of the fatigue life. Such a difference is 373 

particularly significant for the tests shown here and cannot be neglected given the very long timescales 374 

associated with the phenomena under consideration. 375 

 376 

Figure 11: Influence of the maximum (and mean) deviatoric stress on the fatigue life of the material (tests performed with  377 

A ≈ 5.25 - 5.9 MPa). 378 

4.3 Combined effect of loading amplitude and mean deviatoric stress 379 

Sinusoidal deviatoric loadings characterized by the same maxq  but different A  are also characterized by 380 

different meanq . Figure 12 shows the comparison in terms of stress-strain response between tests C-TX 08, C-381 

TX 09 and C-TX 07 carried out at the same T = 5 min and maxq = 12.5 MPa but different A , equal to 382 

3.25 MPa, 4.25 MPa and 5.25 MPa respectively. The three cyclic histories result in similar ,ax c  (see also Table 383 

1) and are in good agreement with the monotonic envelope obtained at a consistent strain rate. However, an 384 

increase in A  appears to produce an increase in fN  as a consequence of smaller accumulation of permanent 385 

strains in each cycle and of the larger ax  required to reach brittle failure. 386 
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The comparison is proposed in Figure 13 in terms of cyclic parameters. As A  decreases, a faster 387 

accumulation of  ,ax m  is observed (Figure 13a), resulting in a lower fN , which is equal to 77, 173 and 1146 388 

respectively for tests C-TX 08, C-TX 09 and C-TX 07. Consistently, a slower , mwu  accumulation is observed 389 

for tests with a larger A  and therefore lower meanq  (Figure 13b). On the contrary, the parameters related to the 390 

material response within a load cycle appear to be negatively affected by an increase in A . Larger nonlinearity 391 

is observed with increasing A , which therefore results in lower initial values of uE  (Figure 13d). A faster 392 

degradation of uE  with N  is also visible before approaching failure, as highlighted by the slopes of the data. At 393 

the same time, a larger amount of cycW  is dissipated by specimens subjected to larger A  cycles (Figure 13d). 394 

 395 

Figure 12: Cyclic stress-strain response of specimens sheared adopting the same maximum deviatoric stress and period but 396 

different loading amplitude; cyclic data compared to the monotonic curve obtained at an axial strain-rate of 0.5 %/min  397 

 398 

Figure 13: Influence of the amplitude (and the mean deviatoric stress) on the evolution of the material response with 399 

loading cycles: (a) mean axial strain; (b) mean excess pore water pressure; (c) cyclic strain energy; d) unloading secant 400 

Young’s modulus 401 
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5 Discussion 402 

The cyclic tests draw a fairly clear picture of the response of intact Santerno clay to fatigue loading. Its 403 

mechanical behaviour strongly depends on its structure, which degrades progressively with the applied load 404 

cycles. The rate at which this degradation occurs is certainly influenced by the loading period. As T  increases, 405 

the applied strain rate decreases and so also the corresponding monotonic strength. Consequently, the fatigue 406 

life fN  of the material also decreases.  407 

The analysis of tests carried out with the same T  and A  clarifies the combined effect of maxq  and meanq . As 408 

expected, fN  tends to decrease as maxq  and, in turn, meanq  increase. The results of Figure 11 are in good 409 

agreement with experimental results from the literature on structured materials, which report the maxq  as the 410 

main defining parameter of fN  (e.g., Sharma & Fahey, 2003b; Ahmadi-Naghadeh et al., 2022). This 411 

dependence appears to be approximated by a linear relationship on a semi-logarithmic scale (see Figure 11). 412 

Instead, the results of tests performed with the same maxq  but different A  show a counterintuitive response. The 413 

strength seems to degrade earlier for tests conducted at lower A . Such observation contrasts with the results of 414 

some literature studies carried out on other structured materials (see e.g. the results on chalk by Ahmadi-415 

Naghadeh et al., 2022), where the amplitude was identified as a parameter which reduces the fatigue life.  416 

A physical explanation for this discrepancy can be attempted introducing the dependency of fN  from A  417 

but also from meanq , as shown in Figure 14 for two sets of tests characterized by the same maxq  and T , and 418 

recalling for the role of stress state on time-dependent behaviour. Several experimental studies report the highly 419 

time-dependent behaviour of structured clays and clayrocks (e.g., Lefebvre & LeBoeuf, 1987; Al-Bazali et al., 420 

2008; Sone & Zoback, 2014). The same aspect was also observed for the natural Santerno clay, as discussed in 421 

section 3. Under monotonic strain-controlled conditions, such a dependence is reflected in an influence of the 422 

strain rate on the peak shear strength (see Figure 3). For stress-controlled tests, this aspect results in a significant 423 

accumulation of axial strains over time, which increases with increasing deviatoric loading, as it is typically 424 

observed in creep tests (e.g., Tavenas et al., 1978). The degradation that occurs because of cyclic one-way 425 

loadings can be seen as a combination of two distinct mechanisms operating simultaneously. On the one hand, 426 

load reversals induce a progressive cyclic degradation, which is faster the larger is A , explaining the trends 427 

observed in Figure 13d for uE . On the other hand, the application of the cyclic history takes place over a time 428 

during which a load with a mean value equal to meanq  is applied to the specimen. This implies the accumulation 429 

of viscous axial strains, which are typically larger the larger is meanq , and which in turn induce progressive 430 

destructuration. The cyclic degradation and the viscous mechanism work together to accumulate inelastic 431 

strains, leading to strength degradation and ultimately fragile failure due to the metastability of the material.  432 
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 433 

Figure 14: Influence of mean deviatoric stress and loading amplitude on the number of cycles to failure ( T = 5 min) 434 

When analysing the results of tests performed with the same maxq  – a comparison not often reported in 435 

experimental studies in the literature – it should be considered that an increase in the value of A  has a dual 436 

effect. It enhances the cyclic degradation mechanism associated with load reversal (and therefore with A ), but it 437 

reduces the rate of accumulation of viscous strains (mainly governed by meanq ). The experimental results 438 

presented here and summarised in Figure 14 suggest that for specimens of Santerno clay subjected to one-way 439 

loadings the viscous mechanism somehow prevails. This is probably due to the rather large meanq  values and 440 

loading periods adopted for the cyclic histories, which increase the relevance of viscous strain accumulation. 441 

Figure 15 illustrates the relevance of the two governing mechanisms, i.e. cyclic degradation and viscous 442 

strain accumulation, by showing the evolution of the unloading secant Young’s modulus normalized to its initial 443 

value ,/u u iE E  for three tests characterized by the same A = 5.25 MPa, but different T  or meanq . The tests 444 

present similar cyclic degradation of ,/u u iE E  with N , suggesting that this aspect is predominantly driven by 445 

the loading amplitude, which is the same for all three tests. However, the fatigue life fN  is very different form 446 

test to test. An increase in T  implies longer loading time and, therefore, a significant decrease in fN , as can be 447 

seen by comparing tests C TX-05 and C TX-04. Conversely, a decrease in meanq  implies smaller viscous strain 448 

accumulation for each cycle, resulting in increasing fN , as can be inferred by comparing tests C TX-05 and C 449 

TX-07. 450 

 451 

Figure 15: Cyclic evolution of the normalized unloading secant Young’s modulus for tests carried out imposing the same 452 

amplitude A = 5.25 MPa 453 
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6 Conclusions   454 

Emerging applications in energy geotechnics, such as the use of depleted hydrocarbon reservoirs as 455 

underground gas storage sites, require a more in-depth understanding of the mechanical response of structured 456 

clays. To our knowledge, no systematic experimental investigation of the triaxial response of clayey caprocks at 457 

high confinement pressure under cyclic loading has been reported. In this paper, the fatigue response of a typical 458 

deep caprock formation was investigated. Laboratory tests were carried out with particular emphasis on time-459 

dependent effects to account for the large loading periods associated with the boundary value problem under 460 

consideration. The main conclusions of the study can be summarised as follows: 461 

a. The first distinctive feature of the Santerno clay is the presence of a significant metastable 462 

structure. This structure was initially identified by comparing the oedometer response of intact and 463 

reconstituted specimens. Under triaxial monotonic loading, structural degradation occurs, inducing 464 

damage to interparticle bonding and changes in particle arrangement, and leading to a brittle 465 

response associated with the formation of a well-defined shear band within the specimens.  466 

b. Structural degradation was also observed because of accumulation of inelastic strains due to fatigue 467 

loads. The initial peak strength of the intact material progressively decreases as the loading cycles 468 

are applied, leading to fragile failure. In this sense, the metastable response of the material appears 469 

to be more similar to the cyclic response of rocks than to that of non-structured clayey soils. 470 

c. A significant time dependence of the mechanical response was observed: for monotonic strain-471 

controlled shear as a strong influence of the applied strain rate on the peak shear strength; for the 472 

cyclic response as a dependence of the fatigue life on the loading period. Indeed, the cyclic stress-473 

strain response can only be related to monotonic behaviour if a consistent resultant strain rate is 474 

considered. 475 

d. Fatigue life was found to be strongly dependent on the combined effect of maximum and mean 476 

imposed deviatoric stresses. As expected, larger stresses imply larger permanent strain 477 

accumulation for each loading cycle. As a result, material degradation and failure will occur over a 478 

smaller number of cycles. 479 

e. For one-way cyclic tests performed with the same maximum deviatoric stress, an increase in 480 

amplitude induces larger stiffness degradation due to load reversals. However, the role of the 481 

loading amplitude on the fatigue life is somewhat counterintuitive, as one would expect a lower 482 

number of cycles to failure for larger amplitudes, whereas the opposite was observed. The results 483 

obtained can be explained by considering the role of viscous strains, which are known to increase 484 
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with the deviatoric stress. As the amplitude increases, the mean deviatoric stress of a given cycle is 485 

reduced and, therefore, the accumulated viscous strains are also reduced.  486 

This study has shown the relevant role of both the structure (and its progressive degradation) and the time 487 

dependence on the cyclic mechanical response of a structured clay from the Po valley. Both aspects are 488 

particularly relevant for the problem under consideration, as caprock formations are frequently characterised by 489 

a diagenetic structure and underground storage operations are typically associated with large loading periods. It 490 

is therefore essential to use a procedure that allows the results of experimental tests to be appropriately scaled up 491 

from test periods that are compatible with laboratory times to periods in the field that are significantly higher. 492 

Experimental evidence suggests that these effects can be partially considered by referring to monotonic results, 493 

provided that the latter are obtained by adopting a strain rate consistent with that used in cyclic tests. However, 494 

it was also shown that the two distinctive features of the mechanical response interact, since the strain 495 

accumulation due to the persistence of the applied load also induces structural degradation, which has a 496 

significant effect on the fatigue life.  497 
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Notation 498 

A    amplitude of the sinusoidal loading history 499 

wu     excess pore water pressure build-up 500 

, mwu     excess pore water pressure build-up measured at the end of each load cycle 501 
*
100e , *

1000e    intrinsic void ratios at 100 kPa and 1000 kPa 502 

uE    unloading secant Young’s modulus 503 

ax     axial strain 504 

 ,ax l ,  , gax   local and global axial strain measurements 505 

 ,ax m    mean axial strain 506 

ax     axial strain rate 507 

,ax c     average axial strain applied in one quarter of a stress-controlled cyclic loading 508 

,ax c     average axial strain rate applied under stress-controlled cyclic loading  509 

N     number of cycles 510 

fN     number of cycles to failure 511 

PI    Plasticity Index 512 

'p     effective confining pressure 513 

0'p     effective confining pressure at the end of the consolidation stage 514 

q     deviatoric stress 515 

0q     deviatoric stress at the end of the consolidation stage 516 

maxq , meanq , minq  maximum, mean and minimum deviatoric stress of the sinusoidal loading history 517 

T     period of the sinusoidal loading history 518 

'v     effective vertical stress 519 

0'v , 0'h    vertical and horizontal in situ effective stresses 520 

'vy     yield stress value under oedometric conditions 521 

w     water content 522 

Lw , Pw    liquid and plastic limit 523 

cycW     strain energy dissipated within one loading cycle 524 

YSR    yield stress ratio as defined by Burland (1990)  525 
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