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Abstract 27 

This study was aimed at highlighting the effect of loading frequency on the sand liquefaction 28 

response by performing cyclic triaxial tests in both stress-controlled and strain-controlled modes. 29 

For the first case, dense (IDmat=0.70) and medium-dense (IDmat=0.55) sand specimens were 30 

subjected to alternative and non-alternative axial stresses; whilst dense (IDmat=0.70) sand 31 

specimens were subjected to alternative axial strain over a wide range of loading frequencies in 32 

the second case. It was experimentally found that in the case of alternative loading for test 33 

specimens with IDmat=0.70 in stress-controlled mode, the effect of the loading frequency was not 34 

notable for dry sand specimens. In contrast, the effect of the loading frequency was significant 35 

for saturated sand specimens in both the loading modes. This was because, upon shearing, 36 

transient deformation occurred with the presence of excess pore water pressure, during which the 37 

inertia force needed to be taken into account. In the axial direction, the inertia force opposing the 38 

external loading certainly increased the liquefaction resistance by suppressing the complete 39 

development of the sand liquefaction. As for non-alternative loading in stress-controlled mode 40 

for test specimens with IDmat=0.55, the loading frequency played a vital role in pure extensional 41 

loading, which could also be logically attributed to the presence of the axial inertia force 42 

appearing in the large strain and transient deformation stages. However, the effect of the loading 43 

frequency on the compressive pattern was unclear due to the following two reasons: (i) the 44 

inertia force in the lateral direction appeared in the form of enhancing lateral confinement, 45 

thereby impeding the relative sliding; and (ii) during shearing, the rearrangement of the sand 46 

grains occurred in a more stable direction. These two aspects both provided beneficial 47 

contribution to sand liquefaction resistance, thereby preventing the occurrence of transient 48 

deformation. Under the circumstance, the sand specimens deformed only moderately, thereby 49 

eliminating the need to consider the role of the loading frequency. 50 

 51 

Keywords: Sand liquefaction; Loading frequency; Cyclic triaxial tests; Alternative and non-52 

alternative loadings 53 
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1. Introduction 55 

Sand liquefaction has emerged as an engaging topic in geotechnical engineering since the 56 

occurrence of the Niigata earthquake in Japan [1] and Alaska earthquake in the United States [2]. 57 

Under seismic loading, liquefaction may result in catastrophic consequences (e.g., transient 58 

deformation) pertaining to above-ground structures and underground lifelines due to the rapid 59 

build-up of excess pore water pressure [3]. According to the “Seed-equivalent method” [4] 60 

that simplifies the recorded irregular earthquake shear stresses to an alternative equal-amplitude 61 

loading, the liquefaction potential has been commonly assessed by performing cyclic triaxial 62 

tests in laboratory research. Due to the inherent limitation of actuator devices, experimental work 63 

has been mostly conducted under a lower level of loading frequencies, for instance 0.05 Hz [5], 64 

0.10 Hz [6–8], 0.20 Hz [9], 1 Hz [10,11] and etc., in order to better control the imposed loading, 65 

as well as overcome the measurement problems of the rapid excess pore water pressure and axial 66 

strain. However, the frequency of a real seismic excitation typically varies in the range of a few 67 

hertz [12–14], which indicates the effect of this element is also a pronounced parameter that 68 

needs to be underlined in laboratory tests [15]. 69 

Considerable research has been devoted to examine this aspect over the past fifty years. 70 

However, no clear consensus has been accomplished, and diverse views still exist in the 71 

published literature as to whether the commonly used lower frequency values are conservative or 72 

radical in the context of earthquake engineering. In general, the outcomes of earlier 73 

investigations revealed an ignorable effect of loading frequency [16–20] on the liquefaction 74 

response. For instance, a Roscoe-type simple shear device was applied by Peacock [16] to 75 

examine the liquefaction potential of medium-dense saturated Monterey sand under different 76 

loading frequencies within the range of 0.17-4 Hz. However, no clear tendency of the loading 77 

frequency was observed since the obtained experimental data dispersed within ±10% of the 78 

mean value. Similar results have also been reported by other investigators, including Yoshimi 79 

[17] and Tatsuoka [18,19], who performed ring torsion and cyclic triaxial tests on medium-dense 80 

Bandaijima and Toyoura sands, respectively. More recently, certain conclusions have been 81 

repeatedly derived, albeit in a seemingly at least controversial manner. For instance, a series of 82 

cyclic simple shear tests was carried out by Nong [21] on loose and dense specimens (density 83 

index Id= 0.40 and 0.80, respectively) by varying the loading frequency from 0.05 to 1 Hz. The 84 



experimental results showed that (i) the number of cycles to attain a given failure criterion 85 

increased with the loading frequency; and (ii) the accumulated excess pore water pressure 86 

decreased with the loading frequency. These two phenomena indicated a lower liquefaction 87 

potential under a higher loading frequency, which is in agreement with the other reports [22–26]. 88 

In contrast to this beneficial contribution of loading frequency to liquefaction resistance, Mulilis 89 

[27] seemed to be the first to observe a totally reversed trend that the sand specimen examined at 90 

a frequency of 0.017 Hz was approximately 20% more resistant than that at a frequency of 1 Hz. 91 

Similarly, Dash [28] demonstrated the enhancement of the cyclic resistance of original 92 

Ahmadabad sand with a decrease in the loading frequency. 93 

Table 1 summarizes the references mentioned above and it can be noted that the 94 

divergence in the effect of the loading frequency seems not to be possibly attributed to the 95 

employed test method, density of the sand specimen or failure criteria to identify the initial 96 

liquefaction. Furthermore, in these studies, the majority of attentions were paid to assessing the 97 

alternative loading pattern, owing to which, the eventual mechanism in pure extensional and 98 

compressive cycles could not be completely addressed. For this purpose, the emphasis of this 99 

study was put on (i) performing stress-controlled cyclic triaxial tests on saturated sand specimens 100 

subjected to both alternative and non-alternative loadings in order to separate the possible 101 

responses in the extensional/compressive cycles from the integrated alternative ones; and (ii) 102 

performing strain-controlled cyclic triaxial tests over a sizable frequencies range (up to 5 Hz) in 103 

order to directly underline the dynamic deformation characteristics. In addition, dry sand 104 

specimens were also adopted in stress-controlled triaxial programme to clarify the sliding 105 

mechanism of the sand grains without the interaction of the pore water under different loading 106 

frequencies. 107 
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2. Material and methods 109 

2.1. Physical properties of the test material 110 

The sand used in this study is a poorly graded Hostun 31 sand (termed “HN31” hereafter), 111 

which is characterized by uniform sub-angular grains [6,29] and widely used in many 112 

laboratories in Europe. The grain size distribution curve of HN31 sand [29] determined through 113 

the laser diffraction method [30] is depicted in Figure 1. The principle of this method is that 114 

while passing through a laser beam, a particle could scatter the light at a certain angle and 115 

intensity linking to its grain size. The detailed index properties are listed in Table 2. 116 

 117 

2.2. Cyclic triaxial test apparatus 118 

One of the most important features required of the cyclic triaxial device for sand liquefaction 119 

analysis is that the vertical piston must be firmly connected to the upper triaxial base so as to 120 

generate two-way alternative loading, in which cyclic stress could reverse its direction from 121 

triaxial compression to extension and vice versa. In this work, an advanced cyclic triaxial device 122 

(Mono50kN [7,31]) developed in the Navier laboratory of Ecole des Ponts ParisTech was 123 

employed. The vertical actuator of Mono50kN is connected to a PID (Proportional-Integral-124 

Derivative) controller. In stress-controlled mode, the test specimen could be further subjected to 125 

equal-amplitude alternative shearing on its 45
°

 plane after attaining the isotropic consolidation 126 

state of Kc=1 (consolidation stress ratio, Kc=σ’
a/σ’

r) as that generated on the horizontal plane 127 

[32] on the ground during earthquakes. This is the basis on which the cyclic triaxial test is 128 

warranted as a meaningful approach to assess the sand liquefaction behaviour [33]. Near the final 129 

part of the test, the employed PID controller probably fails since total material softening occurs 130 

with sand liquefaction; accordingly, the applied loading frequency should be limited to a lower 131 

range. In strain-controlled mode, the test specimen is subjected to equal-amplitude cyclic axial 132 

strain in each loading cycle; as a result, the axial displacement of test specimen is exactly the 133 

same as the given imposed loading. In addition, very high loading frequency is achievable in this 134 

mode since the axial displacement is prescribed and irrespective of sand liquefaction softening. 135 

 136 



2.3. Cyclic test programme 137 

The test programme is summarized in Table 3. For stress-controlled tests, it should be mentioned 138 

that (i) in order to ensure a suitable scale for the number of cycles to well distinguish any 139 

possible behaviour from various deformation ranges, dense sand specimens with a density index 140 

of sand matrix IDmat=0.70 were sheared in a moderate alternative pattern of Tcc=0.22 (cyclic 141 

stress ratio Tcc=τ/σ’
c=σd/2σ’

c, where τ, σ’
c and σd denote the shear, effective confining and 142 

imposed deviator stresses, respectively) in CTT1-7; and (ii) considering the fact that sand 143 

specimens normally become more resistant when subjected to non-alternative loading [6], as 144 

verified in the preliminary tests conducted in this work, high-level non-alternative extensional 145 

(CTT8-10) and compressive (CTT11-13) loading patterns with Tcc=0.60 were thus implemented 146 

on medium-dense sand specimens with IDmat=0.55 so as to (i) control the test duration to be in an 147 

acceptable range; and (ii) eliminate the need to consider any possible leakage of the fragile latex 148 

membrane in the long term. For strain-controlled tests, all test specimens (CTT14-18) underwent 149 

an imposed alternative strain in the axial direction with a peak value of εa=±0.40% and a very 150 

high loading frequency of f=5.00 Hz was included in the test programme for a better viewing of 151 

pure dynamic deformation characteristic, as explained previously. 152 

The cylindrical specimen with a diameter and height of 100 mm and 200 mm, 153 

respectively, was fabricated with 10 layers and each layer was carefully introduced into a split 154 

mould followed by slight compaction efforts (e.g., dry tamping method [34]) to achieve the 155 

required thickness (20 mm) by using a hand-held tamper. Once the test specimen was generated, 156 

the top triaxial base was mounted and sealed with a water-tight O-ring. Subsequently, a slight 157 

vacuum of approximately 20 kPa was applied to minimize any possible disturbances while 158 

removing the split mould, as well as to check the leakage of the latex membrane. Before 159 

initiating the three-step saturation for the saturated specimen (e.g., CTT4-18), the confining 160 

pressure was increased to 100 kPa to maintain the test specimen. Carbon dioxide (CO2) was 161 

firstly purged into the dry specimen to evacuate the air bubbles, followed by the injection of de-162 

aired water to saturate the test specimen. Note that the flux of both the CO2 and de-aired was 163 

minimized to avoid disturbing the soil fabric. Thirdly, in order to render the test specimen fully 164 

saturated, the back and confining pressures were alternatively increased in small steps of 165 

approximately 20 kPa until Skempton’s B value (B=∆u/∆σcon, where ∆u and ∆σcon denote the 166 



variation in the excess water pressure and imposed confining pressure, respectively) was equal to 167 

or greater than 0.98, which is believed to be high enough for the saturation of sandy soil. As for 168 

dry sand specimens (e.g., CTT1-3), the confining pressure was also increased to 100 kPa without 169 

performing the aforementioned saturation step. 170 
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3. Experimental results 172 

3.1. Repeatability test 173 

Figure 2a and Figure 2b illustrate the evolutions of the deviator stress q with the axial strain εa 174 

and those of the excess pore water pressure ∆u with the number of cycles Ncyc, respectively, with 175 

the two parallel specimens having identical test parameters (e.g., CTT6 in stress-controlled 176 

mode). It appears from Figure 2a that two stress-strain curves nearly coincided with each other; 177 

from Figure 2b that (i) before ru (excess pore water pressure ratio, ru=∆u/σ’
c) attaining a 178 

relatively high level of approximately 0.80, two curves were almost the same; (ii) beyond this 179 

point, certain differences were observed (e.g., ru>0.80) owing to the fact that the vertical 180 

hydraulic actuator could not, at this stage, manage the transient variation of the axial 181 

displacement when the test specimen approached the liquefaction stage with a high accumulated 182 

value of ∆u. Therefore, these two phenomena suggest that the test programme adopted in this 183 

study was deemed to be adequate with respect to the repeatability requirements. 184 

 185 

3.2. Stress-controlled mode 186 

3.2.1. Dry sand specimens subjected to alternative loading 187 

Figure 3a shows the relationship between the axial strain εa and number of cycles Ncyc of the dry 188 

sand specimens (CTT1-3) subjected to alternative shearing of Tcc equal to 0.22 under distinct 189 

loading frequencies f of 0.02, 0.10 and 0.60 Hz. Although the minimum and maximum εa of dry 190 

sand specimens were quite small and of the order of approximately 10-3, the corresponding 191 

amplitude of shear strain (γ=(1+ν)εa, where ν denotes the Poisson’s ratio) were still in excess of 192 

the threshold value of shear strain γth (typically around 10-4 [33]) on behalf of the initiation of the 193 

cyclic degradation in the elasto-plastic regime. Despite the fact that the loading frequency f was 194 

significantly increased by 30 times (from f=0.02 to 0.60 Hz), only a minor variation was 195 

recorded. This insignificant effect upon the loading frequency could not be possibly ascribed to 196 

the pure elastic behaviour of the dry sand specimen since plasticity (e.g., irreversible relative 197 

sliding of the sand grains) certainly occurred as explained previously(εa>γth). 198 

Figure 3b presents the corresponding effective stress paths of the dry sand specimens. 199 

The three curves appeared to be nearly identical, reconfirming that the applied loading frequency 200 



exerted a negligible effect on the dry sand specimens. It is interesting to note that although the 201 

drainage lines were definitively closed during shearing, the effective stress paths tended to 202 

follow a straight line with a slope of 3:1 (similar to those observed in triaxial drained tests), 203 

which indicated that neither excess pore water pressure nor excess air pressure occurred during 204 

shearing. 205 

 206 

3.2.2. Saturated sand specimens subjected to alternative loading 207 

The experimental results of saturated sand subjected to alternative shearing of Tcc equal to 208 

0.22 under distinct loading frequencies f of 0.02, 0.10, 0.30 and 0.60 Hz (CTT4-7) are regrouped 209 

in the subplots of Figure 4. The imposed deviator stress σd acting on the test specimens sketched 210 

in Figure 4a suggests that prior to the triggering of the liquefaction response, the vertical 211 

hydraulic actuator remained able to generate the desired loading with a high robustness in the 212 

target range of loading frequencies (from f=0.02 to 0.60 Hz). The relationship between ∆u and 213 

Ncyc depicted in Figure 4b shows that (i) the so-called “M line” [7,35,36] became increasingly 214 

notable while approaching ru=1, indicating the occurrence of cyclic mobility of the dense sand 215 

specimen [6,7]; (ii) the applied loading frequencies played a vital role on the saturated sand 216 

response, compared with the dry sand specimens; and (iii) for a given number of cycles, ∆u 217 

significantly increased as the loading frequency decreased. The relationship between εa and Ncyc 218 

depicted in Figure 4c suggests that (i) the observed strain range of the saturated specimens was 219 

dramatically larger than that of the dry sand specimens; (ii) in the initial phase of loading (e.g., 220 

Ncyc≤10), εa did not exhibit considerable fluctuations with the variation in the loading frequency; 221 

(iii) nevertheless, this difference became increasingly conspicuous with further loading after 222 

triggering transient deformation near the liquefaction stage; (iv) the number of cycles 223 

corresponding to the attainment of the considered failure criterion (e.g., εa=-3% in the single 224 

amplitude case) decreased with the decrease in the loading frequency. Note that the conventional 225 

failure criterion of εa=5% in the double amplitude case (or “peak-to-peak” ) for stress-226 

controlled tests [33] was not employed in the present work since at a higher loading frequency, 227 

the generation of the desired loading pattern became extremely difficult, especially after the 228 

triggering of the liquefaction softening, particularly for f=0.60 Hz. Therefore, the failure criterion 229 



of εa=-3% in the single amplitude was specially set as an alternative, allowing the test specimen 230 

to be evaluated with a higher level of confidence. 231 

3.2.3. Saturated sand specimens subjected to non-alternative loading 232 

Figure 5a describes the relationship between q and εa in the case of saturated sand subjected to 233 

non-alternative extensional loading (CTT8-10). Two different responses were observed: (i) in the 234 

initial loading phase, the three curves nearly coincided with one another; (ii) when subjected to 235 

further shearing, the test specimen deformed increasingly quickly and a notable dispersion was 236 

observed among the three curves while approaching the transient deformation stage. Figure 5b 237 

shows the corresponding evolution of ∆u with respect to Ncyc and it can be seen that the ∆u was 238 

initially positive due to the unloading volume-contraction effect (outlined through the purple 239 

circle) upon shearing. The same phenomenon has been previously reported and attributed to the 240 

reversible dilatancy by Li [37,38]. With further extensional loading, ∆u steadily increased as 241 

cyclic axial stress was applied, and the specimen with lower f=0.02 Hz (marked in blue) tended 242 

to exhibit a slightly higher absolute value of ∆u in both the phases (loading and releasing, as 243 

shown in Figure 5b) until the failure than that pertaining to the specimens with f=0.10 Hz 244 

(marked in red) and f=0.30 Hz (marked in green). 245 

 Figure 6a presents the relationship between q and εa in the case of saturated sand 246 

subjected to non-alternative compressive loading (CTT11-13). No clear impact of the loading 247 

frequency was observed. It is worth noting that as compared with that in non-alternative 248 

extensional loading, εa developed in a non-alternative compressive pattern under three distinct 249 

loading frequencies was deemed to be in a small range. Figure 6b shows the corresponding ∆u in 250 

terms of Ncyc, and it can be seen that after the initial rapid increase, all the ∆u were converged to 251 

approximately ru=0.60 and the effect of the loading frequency could be considered to be trivial. 252 

 Figure 7 synthesizes the accumulated axial strain εa with respect to Ncyc under extensional 253 

(case a) and compressive (case b) loadings. In the first six loading cycles (as shown in Figure 7) 254 

in case a, no remarkable dispersion in εa was observed with the three loading frequencies. 255 

However, the strain rate continually (e.g., Ncyc>6) accelerated afterward, and the transient 256 

deformation was finally triggered. At this stage, the applied loading frequencies played a 257 

dominant role, indicating that a higher loading frequency (e.g., f=0.30 Hz) seemed to be able to 258 



suppress the further development of εa. In case b, εa varied in a more moderate manner in all the 259 

loading ranges and finally stabilized to a certain level. In terms of the effect of the applied 260 

loading frequencies, only a minor variation was recorded, in contrast to that in case a. 261 

3.3. Strain-controlled mode 262 

3.3.1. Saturated sand specimens subjected to alternative loading 263 

Figure 8 presents the experimental results of saturated sand subjected to alternative axial strain 264 

with εa=±0.40% (CTT14-18) under distinct loading frequencies f from 0.01 to 5.00 Hz. The 265 

stress-strain curves in Figure 8a show that the adopted PID controller functioned correctly as all 266 

axial strains fell within the prescribed range in relation to the imposed loading despite the 267 

significant increase in f. In terms of the deviator stress q, the amplitude value was much greater 268 

on the compression side than that on the extension side. This asymmetrical property is in 269 

accordance with the experimental observations reported in the literature [39]. The relationship 270 

between ∆u and Ncyc depicted in Figure 8b shows that (i) with the first minor increase in f (from 271 

0.01 Hz in blue to 0.02 Hz in red), two curves almost coincide with each other and no clear 272 

tendency upon f can be found; (ii) with the further huge increase (in particular to f= 1.00 and 5.00 273 

Hz), the build-up of ∆u remarkably decreased to be smaller with the increasing f. For strain-274 

controlled cyclic triaxial tests, ru is commonly taken as a reasonable yardstick to identify the 275 

onset of sand liquefaction [40], and a value of ru=0.90 was thought in the present work. It can be 276 

seen from Figure 8b that Ncyc required to the attainment of this considered criteria increased with 277 

the increasing f, which is consistent with the observations in stress-controlled tests that the higher 278 

loading frequency could suppress the progress of sand liquefaction. 279 

 280 
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4. Discussion 282 

For granular materials such as sandy soil, the overall soil resistance to deformation (e.g., axial 283 

stain in a cyclic triaxial test) beyond the elastic range is mainly the result of the irreversible 284 

sliding of the sand grains against one another, which leads to the generation of the occlusal 285 

friction represented by the reciprocal constraint of the adjacent sand grains on their relative 286 

movements. From a microscopic viewpoint, this occlusal friction (in Figure 9) between the sand 287 

grains could be determined considering the following two factors according to the friction law 288 

(f=N×µ): (i) the normal force N perpendicular to the contact point standing for the compaction 289 

degree of the sand grains, which can be globally represented by the effective confining pressure 290 

σ’
c acting on the test specimen; and (ii) the fractional coefficient, µ, which can be represented by 291 

the intrinsic frictional angle of the sand used. Thus, it can be logically deduced that (i) for sand 292 

specimens composed of a given sand under a certain level of σ’
c, the occlusal friction against 293 

external loading can be assumed to be constant as long as relative sliding occurs; (ii) this 294 

occlusal friction is further irrespective of how fast [41,42] the relative sliding is. In the published 295 

literature, the experimental investigations conducted by Semblat [43] and Song [44] indicated an 296 

insignificant strain-rate effects on dry sand with stress magnitudes going up to 200 MPa and 297 

strain rates in excess of 10000/s [45]. This reason could explain why very similar responses were 298 

observed in the case of dry sand (e.g., CTT1-3), as shown in Figure 3. 299 

The completely opposite phenomena (e.g., deformation range, effect of loading frequency) 300 

pertaining to dry (e.g., CTT1-3) and saturated sand specimens (e.g., CTT4-7 and CTT14-18) 301 

could be ascribed only to the saturation-dependency since all the other controlled parameters 302 

were exactly identical. In the alternative loading pattern, the imposed loading (σd in stress-303 

controlled mode and εa in strain-controlled mode) could, in general, be divided into two different 304 

parts: (i) extension half cycles with q<0 and (ii) compression half cycles with q>0. In the former 305 

case, the test specimen was stretched due to the reduction in the deviator stress, owing to which, 306 

the test specimen exhibited a macroscopic necking form. In this process, for the saturated 307 

specimen, the sand grains slid away from one another. Consequently, the corresponding ∆u was 308 

globally adjusted to be negative (as justified in Figure 5b) so as to maintain the total specimen 309 

volume as constant. In the latter case, the test specimen was compressed due to the increase in 310 

the deviator stress, owing to which, the test specimen exhibited a macroscopic barrel form. In 311 



contrast to the extension cycles, the sand grains slid to approach one another, and the 312 

corresponding ∆u was adjusted to be positive (as proved in Figure 6b) so as to offset the volume-313 

contraction tendency. With regard to this fully saturated state, it should be considered that (i) 314 

certain parts of the sand grains were likely suspended in the pore water and lost intergranular 315 

contacts owing to the positive ∆u, which facilitated the further generation of εa in the consequent 316 

extension cycles; and (ii) the large degree of εa generated in the extension cycles promoted the 317 

further rapid build-up of ∆u in the consequent compression cycles. Under the abovementioned 318 

reciprocal effects pertaining to the alternative cycles (compression with extension), an 319 

increasingly enhanced softening liquefaction response may be expected. This aspect could 320 

explain why under the same experimental conditions, the strain range of the saturated sand 321 

specimens in stress-controlled tests was obviously more important than that of the dry sand 322 

specimens. However, this argument could not legitimately elucidate the effect of the loading 323 

frequency on the response of the saturated sand specimens (as shown in Figure 4) because the 324 

sliding between the sand grains is still independent of the loading speed even under large εa. As 325 

the time interval at which deformation occurs becomes very short in cyclic triaxial tests, it is to 326 

be borne in the mind that inertia force of sand grains themselves is another kind of agency that 327 

needs to be critically taken into account in the range of the transient deformation associated with 328 

sand liquefaction. In general, the inertia force that characterizes the dynamic behaviour as 329 

distinguished from the static one [33,45–47] depends on the (i) mass of the sand grains and (ii) 330 

acceleration linked to the strain rate of the considered sand grains. Figure 10 schematizes a 331 

conceptual model of the inertia force appearing in extension and compression half cycles, 332 

respectively. In the axial direction, in the case of the extension cycles depicted in Figure 10a, the 333 

inertia force appears opposite to the sand grains’ movement, thereby enhancing the resistance to 334 

the applied axial loading. In the case of the compression cycles, as shown in Figure 10b, the 335 

presence of inertia force equally makes a beneficial contribution to the axial resistance in the 336 

same manner. In other words, when the strain rate of the test specimen becomes conspicuously 337 

important (e.g., in the case of transient deformation while approaching or attaining the 338 

liquefaction response), the test specimen cannot experience a sufficient time lag, allowing the 339 

full build-up of sand liquefaction to be achieved since the applied loading rapidly reverses its 340 

direction in the cases of higher loading frequencies. This mechanism is capable to inhibit the 341 

accumulated development of εa [48] in stress-controlled tests and ∆u in strain-controlled tests. It 342 



explains why a remarkable effect of the loading frequency occurred in saturated sand specimens 343 

subjected to alternative loading. In this sense, a similar phenomenon should also be observed in 344 

the case of dry sand specimens. However, the experimental results derived from Figure 3a do not 345 

support this argument. This phenomenon might be attributed to the fact that without the presence 346 

of ∆u in the dry state, the deformation of dry sand grains can be considered as being quasi-static, 347 

resulting in an ignorable effect of loading frequency. 348 

 For the lateral direction in the extension (see Figure 10a) and compression (see Figure 349 

10b) cycles, two distinct mechanisms can be identified: the inertia force (i) exists in the form of 350 

weakening the lateral confinement on the extension side and (ii) still makes a positive 351 

contribution to the lateral confinement on the compression side. As explained in the foregoing 352 

section, the relative sliding between the adjacent sand grains, yielding global resistance, is 353 

proportional to the normal force N, as represented by the confinement level. Hence, the presence 354 

of lateral inertia force in the compressive/extension cycles enhances and weakens the specimen 355 

resistance to deformation, respectively. In addition, when the sand specimens are deposited 356 

under gravity, it has been experimentally demonstrated [49,50] that the long axes of the sand 357 

grains preferentially orient along the horizontal direction so as to achieve a naturally stable state. 358 

Under pure compressive loading, the rearrangement of the sand grains occurs in a more stable 359 

horizontal direction (e.g., barrel effect), whilst a totally reversed phenomenon could then be 360 

expected for pure extensional loading (e.g., necking effect). By combining the above two factors, 361 

it can be deduced that under the same level of loading (e.g, Tcc) with opposite loading directions 362 

(compression versus extension), the resistance to deformation should be much more prevailing in 363 

compressive loading than in extensional loading. This aspect could explain why a greater strain 364 

range and transient deformation only occurred for test specimens subjected to non-alternative 365 

extensional loading, during which the effect of loading frequency (experimentally justified by 366 

Figure 5 and Figure 7) should necessarily be considered with the inertia force, as explained 367 

previously. On the contrary, due to the lack of the above two key factors (considerably strain 368 

range and transient deformation), the effect of the loading frequency (f=0.02-0.30 Hz employed 369 

in the present work) could be logically assumed to be of second importance in the case of non-370 

alternative compressive loading, which is highly consistent with the experimental results 371 

displayed in Figure 6 and Figure 7.  372 



5. Conclusions 373 

In this study, the effect of the loading frequency f was investigated by performing (i) stress-374 

controlled cyclic triaxial tests for dry and saturated sand specimens in the dense (IDmat=0.70) and 375 

medium-dense (IDmat=0.55) states subjected to alternative and non-alternative loadings; and (ii) 376 

strain-controlled cyclic triaxial tests for saturated dense sand specimens (IDmat=0.70) over a wide 377 

range of f. The results can be used to derive the following conclusions: 378 

1) Under alternative loading, dry sand specimens with IDmat=0.70 (CTT1-3) deformed 379 

almost in a quasi-static manner and were insensitive to the variation in f, which 380 

eliminated the need to consider the additional inertia force. 381 

2) In the presence of pore water, the saturated sand specimens with IDmat=0.70 subjected to 382 

alternative loading indeed liquefied with transient deformation. In stress-controlled mode 383 

(CTT4-7), the effect of the f was required to be carefully considered, especially after the 384 

triggering of transient deformation associated with sand liquefaction. In strain-controlled 385 

mode (CTT14-18), a significant effect of f was also found when the applied f was 386 

drastically increased. In these two cases, the presence of inertia force opposing the 387 

applied loading in the axial direction is the main reason to explain the above experimental 388 

observations. 389 

3) In the case of non-alternative loading in pure extensional loading for stress-controlled 390 

tests, a higher f also made a beneficial contribution to axial resistance for medium-dense 391 

saturated sand specimens with IDmat=0.55 owing to the presence of the axial inertia force, 392 

very similar to the alternative loading for saturated specimens in dense state (IDmat=0.70). 393 

In contrast, no clear effect of f was observed in the case of pure compressive loading, 394 

which could be ascribed to the following two factors: (i) the inertia force in the lateral 395 

direction appeared in the form of enhancing lateral confinement, thereby impeding the 396 

relative sliding; and (ii) during shearing, the rearrangement of the sand grains took place 397 

in a more stable direction. Therefore, the sand specimens only deformed in a moderate 398 

manner without transient defamation leading to an ignorable effect of the f. 399 

  400 
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Table and Figures 519 

Table 1 Summary of the literature review pertaining to the loading frequency effect 520 

No Reference Sand 
Test 

Method 
σ'

c (kPa) Id Failure criteria f (Hz) 
Frequency 

Effect 

1 Peacock [16] Monterey SST(1) 500 0.50 ru=1 0.17-4 

minor 

2 Yoshimi [17] Bandaijima RTT(2) 95.2 ≈0.40 ru=1 1-12 

3 Tatsuoka [18] Toyoura CTT(3) 98 0.50-0.80 
εa=10% 

(DA(4)) 0.05, 0.50 

4 Tatsuoka [19] Toyoura CTT 100 0.50 εa=10% (DA) 0.05-1 

5 Polito [20] Monterey CTT 100 0.74 ru=1 0.50, 1 

6 Lee [22] 
EI Monte and 

Silt 
CTT 103 0.50, 0.75 

εa=5%, 10% 

or 20% (DA) 0.17-1 

stable at higher 

f 

7 Guo [23] NA(4) CTT 100-300 0.28, 0.70 ru=1 0.05-1 

8 Feng [24] Fujian sand CTT 50 0.30 ru=1 0.05-2 

9 Zhang [25] NA CTT 100 0.65 ru=1 0.50-2 

10 Zhang [26] Wuchuan sand CTT 
50, 100, 

150 
0.55 ru=1 1-3 

11 Nong [21] 
Nakdong River 

sand 
SST 

50, 100, 

200 
0.40, 0.80 εa=7.5% (DA) 0.05-1 

12 Mulilis [27] Monterey CTT 100 0.50 εa=5% (DA) 0.017-1 

stable at lower f 
13 Dash [28] 

Original 

Ahmadabad 

sand 

CTT 100 0.54 ru=1 0.10-0.50 

Note:(1) SST: simple shear test; (2) RTT: ring torsion test; (3) CTT: cyclic triaxial test; (4) DA: double amplitude 

(5) NA: not available 



Table 2 Physical properties of the test material 521 

Material 
D50 

(µm) 
Cu emin emax Gs Ip 

HN31 350 1.57 0.656 1 2.65 
Non-

plastic 

  522 



Table 3 Cyclic triaxial test programme 523 

Reference 
IDmat

 (1) 
  

Loading 

Pattern 
Sr (%) (6) f (Hz) 

Control 

mode 
σ'

c (kPa) Waveform 

  Tcc 
(2)     

Stress 

CTT1 

0.70 0.22 A (3) 0 

0.02 

100 Sine 

CTT2 0.10 

CTT3 0.60 

CTT4 

0.70 0.22 A 

100 

0.02 

CTT5 0.10 

CTT6 0.30 

CTT7 0.60 

CTT8 

0.55 0.60 NA(E) (4) 

0.02 

CTT9 0.10 

CTT10 0.60 

CTT11 

0.55 0.60 NA(C) (5) 

0.02 

CTT12 0.10 

CTT13 0.60 

  εa     

Strain 

CTT14 

0.70 ±0.40% A 100 

0.01 

CTT15 0.02 

CTT16 0.10 

CTT17 1.00 

CTT18 5.00 

Note:(1) Density index of sand matrix: IDmat; (2) Cyclic stress ratio: Tcc 

(3) Alternative loading: A; (4) Non-Alternative extensional loading: NA(E) 

(5) Non-Alternative compressive loading: NA(C); (6) Saturation degree: Sr 

 524 

 525 
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 527 

Figure 1 Grain size distribution curve of HN31 sand. 528 
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 530 

Figure 2 Repeatability tests of specimens CTT6 with IDmat=0.70, σ’
c=100 kPa, Tcc=0.22 531 

(Alternative) and f=0.30 Hz in terms of (a) stress-strain; and (b) excess pore water pressure-532 

number of cycles curves. 533 
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 535 

Figure 3 Eexperimental results of dry sand specimens (IDmat=0.70, σ’
c =100 kPa) subjected to 536 

alternative shearing (Tcc=0.22) under distinct loading frequencies (f=0.02, 0.10 and 0.60 Hz) in 537 

terms of the (a) stress-number of cycles; and (b) effective stress paths curves. 538 

 539 

This figure is requested to be printed in color. 540 

 541 
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 543 

Figure 4 Experimental results of saturated sand specimens (IDmat=0.70, σ’
c=100 kPa) subjected 544 

to alternative shearing (Tcc=0.22) under distinct loading frequencies (f=0.02, 0.10, 0.30 and 545 

0.60 Hz) in terms of the (a) deviator stress-; (b) excess pore water pressure-; and (c) axial 546 

strain-number of cycles curves. 547 
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 549 

Figure 5 Experimental results of saturated sand specimens (IDmat=0.55, σ’
c=100 kPa) subjected 550 

to non-alternative extensional shearing (Tcc=0.60) under distinct loading frequencies (f=0.02, 551 

0.10 and 0.60 Hz) in terms of the (a) stress-strain; (b) excess pore water pressure-number of 552 

cycles curves. 553 

 554 

This figure is requested to be printed in color. 555 
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 557 

Figure 6 Experimental results of saturated sand specimens (IDmat=0.55, σ’
c=100 kPa, Tcc=0.60) 558 

subjected to non-alternative compressive shearing (Tcc=0.60) under distinct loading frequencies 559 

(f=0.02, 0.10 and 0.60 Hz) in terms of the (a) stress-strain; (b) excess pore water pressure-560 

number of cycles curves. 561 

 562 

This figure is requested to be printed in color. 563 
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 565 

Figure 7 Accumulated axial deformation developed in the non-alternative loading of saturated 566 

sand specimens (IDmat=0.55, σ’
c=100 kPa, Tcc=0.60) on the (a) compression; and (b) extension 567 

sides. 568 
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 570 

Figure 8 Experimental results of saturated sand specimens (IDmat=0.70, σ’
c=100 kPa) subjected 571 

to alternative axial strain (εa=±0.40%) under distinct loading frequencies (f=0.01, 0.02, 0.10, 572 

1.00 and 5.00 Hz) in terms of the (a) stress-strain; and (b) excess pore water pressure-number of 573 

cycles curves. 574 

 575 

This figure is requested to be printed in color. 576 
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 578 

 579 

Figure 9 Schematic of occlusal friction of the dry sand specimen. 580 
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 582 

Figure 10 Schematic of the inertia force in the (a) extension and (b) compression cycles 583 

(modified from Omidvar [45]). 584 




