N

N

Effect of the loading frequency on the sand liquefaction
behaviour in cyclic triaxial tests
Zhehao Zhu, Feng Zhang, Qingyun Peng, Jean Claude Dupla, Jean Canou,

Gwendal Cumunel, Evelyne Foerster

» To cite this version:

Zhehao Zhu, Feng Zhang, Qingyun Peng, Jean Claude Dupla, Jean Canou, et al.. Effect of the loading
frequency on the sand liquefaction behaviour in cyclic triaxial tests. Soil Dynamics and Earthquake
Engineering, 2021, 147, pp.106779. 10.1016/j.s0ildyn.2021.106779 . hal-04313255

HAL Id: hal-04313255
https://hal.science/hal-04313255
Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04313255
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0267726121002013
Manuscript_24410b21019a0a9321a3¢47561¢3067a

10
11

12

13

14

15

16
17
18
19
20
21
22
23
24
25
26

Effect of the loading frequency on the sand liquefaction
behaviour 1n cyclic triaxial tests

Zhehao Zhu®?, Feng Zhang®*, Qingyun Peng?, Jean-Claude Dupla?, Jean Canou?, Gwendal

Cumunel?, Evelyne Foerster”

2Ecole des Ponts ParisTech, Laboratoire Navier, 6-8 av. Blaise Pascal, 77455 Marne La Vallée

cedex 2, France

"Commissariat a I’énergie Atomique, DEN, DANS, DM2S, Université Paris-Saclay, F-91191

Gif-sur-Yvette, France

*Corresponding Author:

Feng Zhang

Ecole des Ponts ParisTech

Laboratoire Navier, 6-8 av. Blaise Pascal, 77455 Marne La Vallée cedex 2, France

Email: feng.zhang @enpc.fr

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0267726121002013

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51

52
53

54

Abstract

This study was aimed at highlighting the effect of loading frequency on the sand liquefaction
response by performing cyclic triaxial tests in both stress-controlled and strain-controlled modes.
For the first case, dense (/pma=0.70) and medium-dense (Ipma=0.55) sand specimens were
subjected to alternative and non-alternative axial stresses; whilst dense (/pma=0.70) sand
specimens were subjected to alternative axial strain over a wide range of loading frequencies in
the second case. It was experimentally found that in the case of alternative loading for test
specimens with /pma=0.70 in stress-controlled mode, the effect of the loading frequency was not
notable for dry sand specimens. In contrast, the effect of the loading frequency was significant
for saturated sand specimens in both the loading modes. This was because, upon shearing,
transient deformation occurred with the presence of excess pore water pressure, during which the
inertia force needed to be taken into account. In the axial direction, the inertia force opposing the
external loading certainly increased the liquefaction resistance by suppressing the complete
development of the sand liquefaction. As for non-alternative loading in stress-controlled mode
for test specimens with /pma=0.55, the loading frequency played a vital role in pure extensional
loading, which could also be logically attributed to the presence of the axial inertia force
appearing in the large strain and transient deformation stages. However, the effect of the loading
frequency on the compressive pattern was unclear due to the following two reasons: (i) the
inertia force in the lateral direction appeared in the form of enhancing lateral confinement,
thereby impeding the relative sliding; and (ii) during shearing, the rearrangement of the sand
grains occurred in a more stable direction. These two aspects both provided beneficial
contribution to sand liquefaction resistance, thereby preventing the occurrence of transient
deformation. Under the circumstance, the sand specimens deformed only moderately, thereby

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

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

alternative loadings
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1. Introduction

Sand liquefaction has emerged as an engaging topic in geotechnical engineering since the
occurrence of the Niigata earthquake in Japan [1] and Alaska earthquake in the United States [2].
Under seismic loading, liquefaction may result in catastrophic consequences (e.g., transient
deformation) pertaining to above-ground structures and underground lifelines due to the rapid
build-up of excess pore water pressure [3]. According to the “Seed-equivalent method” [4]
that simplifies the recorded irregular earthquake shear stresses to an alternative equal-amplitude
loading, the liquefaction potential has been commonly assessed by performing cyclic triaxial
tests in laboratory research. Due to the inherent limitation of actuator devices, experimental work
has been mostly conducted under a lower level of loading frequencies, for instance 0.05 Hz [5],
0.10 Hz [6-8], 0.20 Hz [9], 1 Hz [10,11] and etc., in order to better control the imposed loading,
as well as overcome the measurement problems of the rapid excess pore water pressure and axial
strain. However, the frequency of a real seismic excitation typically varies in the range of a few
hertz [12—-14], which indicates the effect of this element is also a pronounced parameter that

needs to be underlined in laboratory tests [15].

Considerable research has been devoted to examine this aspect over the past fifty years.
However, no clear consensus has been accomplished, and diverse views still exist in the
published literature as to whether the commonly used lower frequency values are conservative or
radical in the context of earthquake engineering. In general, the outcomes of earlier
investigations revealed an ignorable effect of loading frequency [16-20] on the liquefaction
response. For instance, a Roscoe-type simple shear device was applied by Peacock [16] to
examine the liquefaction potential of medium-dense saturated Monterey sand under different
loading frequencies within the range of 0.17-4 Hz. However, no clear tendency of the loading
frequency was observed since the obtained experimental data dispersed within = 10% of the
mean value. Similar results have also been reported by other investigators, including Yoshimi
[17] and Tatsuoka [18,19], who performed ring torsion and cyclic triaxial tests on medium-dense
Bandaijima and Toyoura sands, respectively. More recently, certain conclusions have been
repeatedly derived, albeit in a seemingly at least controversial manner. For instance, a series of
cyclic simple shear tests was carried out by Nong [21] on loose and dense specimens (density

index Is= 0.40 and 0.80, respectively) by varying the loading frequency from 0.05 to 1 Hz. The
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experimental results showed that (i) the number of cycles to attain a given failure criterion
increased with the loading frequency; and (ii) the accumulated excess pore water pressure
decreased with the loading frequency. These two phenomena indicated a lower liquefaction
potential under a higher loading frequency, which is in agreement with the other reports [22-26].
In contrast to this beneficial contribution of loading frequency to liquefaction resistance, Mulilis
[27] seemed to be the first to observe a totally reversed trend that the sand specimen examined at
a frequency of 0.017 Hz was approximately 20% more resistant than that at a frequency of 1 Hz.
Similarly, Dash [28] demonstrated the enhancement of the cyclic resistance of original

Ahmadabad sand with a decrease in the loading frequency.

Table 1 summarizes the references mentioned above and it can be noted that the
divergence in the effect of the loading frequency seems not to be possibly attributed to the
employed test method, density of the sand specimen or failure criteria to identify the initial
liquefaction. Furthermore, in these studies, the majority of attentions were paid to assessing the
alternative loading pattern, owing to which, the eventual mechanism in pure extensional and
compressive cycles could not be completely addressed. For this purpose, the emphasis of this
study was put on (i) performing stress-controlled cyclic triaxial tests on saturated sand specimens
subjected to both alternative and non-alternative loadings in order to separate the possible
responses in the extensional/compressive cycles from the integrated alternative ones; and (i1)
performing strain-controlled cyclic triaxial tests over a sizable frequencies range (up to 5 Hz) in
order to directly underline the dynamic deformation characteristics. In addition, dry sand
specimens were also adopted in stress-controlled triaxial programme to clarify the sliding
mechanism of the sand grains without the interaction of the pore water under different loading

frequencies.
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2. Material and methods

2.1. Physical properties of the test material

The sand used in this study is a poorly graded Hostun 31 sand (termed “HN31” hereafter),
which is characterized by uniform sub-angular grains [6,29] and widely used in many
laboratories in Europe. The grain size distribution curve of HN31 sand [29] determined through
the laser diffraction method [30] is depicted in Figure 1. The principle of this method is that
while passing through a laser beam, a particle could scatter the light at a certain angle and

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

2.2. Cyclic triaxial test apparatus

One of the most important features required of the cyclic triaxial device for sand liquefaction
analysis is that the vertical piston must be firmly connected to the upper triaxial base so as to
generate two-way alternative loading, in which cyclic stress could reverse its direction from
triaxial compression to extension and vice versa. In this work, an advanced cyclic triaxial device
(Mono5S0kN [7,31]) developed in the Navier laboratory of Ecole des Ponts ParisTech was
employed. The vertical actuator of Mono5S0kN is connected to a PID (Proportional-Integral-
Derivative) controller. In stress-controlled mode, the test specimen could be further subjected to
equal-amplitude alternative shearing on its 45 plane after attaining the isotropic consolidation
state of Kc=1 (consolidation stress ratio, Kc=0 /0 ;) as that generated on the horizontal plane
[32] on the ground during earthquakes. This is the basis on which the cyclic triaxial test is
warranted as a meaningful approach to assess the sand liquefaction behaviour [33]. Near the final
part of the test, the employed PID controller probably fails since total material softening occurs
with sand liquefaction; accordingly, the applied loading frequency should be limited to a lower
range. In strain-controlled mode, the test specimen is subjected to equal-amplitude cyclic axial
strain in each loading cycle; as a result, the axial displacement of test specimen is exactly the
same as the given imposed loading. In addition, very high loading frequency is achievable in this

mode since the axial displacement is prescribed and irrespective of sand liquefaction softening.
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2.3. Cyclic test programme

The test programme is summarized in Table 3. For stress-controlled tests, it should be mentioned
that (i) in order to ensure a suitable scale for the number of cycles to well distinguish any
possible behaviour from various deformation ranges, dense sand specimens with a density index
of sand matrix /pma=0.70 were sheared in a moderate alternative pattern of 7..=0.22 (cyclic
stress ratio Tee=7/0 =04/20 <, where T, 0 . and 0z denote the shear, effective confining and
imposed deviator stresses, respectively) in CTTI1-7; and (ii) considering the fact that sand
specimens normally become more resistant when subjected to non-alternative loading [6], as
verified in the preliminary tests conducted in this work, high-level non-alternative extensional
(CTT8-10) and compressive (CTT11-13) loading patterns with 7¢.=0.60 were thus implemented
on medium-dense sand specimens with Ipma=0.55 so as to (i) control the test duration to be in an
acceptable range; and (ii) eliminate the need to consider any possible leakage of the fragile latex
membrane in the long term. For strain-controlled tests, all test specimens (CTT14-18) underwent
an imposed alternative strain in the axial direction with a peak value of &=+0.40% and a very
high loading frequency of f=5.00 Hz was included in the test programme for a better viewing of

pure dynamic deformation characteristic, as explained previously.

The cylindrical specimen with a diameter and height of 100 mm and 200 mm,
respectively, was fabricated with 10 layers and each layer was carefully introduced into a split
mould followed by slight compaction efforts (e.g., dry tamping method [34]) to achieve the
required thickness (20 mm) by using a hand-held tamper. Once the test specimen was generated,
the top triaxial base was mounted and sealed with a water-tight O-ring. Subsequently, a slight
vacuum of approximately 20 kPa was applied to minimize any possible disturbances while
removing the split mould, as well as to check the leakage of the latex membrane. Before
initiating the three-step saturation for the saturated specimen (e.g., CTT4-18), the confining
pressure was increased to 100 kPa to maintain the test specimen. Carbon dioxide (CO2) was
firstly purged into the dry specimen to evacuate the air bubbles, followed by the injection of de-
aired water to saturate the test specimen. Note that the flux of both the CO> and de-aired was
minimized to avoid disturbing the soil fabric. Thirdly, in order to render the test specimen fully
saturated, the back and confining pressures were alternatively increased in small steps of

approximately 20 kPa until Skempton’s B value (B=Au/AC:on, where Au and AGion denote the
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variation in the excess water pressure and imposed confining pressure, respectively) was equal to
or greater than 0.98, which is believed to be high enough for the saturation of sandy soil. As for
dry sand specimens (e.g., CTT1-3), the confining pressure was also increased to 100 kPa without

performing the aforementioned saturation step.
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3. Experimental results

3.1. Repeatability test

Figure 2a and Figure 2b illustrate the evolutions of the deviator stress g with the axial strain &
and those of the excess pore water pressure Au with the number of cycles Ny, respectively, with
the two parallel specimens having identical test parameters (e-g5—CTT6 in stress-controlled
mode). It appears from Figure 2a that two stress-strain curves nearly coincided with each other;
from Figure 2b that (i) before ry (excess pore water pressure ratio, ro=Au/0 .) attaining a
relatively high level of approximately 0.80, two curves were almost the same; (ii) beyond this
point, certain differences were observed (e.g., r.>0.80) owing to the fact that the vertical
hydraulic actuator could not, at this stage, manage the transient variation of the axial
displacement when the test specimen approached the liquefaction stage with a high accumulated
value of Au. Therefore, these two phenomena suggest that the test programme adopted in this

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

3.2. Stress-controlled mode

3.2.1. Dry sand specimens subjected to alternative loading

Figure 3a shows the relationship between the axial strain & and number of cycles Ncyc of the dry
sand specimens (CTT1-3) subjected to alternative shearing of T.c equal to 0.22 under distinct
loading frequencies f of 0.02, 0.10 and 0.60 Hz. Although the minimum and maximum &, of dry
sand specimens were quite small and of the order of approximately 10, the corresponding
amplitude of shear strain ()=(1+V)&, where v denotes the Poisson’s ratio) were still in excess of
the threshold value of shear strain y (typically around 10* [33]) on behalf of the initiation of the
cyclic degradation in the elasto-plastic regime. Despite the fact that the loading frequency f was
significantly increased by 30 times (from f=0.02 to 0.60 Hz), only a minor variation was
recorded. This insignificant effect upon the loading frequency could not be possibly ascribed to
the pure elastic behaviour of the dry sand specimen since plasticity (e.g., irreversible relative

sliding of the sand grains) certainly occurred as explained previously{&>f:).

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

The three curves appeared to be nearly identical, reconfirming that the applied loading frequency
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exerted a negligible effect on the dry sand specimens. It is interesting to note that although the
drainage lines were definitively closed during shearing, the effective stress paths tended to
follow a straight line with a slope of 3:1 (similar to those observed in triaxial drained tests),
which indicated that neither excess pore water pressure nor excess air pressure occurred during

shearing.

3.2.2. Saturated sand specimens subjected to alternative loading

The experimental results of saturated sand subjected to alternative shearing of Tcc equal to
0.22 under distinct loading frequencies f of 0.02, 0.10, 0.30 and 0.60 Hz (CTT4-7) are regrouped
in the subplots of Figure 4. The imposed deviator stress dg acting on the test specimens sketched
in Figure 4a suggests that prior to the triggering of the liquefaction response, the vertical
hydraulic actuator remained able to generate the desired loading with a high robustness in the
target range of loading frequencies (from f=0.02 to 0.60 Hz). The relationship between Au and
Neye depicted in Figure 4b shows that (i) the so-called “M line” [7,35,36] became increasingly
notable while approaching ru=1, indicating the occurrence of cyclic mobility of the dense sand
specimen [6,7]; (i1) the applied loading frequencies played a vital role on the saturated sand
response, compared with the dry sand specimens; and (iii) for a given number of cycles, Au
significantly increased as the loading frequency decreased. The relationship between & and Ncyc
depicted in Figure 4c suggests that (i) the observed strain range of the saturated specimens was
dramatically larger than that of the dry sand specimens; (ii) in the initial phase of loading (e.g.,
Neye<<10), & did not exhibit considerable fluctuations with the variation in the loading frequencys;
(iii) nevertheless, this difference became increasingly conspicuous with further loading after
triggering transient deformation near the liquefaction stage; (iv) the number of cycles
corresponding to the attainment of the considered failure criterion (e.g., &=-3% in the single
amplitude case) decreased with the decrease in the loading frequency. Note that the conventional
failure criterion of &=5% in the double amplitude case (or “ peak-to-peak ” ) for stress-
controlled tests [33] was not employed in the present work since at a higher loading frequency,
the generation of the desired loading pattern became extremely difficult, especially after the

triggering of the liquefaction softening, particularly for f/=0.60 Hz. Therefore, the failure criterion
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of &=-3% in the single amplitude was specially set as an alternative, allowing the test specimen

to be evaluated with a higher level of confidence.

3.2.3. Saturated sand specimens subjected to non-alternative loading

Figure Sa describes the relationship between ¢ and & in the case of saturated sand subjected to
non-alternative extensional loading (CTT8-10). Two different responses were observed: (i) in the
initial loading phase, the three curves nearly coincided with one another; (ii) when subjected to
further shearing, the test specimen deformed increasingly quickly and a notable dispersion was
observed among the three curves while approaching the transient deformation stage. Figure 5b
shows the corresponding evolution of Au with respect to Ncyc and it can be seen that the Au was
initially positive due to the unloading volume-contraction effect (outlined through the purple
circle) upon shearing. The same phenomenon has been previously reported and attributed to the
reversible dilatancy by Li [37,38]. With further extensional loading, Au steadily increased as
cyclic axial stress was applied, and the specimen with lower f/=0.02 Hz (marked in blue) tended
to exhibit a slightly higher absolute value of Au in both the phases (loading and releasing, as
shown in Figure 5b) until the failure than that pertaining to the specimens with f=0.10 Hz
(marked in red) and f=0.30 Hz (marked in green).

Figure 6a presents the relationship between ¢ and & in the case of saturated sand
subjected to non-alternative compressive loading (CTT11-13). No clear impact of the loading
frequency was observed. It is worth noting that as compared with that in non-alternative
extensional loading, & developed in a non-alternative compressive pattern under three distinct
loading frequencies was deemed to be in a small range. Figure 6b shows the corresponding Au in
terms of Ny, and it can be seen that after the initial rapid increase, all the Au were converged to

approximately r,=0.60 and the effect of the loading frequency could be considered to be trivial.

Figure 7 synthesizes the accumulated axial strain & with respect to Ncyc under extensional
(case a) and compressive (case b) loadings. In the first six loading cycles (as shown in Figure 7)
in case a, no remarkable dispersion in & was observed with the three loading frequencies.
However, the strain rate continually (e.g., Ncyc>6) accelerated afterward, and the transient
deformation was finally triggered. At this stage, the applied loading frequencies played a

dominant role, indicating that a higher loading frequency (e.g., f/=0.30 Hz) seemed to be able to
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suppress the further development of &. In case b, & varied in a more moderate manner in all the
loading ranges and finally stabilized to a certain level. In terms of the effect of the applied

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

3.3. Strain-controlled mode

3.3.1. Saturated sand specimens subjected to alternative loading

Figure 8 presents the experimental results of saturated sand subjected to alternative axial strain
with &=+0.40% (CTT14-18) under distinct loading frequencies f from 0.01 to 5.00 Hz. The
stress-strain curves in Figure 8a show that the adopted PID controller functioned correctly as all
axial strains fell within the prescribed range in relation to the imposed loading despite the
significant increase in f. In terms of the deviator stress g, the amplitude value was much greater
on the compression side than that on the extension side. This asymmetrical property is in
accordance with the experimental observations reported in the literature [39]. The relationship
between Au and Ncyc depicted in Figure 8b shows that (i) with the first minor increase in f (from
0.01 Hz in blue to 0.02 Hz in red), two curves almost coincide with each other and no clear
tendency upon f can be found; (ii) with the further huge increase (in particular to /= 1.00 and 5.00
Hz), the build-up of Au remarkably decreased to be smaller with the increasing f. For strain-
controlled cyclic triaxial tests, ru is commonly taken as a reasonable yardstick to identify the
onset of sand liquefaction [40], and a value of r,=0.90 was thought in the present work. It can be
seen from Figure 8b that Ncy. required to the attainment of this considered criteria increased with
the increasing f, which is consistent with the observations in stress-controlled tests that the higher

loading frequency could suppress the progress of sand liquefaction.
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4. Discussion

For granular materials such as sandy soil, the overall soil resistance to deformation (e.g., axial
stain in a cyclic triaxial test) beyond the elastic range is mainly the result of the irreversible
sliding of the sand grains against one another, which leads to the generation of the occlusal
friction represented by the reciprocal constraint of the adjacent sand grains on their relative
movements. From a microscopic viewpoint, this occlusal friction (in Figure 9) between the sand
grains could be determined considering the following two factors according to the friction law
(=N X t: (i) the normal force N perpendicular to the contact point standing for the compaction
degree of the sand grains, which can be globally represented by the effective confining pressure
O acting on the test specimen; and (ii) the fractional coefficient, £, which can be represented by
the intrinsic frictional angle of the sand used. Thus, it can be logically deduced that (i) for sand
specimens composed of a given sand under a certain level of T, the occlusal friction against
external loading can be assumed to be constant as long as relative sliding occurs; (ii) this
occlusal friction is further irrespective of how fast [41,42] the relative sliding is. In the published
literature, the experimental investigations conducted by Semblat [43] and Song [44] indicated an
insignificant strain-rate effects on dry sand with stress magnitudes going up to 200 MPa and
strain rates in excess of 10000/s [45]. This reason could explain why very similar responses were

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

The completely opposite phenomena (e.g., deformation range, effect of loading frequency)
pertaining to dry (e.g., CTT1-3) and saturated sand specimens (e.g., CTT4-7 and CTT14-18)
could be ascribed only to the saturation-dependency since all the other controlled parameters
were exactly identical. In the alternative loading pattern, the imposed loading (dy in stress-
controlled mode and & in strain-controlled mode) could, in general, be divided into two different
parts: (i) extension half cycles with ¢<O and (ii) compression half cycles with ¢>0. In the former
case, the test specimen was stretched due to the reduction in the deviator stress, owing to which,
the test specimen exhibited a macroscopic necking form. In this process, for the saturated
specimen, the sand grains slid away from one another. Consequently, the corresponding Au was
globally adjusted to be negative (as justified in Figure 5b) so as to maintain the total specimen
volume as constant. In the latter case, the test specimen was compressed due to the increase in

the deviator stress, owing to which, the test specimen exhibited a macroscopic barrel form. In
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contrast to the extension cycles, the sand grains slid to approach one another, and the
corresponding Au was adjusted to be positive (as proved in Figure 6b) so as to offset the volume-
contraction tendency. With regard to this fully saturated state, it should be considered that (i)
certain parts of the sand grains were likely suspended in the pore water and lost intergranular
contacts owing to the positive Au, which facilitated the further generation of & in the consequent
extension cycles; and (ii) the large degree of & generated in the extension cycles promoted the
further rapid build-up of Au in the consequent compression cycles. Under the abovementioned
reciprocal effects pertaining to the alternative cycles (compression with extension), an
increasingly enhanced softening liquefaction response may be expected. This aspect could
explain why under the same experimental conditions, the strain range of the saturated sand
specimens in stress-controlled tests was obviously more important than that of the dry sand
specimens. However, this argument could not legitimately elucidate the effect of the loading
frequency on the response of the saturated sand specimens (as shown in Figure 4) because the
sliding between the sand grains is still independent of the loading speed even under large &. As
the time interval at which deformation occurs becomes very short in cyclic triaxial tests, it is to
be borne in the mind that inertia force of sand grains themselves is another kind of agency that
needs to be critically taken into account in the range of the transient deformation associated with
sand liquefaction. In general, the inertia force that characterizes the dynamic behaviour as
distinguished from the static one [33,45-47] depends on the (i) mass of the sand grains and (ii)
acceleration linked to the strain rate of the considered sand grains. Figure 10 schematizes a
conceptual model of the inertia force appearing in extension and compression half cycles,
respectively. In the axial direction, in the case of the extension cycles depicted in Figure 10a, the
inertia force appears opposite to the sand grains’ movement, thereby enhancing the resistance to
the applied axial loading. In the case of the compression cycles, as shown in Figure 10b, the
presence of inertia force equally makes a beneficial contribution to the axial resistance in the
same manner. In other words, when the strain rate of the test specimen becomes conspicuously
important (e.g., in the case of transient deformation while approaching or attaining the
liquefaction response), the test specimen cannot experience a sufficient time lag, allowing the
full build-up of sand liquefaction to be achieved since the applied loading rapidly reverses its
direction in the cases of higher loading frequencies. This mechanism is capable to inhibit the

accumulated development of & [48] in stress-controlled tests and Au in strain-controlled tests. It
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explains why a remarkable effect of the loading frequency occurred in saturated sand specimens
subjected to alternative loading. In this sense, a similar phenomenon should also be observed in
the case of dry sand specimens. However, the experimental results derived from Figure 3a do not
support this argument. This phenomenon might be attributed to the fact that without the presence
of Au in the dry state, the deformation of dry sand grains can be considered as being quasi-static,

resulting in an ignorable effect of loading frequency.

For the lateral direction in the extension (see Figure 10a) and compression (see Figure
10b) cycles, two distinct mechanisms can be identified: the inertia force (i) exists in the form of
weakening the lateral confinement on the extension side and (ii) still makes a positive
contribution to the lateral confinement on the compression side. As explained in the foregoing
section, the relative sliding between the adjacent sand grains, yielding global resistance, is
proportional to the normal force N, as represented by the confinement level. Hence, the presence
of lateral inertia force in the compressive/extension cycles enhances and weakens the specimen
resistance to deformation, respectively. In addition, when the sand specimens are deposited
under gravity, it has been experimentally demonstrated [49,50] that the long axes of the sand
grains preferentially orient along the horizontal direction so as to achieve a naturally stable state.
Under pure compressive loading, the rearrangement of the sand grains occurs in a more stable
horizontal direction (e.g., barrel effect), whilst a totally reversed phenomenon could then be
expected for pure extensional loading (e.g., necking effect). By combining the above two factors,
it can be deduced that under the same level of loading (e.g, 7¢.) with opposite loading directions
(compression versus extension), the resistance to deformation should be much more prevailing in
compressive loading than in extensional loading. This aspect could explain why a greater strain
range and transient deformation only occurred for test specimens subjected to non-alternative
extensional loading, during which the effect of loading frequency (experimentally justified by
Figure 5 and Figure 7) should necessarily be considered with the inertia force, as explained
previously. On the contrary, due to the lack of the above two key factors (considerably strain
range and transient deformation), the effect of the loading frequency (f=0.02-0.30 Hz employed
in the present work) could be logically assumed to be of second importance in the case of non-
alternative compressive loading, which is highly consistent with the experimental results

displayed in Figure 6 and Figure 7.
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5. Conclusions

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

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

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

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

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

1)

2)

3)

Under alternative loading, dry sand specimens with Ipma=0.70 (CTT1-3) deformed
almost in a quasi-static manner and were insensitive to the variation in f, which
eliminated the need to consider the additional inertia force.

In the presence of pore water, the saturated sand specimens with /pma=0.70 subjected to
alternative loading indeed liquefied with transient deformation. In stress-controlled mode
(CTT4-7), the effect of the f was required to be carefully considered, especially after the
triggering of transient deformation associated with sand liquefaction. In strain-controlled
mode (CTT14-18), a significant effect of f was also found when the applied f was
drastically increased. In these two cases, the presence of inertia force opposing the
applied loading in the axial direction is the main reason to explain the above experimental
observations.

In the case of non-alternative loading in pure extensional loading for stress-controlled
tests, a higher f also made a beneficial contribution to axial resistance for medium-dense
saturated sand specimens with Ipma=0.55 owing to the presence of the axial inertia force,
very similar to the alternative loading for saturated specimens in dense state (/pma=0.70).
In contrast, no clear effect of f was observed in the case of pure compressive loading,
which could be ascribed to the following two factors: (i) the inertia force in the lateral
direction appeared in the form of enhancing lateral confinement, thereby impeding the
relative sliding; and (ii) during shearing, the rearrangement of the sand grains took place
in a more stable direction. Therefore, the sand specimens only deformed in a moderate

manner without transient defamation leading to an ignorable effect of the f.
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519  Table and Figures

520 Table 1 Summary of the literature review pertaining to the loading frequency effect
Test . . . Frequency
No Reference Sand Method (kPa) L Failure criteria f(Hz) Effect
Peacock [16] Monterey SST® 500 0.50 re=1 0.17-4
2 Yoshimi [17] Bandaijima RTT® 95.2 ~0.40 re=1 1-12
3 Tatsuoka [18] Toyoura CTT® 98 0.50-0.80 f‘]l;i(()g; 0.05, 0.50 minor
4 Tatsuoka [19] Toyoura CTT 100 0.50 &=10% (DA) 0.05-1
Polito [20] Monterey CTT 100 0.74 re=1 0.50, 1
EI Monte and &=5%, 10%
6 Lee [22] Silt CTT 103 0.50, 0.75 or 20% (DA) 0.17-1
7 Guo [23] NA® CTT 100-300 0.28, 0.70 re=1 0.05-1
Feng [24] Fujian sand CTT 50 0.30 re=1 0.05-2 stable at higher
9 Zhang [25] NA CTT 100 0.65 re=1 0.50-2 f
50, 100,
10 Zhang [26] Wuchuan sand CTT 150 0.55 re=1 1-3
Nakdong River 50, 100, _
11 Nong [21] sand SST 200 0.40,0.80 &=7.5% (DA) 0.05-1
12 Mulilis [27] Monterey CTT 100 0.50 &=5% (DA) 0.017-1
Original stable at lower f
13 Dash [28] Ahmadabad CTT 100 0.54 r=1 0.10-0.50
sand

Note:(1) SST: simple shear test; (2) RTT: ring torsion test; (3) CTT: cyclic triaxial test; (4) DA: double amplitude
(5) NA: not available




521 Table 2 Physical properties of the test material

Materi al DSO Cu €min €max Gs I p
(Mm)
HN31 350 157  0.656 1 265  Non-
plastic

522



523

Table 3 Cyclic triaxial test programme

Reference Loading Control .
( (6
IDmat Pattern S: (%) f(Hz) mode O. (kPa) Waveform
Tec 2

CTT1 0.02

CTT2 0.70 0.22 A® 0 0.10

CTT3 0.60

CTT4 0.02

CTT5 0.10

0.70 0.22 A
CTT6 0.30
Stress
CTT7 0.60
CTTS8 0.02
100

CTT9 0.55 0.60 NA(E) @ 0.10
CTT10 0.60 100 Sine
CTT11 0.02
CTT12 0.55 0.60 NA(C) @ 0.10
CTT13 0.60

&
CTT14 0.01
CTT15 0.02
Strain

CTT16 0.70 +0.40% A 100 0.10
CTT17 1.00
CTT18 5.00

Note:(1) Density index of sand matrix: Ipmas; (2) Cyclic stress ratio: Tc.

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

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

524
525
526
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558  Figure 6 Experimental results of saturated sand specimens (Ipma=0.55, 0 =100 kPa, T.=0.60)
559  subjected to non-alternative compressive shearing (Tcc=0.60) under distinct loading frequencies

560 (f=0.02, 0.10 and 0.60 Hz) in terms of the (a) stress-strain; (b) excess pore water pressure-
561 number of cycles curves.
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571 Figure 8 Experimental results of saturated sand specimens (Ipma=0.70, 0 =100 kPa) subjected
572 to alternative axial strain (&=+0.40%) under distinct loading frequencies (f=0.01, 0.02, 0.10,
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580 Figure 9 Schematic of occlusal friction of the dry sand specimen.
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