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ABSTRACT: In this study, the two-dimensional discrete element method (DEM) was employed to investigate how the
frequency of cyclic loading affects the liquefaction behavior of granular materials. A stress-controlled undrained cyclic
biaxial loading method was implemented, and a series of numerical simulations were carried out across a wide range of
loading frequencies. The simulation results reveal that cyclic loading frequency has negligible influence on the material’s
behavior prior to liquefaction. However, it delays the development of excess pore water pressure and axial strain
during and after liquefaction, a phenomenon referred to as the “delay effect”. This delay effect further contributes to an
increase in the liquefaction resistance and alters the stress-strain curve and stress path after liquefaction. To interpret
these macroscopic observations, the evolution of the internal microstructure was quantitatively characterized in terms
of fabric anisotropy and the mechanical coordination number. The findings indicate that the delay in macroscopic
behavior is closely associated with the slower evolution of the microstructure under higher loading frequencies. The
underlying mechanism can be attributed to particle inertia: as the cyclic loading frequency increases, particle inertial
forces progressively participate in load bearing and enhance orthogonal confinement within the granular skeleton. This
reduces the driving force for contact structure disintegration and slows down the microstructural adjustment. Overall,
this study provides insight into the micromechanical mechanisms that govern the effect of cyclic loading frequency on
the liquefaction behavior of granular materials.
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1 Introduction

Soil liquefaction has attracted considerable interest from both researchers and engineers in the field
of geotechnical engineering over the past few decades [I-4]. Liquefaction leads to the loss of soil strength
and stiftness, which may cause significant damages to civil infrastructure and even endanger the lives of the
people [5-8]. There are mainly two types of factors that could influence the liquefaction behavior: one is
by affecting the physical and mechanical properties of the sand itself, such as soil density, confining stress,
fines content, etc. [9-11]; the other is by influencing the external loads, such as the frequency, magnitude,
and direction of the external loads [12-14].

The cyclic loading frequency affects the rate at which the soil is loaded and has been proven to have a
non-negligible influence on the liquefaction behavior of the sand. Earlier researchers identified discrepancies
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in the liquefaction behavior of sand when subjected to different cyclic loading frequencies [15]. Continued
studies have further shown that the development of excess pore water pressure (i.e., EPWP) and axial strain
slows down as the cyclic loading frequency increases, and thus the high cyclic loading frequency is believed
to have a beneficial contribution to liquefaction resistance [16-18]. However, there are also a few researchers
observed contrary phenomena that high-frequency loading rather accelerates the liquefaction behavior [19].
After compiling and summarizing the previous literature, Zhu et al. [13] conducted more comprehensive
laboratory studies. The stress-controlled cyclic triaxial tests on poorly graded Hostun 31 sand covering the
cyclic loading frequency from 0.02 to 0.6 Hz were performed, and the results showed that more loading
cycles are required to trigger liquefaction or achieve specified axial strain (i.e., 3%) when the cyclic loading
frequency is high. More recently, Yue et al. [20] and Xu et al. [21] found that the dilatancy of sand would
be affected by cyclic loading frequency, and high-frequency loading tends to suppress the dilative tendency,
which further alters the liquefaction modes of the sand from “cyclic mobility” for low-frequency loading to
“cyclic instability” for high-frequency loading.

However, due to the limitations of the equipment, the above laboratory experiments are mostly
performed at low cyclic loading frequencies, usually only a few Hz. Therefore, the conventional laboratory
experiments could not completely cover the frequency range of actual earthquake loading, which could be up
to 10 Hz [22], let alone study the liquefaction behavior at higher cyclic loading frequencies. For example, in
the centrifuge shaking table tests, it is often necessary to increase the cyclic loading frequency to tens of times
the actual earthquake frequency in order to satisfy the scaling law [23-25], and with further improvements in
the ability of centrifuge shaking table equipment, the cyclic loading frequency could even exceed 100 Hz [26].

In addition to the above factors, most of the above-mentioned conclusions related to the effect of cyclic
loading frequency on the liquefaction behavior were based on laboratory experiments, and few studies were
conducted from the micromechanical perspective, which leaves the micromechanical mechanism unclear.
Further, the limited understanding of micromechanical mechanisms has, to some extent, contributed to the
lack of consensus on the effect of cyclic loading frequency on liquefaction behavior [18]. In recent years,
DEM (Discrete Element Method) proposed by Cundall and Strack [27] has enabled direct observation of
grain-scale and fabric-scale features in granular materials, and has proven to be an effective tool for exploring
the mechanisms underlying the macroscopic phenomena [28-30]. For example, DEM studies have revealed
that the coupled evolution of contact fabric and coordination number governs the transition from stability to

liquefaction [31,32], and that asynchronous changes in particle orientation and contact-normal anisotropies
directly trigger strain localization [33].

In this research, a series of stress-controlled undrained cyclic biaxial tests with a wide range of cyclic
loading frequencies were simulated with DEM, which approximately cover the cyclic loading frequencies
of actual earthquakes and centrifuge shaking table tests. The influence of cyclic loading frequency on the
liquefaction behavior of granular materials is investigated, and the evolution of microstructures is further
examined to explore the underlying micromechanical mechanism.

2 Discrete Element Model
2.1 DEM Sample and Contact Models

The PFC2D (Particle Flow Code in 2 Dimensions) was used in this study [34]. The sample (Fig. 1a) is a
rectangular packing (60 mm x 60 mm), which consists of 3602 circular particles with diameters ranging from
0.8 to 1.2 mm. Fig. 1b presents the grain size distribution curve, and the mean particle size D5y = 1.00 mm,
uniformity coeflicient Cy = 1.25. According to the method proposed by Yang et al. [35], the maximum and
minimum void ratio (i.e., emax and en;y) are 0.2594 and 0.1931, respectively, where the ey« is estimated by
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generating samples with a friction coefficient ¢ = 0.5, and the ey, is obtained with g = 0, both under a
reference confining pressure of 10 kPa.
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Figure 1: The DEM sample (a) the configuration, and (b) the grain size distribution curve.

Plenty of contact models are applicable for simulating the cyclic behavior of granular materials, with the
Hertz-Mindlin contact model being the most widely used [36]. In recent years, scholars have further pro-
posed some modified Hertz-Mindlin contact models to incorporate the effects of particle surface roughness,
particle shape, contact stiffness degradation, and other factors, thereby improving the quantitative accuracy
of the simulations [37-39]. Since this study primarily focuses on qualitative mechanistic investigation,
the original Hertz-Mindlin contact model is considered appropriate for the requirements and has been
adopted accordingly.

The contact model parameters, as listed in Table 1, were determined through laboratory experiments
that incorporated spectral-induced polarization (SIP) and bender element (BE) techniques. The detailed
calibration process can be referred to in Bate et al. [40] and Sun et al. [41]. The research by Zhou et al. [42]
further indicates that this set of contact model parameters is suitable for simulating the cyclic behavior
of granular materials. It effectively captures “cyclic mobility” in medium-dense to dense sand and “flow
liquefaction” in loose sand. The parameters also reproduce the small-strain stiffness and liquefaction
resistance across different densities. These findings suggest that, given the qualitative micromechanical focus
of this work, the parameter set meets the basic requirements.

Table 1: The contact model parameters in DEM simulations.

Parameter Value
Mean particle size, Dsy (mm) 1.0
Particle solid density, pg (kg/m’) 2630
Shear modulus, G; (GPa) 650
Poisson ratio, Vg 0.25
Local damping ratio, 8 0.7
Friction coefficient, y, 0.5

Viscous damping ratio, & 0.0
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2.2 Sample Generation and Loading Method

The assembly is prepared randomly distributed over the two-dimensional space, and then isotropically
consolidated under 100 kPa mean effective confining stress o'y, (=(0’x + 0”,)/2). For this study, a medium
dense sample with void ratio e = 0.2278 (i.e., relative density D; ~ 48%) after consolidation is selected.
This relative density is loose enough to liquefy under cyclic loading, but not so loose that post-liquefaction
deformation becomes too rapid to resolve frequency-dependent effects on the post-liquefaction response.
This relative density is also commonly encountered in natural alluvial sand deposits, enhancing the practical
relevance of the results.

Stress-controlled undrained cyclic biaxial tests are conducted on the DEM samples. In the stress-
controlled undrained cyclic tests, the samples should satisfy two conditions: (1) The undrained condition, i.e.,
the constant area for 2D samples or the constant volume for 3D samples; (2) The time history of deviatoric
stress q (=o', — o';) follows a prescribed sinusoidal relationship, which is commonly used to represent
earthquake loading:

q(t) = gesin (2nft), M

where f is the cyclic loading frequency; g. is the amplitude of the cyclic deviatoric stress, which is defined as
gc = 0'4. Here, 04 refers to the single amplitude of the cyclic vertical stress in biaxial tests, as shown in Fig. 1a,
and the value of ¢’q was set to 42 kPa in this study.

In the 2D DEM, the sample area is defined by four walls that constrain the particles. To maintain a
constant area, the wall velocities should satisfy:

V.H+V,D =0, )

where V is the velocity of the side walls, and V), is the velocity of the end walls; H and D are the current height
and width of the sample, respectively. Fig. 2 gives the corresponding schematic diagram. The relationship
between the effective stresses and wall velocities can be expressed as [34]:

0,1 =0,0+ Vi/Gy, (3a)

X

oy = oly +V,[G,, (3b)

where ¢’ and o’ 4o are the effective horizontal and vertical stresses before the movement of the walls, and
o', and O"yl are the effective stresses after the movement. These stresses are obtained by monitoring the
forces acting on the walls and then dividing by the corresponding lengths (i.e., o', = F,/H for the side walls

and o', = F,/D for the end walls). The G, and G, are the “gain” parameters, and they are defined as [34]:

Gy = H/N kncAt, (4a)
Gy = D/N kAt (4b)
where N, and N, are half of the number of contacts on the side and end walls; The kny and k,, y are the
average normal stiffness of the contacts on the side and end walls. The stiffness is determined using the
Hertz-Mindlin contact model, in which the shear modulus and Poisson ratio of the walls is set equal to that
of the particles; At is the timestep, and it is fixed at 10~7; From Eq. (3), the velocities of the side walls and end
walls could also be obtained as:

V, Vi

I 5
G, G 91— 9o (5)
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where g1 (=0'); — 0’41) is the deviatoric stress after the wall movement, and qq (=0")9 — 0”4) is that before
the movement. Since the time histories of deviatoric stress are predetermined, ¢; and gy could be determined
directly at any time. Finally, combining Eqs. (2) and (5) yields the wall velocities (Eq. (6)), which enable the
sample to satisfy both the undrained condition and the specified deviatoric stress condition:

_—-D (41— q0) G:G,

V. = , 6
*= THG, + DG, e
H - G,G
Vy: (ql qO) x y‘ (6b)
HG, + DG,
9% v,
_ s I
;. ................................... .
H ; —
[
Ly e L SR SRR TR &(yalyo
| D |

Figure 2: Schematic diagram of the stress-controlled loading method.

Fig. 3a,b demonstrates the performance of this loading method, and it can be seen that the volumetric
strain &, (=&, + ¢,) remains zero throughout the test, and the applied deviatoric stress strictly follows the
prescribed sinusoidal relationship. Fig. 3c—f further presents the simulated cyclic undrained behavior, which
well reproduces typical “cyclic mobility” features, including an S-shaped stress-strain curve and a butterfly-
shaped stress path [43-45], etc. These observations confirm the robustness and validity of the DEM setup in
this study.
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Figure 3: (Continued)
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Figure 3: The simulated “cyclic mobility” behavior: (a) volumetric strain &, (b) deviatoric stress g, (c) excess pore water
pressure EPWP, (d) axial strain ¢,, (e) stress-strain curve, and (f) stress path.

3 Cyclic Undrained Behavior

The undrained stress-controlled cyclic biaxial tests with identical void ratio but five different cyclic
loading frequencies (i.e., f = 0.5, 2, 8, 32, 128 Hz) were simulated to investigate the effect of cyclic
loading frequency on the liquefaction behavior of the granular materials. The selection of these frequencies
follows the rationale discussed in the Introduction, covering the range from typical earthquake loading to
high-frequency centrifuge testing conditions.

3.1 Excess Pore Water Pressure

Fig. 4a shows the development of excess pore water pressure (i.e., EPWP) under different cyclic loading
frequencies. Here, the value of EPWP for the sample is regarded as equivalent to the reduced amplitude of
horizontal stress (Eq. (7)) [46], which could be obtained by monitoring the stress o’ of the side walls (Fig. 2).
0’y denotes the horizontal stress after consolidation. The EPWP increases gradually during the early stages
of loading, and there is negligible difference in EPWP response under different f before liquefaction. As
liquefaction approaches, differences in the EPWP response become evident gradually. The sample subjected
to high-frequency loading shows a slower increase in EPWP during liquefaction, and exhibits a more
significant reduction in the fluctuation amplitude of EPWP after liquefaction. Here, the fluctuation amplitude
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is defined as the difference between the maximum and minimum values of EPWP within each cycle. A
similar phenomenon was also observed in laboratory experiments of saturated sands [21]. This consistency
also provides confidence in the reliability of the present DEM simulations.
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Figure 4: The cyclic responses of the excess pore water pressure EPWP under different cyclic loading frequencies:
(a) throughout the loading process, (b) during liquefaction, and (c) after liquefaction.

Fig. 4b further presents the detailed response of EPWP during liquefaction. It is interesting to note
that the high-frequency loading seems to bring about a “delay effect” on the development of EPWP. For
instance, as the f increases, the onset of EPWP growth occurs later, and the time to reach liquefaction (i.e.,
ra = EPWP/¢’,, =1) is also delayed. The “delay effect” also results in an increase in liquefaction resistance. For
example, the samples with f <2 Hz reach liquefaction at approximately N = 11, while the samples with higher
f do not liquefy until around N = 12. After liquefaction, as illustrated in Fig. 4c, the impact of the “delay
effect” on the response of EPWP remains significant. The sample with higher f dilates later. For instance, the
sample with f = 128 Hz experiences dilation approximately 1/4 cycle later than the samples with f < 2 Hz.
Furthermore, the degree of dilation is notably reduced with increasing f, such that the sample with f =128 Hz
nearly stops dilating. The above phenomenon reveals that the high-frequency loading tends to restrain the
dilative tendency of the granular materials.
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3.2 Axial Strain

Fig. 5a illustrates the development of axial strain ¢, under different cyclic loading frequencies. Qualita-
tively, the behavior of axial strain under various f exhibits similarities, summarized as: Before liquefaction,
the axial strain fluctuates steadily with a minimal amplitude (e, < 0.5%). As liquefaction approaches, a
sudden and significant increase in axial strain occurs, and after liquefaction, the axial strain demonstrates
symmetrical growth on both compression and extension sides. Similar to the influence of cyclic loading
frequency on EPWP, the effect of cyclic loading frequency on axial strain is primarily observed during and
after the liquefaction. It can be seen that high-frequency loading tends to suppress the development of axial
strain, and when f = 128 Hz, the axial strain after liquefaction barely develops.
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Figure 5: The cyclic responses of the axial strain ¢, under different cyclic loading frequencies: (a) throughout the
loading process, (b) during liquefaction, and (c) after liquefaction.

Fig. 5b,c further presents the detailed response of ¢, during and after liquefaction, respectively. It can
be seen that the high-frequency loading also brings about the “delay effect” on the development of ¢,, and
the “delay effect” becomes more pronounced with increasing f. As f increases, there is a delay in the onset
of &, development, while the cessation of ¢, development exhibits a more significant delay. This results in an
extended duration for samples with higher f to develop axial strain.

3.3 Stress-Strain Curve

Fig. 6 shows the stress-strain curve (i.e., &-q relationship) under different cyclic loading frequencies.
When f = 0.5 Hz, the “S-shaped” stress-strain curve is observed after liquefaction. Significant axial strain
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begins to develop when the deviatoric stress g reaches 0 in each cycle. At this point, the sample liquefies
(i.e, p’ = g = 0) and shares no resistance to the cyclic load, and even a slight increase in deviatoric stress
could lead to a substantial increase in axial strain. As the deviatoric stress continues to increase, dilation
occurs, resulting in the recovery of effective stress and shear stiffness, and then the deformation of the sample

is controlled.
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Figure 6: The cyclic responses of the stress strain curves under different cyclic loading frequencies: (a) 0.5 Hz, (b) 2 Hz,
(c) 8 Hz, (d) 32 Hz, and (e) 128 Hz.
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With the increase of f, the deviatoric stress gradually moves away from 0 as significant axial strain
begins to develop. In addition, the sample with higher f must undergo a larger change in deviatoric stress
Aq before dilation is triggered to cease the development of axial strain, which also leads to a transition of the
stress-strain curve from “S-shaped” to “O-shaped”. Similar phenomena were also observed in the laboratory
tests [20,21] and centrifuge shaking table tests [47,48].

3.4 Stress Path

Fig. 7 shows the stress paths under different cyclic loading frequencies. The stress path gradually shifts
to the left-hand side, with the pace of the shift accelerating as loading continues. After liquefaction, the stress
paths significantly differ depending on the cyclic loading frequencies. When f = 0.5 Hz, as shown in Fig. 8,
the stress path after liquefaction exhibits a “butterfly” shape, with the upper and lower edges of the stress
path moving along the critical state line (i.e., CSL). The determination of CSL is presented in Appendix A;
As f increases (f = 0.5 — 8 Hz), the stress path briefly crosses the CSL before continuing along it; When f
reaches 32 Hz, the edge of the stress path first follows the path where Ag/Ap’ = £2 (i.e., 0’y # 0, 0’ = 0), and
then moves horizontally (i.e., Ag/Ap" = 0). It is important to note that the stress condition of ¢’; = 0 and
o', # 0 indicates that the sample bears the vertical load without lateral support. This state could not occur
under static conditions and only exists under high-frequency loading, where the inertial forces of particles
may help resist the vertical load [13,49]; When f = 128 Hz, the stage where the stress path moves horizontally
disappears, resulting in an overlap of the stress paths during loading and unloading.

From the above observations, it could be concluded that as the cyclic loading frequency increases, the
EPWP and ¢, of the sample exhibit the “delay effect” during and after liquefaction, with this effect becoming
more pronounced under higher cyclic loading frequencies. The “delay effect” contributes to an increase in
liquefaction resistance and facilitates the transition of the stress-strain curve from “S-shaped” to “O-shaped”.
Besides, the increase in cyclic loading frequency significantly alters the stress path after liquefaction.
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Figure 7: (Continued)
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Figure 7: The cyclic responses of the stress paths under different cyclic loading frequencies: (a) 0.5 Hz, (b) 2 Hz, (¢) 8 Hz,
(d) 32 Hz, and (e) 128 Hz.
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Figure 8: The typical stress paths after liquefaction under different cyclic loading frequencies: (a) 0.5 Hz, (b) 2 Hz,
(c) 8 Hz, (d) 32 Hz, (e) 128 Hz.

4 The Evolution of the Microstructures

The evolution of the microstructure of the samples under different cyclic loading frequencies is
further investigated, which may provide insights into the micromechanism underlying the above macro-
scopic behaviors.

4.1 Anisotropy

The soil microstructure consists of numerous contacts, and since the contact could be defined by the
contact normal #, normal contact force f, and tangential contact force f; (Fig. 9), it is possible that these
three parameters could characterize the microstructure. According to Rothenburg and Bathurst [50], the
angular distribution of n could be used to characterize the contact structure of the soil, while the angular
distribution of f,, and f; could be used to characterize the contact force structure. Fig. 10 presents the typical
angular distribution of », f;, and f; with f = 2 Hz when the deviatoric stress g > 0 (N =10.2in Fig. 10a)and g < 0
(N =10.7 in Fig. 10b). It could be seen that the angular distribution in both cases is highly anisotropic, and
the major principal direction of angular distribution is vertical when N =10.2 and horizontal when N =10.7.
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Figure 9: The schematic diagram of contact normal #n, normal contact force f, and tangential contact force f;.
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Rothenburg and Bathurst [50] further suggested that the above angular distribution could be approxi-
mated by the following function:

E(Q):${1+ac032(6—9a)}, (8a)
£, (0)=f,{1+aycos2(60-0)}, (8b)
f(6) = foarsin2 (6 - 6,), (8¢)

where, the 70 is the average normal contact force overall all contacts; The a, a, and a; define the degree of
anisotropy of the angular distribution of #, f,, and f;. a = a, = a; = 0 represents the isotropic distribution;
The 60,, 0 and 0, define the major principal direction of the anisotropy. For biaxial tests, the 6,, 0 and 0, are
usually coincident with the major principal stress direction.

The evolution of the anisotropies g, a, and a, under different cyclic loading frequencies is given in Fig. 11.
It could be seen that: (1) Before liquefaction, the responses of g, a, and a, under different f are almost identical,
following a “M-type” growth pattern in each loading cycle; (2) During and after liquefaction, although a,
a, and a; continue to exhibit a “M-type” growth, their responses significantly differ depending on the cyclic
loading frequency. Additionally, with the increase of f, the onset of growth for the anisotropies a, a, and a;
is progressively delayed (i.e., “delay effect”), as highlighted by the red dashed box in Fig. 11.
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Figure 11: The evolution of the degree of anisotropy (a) a, (b) a,, and (c) a; under different cyclic loading frequencies.

To quantify the “delay effect” of anisotropies 4, a,, and a;, we define three parameters: AN,, AN, and
AN;. For each loading cycle, these parameters represent the difference between the cycle number at which
the corresponding anisotropy starts to increase and the cycle number at the cycle’s onset (Fig. 12). The larger
the AN,, AN, and AN, the greater the delay. Fig. 13 presents the evolution of AN,, AN, and AN}, and it
can be seen that: (1) Regardless of whether the cyclic loading frequency is high or low, a, and 4, increase
first, followed by an increase in a. This reveals the load-bearing mechanism of granular specimens, wherein
the response of contact forces precedes the adjustment of contact structures under external loads. Further,
the tangential contact force resists the external loads prior to the normal contact force; (2) The “delay effect”
is most pronounced during and after liquefaction, with larger cyclic loading frequency leading to a more
significant delay in the anisotropies. Among a, a, and a4, the a is most strongly influenced by the cyclic
loading frequency, followed by a, and a; (3) More importantly, as the cyclic loading frequency increases,
the asynchrony between the evolution of internal contact forces and the adjustment of contact structures in
the samples becomes progressively more pronounced, manifesting primarily as a significant temporal lag of
structural reorganization behind contact force response under high-frequency loading.
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Figure 12: The schematic diagram of AN,, AN, and ANj.
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4.2 Contact Density

The mechanical coordination number (MCN) proposed by Thornton [51] is adopted to examine the
evolution of contact density during the cyclic loading process. It is calculated as an average number of inter-
particle contacts for each particle, but excludes the particles with fewer than 2 contacts, as these do not
contribute to the stable stress state. It could be expressed as:

2Nc _Nhl

MCN= —————|
Ny = Nyo — Nipy

)
where N, and N, are the number of particles and contacts within the sample, respectively; N;; and Ny are
the number of particles with only one and zero contacts, respectively.

The evolution of MCN under different cyclic loading frequencies is given in Fig. 14. It can be seen
that: (1) Before liquefaction, the responses of MCN under different f are almost identical, following a
“W-type” growth pattern in each loading cycle. Loading on the compression and extension sides results in
a disintegration of the contact structure (i.e., MCN decreases), while unloading on both sides helps restore
the contact structure (i.e., MCN increases); (2) During and after liquefaction, the MCN response transitions
to an “M-type” growth pattern, where loading rather causes an increase in MCN, and unloading leads
to a decrease in MCN. Additionally, the responses of MCN at varying cyclic loading frequencies exhibit
significant differences, with high-frequency loading delaying the development of MCN, i.e., slowing down
the microstructural adjustment.
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Figure 14: The evolution of the mechanical coordination number MCN under different cyclic loading frequencies.

5 Micromechanical Mechanisms

As observed above, both macro- and micromechanical responses exhibit a “delay effect” with increas-
ing cyclic loading frequency. The following subsections examine why this “delay effect” becomes more
pronounced at higher loading frequencies.

5.1 Boundary Stress and Homogenized Stress

Two definitions of stress are considered [52]. The first is boundary stress (external stress), which is
calculated from forces on the boundary walls, representing the load applied to the sample. The second is
homogenized stress (internal stress), which is computed from contact normal and contact forces within the
assembly, reflecting the average stress borne by particle contacts. Both are expressed as the dimensionless
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ratio |g/p’| (deviatoric stress over mean effective stress). Eq. (10) defines the boundary stress and Eq. (11)
defines the homogenized stress [50].

g, — 0y
’i, ) pealinG.a ) (10)
p oy + 0
‘1% =a+ap + a. (11)

Fig. 15 compares the two stresses during liquefaction for low and high frequencies. For low frequency
(f = 0.5 Hz), the two stresses remain nearly identical throughout loading, except for deviations at the
liquefaction instants when p’ approaches zero, causing spikes in |q/p’|. This consistency indicates a uniform
internal stress state, so the boundary stress appropriately represents the overall sample stress. For high
frequency (f = 128 Hz), the homogenized stress clearly lags behind the boundary stress, indicating that the
internal contact structure could not respond instantaneously to rapid boundary changes. This implies that
part of the applied load may be carried by other mechanisms.
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Figure 15: Comparison of boundary stress and homogenized stress during liquefaction: (a) 0.5 Hz, and (b) 128 Hz.

5.2 Evidence of Inertial Forces

To confirm whether particle inertia participates in load bearing under high-frequency loading, the ratio
of mean unbalanced force 7u to mean contact force 7C is analyzed. The mean unbalanced force and mean
contact force are defined as the average unbalanced force per particle and the average normal contact force
per contact, respectively. A ratio below 0.01 indicates quasi-static conditions where inertia is negligible [34];
A ratio above 0.01 indicates that inertial forces (due to particle acceleration) contribute to force equilibrium.

Fig. 16 shows the ratio fu/fc for low and high frequencies. For low frequency (f = 0.5 Hz), the
ratio remains below 0.01 except at liquefaction, where it spikes sharply. This spike occurs because, in two-
dimensional space, liquefaction corresponds to MCN below 3 [53], making force equilibrium difficult to
achieve and leading to large unbalanced forces (Fig. 17). For high frequency (f = 128 Hz), the ratio stays
above 0.01 throughout loading, indicating that particle inertial force is no longer negligible. Together with
the stress lag shown in Fig. 15, it confirms that inertial forces participate in bearing the applied load under
high-frequency loading.
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Figure 17: Schematic diagram of force analysis on particles under different mechanical coordination numbers MCN.

5.3 Inertia Mechanism

This subsection examines how inertial forces influence the disintegration of the contact structure,

thereby revealing the underlying mechanism of the delay effect.

1)

In the compression cycle (Fig. 18a), the end walls move rapidly inward under high-frequency loading.
The adjacent particles are forced to move inward, producing an inward acceleration and thus an
outward inertial force. This inertial force carries part of the vertical load, reducing the contact forces
transmitted into the internal contact structure. A prerequisite for contact structure disintegration (e.g.,
breaking existing contacts) is that contact forces reach a certain threshold. When inertia shares part
of the load, the increment of contact forces becomes smaller, weakening the driving force for contact
destruction. Meanwhile, to satisfy the undrained condition (i.e., constant sample area), the side walls
move outward, and the adjacent particles are forced to move outward, producing an outward acceler-
ation and thus an inward inertial force. This inward inertial force enhances the lateral confinement. In
the compression cycle, the vertical stress is larger than the horizontal stress (¢, — ¢’ > 0), making the
vertical direction the principal direction that causes contact structure disintegration. Particle inertia
both reduces the vertical load and enhances lateral confinement, together delaying the disintegration
of the contact structure in the compression cycle.
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(2) Intheextension cycle (Fig. 18b), the side walls move rapidly inward under high-frequency loading, and
the adjacent particles are forced to move inward, producing an inward acceleration and thus an outward
inertial force. This inertial force carries part of the horizontal load, reducing the internal contact forces
and weakening the driving force for contact destruction. At the same time, the end walls move outward,
and the adjacent particles are forced to move outward, producing an outward acceleration and thus
an inward inertial force, which enhances the vertical confinement. Since the horizontal stress is larger
than the vertical stress (') — o', < 0), the horizontal direction becomes the principal direction that
causes contact structure disintegration. Particle inertia both reduces the horizontal load and enhances
vertical confinement, jointly delaying the disintegration of the contact structure in the extension cycle.
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Figure 18: Schematic diagram of inertia mechanism under high-frequency loading: (a) compression cycle, (b) exten-
sion cycle.

In summary, the particle inertia induced by high-frequency loading resists the external load in the
principal direction while simultaneously enhancing the confinement in the orthogonal direction. These
two effects together delay the disintegration of the contact structure. This inertial mechanism explains the
microscopic delays in the evolution of fabric anisotropy and mechanical coordination number and the
macroscopic delays in EPWP and strain development.
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6 Conclusion

A micromechanical study has been presented to investigate the influence of the cyclic loading frequency
on the liquefaction behavior of granular materials. Based on the DEM simulation results, the microstructure
changes are further investigated to explore the underlying mechanism. The main conclusions drawn from
the study are summarized as:

(1) A stress-controlled undrained cyclic loading method was implemented in the 2D DEM framework. By
coordinating the velocities of the end walls and side walls, the method maintains constant sample area
while accurately following the prescribed deviatoric stress history. The validity of this loading method
was confirmed by successfully reproducing typical cyclic mobility behaviors.

(2) The cyclic loading frequency barely affects the behavior before liquefaction, but when approaching
liquefaction, a clear “delay effect” emerges: higher loading frequencies slow down the development of
excess pore water pressure and axial strain, increase liquefaction resistance, and alter the stress-strain
curve as well as the stress path after liquefaction.

(3) In granular materials subjected to cyclic loading, contact forces (both normal and tangential) respond
before the contact structure adjusts. An increase in loading frequency delays the development of
contact forces and also delays the disintegration of the contact structure. Compared with contact forces,
the contact structure is more significantly affected by the loading frequency.

(4) The “delay effect” under high-frequency loading originates from the inertia mechanism. As the loading
frequency increases, particle inertia progressively participates in load bearing and enhances orthogonal
confinement. Together, these two effects reduce the driving force for contact structure disintegration
and slow down microstructural adjustment. This inertia mechanism accounts for the observed “delay
effect” in macroscopic behavior and microstructural fabric during and after liquefaction.

The key novelty of this work is the identification of a particle inertia mechanism that governs the
frequency-dependent liquefaction behavior. Despite these contributions, the present study employs idealized
circular particles and a narrow gradation, which may limit the quantitative generalizability of the results.
Future investigations incorporating realistic particle shapes and broader size distributions are warranted to
further confirm the proposed mechanism.
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Appendix A

To determine the critical state line (i.e., CSL), biaxial undrained shear tests were performed on 6 samples
with void ratio e ranges from 0.2113 to 0.2576 (i.e., D; = 2.7%~72.5%). It could be seen that: (1) For loose
samples (Fig. Al), the EPWP initially increases but stabilizes after the axial strain ¢, exceeds 8% (i.e., reaching
the critical state). Deviatoric stress rises rapidly at first, and then decreases significantly before stabilizing
at the critical state; (2) For dense samples (Fig. A2), the EPWP initially increases due to contraction, then
continuously decreases due to dilation until the axial strain exceeds 15%. The deviatoric stress first increases
and then stabilizes at the critical state. The stress paths in Fig. A3 determine the critical state line, with a
critical state stress ratio of 0.65 for the generated DEM samples.
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