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Abstract

This paper presents a numerical study of shear wave propagation in a vertical sand
profile through micromechanical modeling. For this purpose, 2D modeling by the Discrete
Element Method (DEM), is carried out. The DEM model is based on molecular dynamics with
the use of circular elements. The intergranular normal forces at contacts are calculated through
a linear viscoelastic law, while the tangential forces are calculated through a perfectly plastic
viscoelastic model. Rolling friction is incorporated to account for the damping of the grains
rolling motion. Different boundary conditions of the profile have been implemented: a bedrock
at the base, a free surface at the top, and periodic boundaries in the horizontal direction. The
sand deposit is subjected to a harmonic excitation at the base. The simulations carried out have
well reproduced the elastic and damping features relative to shear wave propagation inavertical
soil deposit. The excitation frequency is varied to better understand the phenomenon of wave
propagation in granular medium. The conducted simulations highlighted a number of features
of soil deposits response subjected to harmonic excitation at the base, including the movement
amplification, the resonance phenomenon and the limitation of the displacement at the
resonance. The micromechanical analysis showed that the intergranular slips increase with
increasing the involved strain level. Aninverse analysis is performed to determine a continuum-
damped linear elastic model, whose response is similar to that of the discrete-element model.
This analysis showed that the wave propagation velocity of the equivalent continuum model
decreases with increasing excitation frequency. This finding could be attributed the decrease of
shear modulus of the granular material as the deformation level increases.
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1. INTRODUCTION

It is generally accepted that the seismic motion felt at a ground surface is
induced by tectonic plates and transmitted to the surface by the deposit of soil
overlying these plates. Consequently, the properties of the soil traversed have a
significant effect on the transmitted motion. Models commonly used to
characterize this transmission of movement assume the continuity of the soil
material. While this assumption seems effective under certain conditions related
to the motion transmitted and the type of soil traversed, it becomes increasingly
ineffective when dealing with naturally discontinuous soils such as sand, and
when the motion is strong. Under these conditions, the discrete element method
may be more appropriate, since it inherently considers material discontinuities
and intergranular slippage that occur at high amplitudes of motion.

DEM is a numerical technique that treats individual particles as separate
entities in order to mimic the behavior of granular materials. This makes it
possible to record the intricate interactions between particles, which are crucial
for comprehending how granular soils behave. Through the study of natural
processes like the liquefaction of sands under Rayleigh waves, this method has
recently demonstrated its value in the field of geotechnics [1], [2], [3].
Conversely, in the realm of rail transport, Guo et al. [4] and Kumar et al. [5] have
employed DEM to verify the stability of the ballasts under cyclical loads. The
shear modulus and damping of granular materials for low frequencies, have been
characterized using wave propagation modeling using digital emission modeling
[6]. Sadd et al. investigated the factors affecting a group of grains with the same
diameter's attenuation of wave amplitudes [7]. In a cubical cell setup, O'Donovan
et al. used DEM to model the propagation of waves through a granular material
[8]. Sakamura and Komaki conducted simulations of shock-induced load transfer
processes in granular medium [9]. Shear wave propagation in granular assemblies
has been modeled by Ning et al [10], who have also examined the impact of
particle size and elastic characteristics on wave velocity. Tang and Yang
examined how a granular material's grain structure affected the way waves
propagated through it [11]. Peters and Muthuswamy investigated the impact of
force chains on wave propagation in cohesionless granular packing [12]. In
cohesionless granular materials, the primary propagation path of a dynamic load
was identified using the dynamic force chains by Longlong and Shunhua Zhou
[13] and Longlong et al [14]. The issue of force chain stability is examined by
Charles and Campbell [15].
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In the present work, a 2D numerical study of the shear wave propagation in
a vertical sand profile is performed. For this objective, a model of discrete
elements is developed, numerical simulations have been carried out to study the
response of the profile to movements with different excitation frequencies and
thickness. The analysis of the propagation is done in time domain the nonlinear
behavior of the material is inherently taken into account in this model. This
numerical approach allows us to understand a number of essential characteristics
of wave propagation, including motion amplification, excitation frequency,
resonance frequency, layer height and confining pressure.

2. DISCRETE ELEMENT METHODS FOR GRANULAR MATERIALS
MODELING

The molecular dynamics technique serves as the foundation for the discrete
element model used in this work. It uses independent parts to simulate the granular
material at the micromechanical scale. Each grain of the material interacts with
its neighbors at the contact points, creating contact pressures between them.
According to Mansouri and EI Youssoufi [16] and Pdschel and Schwager [17],
the relative motions of the grains that are thought of as rigid entities are primarily
responsible for the medium's global deformation. In order to optimize the
modeling time, it is crucial to select grains with a basic shape [11]. Spheres are
utilized for three-dimensional modeling and discs for two-dimensional modeling
due to their simplicity in modeling.

2.1. Equations of motion

The parameter that determines the overall behavior of the medium is the
movement of the grains, which obeys Newton's second law (Equation 1), from
which the accelerations of the grains are obtained. These equations are
constructed with consideration for all external forces, such as contact and
gravitational forces, and their integration must be done gradually with sufficiently
short time increments. As a result, discretizing time in relatively short increments
Is required in order to effectively forecast locations, velocities, and accelerations.
A first prediction step using the acceleration at the beginning of the time step and
a second correction step using the acceleration at the conclusion of the time step
are used to derive the development of grain displacements from one-time step to
the next. Positions and velocities are adjusted in accordance with changes in
acceleration during the course of the time step. The grain trajectory was
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numerically calculated using two methods: the "Velocity-Verlet" technique and

Gear's "predictor-corrector" algorithm.
o mcontact >
my¥; = X; Fjj +mg
= Trcontact
Iig; = Xj M

1)

With : 5_51' and (El : The translational and rotational accelerations of the grains.
m; and I; : The mass and the moment of inertia respectively.

ﬁﬁ-onta“ : The interaction force applied by a grain j in contact with grain i.
g : The acceleration due to gravity.
M@mma : The moments caused with respect to the center of gravity of grain

i by the contact forces F5om@¢

2.2. Law of interaction between grains

2.2.1. Contact forces

The contact force is the normal and repulsive part of the interaction force.
It is acknowledged that the definition we might use is the product of an elastic and
a dissipation force. Usually, the dissipation is linked to the grains' loss of kinetic
energy or, less frequently, the contact's flexibility. A simplified decomposition is
used to study contact forces; a normal component ﬁn and a tangential component

ﬁ; included in the plane tangent to the grain at the point of contact [20]. The
evaluation of interaction forces is usually done according to an appropriate
interaction law. The orientation of the tangential force ﬁ‘s is given by the direction
of the relative tangential velocity between the two grains at the time of contact.
The Normal Contact Force is presented by a viscoelastic model (Figure

1.a), E, is given by Heitz [21]:
ﬁn = (_knDn - VnVn)-T—i (2)

Where: k,,: The elastic constant.

v, The viscous damping constant.

17, : The normal velocity.
The normal distance between two grains i and j denoted D, is defined
geometrically by:
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-

Dp =% %] -r—7 (3)
In which r; and r; are the radius of grains i and j.

It should be noted that the elastic stiffness and the viscous damping ( k,,
and v,,) are chosen in a way to correctly model the behavior of the material. In
fact, k,, must be large enough to avoid a substantial overlap which affects the
overall behavior, while v, controls the damping in the material, it is calculated
from the coefficient of restitution &, which represents the ratio between the
separation velocity ( rebound velocity) 1, and the contact initiation velocity
(impact velocity) V,,,. The value of this coefficient is naturally between 0 and 1.
Thus, the viscous damping coefficient v,, is obtained as a function of the
restitution coefficient according to equation [16]:

_ _ 210g(e)|Faliey (4)
Vn T T e (nen)?
m — m;m;j (5)
eff (mi+mj)

With : m; and m; being the masses of the two grains in contact.

The tangential contact force is presented by a viscoelastic model with bearing
(Figure 1.b) (Semblat and Luong, 1998), F. is given by:

ﬁs = min(ksDs + vsVs, pqFy)s (6)
Where kg is the tangential stiffness, v, the viscous damping coefficient, u  is the

inter-particle coefficient of friction, D, is the grain deformation due to shear force.
I is the tangential velocity of grain j with respect to grain i.
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Figure 1. Normal force (a) and shear force (b) between grains

vy

2.2.2 Contact duration

The duration of a contact t. is half the natural period of the oscillator and
can be expressed as:

te =1 [~k (7)
n

This contact duration ¢, is of practical importance. Indeed, the integration
of the equations of motion is only stable if the integration time step At is
sufficiently small compared to t., in other words, the evolution of the contact
should be well described. Otherwise, calculation instabilities may occur due to
late detection or even non-detection of contacts. To avoid these instabilities, it is
common to discretize the duration of the contact ¢, at least in ten time steps [23]:

Atax = 0.177\/% (8)

Where : m is the smallest effective mass in the system.

3. WAVE PROPAGATION MODELING

The current work involves 2D modeling of shear wave propagation in a
vertical sand profile. This model, which is implemented in C++ code, is based on
discrete element modeling.

The grains of the sand profile are pluviated under gravity to form a dense
deposit. Various boundary conditions are taken into consideration: a chain of
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grains is introduced onto this bedrock, through which a controlled horizontal
displacement is applied; a weighing chain of grains is introduced at the surface of
the deposit; in order to study the confinement pressure of the soil layer, the
interactions between the grains of the chain and the deposit grains are treated with
the same interaction models used in the interactions of the deposit grains; periodic
boundaries have been introduced to represent an infinite profile in the horizontal
direction; the upper surface is considered free, and the profile is delimited and
supported at the base by a wall, which is considered a bedrock.

A harmonic displacement with specific amplitude and frequency is applied
to the grain chain at the bottom of the profile in order to investigate the shear wave
propagation in the profile. The deposit of granular material is divided into a
predetermined number of layers, and when the profile is excited, the average
displacements in each layer are recorded.

4. RESULTS OF NUMERICAL SIMULATIONS AND DISCUSSION

4.1. Model Parameters

Figure 2 shows the sand profile model subjected to a base excitation; the
different boundary conditions are indicated.

The properties of the grains as well as the micromechanical parameters
used in the computation of the contact forces between the grains are presented in
Table 1.

Table 1. Simulation parameters.

Parameters Value

Grains number 5000

Grain radius 7; 1.00x1073 to0 2.00x10~3
Density G, 2600 kg/m3

Contact normal stiffness | 1.2 x10°N/m

kn

Contact shear stiffness | 9.6x10°N/m

ks

Inter-particle friction 0.5

coefficient u
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Figure 2. Sand profile and boundary condition

This sand profile is built by pluviating grains under gravity, and after
stabilization of a number of 5000 grains throughout a 1.4-meter-wide area, the
obtained deposit’s height is about 0.74 m. This deposit is subjected to a harmonic
excitation at its base u(t) = Aysin(wt) with A, =2x10"*mand
w = 20 rad/s. The dynamic amplification factor (R,;) at the top layer of the
deposit is defined with :

Ry =4 ©)

Ao

Where : A denotes the displacement amplitude at the top layer; A, is the
displacement amplitude at the bedrock i.e. the base excitation.

4. ANALYSIS OF SHEAR WAVE PROPAGATION IN THE SAND
PROFILE

In order to avoid perturbations due to the transient response of the profile,
the amplitude of the excitation is gradually increased during 4.5 seconds to reach
a maximum of 2x10~* m, maintained for 6 seconds before gradually decreasing
and reaching zero during 1.5 seconds (Figure 3a). By splitting the profile into ten
sub-layers, horizontal motion propagation across the deposit is monitored. Every
sub-layer's average displacement is tracked both during and after the excitation.
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Figure 3. Variation of the excitation amplitude at the bedrock (a) and the
response of profile (b)

Figure 3b presents the displacement at the top sub-layer during the excitation. It
Is evident that the introduced excitation movement is magnified at the top sub-
layer by comparing the amplitude of the displacement at this layer with that of the
excitation. This figure also demonstrates the damped vibration that the soil
undergoes after the excitation is stopped, indicating elastic damped behavior in
the deposit.

4.1. Highlighting the amplification of vibration

Figure 4 illustrates a part of the steady state response at the base, middle, and top
layers (7s < t < 8s).

—a— Displacement at base layer
—e— Displacement at middle layer
—4— Displacement at top layer
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Figure 4. Variation of displacement from the base to the surface.
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We observe that the motion from the base to the surface is gradually amplified.
At the top sub-layer, the maximum displacement's amplification ratio (R;) has a
value of 2,28.

Figure 5 presents the evolution of the dynamic amplification factor versus the
height with respect to the bedrock.

0.7 H
0.6
0.5+
0.4 +

0.3 +

Height (m)

0.2 +

0.1

0.0

T T T T 1
1.6x10* 2.4x10™* 3.2x10™ 4.0x10* 4.8x10*
R

d

Figure 5. Variation of the dynamic amplification factor vs. the distance from the
bedrock

This figure demonstrates the movement amplification from the bedrock to the top
sub-layer. Additionally, it demonstrates that the excitation frequency being
employed is less than the deposit's fundamental frequency, or first natural
frequency.

4.2. Vibration properties at low amplitudes

Low vibration amplitudes are typically used to assess a deposit's fundamental
frequency. The free vibration phase that results from stopping the excitation can
be used to estimate the deposit's fundamental frequency for the current modeling.
A magnification of the displacement history during this phase is displayed in
Figure 6.
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Figure 6. Top layer time history response at free vibration

The period of vibration estimated from the displacement plot is
approximately T = 0.2291s. This period corresponds to a natural frequency

w = 27” = 27,426 rad/s. From this frequency, it is possible to estimate the shear

wave velocity in the deposit [24] using the formula ¢ = g = 12.92m/s.

On the other hand, it is possible to estimate deposit’s ratio for small
vibration amplitudes using the logarithmic decrement expressed as [25]:

1

§ =7—— (10)
/1+(%”)2
With:
§ = In(—max® (11)

Yiax(@i+1)

In which § is the logarithmic decrement, Yy, .4y and Y, ax(i+1) are two successive

pics in the free vibration.

The calculations based on the response curve of figure 4, give the damping ratio:
1

1-I-(0,09754)2
These free vibrations with low amplitudes could be categorized as damped elastic
vibrations. The resonant frequency should be somewhat lower given the low
obtained damping value, but this is not the case for the fundamental frequency,
which is approximately 27,426 rad/s.
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4.3. Influence of the excitation frequency on the movement amplification

Different excitations with frequencies ranging from 10 to 30 rad/s were
applied in order to examine the impact of excitation frequency on the deposit
response and determine the first resonance frequency. The growth of the dynamic
amplification factor at the top layer during the steady-state phase is depicted in
Figure 7.

T T T T T 1
10 15 20 25 30 35
Excitation frequency (rad/s)

Figure 7. Dynamic Amplification Factor vs. excitation frequency

This figure demonstrates how R rises, reaches a peak, and then falls as the
excitation frequency increases. The first resonance frequency, which is about
26rad/s, corresponds to the greatest value of the amplification. It should be
emphasized that this is significantly lower than the fundamental frequency that
was previously calculated using low-amplitude free vibration. This discrepancy is
most likely caused by the shear modulus degradation at large vibration
amplitudes.

4.4, Influence of the excitation frequency on the intergranular slips

During the excitation of the granular deposit, a movement of the grains is
occurring. Slip movement occurs when the coulomb slip threshold is exceeded.
This section deals with the variation of the global slip in the deposit as a function
of the excitation frequency.

In order to study the influence of the excitation frequency on the
cumulated intergranular slippage in the deposit, the deposit is subjected to a
harmonic excitation with amplitude (4, = 2x10™*m) and with different
excitation frequencies (10rad/s, 15rad/s, 20rad/s, 23rad/s and 30rad/s).

Figure 8 presents the variation of the global slippage in the deposit with excitation
frequency at steady state response (4.5s < t < 10.5s).
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Figure 8. Global slippage. (a) Time history for different excitation frequencies,
(b) Average global slippage vs. excitation frequency.

This figure demonstrates clearly that the overall slippage evolves in the
same way as the dynamic amplification factor. Initially it increases with
increasing frequency, reaching a peak at a frequency of around 27 rad/s, then
decreases at higher frequencies. This evolution indicates that the average global
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slippage increases with the amplitude of the motion involved. Note that the
frequency of 27 rad/s corresponds approximately to the resonance frequency as
estimated in section 4.2.

4.5. Equivalent model with linear elastic damped continuum

In this section, we attempt to model the granular deposit by a continuum with
damped linear elastic behavior. In this case, its response to harmonic excitation
can be obtained analytically. Thus, an inverse analysis is performed to determine
the material properties of the equivalent continuous medium, which give the same
response as that of the discrete element numerical model. The analytical solution
for the displacement of a hysteretically damped elastic deposit, subjected to
harmonic excitation applied to its base, is given in reference [24] as follows:

AvzD cosh(ph) cos(qh) cosh(pz) cos(qz) sin(wt)
+sinh(ph) sin(qh) sinh(pz) sin(qz) sin(wt)
+cosh(ph) cos(qh) sinh(pz) sin(gz) cos(wt)
—sinh(ph) sin(gh) cosh(pz) coc(qz) cos(wt) (12)
with:
A = cosh?(ph) — sin?(qh) (13)
. . _ w?/c? _ w?/c?
p and q are obtained from the equations p? + q2 = rar? and 2pq = 251%2

And c is the wave velocity, ¢ is the hysteretic damping ratio parameter and w
the circular excitation frequency.

In this solution, two material properties are involved: the wave propagation
velocity, which depends on the stiffness and mass of the material, and the damping
rate, which characterizes the energy lost during deformation. It's worth
mentioning that the wave propagation velocity has a much more significant effect
on response than the damping rate.

In order to compare the evolution of the depot response with frequency for
the two methods, the numerical method (DEM) and the analytical solution (Eq.
12), we have calibrated the material parameter ¢ (wave propagation velocity) in
the analytical solution to provide a response similar to the numerical response.
The damping ratio parameter (£) is set to an average value of 8%, since its effect
on the response is small. The excitation amplitude is set to A4, = 2.10™>m,
different excitation frequency are used (15 to 25 rad/s).

Figure 9 shows parts of the steady-state displacements (6s <t < 8s) at the
median layer, obtained by the DEM model with those of the analytical solution
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for the different frequencies. For each frequency, the wave propagation velocity
that gives a response close to the numerical response is indicated below the graph.
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Figure 9. Displacements at the middle layer from the DEM model and

analytical solution.
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This figure shows a remarkable agreement between the two models. For the
excitation frequencies of 15, 18, 20 and 23 rad/s, the displacements at the middle
layer of the analytical solution are very close to the results of the DEM simulation
with wave velocities of 18.55m/s, 15.48m/s, 14.03m/s and 13.34m/s respectively.
On the other hand, for excitation frequencies of 24rad/s and 25rad/s, it becomes
difficult to find wave propagation velocities for which the analytical solution
matches the numerically obtained response. Indeed, at these frequencies which
are close to resonance, irreversible displacements of the grains occur, and the
analytical solution becomes incapable of modeling such behavior.

This comparison makes it possible to clearly conclude the limits of
analytical methods in the analysis of wave propagation in soils, particularly when
the excitation frequencies approach the resonance frequency.

Figure 10 shows the wave velocity versus frequency, which allows to
reproduce the numerical response through the analytical solution.

18
16

14

Wave velocity (m/s)

12

10

T T T T T 1
14 16 18 20 22 24 26
Excitation frequency (rad/s)

Figure 10. Wave velocity with excitation frequency

This figure indicates that the wave propagation velocity of the equivalent
linear model decreases with excitation frequency, revealing that the effective
shear modulus (stiffness property) of the numerical model decreases with
frequency. This result is to be expected, since the strain level increases as the
excitation frequency approaches the resonance frequency, and it is well
established in classical soil dynamics that the shear modulus of granular soils
decreases with increasing the strain level.
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5. CONCLUSION

In this paper, discrete element modeling of shear wave propagation in a
granular deposit is performed. The granular deposit is subjected to a harmonic
displacement at its base, and its response is analyzed. The results obtained show
that the model reproduces well the known features of the response of a soil deposit
subjected to harmonic excitation at its base, namely the amplification of the
motion which increases from bottom to top, the phenomenon of resonance when
the excitation frequency approaches the fundamental frequency and the limitation
of the amplitude during resonance. The micromechanical analysis, has shown that
the intergranular slippage increases with the dynamic amplification. An inverse
analysis is performed in order to determine a continuum damped linear elastic
model, whose the response is similar to the response of the discrete element
model. This analysis has shown that that the wave propagation propagation
velocity of the equivalent continuum model is frequency dependant, it decreases
with increasing excitation frequency. Such a result could be explained by the
decrease of the shear modulus of the granular material when the strain level
Increases.
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