Received: 30 May 2024 | Revised: 30 August 2024 | Accepted: 20 September 2024 | Published online: 25 September 2024

Archives of Advanced Engineering Science
2024, Vol. 00(00) 1-13
DOLI: 10.47852/bonviewAAES42023531

)

BON VIEW PUBLISHING

RESEARCH ARTICLE

Spurious Accelerations in Finite Element Analysis
of Geotechnical Problems: Cause and Remedy

Dhanaji Chavan!*

! Department of Civil Engineering, Walchand College of Engineering Sangli, India

Abstract: Present study investigates the response of the two distinct geotechnical problems under earthquake loading. These two problems are
(1) nailed soil slope and (2) 1-D site response analysis. The aim of the study is to understand the cause of spurious accelerations and suggest a
remedy. Two distinct interface conditions were considered in modeling the nailed soil slope. In first, the soil-nail interface was considered to be
perfectly bonded. In second case, the sliding at the interface was allowed. The analysis resulted into the physically acceptable deformations.
However, the dumbbell-shaped spurious acceleration pattern was observed in perfect bonding case. Further, the maximum acceleration was
found to span from 4 g to 13 g. Such extremely high accelerations are unphysical and hence unacceptable. In case of 1-D site response analysis,
misleading acceleration spike of magnitude twice that of true acceleration was noted. The introduction of the numerical damping successfully

removed the spurious accelerations and resulted in physically acceptable response for both problems.
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1. Introduction

Finite element analysis is widely used to model simple to
complex problems in the field of geotechnical earthquake
engineering [1-4]. Issues such as size of finite element,
constitutive model, type of loading, and boundary conditions play
vital role in the modeling [5, 6]. Another crucial factor that affects
the dynamic response of the structure is damping [7]. When a
material is subjected to dynamic loading and it undergoes plastic
deformation, there is loss of energy. This loss of energy is called
material damping. Because of the material damping, the stress-
strain curve of the soil becomes hysteretic under cyclic/dynamic
loading [8]. In numerical modeling such as finite element/finite
difference method, the material damping is taken care of by the
hysteretic constitutive model. Since in numerical analysis infinite
domain is curtailed and represented as finite domain, the
propagation of waves away from the domain is modeled with
dampers which are usually dashpot. This is called as radiation
damping [9]. Strictly speaking, these two are the only damping
sources in the physical model. However, if we run analysis with
the above two damping only, it is observed that the response
obtained contains the spurious frequency components in the
acceleration records. And to get the realistic response, artificial
damping either in the form of Rayleigh damping or Numerical
damping needs to be introduced. Hall [10] alarmed about the
misuse of Rayleigh damping in the dynamic analysis of structures.
He proposed bounds on the damping forces as the possible
remedy. He felt need of further research in this area to avoid
misuse of the damping. Sun and Dias [8] revealed that misuse of
the Rayleigh damping significantly affects the response of the
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geotechnical structures such as tunnel. They found that, however,
the due attention is conventionally not paid to this issue. Further,
it was suggested that more than one analysis should be performed
to gain the confidence in the results obtained. The research carried
out so far has mostly focused on use/misuse of Rayleigh damping.
Another damping which is artificially induced in the analysis is
Numerical damping. Effect/side effect of this damping is yet to be
explored especially in the dynamic analysis of geotechnical or
soil-structure interaction problems.

It is worth to note that there is no hard and fast rule to define
numerical damping. The present study sheds light on the significance
of numerical damping in the finite element analysis of geotechnical
problems. For this purpose, following two distinct problems are
investigated: (1) nailed soil slope and (2) 1-D site response analysis.

2. Problem 1: Nailed Soil Slope

Reinforcing the existing slopes with nails is one of the widely
adopted approaches to increase its stability under static and dynamic
loading [11-14]. The stability analysis of such slopes is usually
performed by following three methods: (1) Static: when only
static load is considered, (2) Pseudo-static: when earthquake load
is considered, and (3) Numerical modeling: used for static as well
as dynamic loading [15]. It is believed that the solution obtained
by numerical modeling is more rigorous and involved. Usually,
finite difference method or finite element method is used to model
the boundary value problem. Significant experimental, theoretical,
and numerical research has been carried out so far on stability
analysis of nailed slopes [16-21]. The research reveals that the
performance of the slope is significantly enhanced on reinforcing
it with the nails. Numerical analysis is pretty simple when only
static load is considered. However, it becomes highly complicated
when dynamic load such earthquake comes into the picture.
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Figure 1
The geometry of nailed soil slope considered in the study
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In the present study, a 60° nailed soil slope was modeled as a
plane strain problem (Figure 1 [22]) and was subjected to the
earthquake load, as shown in Figure 2, at the base. The analysis
was carried out in an open-source software OpenSees [23, 24].
Nails are modeled with two noded beam element with three
degrees of freedom at each node, i.e., two translations and one
rotation. Soil is modeled with four noded quad element with two
degrees of freedom at each node, ie., X-translation and
Y-translation. The mesh was fine in the nailed region and was
coarser towards the boundary of the domain. Elements as small as
0.33 m X 0.40 were used in the nailed region. Dashpots were
provided at the base and lateral boundaries to simulate radiation
damping happening at the boundary. Further details about the
points such as constitutive model for soil, interface modeling,
boundary conditions etc., can be found in Chavan et al. [22].
Since the objective of the present paper is to discuss spurious
response, above details are not repeated here for brevity. The
verification and validation results are also given in the paper by
Chavan et al. [22]. The 1940 Imperial Valley Earthquake record
with PGA =0.348 g, shown in Figure 2, is applied at the base of
the model as input motion.

It is a well-established fact that when the actual domain is
discretized, the artificial high-frequency components get
introduced in the analysis. There is no well-established and

Figure 2

The input acceleration record for nailed slope
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unique approach to dampen out these high-frequency components
[8, 10, 22, 25]. Generally, verification and validation of the model
are performed to get confidence in the results obtained from the
analysis. In the present study, verification was performed with
SHAKE2000 and validation of nailed model was done with
experimental work of Hong et al. [26]. In spite of the successful
verification and validation, it was observed that the acceleration
records obtained at the Toe and Crest of the slope were extremely
high, physically unbelievable and hence unacceptable.

Following remedies were tried to remove these spurious
accelerations: (1) incorporating Rayleigh damping and (2)
introducing numerical damping. Out of these two approaches, first
approach did not work, whereas second approach was found to be
effective. Rayleigh damping is mostly used to induce small strain
damping in the analysis, and it comprises stiffness proportional
terms and mass proportional terms. Ineffectiveness of the
Rayleigh damping in removing spurious accelerations needs
further research.

2.1. Results and discussion for nailed slope

The analysis was performed for two distinct interface
conditions: (1) NoSS: No Sliding and Separation at the soil-nail
interface. This represents perfect bonding condition; (2) SS:
Sliding and Separation at the soil-nail interface is allowed. The
acceleration response obtained from the analysis at the Toe and
Crest of the slope is shown in Figures 3 to 6. Figures 3 and 4
show horizontal acceleration response, and Figures 5 and 6 show
vertical acceleration response at Toe and Crest, respectively.

In Figure 3a, peculiar dumbbell-shaped acceleration pattern is
observed for NOSS case. Further, the acceleration as high as 4 g
is noted. In case of SS, the horizontal acceleration at Toe is
observed to be as high as 11.02 g. The corresponding acceleration
amplification is 32. Thus, both acceleration and amplification are
enormous and unbelievable. The maximum horizontal acceleration
observed at Crest in NOSS case is around 2.6 g and in SS case
around 7.38 g. Again, these accelerations are significantly high



Archives of Advanced Engineering Science Vol. 00 Iss. 00 2024

Figure 3
Horizontal acceleration records at Toe: (a) NoSS case and (b) SS case
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Horizontal acceleration records at Crest: (a) NoSS case and (b) SS case
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Figure 5
Vertical acceleration records at Toe: (a) NoSS case and (b) SS case
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Vertical acceleration records at Crest (a) NoSS case and (b) SS case
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Figure 7
Corrected horizontal acceleration at Toe: (a) NoSS case and (b) SS case
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Corrected horizontal accelerations at Crest: (a) NoSS case and (b) SS case
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Figure 9
Corrected vertical accelerations at Toe: (a) NoSS case and (b) SS case
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Figure 10
Corrected vertical accelerations at Crest: (a) NoSS case and (b) SS case
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Figure 11
Comparison of horizontal displacement before and after application of numerical damping at: (a) Toe and (b) Crest
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and practically unbelievable. It is worth to note here, from Figures 3
and 4, that the peculiar dumbbell-shaped pattern is observed for
NoSS case only and is absent for SS case. This implies that the
perfect bonding condition at nail and soil interface is responsible
for this dumbbell-shaped pattern. This condition is imposed at the
soil-nail interface by employing equal degree of freedom
constraint in x and y direction.

The vertical acceleration response at the Toe and Crest is shown
in Figures 5 and 6, respectively. Again it is observed that the peculiar
dumbbell-shaped pattern prevails. At Toe, the maximum vertical
acceleration is noticed to be around 12.6 g and 4 g for NoSS
and SS case, respectively. In Figure 6, the maximum vertical
acceleration at the Crest is found to be around 2.7 g and 11.10 g
for NoSS and SS case, respectively.

It is worth noting that only horizontal input acceleration was
applied, and this should have ideally resulted in amplified
horizontal accelerations only. However, the vertical acceleration
as high as 12.6 g was observed in the present analysis. Moreover,
the vertical accelerations are found to be greater than the
horizontal acceleration. Again it is worth to note that the peculiar
dumbbell-shaped pattern is shown by both horizontal and vertical
records of the NoSS case.

T T T 1
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Time (sec)

In reality, just few cycles of the horizontal acceleration in the
range of 5 g to 10 g would induce extremely high shear stresses
in the structure such as nailed slope, retaining wall, and cause
complete failure of such structures. However, in the present
analysis, the deformation of slope was observed to be very small
and there was no complete failure as such. Also, there is no field
evidence of such huge accelerations and amplifications that would
cause total destruction of soil-nailed structures.

It should be noted that the above accelerations existed even after
the successful validation of the finite element model with the shake
table studies of Hong et al. [26]. The normalized facing displacement
obtained from the finite element analysis, for SS case, was found to
be in good agreement with the one experimentally observed by Hong
et al. [26].

To look into the abovementioned spurious accelerations,
several simulations were performed. At the end, it was found that
these records were due to time integration technique used for the
nonlinear seismic analyses. The time integration method used in
the analyses was the Newmark method. This is the most widely
used method with y (gamma) parameter as 0.5 and f (beta)
parameter as 0.25 (these are the default values). The equations
used for this method are given below:
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Figure 12
Comparison of vertical displacement before and after application of the numerical damping at: (a) Toe and (b) Crest
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where M is the mass matrix, C is the damping matrix, K is the
stiffness matrix, F; is the external force at time t; i1, i;, and u, are
the acceleration, velocity, and displacement at time t, At is the time
step. The Equations (1), (2), and (3) are solved iteratively for each
time step for each displacement degree of freedom. Acceleration
is obtained from Equation (1).

The Newmark method with default values of gamma and beta
failed to remove the high-frequency spurious accelerations in the
analysis. In the end, it was realized that to remove the artificial
higher frequency accelerations components, a numerical damping

08

needs to be introduced adopting unconditional stable criteria given
in Equation (4) [27].
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Authors performed several simulations according to this rule and
found that for values of y=1 and P=0.5625, the spurious
accelerations are damped out. The corrected acceleration records
are shown in the Figures 7 to 10. From Figure 7a it is observed
that dumbbell-shaped erroneous acceleration pattern is completely
removed and maximum acceleration is 0.35 g which is
significantly less than that observed before application of
numerical damping (i.e., 4 g). The spurious acceleration also got
removed from the SS acceleration record as seen in Figure 7b.
The maximum acceleration observed in this case is 1.05 g
which is again significantly less than that observed before
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Figure 13
Mesh considered in the analysis of 1-D site response
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application of the numerical damping (i.e., 11 g). Observation of the
Figures 8 to 10 reveals that numerical damping has been effective in
removing the spurious high magnitude acceleration components.

To check how much is the change in the displacements, the
displacements at the Toe and Crest have been plotted from old
analysis and corrected one (new). The plots are shown in the
Figures 11 and 12. From Figure 11a, it is observed that the old
and new horizontal displacements of the Toe are identical up to
26 s. Beyond this time, they differ in magnitudes. However, it is
interesting to note that the pattern of the displacement evolution is
identical in both cases. The displacement observed at the end of
analysis is —0.012 m and —0.032 m for new and old case,
respectively. Thus, application of numerical damping reduced the
horizontal displacement at the end of the analysis; however, the
pattern of displacement evolution remained unaffected.

The horizontal displacement of the Crest at the end of analysis is
observed to be —0.018 m and —0.054 m for new and old case,
respectively. Thus, the new displacement is almost one-third of
the old displacement. Figure 12 shows vertical displacement of
the Toe and Crest. It is observed that pattern of displacement
evolution remains same in old and new case. Further, application

of the numerical damping reduced the vertical displacement at the
end of analysis.

3. Problem 2: 1-D Site Response Analysis

Site response analysis of the ground is one of the conventional
problems in the field of geotechnical earthquake engineering. Most
of the time, this analysis is performed as 1 — dimensional assuming
only vertical propagation of horizontal shear wave. The domain is
then discretized as shown in Figure 13 [28]. The domain shown in
the Figure 13 [28] comprises four node quadrilateral element
called as quadUP. The formulation of the element is based on the
plain strain assumption. As shown in the Figure 13, each node has
three degrees of freedom: first two degrees of freedom are
translational and third one is pore pressure. The pore pressure
degree of freedom captures the development of pore water
pressure during monotonic or cyclic undrained loading. The
element works on the Biot’s theory of poro-elasticity. The stress-
strain response of the soil is modeled using pressure dependent
multi-yield material model present in the OpenSees.

The domain is assumed to be homogenous and made up of
medium dense sand with saturated unit weight of 1.98 t/m?
friction angle 34°, phase transformation angle 26.5°, and initial
void ratio 0.684. Advanced material properties of the sand
considered in the analysis are given in Chavan et al. [28].

The input motion is applied at the base and response of the
ground in the form of displacement, and acceleration is obtained.
In this section, 1-D site response with and without application of
the numerical damping is investigated. Details of the constitutive
model, boundary conditions, etc., can be found in Chavan et al. [28].

To ascertain the accuracy of the finite element analysis results,
usually verification is performed. Verification ensures that the
mathematical formulation is working correctly, and the results
obtained from the analysis are reliable. One of the approach is
comparing the results obtained from finite elements analysis with
the closed form/analytical/so-called exact solution if available.
Another approach is comparing results obtained from one
software with the results obtained from another software for the
same model. First approach is possible for only simple problems
where geometry is regular and the material stress-strain response
is either linear elastic. When the geometry is irregular or the soil
stress-strain response is highly nonlinear and plastic, the closed
form/analytical solution is almost absent. Again, second approach
is trustworthy only when the problem to be modelled is simple. In
the present study, author has tried very simple but innovative
approach. And this approach is based on the fundamental
understanding that the input acceleration or velocity or
displacement applied at the base node of the model must match
the acceleration/velocity/displacement record obtained from the
analysis for that node. Though this sounds trivial, it is worth to
note that the two records, i.e., input and one obtained from
analysis, match only when the simulation results are correct for
the entire domain. This argument is proved in this section and the
remedy is suggested when the analysis is erroneous.

In the present study, input motion is applied at the base node in
the form of equivalent nodal shear force. For this purpose, input
acceleration record was first converted into velocity record and
then the equivalent nodal shear force (F) was computed from the
following equation:

F = v;pvA (5)
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Figure 14
Comparison of the input acceleration and acceleration obtained from analysis for gamma 0.5 and beta 0.25 case: (a) Input
acceleration, (b) comparison between input and analysis acceleration, and (c) Enlarged view to detail spurious accelerations
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where v; is input velocity, p is mass density of the bedrock (in present
study 2.5 t/m?), v, is the shear wave velocity of the bedrock (in
present study 700 m/s), 4 is tributary nodal area (in present study
1 m?). The equivalent nodal shear force given by Equation (5) is
applied at the base node.

In the present study, Bhuj 2001, N78E component, recorded at
the Ahmedabad station has been used as input motion. Its duration is
133.53 s, and peak acceleration is 0.106 g. At the base node, motion

10

43 44 45
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is applied in the form of equivalent shear force. Software takes this as
the input and computes the acceleration, velocity, and displacement
at all nodes in the finite element domain. It calculates these
parameters at the base node also. The acceleration computed at
the base node must be equal to the acceleration applied as input
since at a node there cannot be two acceleration values at a given
time. This is applicable to velocity and displacement response as
well. The input velocity, displacement, and acceleration records
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Figure 15
(a) Comparison of input acceleration with acceleration obtained from analysis for gamma 0.7
and beta 0.35; (b) enlarged view showing removal of spurious acceleration
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were compared with those obtained from the finite element analysis
at the base node. The input acceleration record is shown in the
Figure 14a. The comparison between the acceleration records is
shown in Figure 14b for Newmark integration scheme having
gamma 0.5 and beta 0.25. It is observed that the acceleration
obtained from the analysis contains spurious high-frequency
components. It is seen that the spike of 0.21 g at 42.57 s
observed in the Figure 14b is spurious one. It should be noted
that these spurious acceleration components are consequence of
the finite element discretization and are not present in real
physical system. To remove these spurious components, gamma
and beta were chosen to be 0.7 and 0.35. This introduces the
numerical damping and removes the spurious high-frequency

43 44 45

Time (sec)

components as shown in the Figure 15. It should be noted that
the values of the gamma and beta were arrived at after
performing several trial simulations. From the enlarged view of
the acceleration records shown in Figure 15b, it is clear that the
spurious acceleration components are completely removed. From
this figure, it is observed that there is an excellent agreement
between the input acceleration record and acceleration record
obtained from the finite element analysis. The comparison
between displacement and velocity records is also shown in
Figure 16, and excellent agreement is found between input
record and analysis record. This implies that the results
generated by the finite element analysis are correct and hence
acceptable.
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Figure 16
Comparison of input displacement and velocity with those obtained from analysis
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4. Conclusions

Two distinct cases of finite element analysis of the geotechnical
earthquake engineering problem are discussed in this paper. The
peculiar dumbbell-shaped acceleration pattern, in nailed slope
case, was attributed to the perfect bonding condition at the soil-
nail interface. The finite element discretization introduced
spurious acceleration as high as 12 g in the analysis. When the
numerical damping was introduced following unconditionally
stable criteria, it was observed that all spurious acceleration
components got damped out. The maximum acceleration noted
after introduction of numerical damping was 1.16 g, though high
it is acceptable. Effect of numerical damping on displacement
(which in turn causes deformation) was also investigated. It is
found that numerical damping reduces the displacement; however,
pattern of displacement evolution remains unaffected.

In case of 1-D site response analysis, it was observed that
application of numerical damping removed the high-frequency
spurious accelerations.

5. Recommendations

Many real life geotechnical problems need dynamic analysis.
The finite element discretization of such problems may induce
erroneous  accelerations.  Generally, high-frequency spikes
observed in the acceleration response are due to the numerical
discretization of the model and needs to be removed to get the
realistic response. From the present study, it is recommended that
appropriate numerical damping should be introduced in the finite

12
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Time (sec)

element analysis of geotechnical problems to damp out the
spurious acceleration and displacement response and to get the
realistic response of the structure.
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