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ABSTRACT

The nonlinearity of the strain energy at an interval period of applying seismic load on the geostructures makes it
difficult for a seismic designer to makes appropriate engineering judgments timely. The nonlinear stress and
strain analysis of an embankment is needed to evaluate by using a combination of suitable methods. In this study,
a large-scale geostructure was seismically simulated and analyzed using the nonlinear finite element method
(NFEM), and linear regression method which is a soft computing technique (SC) was applied for evaluating
the results of NFEM, and it supports engineering judgment because the design of the geostructures is usually con-
sidered to be an inaccurate process owing to high nonlinearity of the large-scale geostructures seismic response
and such nonlinearity may induce the complexity for decision making in geostructures seismic design. The occur-
rence of nonlinear stress and nonlinear strain probability distribution can be observed and density of stress and
strain are predicted by using the histogram. The results of both the simulation from the NFEM and the linear
regression method confirm the nonlinearity of strain energy and stress behavior have a close value of R2 and
root-mean-square error (RMSE). The linear regression and histogram simulation shows the accuracy of NFEM
results. The outcome of this study guides to improve engineering judgment quality for seismic analysis of an
embankment through validating results of NFEM by employing appropriate soft computing techniques.
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1 Introduction

Applying nonlinear strain energy on geostructures cases the unexpected excitation owing to internal and
external loads interaction, under this situation nonlinear stress and nonlinear strain are developing. The
concept of strain energy and the effect of the mechanical properties of the materials on nonlinear
displacement development were studied in the geotechnical earthquake engineering field by using the
nonlinear finite element method (NFEM) [1,2]. The ABAQUS has been applied to solve several
geotechnical and structural earthquake engineering problems [3–12]. From these presented research works
to minimize the gap between theoretical concepts with practical engineering problems, advanced
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mathematical modeling techniques are needed to apply in results of numerical simulation, on the other hand,
advance mathematical modeling is a cost-effective, fast performable, and trustable technique for application
in practical engineering problems.

The nonlinear stress and strain were investigated using numerical simulation and experimental work
[3,13–22], and the linear regression model has been used for the prediction of the different phenomenon in
many fields including medical science, pollution description, construction material, and mapping [23–26],
the histogram is a technique has been used to evaluate the noise spectrum was produced by the 110 kV
power transformer [27], the histogram mainly is applying for frequency versus interval certain value of the
probability. The histogram was applied for endometrial cancer, segmentation vegetation, and soil and soil
texture [28–31], the histogram can be applying in all problems of science and technology. In the present
work histogram model and linear regressions were used, and the model was applied for prediction nonlinear
stress and nonlinear strain have been calculated by the NFEM in the numerical simulation.

There is necessary to study the application of advanced mathematical modeling for NFEM results
validate in seismic geotechnical infrastructure design improvement. Apply the linear regression model
and the histogram model on NFEM results were developed from the ABAQUS has not been found in the
literature. In this study, to evaluate the accuracy of NFEM results and characterization of the nonlinearity
stress and strain, a large-scale geostructure was seismically simulated and analyzed using the nonlinear
finite element method, and linear regression method and histogram which are soft computing techniques
(SC) were applied for evaluating the results of NFEM and support engineering judgment.

2 Materials and Modeling

An elasto-plastic clay cohesive soil type [1] was used for the subsoil and embankment modeling.
The external eigenfrequency and the acceleration (m/s2) are applied to simulating large-scale geostructure.
The nonlinear strain energy is applied to the embankment-subsoil model in both positive and negative
directions. The accuracy of the nonlinear strain and stress was evaluated using soft computing techniques.

2.1 Materials
The mechanical properties of the construction material are effective factor in the seismic design of each

infrastructure, and the construction material plays one of the main functions in provide strength and stiffness
of the geostructure. The mechanical properties of the soil are indicated in Tabs. 1 and 2. The elastic properties
of the soil show in Tab. 1 and the plastic properties of the soil are illustrated in Tab. 2. The young’s modulus,
Poisson’s ratio, and unit weight of 24 MPa, 0.2 and 18.5 kN/m3 respectively mentioned in Tab. 1, and
cohesion of 17 kPa, internal friction angle of 40 deg, and dilatancy angle of 2 deg are plastic properties
of the soil and were presented in Tab. 2. The subsoil and embankment are made of the same selected
elasto-plastic soil.

Table 1: Elastic properties of soil [31]

Young’s Modulus, E (MPa) Poisson’s ratio, ν Unit weight, γ (kN/m3)

24 0.2 18.5

Table 2: Plastic properties of soil [31]

Cohesion, C (kPa) Friction angle, ϕ (deg) Dilatancy angle, ψ (deg)

17 40 2
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The nonlinear acceleration is applied to the geostructure, and it develops nonlinear strain and stress. The
acceleration characteristics are shown in Fig. 1. The acceleration is depicted in two shapes, in the first part,
the acceleration is the same as that is reported in the literature, and the second part for realizing the nature of
the acceleration, from the 4th seconds till the 9th second was zoomed. At the 6.62 seconds +5.9242 m/s2 and
at 6.295 seconds the -9.10367 m/s2 are maximum acceleration m/s2 in the positive and negative direction,
respectively. The occurrence of two consequent acceleration peaks at a close time causes a high level of
nonlinearity on the embankment-subsoil model.

2.2 Modeling
The developing nonlinear strain and stress relate to modeling geometry and the nonlinear acceleration were

applied to the geostructure. The geometry of a large-scale geostructure model is shown in Fig. 2 and the
dimensions of the embankment and subsoil were described in Fig. 2. The subsoil size was 81 m in length
and 6 m in height. The embankment is made of 6 m height and 21 m of crest length size and 45 m length
from the toe-to-toe in location embankment is rest on the subsoil. The width of 30 m for both embankment
and subsoil was selected. The geomorphology of each region requires the construction of a specific
embankment, in the present work, large-scale geostructure is modeled for understanding nonlinear strain
and stress are associated with large-scale geostructure. The mesh shape was used in the nonlinear numerical
analysis is shown in Fig. 3. The external eigenfrequency and seismic acceleration have been applied to the
large-scale geostructure model in two different stages. The model has been subjected to acceleration in the
horizontal direction and the eigenfrequency is applied to the model in all possible directions according to
the boundary condition of the model. It was assumed the subsoil is rested on a rigid surface and the
embankment can move in six directions. Fig. 4 shows the boundary condition in two steps of the numerical
analysis, in the first step, the external eigenfrequency was applied to the model and in the second step, the
seismic acceleration was applied to the model. In the numerical analysis, the combination of the first and
second steps at each stage are the results of the numerical simulation.

The external eigenfrequency and seismic acceleration initiate are applying to the model beneath the
subsoil. Owing to using the same construction material in modeling embankment and subsoil, it is
assumed embankment and subsoil interaction was occurred due to geometry and there is not any
influence of construction material in the embankment-subsoil interaction, has been considered. After
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Figure 1: The acceleration (m/s2) applied to the geostructure [32]. (a) Report in literature, (b) Zoomed
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applying the external eigenfrequency and seismic acceleration to the model, the results of the NFEM were
reported in 80 stages, and the maximum and minimum value of the stress and strain have been selected from
each stage for modeling by using linear regression and histogram. In the linear regression analysis,
80 maximum stress and 80 maximum strain have been selected for analysis of the R2 and RMSE, and to
evaluate the accuracy of NFEM results, the R2 and RMSE were considered. The 80 minimum stress and
strain, and 80 maximum stress and strain have been selected to depict histogram graphs. The histogram is
depicted for assessing the probability distribution of stress and strain.

To study nonlinear stress and strain distribution on the large-scale geostructure, only maximum and
minimum levels of 80 stages at numerical analysis were selected. The acceleration was applied to the
large-scale geostructure model for simulation nonlinear strain and stress using the nonlinear finite element
method (NFEM), and linear regression method which is a soft computing technique (SC). The flowchart
for the entire study process is shown in Fig. 5.

To establish a nonlinear stress-strain classification and prediction geostructure seismic monitoring, the
histogram was developed with different intervals and the frequency. The histogram supports stress-strain
characterization. In using NFEM, with using the 80 stages of the numerical simulation, the histogram was
developed, it made because the whole stages of the numerical simulation reveal the embankment-subsoil
model seismic response. To discover the intensity of reiterating stress-strain at the specified presented
interval, the Central Limit Theorem was used.

3 Results

To improve the seismic safety of the large-scale geostructures, a seismic design was performed, and
suitable methods from the mathematical field were introduced to geotechnical engineering to enhancing
decision making. The questions are, “do the results of the numerical simulation from NFEM is trustable

Figure 2: The geometry of the geostructure model

Figure 3: The mesh characteristics were used in the nonlinear numerical analysis
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for large-scale geostructures seismic design? And which methods are required to validate the results of the
numerical simulation produced by the NFEM”?

Figure 4: The boundary condition at two steps of the nonlinear numerical analysis

Figure 5: The entire study process
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The 13th continuous range of nonlinear maximum principal stress (MPa) and the nonlinear maximum
principal strain were showed in Figs. 6a and 6b, Figs. 7a and 7b, respectively, these entire ranges of the
stress and strain belong to the first stage of executing numerical simulation using NFEM. In this study,
80 stages of the numerical simulation have been considered, and owing to the huge number of figures for
showing all stages of the numerical simulation, the selected figure is shown in this study. The mesh was
selected for this numerical simulation was showed stress and strain development. The results of the
numerical simulation were showed the maximum nonlinear stress and strain were developed in the bottom
of the subsoil beneath the embankment’s toe. The nonlinear stress in two different directions is applied to
the embankment crest. The slope of the embankment is sliding because of the seismic excitation, it is
depicted in Figs. 6a and 6b, Figs. 7a and 7b. The nonlinear vibration of the large-scale geostructures causes
initiating collapse on the one side of the embankment’s toe, and the second toe of the embankment failed
following the first toe was collapsed. To apply results of the nonlinear numerical simulation in seismic
designing a large-scale geostructure, the recorded nonlinear stress (MPa) and strain are needed to be
evaluated by using the linear regression model and histogram, these two methods are soft computing
techniques (SC) and are supporting validate results of the numerical simulation before application in the
geotechnical earthquake engineering design. However, in this study, one large-scale geostructure seismic
analysis is subjected to NFEM and two soft computing techniques (SC) are performed for introducing
simulation techniques to the field of geotechnical earthquake engineering and support engineering judgment.

Figure 6: (a) The stress in the first stage of nonlinear numerical simulation (b) The stress (MPa) in the final
stage of nonlinear numerical simulation
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The entire range of the stress and strain value are presented in Fig. 8. The histogram graphs were
developed to study the distribution minimum and maximum nonlinear stress, and minimum and
maximum nonlinear strain which are obtained from the NFEM analysis. The entire range of the stress and
strain value were shown in the histogram graphs, it was depicted with a series interval of the stress and
strain occurrence. The negative and positive nonlinear stress and strain proportion were depicted, by
using the histograms. In comparing strain and stress histograms, both are symmetric and bell-shaped, it is
because of the nonlinearity of stress and strain, and there are few differences between stress histogram
with strain histogram. The histograms show the probability occurrence and density of the nonlinear stress
strain. The probability distribution of nonlinear stress and strain and frequency of the nonlinear stress and
strain in unexpected behavior occurrence were analyzed. The symmetric and bell-shaped histograms are
presenting normal distribution for the prediction of nonlinear stress and strain. The determination of the
nonlinear stress and strain distribution on the large-scale geostructure is supporting decision-making in
geostructures seismic design. According to the histogram is depicted in Fig. 8, the nonlinear stress and
strain distribution in the loading stage is not the same as reloading. The change in stress and strain
distribution were observed at each interval. In the reloading phase, the distribution stress and strain are
less nonlinear compared to the loading stage. The strain energy has a high concentration in the loading

Figure 7: (a) The strain in the first stage of nonlinear numerical simulation (b) The strain in the final stage of
nonlinear numerical simulation
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phase and strain energy in the loading phase more is appeared at the maximum level, the strain energy was
reduced in the opposite direction on the large-scale geostructure movement. The histogram shows the
unexpected release of elastic strain energy in the form of probability distribution occurs and it supports in
density prediction of the strain energy. However, the large elastic strain and large stress range during
loading are governing main seismic excitation on the large-scale geostructure, on the other hand in the
histogram is shown, the nonlinear strain distribution was appeared in a more symmetric shape compared
to the nonlinear stress distribution.

To focus on a large-scale geostructure seismic response and analysis, the linear regression model was
applied to predict nonlinear maximum stress and nonlinear maximum strain for 80 stages of the nonlinear
finite element method results. The maximum stress versus maximum acceleration and maximum
strain versus maximum acceleration were depicted in Fig. 9. The R2 and RMSE for maximum stress
and maximum strain indicate in Tab. 3. From the linear regression model results, the value of R2 for
maximum stress and maximum strain are 0.869 and 0.853, respectively. The value of RMSE for
maximum stress and maximum strain are 0.102 and 0.005, respectively. The R2 and RMSE for maximum
stress and maximum strain have confirmed the accuracy of the prediction made by the histogram model.
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Figure 8: The stress versus number of occurrences and strain versus the number of occurrences
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Figure 9: Explain stress-strain versus acceleration using linear regression analysis
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With considering nonlinear stress data and nonlinear strain data distribution which are presented in
Fig. 9. The linear regression model is an appropriate soft computing technique (SC) for evaluating the
results of NFEM. The plotted line by linear regression model shows a linear curve pattern for maximum
stress and maximum strain is spread relatively homogeneous throughout the range of maximum acceleration.

4 Discussion

The nature of the seismic loads interaction influences the stress and strain distribution and causes the
model excitation with different magnitude and shape. The resultants of the nonlinear stress distribution
acting on the embankment-subsoil model and causes developing nonlinear deformation on the model in
the period of excitation. When the nonlinear stress and strain distribution in loading and reloading stages
are distributed at a high level of nonlinearity, higher model excitation is expected. Basis of the stress and
strain evaluation by using histogram, the excitation, nonlinear deformation, and displacement of the
model can be predicted.

In the histogram, the nonlinear strain has a more symmetric shape compared to the nonlinear stress, this
phenomenon was occurred owing to embankment and subsoil have the same material. And more the
nonlinear strain energy is expected in a model with multi-materials. The symmetric and bell-shaped
histogram is presented normal distribution for stress and strain. With attention to the shape of the
histogram, it makes more convenient for appropriate engineering judgment in a large-scale geostructure
seismic design. This study supports the improvement of engineering judgment quality for seismic analysis
of an embankment through validating results of NFEM by employing an appropriate soft computing
technique. The close value of R2 and RMSE from the linear regression results show accuracy NFEM for
the characterization of nonlinear stress and strain behavior. The R2 value from the linear regression model
obtained for maximum stress and the maximum strain was confirmed the histogram prediction is
applicable for simulation of the nonlinear finite element method results in the seismic design of a large-
scale geostructure. The fitting line in a regression model which is presented in Fig. 10, it shows the
nonlinear stress and strain distribution during seismic excitation of the large-scale geostructure, the
validity of the present work is confirmed concerning the linear regression model results and histogram, it
is because of the maximum nonlinear stress and nonlinear strain using histogram were depicted in the
symmetric and bell-shaped.

With consider of the nonlinear stress-strain relationship and distribution which are presented in Figs. 10–
14, the linear regression model is an appropriate soft computing technique (SC) for evaluating the results of
NFEM. The R2 and RMSE for maximum stress and maximum strain nonlinear relationship are indicated in
Tab. 4. The R2 and RMSE have been obtained 0.99365 and 0.02245, respectively. These values are indicated
the linear regression model was showed the accuracy of NFEM results. The stress-strain relationships for the
embankment-subsoil model are shown from initial the stress-strain is not more nonlinear, while with
increasing time of applying nonlinear load the nonlinearity of the stress-strain was increased.

Table 3: The R2 and RMSE for maximum stress versus maximum acceleration and maximum strain versus
maximum acceleration

-------- Max stress Max strain

R2 0.869 0.853

RMSE 0.102 0.005
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5 Apply a Linear Regression Model to Related Work

The application of the linear regression model in the prediction of the seismic embankment was studied.
The stress-strain relationship is changed, was showed by linear regression model. The histogram shows the
regression model is adequate for validating NFEM results in the large-scale geostructure seismic design.

The elastic-plastic finite element analysis was performed to assess the local stress-strain reactions of the
notch-root [33], to predict the fatigue of cylinder block was subjected to vibration, the finite element
modeling was employed [34]. The Abaqus was used to analyzes cantilever beam [35], thermal stress
analysis [36], composite material [37], substructure [38], fracture of steels [39] and fluid-structure
interaction [40], and also other NFEM software such as Ansys was used in tunneling stability assessment
[41]. The linear regression model can apply for evaluating and validate all the mentioned research
investigations.

The nonlinear stress-strain relationship was investigated to assess seismic stability of embankment [42],
timber structure [43], constituents of Bio-Inspired [44], damage modeling of softening materials [45],
crushable foam model [46], and several other problems have been reported in the literature using the
shaking table for seismic embankment simulation [47,48]. The application linear regression model is not
limited to NFEM and stress-strain relation; however, the linear regression model can applying in the vast
field of science and technology for analysis stress-strain relationship.

Fig. 15 shown nonlinear acceleration was simulated using shaking table tests [49], because of
experiments performing under laboratory conditions for obtaining nonlinear acceleration, the results are
needed to verify using statistical analysis. The seismogram records the acceleration of an earthquake but
the seismic waves travel the path to reach an infrastructure with modification of the seismic wave
characteristics is a required analysis using statistical modeling as well. Fig. 15 shown nonlinear
acceleration was simulated and traveling in the embankment-subsoil using shaking table test, three
acceleration sensors were showed three different acceleration characteristics [49], apply nonlinear strain
energy on geostructures cases the unexpected excitation owing to internal and external loads interaction,
under this situation nonlinear stress and nonlinear strain is developing.
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Figure 10: Explain maximum stress vs. maximum strain using linear regression analysis

176 SDHM, 2021, vol.15, no.2



0.00 0.02 0.04

-0.05

0.00

0.05

Maximum strain

R
eg

ul
ar

 R
es

id
ua

l D
is

tr
ib

ut
io

n

Figure 11: Maximum strain shown in the regular residual distribution

0.0 0.2 0.4 0.6 0.8 1.0

-0.05

0.00

0.05

Maximum stress (MPa)

R
eg

ul
ar

 R
es

id
ua

l D
is

tr
ib

ut
io

n

Figure 12: Maximum stress shown in the regular residual distribution
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Table 4: The R2 and RMSE for maximum stress vs. maximum strain

R2 RMSE

0.99365 0.02245
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Figure 15: Nonlinear acceleration simulated using a shaking table test [49]
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There are several problems are related to seismic and cycle fatigue that have excellently been solved and
validate with different methods such as large-scale 3D simulations of seismic wave propagation [50], the
damage probability matrix of the structure is subjected to the ground motion [51], seismic parameters of
the bridge [52], liquefaction assessment [53], masonry tower and masonry buildings seismic analysis
[54,55], considering cycle fatigue [56,57], however, the statistical model could be applied for all of these
investigations.

6 Conclusion

The large-scale geostructure was seismically simulated and analyzed using the nonlinear finite element
method (NFEM) and the soft computing technique (SC) was applied for evaluating the results of NFEM. The
nonlinear stresses and nonlinear strains probability distribution occurrence and density are predicted by using
the histogram.

The nature of the load interaction influences the stress and strain distribution. The large elastic strain and
large stress range during loading are governing the main seismic excitation and failure of the large-scale
geostructure. The determination of the nonlinear stress and strain distribution on the large-scale
geostructure is supported decision-making in geostructures seismic design. The nonlinear stress and
nonlinear strain probability distribution occurrence and density of the stress and strain are predicted
through the histograms which are symmetric and bell-shaped, and these histograms are presented the
normal distribution of the predicted stress and strain.

The linear regression model has plotted a linear curve pattern for maximum stress and strain. The R2

value from the linear regression model has confirmed the histogram prediction is applicable for
simulation of the nonlinear finite element method results in the seismic design of a large-scale
geostructure. The shape of the histogram and linear regression model are confirming the accurate
prediction of the NFEM results for the large-scale geostructure seismic design. The R2 and RMSE for
maximum stress and strain have confirmed the prediction made by the histogram model. The outcome of
this study guides the improvement of a large-scale geostructure engineering design quality through
evaluation of the stress-strain relationship of the simulated model by using appropriate soft computing
techniques.

Funding Statement: The author received no specific funding for this study.
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