
INGENIERÍA E INVESTIGACIÓN VOL. 42 NO. 1, APRIL - 2022 (e93712)

Research Article / Civil and Sanitary Engineering https://doi.org/10.15446/ing.investig.v42n1.93712

Overview of the Constitutive Model and Numerical
Calibration by FEM to Compute Bearing Capacity and

Embankment-Core Deformability
Una mirada a los modelos constitutivos y la calibración numérica

mediante MEF para calcular la capacidad de carga y la deformabilidad
del núcleo del terraplén

Milena Mesa-Lavista 1, Francisco Lamas-Fernández 2, Eduardo Tejeda-Piusseaut 3, Rafael
Bravo-Pareja 4, Carolina Cabrera-González 5, and José Álvarez-Pérez 6

ABSTRACT
Numerical modeling is a powerful tool to determine the stress-strain relationships of structures. However, for a reliable application,
physical and mathematical models must be calibrated and validated. This paper presents an overview of numerical calibration through
the finite element method and plate-load tests in an embankment. Additionally, an analysis of the constitutive models used in soils
is performed, and the elastic-plastic constitutive model of Mohr-Coulomb was selected since it is the best suited for this study.
The results from three test areas within a refinery project that the Cuban government undertook in the province of Cienfuegos are
used. The numerical model used in this study was calibrated by means of the error theory and the non-parametric hypothesis tests
from Mann-Whitney U. From the practical point of view, this study gives two procedures to calibrate the numerical model with
experimental results.
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RESUMEN
El modelado numérico es una herramienta poderosa para determinar la relación esfuerzo-deformación de las estructuras. Sin embargo,
para una aplicación confiable, los modelos físicos y matemáticos deben ser calibrados y validados. Este artículo presenta una mirada
a la calibración numérica empleando el método de elementos finitos y ensayos físicos de placa de carga en un terraplén. Se realiza
además un análisis de los modelos constitutivos empleados en suelos y se selecciona el modelo constitutivo elástico-plástico de
Mohr-Coulomb por ser el que mejor se acomoda a este estudio. Se utilizan los resultados de tres áreas de prueba dentro de un
proyecto de refinería que el gobierno cubano llevó a cabo en la provincia de Cienfuegos. El modelo numérico empleado en este
estudio se calibró empleando la teoría de errores y la prueba de hipótesis no paramétrica U de Mann-Whitney. Desde un punto de
vista práctico, este estudio brinda dos procedimientos para calibrar un modelo numérico con resultados experimentales.

Palabras clave: modelo constitutivo, ensaye de carga con placa, método de elemento finito, calibración numérica, relación
esfuerzo-deformación en terraplenes
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Introduction
To determine the stress-strain states generated within em-
bankments due to applied loads and gravity, researchers
have developed analytical and empirical methods (Lamas et
al., 2011; Standing et al., 2020) that enable the design and
enforcement of the project within the admissible parame-
ters of durability and deformability. Moreover, modelling
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techniques have been used to develop constitutive models
(Feng et al., 2020; Jiang et al., 2020; Li et al., 2021). So
far, in Cuba, there are no available studies, either theoretical
or experimental, on construction regulations and standards
under different climatic and traffic conditions concerning the
performance of slopes, such as the design and construction
of the embankments in a highway.

The strength and density levels that must be reached are cur-
rently defined through empirical methods by current Cuban
standards (NC-11, 2005). This mainly limits the design of
embankments of great height because the acting loads exceed
the maximum allowed stress. Thus, the need arises for the
conception and building of a numerical model to simulate,
with admissible error, the stress-strain performance of these
embankment fundamentals in highway projects. Additionally,
this contributes to improving the current official design and
construction standards.

Several numerical methods can be used to calculate the
stress-strain state of a structure: boundary elements, finite
volumes, finite differences, and the finite-element method,
among others (Haftka and Malkus, 1981; Namdar, 2020;
Osipov et al., 2018; Otálvaro and Nanclares, 2009). This
study uses the finite-element method, which, conceptually,
is the breakdown of a continuous physical element into a
discrete number of parts or elements that are connected by a
number of points called nodes. The movements of these are
the main variables to calculate in each problem (Anderson et
al., 2021; Zienkiewicz et al., 2015). Within each element, the
movements of any point are determined from the movements
of the nodes of each element using inverse or semi-inverse
formulations (Álvarez, 2014).

One of the fundamental advantages of using the finite-element
method in these problems is the reduction of experimental
costs once the model is properly represented. However,
the numerical model must be calibrated and validated. In
this study, two calibration procedures are performed: one
by applying the error theory, and the other by using non-
parametric hypothesis tests. The results of the plate-load test
have been used to validate this procedure.

Overview from embankment construction and
design
For a continuous circulation of traffic on highways, with
quality and safety during the period of use, embankments
must meet certain requirements regarding stability, safety,
and strength under the forces exerted by weather and traffic
(Mesa, 2017).

Experience in construction embankments has enabled us to
prepare firm structures under favorable conditions in terms
of topography and materials. However, for problematic
conditions, considering the nature of the materials, as well
as for geomorphology, many authors have indicated the
need to take special safety measures, thus requiring the
development of independent projects for each case, given that
those are special cases that require further study. For example,
Huang et al., (2010) used a two-dimensional finite method

to investigate the stress and strain of embankments built on
soft ground, with or without treatment of the foundation.
Liu et al. (2004) undertook an experimental study on high
embankment construction for an expressway. Stuedlein et al.
(2010) presented a 46 m design for a mechanically stabilized
earth wall with a fill slope of 2:1 inclination. Ulloa and
Vargas (2007) described a methodology to detect the physical
vulnerability of fillings and embankments on mountains and
slopes. Shan et al. (2009) studied soil compaction, taking into
account the performance of an already built high embankment
vs. the thaw phenomenon; and Guo-xiong et al. (2010)
evaluated slope stability through 2D and 3D analysis in high
embankments. Murata et al. (2020) evaluated pavement and
embankments by means of a superficial technique. Although,
in recent years, many of the studies for road embankments
only focus on pavement and the first layers of the base and
subbase (Albarazi, 2020; Hernández-López et al., 2020),
others focus on deformational state behavior (Mesa et al.,
2020; Pardo de Santayana et al., 2020).

Soil, unlike any other material, has an extremely complex
behavior, which is dependent on its type, the in situ treatment
received, the compaction level, the state of aggregation, etc.
Therefore, many countries have developed several criteria for
characterizing soils according to their features or the needs
of the project (AASHTO, 2021; PG-3, 2017). Approximately
80% of the materials of the embankment constitute the core,
in which fine-grained materials can be used, such as clays,
silts, and residual soils, if adequate compaction control is
carried out, given the potential deformability.

The methods used in practice to estimate settlements are
often based on in situ tests, such as the Vane cone test, the
Standard penetration test (SPT), and the plate-load test.

The plate-load test can be used as part of a soil inspection
procedure for foundations design (ASTM, 1994). It was
also developed to study the foundation soil of roads and
airports. After being developed and improved, it is currently
an essential test for the calculation and subsequent monitoring
of civil engineering projects. The test is performed in situ
on the soil to measure the vertical settlement due to the
applied load. This test consists of applying a vertical load
on a circular metal plate that is firmly seated and levelled on
the embankment. When the test preparations are verified,
different loads are applied, and the load required for different
strain rates is calculated (Figure 1) (Anyang et al., 2018;
NC-11, 2005; Patel, 2019).

The aim of this study is to demonstrate the calibration pro-
cedure of a finite element model by means of the results
of different plate-load tests applied to embankments con-
structed (physical model) within the project of the refinery
plant built in the province of Cienfuegos, Cuba. Data con-
cerning displacements and loads were used to validate the
numerical models of the embankment.

Different constitutive models have been used for soil model-
ing. These models differ from each other in the parameters
used for the calculation (e.g. responses such as elastic-
plastic, energy dissipation, permanent deformations, etc.)
(Zhang et al., 2021). Examples of constitutive models include
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elastic models, elastic-plastic models, or those based on the
critical state.

Figure 1. Circular plate of charge.
Source: https://www.fing.edu.uy/en/node/7241

Elastic models show a linear relationship between applied
stresses and deformations, where the instant of applying
tension coincides with the moment that the soil deformation
ends. These models clearly do not simulate soil performance
in an adequate way, since they do not consider residual
deformations. However, for the sake of simplicity, they are
useful for modeling the initial stress states of embankments.
Elastic-plastic models consider the elastic and plastic states of
the material. When the remaining deformation is considered,
and hence the stress and displacements are reached in soil
structures, it is possible to predict their behavior against
predetermined load systems. Critical-state models are based
on the study of the energy-dissipation mechanisms within the
soil skeleton, as well as the observation of the macroscopic
behavior of materials.

Incremental hypoelastic models establish a relationship be-
tween stress application velocity and strain velocity using
a tensorial function. Since this requires a large number of
parameters and demanding computer-memory capabilities
when integrated into finite-element programs, it has not
had significant practical applications. The Kondner-Duncan
model, which establishes a hyperbolic function that causes
serious continuity problems, was one of the first models
adapted to simulate the behavior of large masses of soil such
as dam fronts (Mellah et al., 2000).

Hyperbolic models easily represent the stress-strain behavior
for the drained-soil response. The model was initially pro-
posed by Kondner and Zelasko (1963) and was subsequently
presented on an incremental basis by Duncan and Chan
(1970). It assumes that the stress-strain curves of soil can
approximate a hyperbola (Lamas et al., 2011).

From all the models mentioned above, the elastic-plastic
Mohr-Coulomb model was chosen for this research because
the parameters used are readily available, it is best adapted
to the behavior of the soil, and it may reach the maximum
load break with values between 400 and 500 kPa (Gu et al.,
2020; Hai-Sui, 2006; Nieto et al., 2009). The Mohr-Coulomb
criterion assumes that failure occurs when the shear stress at
any point in a material reaches a value that depends linearly
on the normal stress on the same plane. This model is based
on Mohr’s circle for states of stress at failure on the plane of

the maximum and minimum principal stresses. The break
line is the common tangent to all Mohr circles.

Therefore, the Mohr-Coulomb model is defined by Equation
(1), where σ is negative in compression, from the average of
the maximum and minimum Mohr’s circle; c is the cohesion;
∅ the friction angle; σ m the principal stresses; and S is half
the difference between the maximum and minimum principal
stresses.

τ = c − σ tan ∅ (1)

Where τ = S cos ∅; σ = σm + S sin ∅τ (kPa), c (kPa) , σ (kPa),
∅ (◦), S (kPa) , σm (kPa)

For general states of stress, it is more convenient to write
the model in terms of three stress invariants, as shown in
Equation (2) (Abaqus/CAE, 2017).

F = Rmcq − p tan ∅ − c1
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Where θ is the deviatory polar angle defined (◦); q is the
Mises equivalent stress (kPa); p is the equivalent pressure
stress (kPa); r is the third invariant deviatory stress (kPa); and
S is the deviatory stress (kPa).

Study area: geotechnical and geological
framework
The embankments used for the validation tests are in areas
occupied by the facilities of the Camilo Cienfuegos oil refinery.
According to the coordinates of the Lambert conical projection
system, they are in northern Cuba, from 548450 to 550500
and from 261 000 to 264 300. Its height ranges between
0,00 m to 40,00 m, as reported by the National Altimetry
System. They are located in the region of Siboney, Industrial
Zone No. 3 (“Carolina”) of the city of Cienfuegos in the
Republic of Cuba (Figure 2). This refinery is a project of the
National Applied Research Company (ENIA) and an Invescons
Research Unit construction. In geomorphological terms, the
territory was originally a semi-wavy, cumulative-abrasive-
denudative marine terrace, and it currently has a slightly
rugged topography. It is a product of the human earth
movements made for the construction of the refinery between
1995 and 2005.

The area is located within the neo-autochthonous basin of
the Palaeocene-Quaternary depression of Cienfuegos, on its
north-western flank. The geological structure of the territory
consists of pyroclastic-carbonate, terrigenous-carbonate, and
carbonate sedimentary rocks from the Upper Cretaceous,
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Palaeocene, and Neogene of the Cantabria, Caunao and Paso
Real formations, in addition to different Quaternary materials,
undifferentiated as formations. Almost all of the faults that
complicate the formations in pre-Eocene flanks dissipate
towards the inside of the depression, with no seismogenic
faults in the environment.

Figure 2. Camilo Cienfuegos oil refinery area.
Source: Authors, based on the report courtesy of Cienfuegos’s ENIA.

With the parameters determined from embankment testing
conducted in the city of Cienfuegos (Figure 2), it is possible
to correctly simulate soil behavior using numerical methods.
It is also possible to simulate the plate-load test, which was
chosen for validation and subsequent use in determining the
deformation and strength of soils.

Materials and tests
In this study, the data calculated from the drilling with UGB-
50 bits by ENIA project was used. The methods used in the
drilling were percussion and/or rotation due to the soil type.
The determination of the index properties was performed
according to specifications of international standards group
(ASTM, 2000).

The geotechnical profile was characterized to a depth of
29 m. From the samples taken, the parameters of the existing
soils in the area were calculated. Tables 1 and 2 show their
values.

These tables indicate that the foundation soil, down to 10
m deep, consists of interstratified soils of sandy-clay type
with medium to low plasticity and a mean natural density of
19,6 KN/m3, with a standard deviation of 0,68. Furthermore,
the soil has an average natural moisture of 20,7% that has
somewhat higher dispersion values (between 13 and 33%).

Regarding the values of the mechanical parameters used in
the calculations, the effective cohesion has a mean value of
12,0 KPa, with a maximum of 15,0 kPa and a minimum of 5
kPa; and the angle of effective internal friction averaged 15
degrees (a maximum of 20◦ and a minimum of 10◦).

In the project, three test polygons were executed, each one for
30 plate-load tests. This study was conducted to characterize
the zone through a geological engineering investigation on
the feasibility of the refinery expansion.

Table 1. Index properties of the soils

Layer
waste fill

Natural state Gs (adm) e (adm) S (%) USCS

w(%) γ f (kN/m3) γd (kN/m3)

1 19,33 19,77 16,68 2,67 - - CL

2 13,00 20,30 17,90 2,67 0,49 71,0 SC

3 16,60 20,30 17,40 2,65 0,52 84,6 CL

4 21,30 19,36 15,96 2,68 0,68 83,9 CL

5 20,10 19,43 16,20 2,69 0,66 81,5 CL

6 33.10 18.11 13.60 2.72 1,0 90,0 CH

7 28,20 18,86 14,70 2,69 0,83 91,0 SC

8 12,40 19,78 17,60 - - - GP

9 29,60 17,76 13,70 2,61 0,90 84,1 SC

10 a 14,70 21,10 18,40 - - - GC

10 b 12,40 19,78 17,60 - - - GP

Layer
waste fill

Plasticity % pass; sieve

LL (%) LP (%) IC N◦ 4 N◦ 10 N◦ 40 N◦ 200

1 37,33 16,67 - - - - -

2 23 10 1,0 86 85 65 40

3 29 14 0,89 91 89 79 63

4 36 8 0,92 98 96 88 69

5 47 28 0,96 88 85 74 58

6 67 37 0,92 97 93 82 62

7 41 19 0,67 74 68 56 44

8 - - - - - - -

9 42 23 0,54 88 87 67 48

10 a - - - - - - -

10 b - - - - - - -

Note: Where: w natural humidity; γ f natural volumetric specific weigh;
γd dry volumetric specific weight; Gs relative specific weight of solids; e
void ratio; S saturation; USCS Unified Soil Classification System; LL
Liquid limit; LP Plastic limit; IC Consistency Index; N◦ 4, N◦ 10, N◦ 40
and N◦ 200 sieve size according to ASTM (2000); USCS column Unified
Soil Classification System from ASTM (2000); CL Lean clay; SC Clayey
sand; CH Fat clay; GP Poorly graded gravel; GC Clayey gravel.
Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

For the characterization of the landfill of the embankment
in the polygons, the index properties were determined, and
24 direct shear tests were performed according to Cuban
standards (NC-325, 2004), as well as an Oedometer test
(Table 3).

The most representative results from the plate-load tests
are shown in Figure 3. The mean value of the most repre-
sentative tests of the polygons is presented in Table 4. It
can be observed that the data of polygon number 2 are not
representative of the entire set, which is why this polygon
has not been used in the calibration process.

Numerical model
The invariants of the modelling process (geometry, loads,
materials, and boundary conditions) were taken into account
to elaborate a model that corresponded with the real study.

The geometry of the model was performed in accordance
with the existing polygons in terms of height, slope gradient,
and crown width. Figure 4 shows the average dimensions of
polygons and deep layers of soil.

4 of 10 INGENIERÍA E INVESTIGACIÓN VOL. 42 NO. 1, APRIL - 2022
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Table 2. Physical-mechanical properties of the soils

USCS GP GC SC CL

Standard
Proctor test

γmax (kN/m3) > 17,6 > 18,4 18,2-18,6 16,5-17,5

Wopt (%) < 12,4 < 14,7 13,0-15,1 17,0-19,5

Porous Ind. e < 0,33 < 0,31 0,33-0,31 0,39-0,35

Permeability K (cm/s) > 0,3 x 10−6
1,0 x 10−7 5,0 x 10−8 1,0 x 10−8

5,0 x 10−7 2,0 x 10−7 2,0 x 10−7

Oedometer
compression

E (%) 1.4 (kPa) < 30 < 120 100-140 120-160

E (%) 1.5 (kPa) - < 240 190-290 220-300

Shear
strength

c′ (kPa) - 5 >5 10-15

φ′(◦) > 36 > 31 10-20 5-15

Modified
Proctor

CBR 35-60 20-40 10-20 5-15

Reac. Mod. > 800 500-800 500-800 300-500

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

Table 3. Physical-mechanical properties of the soil fill

Zone
Oedometer Module Shear strength

Ed (kPa) c′ (kPa) φ′(◦)

Embankment 5 000 15 13

Source: Adapted from technical report Courtesy of Cienfuegos’s ENIA.

Table 4. Average values of the load-plate test

Load (kPa)
Displacement, mean values (mm)

Polygon 1 Polygon 2 Polygon 3

0 0,00 0,00 0,00

30 0,57 0,16 0,52

0 0,28 0,10 0,32

50 0,96 0,18 0,68

150 2,59 0,80 2,50

250 3,95 1,31 4,34

350 5,35 1,81 6,23

450 6,98 2,39 8,41

300 6,28 2,28 8,04

150 5,68 2,12 7,42

0 4,28 1,70 5,53

150 5,18 2,03 6,78

300 6,06 2,26 7,94

450 7,21 2,56 9,42

300 6,74 2,47 9,09

150 6,22 2,32 8,37

0 4,97 1,88 6,47

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

The distance from the toe of the slope to the boundary
condition was established from previous studies to determine
the subdomain model (Mesa et al., 2016). The analysis of the
influence of stress in the area of crown and core of previous
studies determined that the distance most useful for modeling
road embankments is eight times the ratio of the base of the
slope and height of the embankment,. Linear bonds are used
as the boundary condition (Figure 4) (Mesa et al., 2016).

Figure 3. Load-plate test results from: a) polygon 1, b) polygon 2, c)
polygon 3.
Source: Authors/Adapted from technical report, courtesy of
Cienfuegos’s ENIA.

The thicknesses of the underlying soil were considered for
the depth of the sample perforations performed; the results
are in accordance with the physical-mechanical properties
found in the laboratory.

Figure 4. Model.
Source: Authors
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The constitutive model used, Mohr-Coulomb, is well suited
for soil behavior at breakage; it stands out over the others
because the parameters can be determined from laboratory
tests. Regarding the system of loads, stresses applied accord-
ing to the test at different stages of construction were used
(Mesa, et al., 2016). The numerical model of this study is
limited to a plane strain model.

Calibration of the mathematical model
From the preparation of the mathematical model of this
paper, two important variables were defined: the type of
finite element (TFE) and the optimal discretization of domain
(DD).

Geo-Studio 2012 was used for this study. This software
has different TFE, and only three were used, as shown in
Figure 5. For the selection of the mathematical model, a 23

test design was defined, varying the two parameters (TFE
and DD) at three levels each: 50 cm, 100 cm, and 125 cm;
and quadrilateral with four-node, quadrilateral with eight-
node and triangular with three-node, respectively (Figure 5)
(Mesa, 2017).

Figure 5. 23 test design.
Source: Authors

Nine simulations were performed with the conditions of
Figure 4, varying the TFE and DD as shown in Figure 5. After
the simulations were completed, an analysis of the results
was made. The theory of errors (Table 5) (Kaizhong and
Shiyong, 2019) was employed. The errors at several points
were applied for each model.

Table 5 shows two expressions used for errors at one point
and, three expressions used for several points. All expressions
depend on the results of the control pattern

(
Qe(i)

)
, that is, the

results obtained from the experimental test and the results
from the numerical model

(
Qn(i)

)
.

Figure 6 shows the results from the errors at one point.
These are from previous research conducted by the authors
(Mesa and Álvarez, 2011). In that study, it was found that
the TFE of the quadrilateral 4-node with a discretization of
the domain of 50 cm is the mathematical model that best
explains the stress-strain results on road embankments, since
8-node elements show greater errors (Figure 6b). Based
on these results, the finite element quadrilateral of 4-node
and triangular with 3-node were combined in this work
(Figure 7).

Table 5. Expressions to compute the errors at one and several points

Errors at one point

Absolute error (A) EA =
∣∣∣Qe(i) −Qn(i)

∣∣∣
Percentage of Absolute error (%AB) EAP =

∣∣∣∣Qe(i)−Qn(i)
∣∣∣∣

Qe(i)

Errors at several points

Root Mean Square error (RMSE) RMSE =

√∑n
i=1

(
Qe(i)−Qn(i)

)2
np

Mean square error (MSE) MSE =
∑n

i=1

(
Qe(i)−Qn(i)

)2
np

Mean Absolute Percentage Error (MAPE) MAPE =

∑n
i=1


(
Qe(i)−Qn(i)

)
Qe(i)


np

Note: Where: Qe(i) Control pattern results; Qn(i) Results obtained from
the numerical model; np Analysis points.
Source: Adapted from Mesa and Álvarez (2011).

Figure 6. Absolute and percentage of absolute errors in one point with:
a) quadrilateral 4-node, b) quadrilateral 8-node, c) triangular 3-node.
Source: Authors, based on the results from Mesa and Álvarez (2011).

Another way to calibrate the model is by using statistics.
In order to compare the results from the model and the
experimental tests and determine the similarity or difference
between results, a parametric or non-parametric test must
be carried out.
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Figure 7. Zoning of area of the slopes with 3-node triangular elements.
Source: Authors

It is known that, for comparing and determining similarities
between two independent samples, it is necessary to perform
a parametric (t-student) or non-parametric (Mann-Whitney
U) test. The parametric test is applicable if the samples fit
a normal distribution and their variance is homogeneous.
Otherwise, non-parametric tests should be applied for the
comparison (Figure 8).

Figure 8. Methodological statistical scheme.
Source: Authors

First, a normality Kolmogorov-Smirnov (K-S) test was applied
to determine if the samples fit a normal distribution. The
null hypothesis (H0) assumption was that the samples fit
a distribution, and, as an alternative hypothesis (H1), the
negation of H0. Additionally, the homogeneity of variance
test from Levene was applied.

Results
The problem was simulated with the data shown above,
recreating the plate-load test in the process of loading and
unloading for a given period of time (Table 6).

Table 6. Values of the loading and unloading process

Stress (kPa) 0 30 0 50 150 250 350 450 300

Time (sec.) 0 15 5 30 30 30 30 30 15

Stress (kPa) 150 0 150 300 450 300 150 0 -

Time (sec.) 15 15 30 30 30 15 15 15 -

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

The geometry of the foundation soil was defined considering
the stratification and, after simulating the initial stress, the
load of the 3 m high embankment was added. Later stages of

implementation regarding the loading and unloading for each
of the pressures determined in the test and the application
time of the load were defined. For the simulation, the test
area with 30 cm elements was zoned to represent the circular
plate of 300 mm in diameter and a distributed load on the
element equal to the test value (Figure 9).

Figure 9. Zoom-in of the simulation of the load-plate test on the finite
element size of 30 cm.
Source: Authors

After the test was modeled, the results of the soil strain
by the load system were represented graphically as stress-
displacement curves for both the model and the test
(Figure 10).

Figure 10. Stress-displacement curves from model and average of
results from polygon 3.
Source: Authors

From the results of polygons 1 and 3, the average was
obtained and graphically represented as shown in Figure 10.
The RMSE, MSE, and MAPE from Table 5 were applied to
the results from polygons 1 and 3, since the data of polygon
number 2 was not representative.

The MSE and RMSE was 0,49 and 0,70, respectively, for
polygon 3; and, for polygon 1, the results were 2,49 and
1,58, respectively. Chai and Draxler (2014) suggest that
RMSE is a better metric to present the results than MAE. The
error in those cases was 0,70 and 1,58 for polygons 3 and 1,
respectively. On the other hand, the value of the MAPE was
9 and 12% for polygons 3 and 1, respectively. It should be
noted that, in engineering, acceptable errors are between 5
and 10%. As there are many variables involved in this process
and some imprecision in measurements or parameters from
the literature, a 12% of error was accepted.

However, this paper presents another way to calibrate the
numerical model through the determination of similarities
between two independent samples by means of statistical
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hypotheses. Table 7 shows the K-S test for polygons and the
model, where no data fits the normal distribution, since the
P-value was less than 0,05.

Table 7. Kolmogorov-Smirnov tests for one sample

The contrast distribution is Normal

Model Polygon 1 Polygon 2 Polygon 3

N 1 214 1 124 1 112 1 214

Measurements
of central
tendency

Mean 10,18 11,16 9,87 10,83

Dev. 3,321 4,005 3,528 3,207

Variance 11,031 16,040 12,450 10,282

COV. (%) 33% 36% 36% 30%

Z from K-S 3,755 4,423 6,512 4,284

Sig. Asymptotic
(bilateral) P value 0,000 0,000 0,000 0,000

Source: Authors

On the other hand, the Levene test was applied with the null
hypothesis that the population variances are equal. As is
shown in Table 8, the P-value was higher than 0,05 when the
model was compared with polygons 1 and 3, thus corrobo-
rating the similarities in variances. The P-value of polygon 2
was less than 0,05, thus corroborating that those experiments
were not representative.

Table 8. Homoscedasticity tests from Levene

Samples
Levene Test for Equality of Variances

F Sig.

Model and Polygon 1 0,439 0,508

Model and Polygon 2 21,962 0,000

Model and Polygon 3 2,469 0,116

Source: Authors

Then, as the data did not fit a normal distribution, a non-
parametric Mann-Whitney U test was used, under the as-
sumption of the null hypothesis (H0) that the samples have
statistically similar median, as well as an alternative hypothe-
sis (H1): the negation of H0 that the medians of samples are
not similar. The test was applied with a confidence level of
95%. This means that, if the P-value is greater than 0,05, the
samples have a similar median.

The results in Table 9 show that the significance level was
higher than 0,05 for polygons 1 and 3, and thus the null
hypothesis was not rejected, which indicates that the samples
(model and experimental) can be considered similar. This
result matches previously reported results when considering
the error theory (9 and 12% for polygons 3 and 1, respectively).
Therefore, it is confirmed that the results from the model and
those from the load-plate tests (from polygons 1 and 3) were
similar.

Table 9. Results of the nonparametric Mann-Whitney U test

Model and Polygon 1

U from Mann-Whitney 646 390,500

W from Wilcoxon 1 264 106,500

Z -1,731

Sig. Asymptotic (bilateral) P value = 0,083

Model and Polygon 3

U from Mann-Whitney 105,000

W from Wilcoxon 276,000

Z -1,805

Sig. Asymptotic (bilateral) P value = 0,071

Sig, exact [2*(Sig. unilateral)] 0,074 (a)

(a) = Without correction

Source: Authors

Conclusions
In this paper, the simulation of a load-plate test was performed
by using the numerical method of finite elements, based on
the project report of the National Applied Research Company
(ENIA) of Cuba. An overview of the constitutive models to be
applied in soil was carried out. Additionally, to calibrate the
numerical model, two procedures were followed: using the
error theory and performing the non-parametric hypothesis
statistical test of Mann-Whitney U. For both procedures, the
results from the model and the experimental data are similar.
Moreover, the results show that a load-plate test can be
modeled using FEM. To reproduce other load plate tests by
using the finite element model, it is necessary to provide the
geotechnical characteristics, geometry, and geomorphology
of the soils. The procedures shown in this paper can be used
in other studies related to soil calibration problems where
experimental data are available.
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