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Abstract

Simply supported prismatic beams submitted to uniformly dis-
tributed static load are modeled in the ANSYS environment un-
der linear elasticity limits. However, the beam deflection profile
may behave in disagreement with the predictions from either
Euler-Bernoulli (EB) or even Timoshenko-Ehrenfest (TE) lin-
ear theories, depending on the load magnitude and geometrical
properties of the cross section. Careful examination on the
ANSYS stress output data reveals, for those cases, local stress
concentrations on the support contacts areas due to the intensive
force reactions, which end up affecting the resulting transversal
deflection along the entire beam, although the linear regime is
ensured for all finite elements. Another way to verify these
effects is to employ fractional calculus modeling on the EB or
TE equations so that to confront the general fractional solutions
with the ANSYS deflection outputs, which leads to a fractional
order model whenever the stress concentration is present. The
deviation of the fractional order with respect to the integer or-
der of reference allows to measure the degree of relevance of
the supporting reactions on the structure behavior. Both EB
and TE theories lead to similar results, whose only difference
relies on the shear effects already predicted analytically in the
TE modeling, which may also be estimated on its magnitude by
comparison using fractional calculus. Several case studies have
been conducted and led to the development of a new estimate
for structural analysis.
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1 Introduction

Most of the widely used Finite Element Method (FEM) commercial software can represent
the behavior of many physical systems with high accuracy (ANSYS), which is directly favored, for
instance, with simplicity on the system geometry or boundary conditions, for example. This accuracy
may allow the use of their results as if they were acquired from very accurate experiments, depending
on the aforementioned simplicity. A simple system may have its simulated numerical behavior so
close to reality that it could be used to explore or even discover physical phenomena implicitly
participant in the software output. To explore such numerical results in this way, the detection of
nonlinearities is useful, as the nonlinear behavior is a common feature in nature (ALVES FILHO,
2018). Fractional calculus is an approach for this. Taking ANSYS as a renowned (and therefore
reliable) FEM software for the simulation of structures and taking simply supported prismatic beams
as the needed simple systems, the prerequisites for employing fractional calculus are fulfilled.

Two beam theories such as Euler-Bernoulli (EB) and Timoshenko-Ehrenfest (TE) model simple
beams under linear elastic constraints by means of integer order linear differential equations. The
first one accomplishes small deflections of long beams with cross sections orthogonal to the neutral
plane, while the second one dismisses the requirement of orthogonality, and therefore accomplishes
the shear effects proportionally present with the beam thickness in the load direction. Hence TE
modeling is more accurate than EB’s.

Solving fractional models for both beam theories and taking the respective ANSYS outputs as
the feeding information, the integer order differential equations end up transformed in fractional
order ones. Depending on the deviation of the fractional order with respect to the integer order
of reference, a quantitative measure of nonlinearity is established, whose causes become focus of
investigation. Simply supported prismatic beams submitted to uniformly distributed static load are
modeled in the ANSYS environment under linear elasticity limits. Dimensions and load are adjusted
so that the beam deflection profile behaves in disagreement with the predictions from either EB or
even TE linear theories. After careful examination on the ANSYS stress outputs for those cases, local
stress concentrations are revealed on the support contacts areas due to the intensive force reactions,
which end up affecting the resulting transversal deflection along the entire beam, although the linear
regime is ensured for all finite elements.

Both EB and TE theories lead to similar results, whose only difference relies on the shear
effects already predicted analytically in the TE modeling, which may also be estimated on its
magnitude by comparison using fractional calculus. In the case of slender beams, fractional EB and
fractional TE converge, as the remaining cause for nonlinearity is the stress concentration alone.
Both thick and slender beams have been initially explored under EB and TE contexts in the works
of (LUSTOSA; BANNWART; OLIVEIRA, 2021); however, this study did not consider the stress
concentration effects, which has become our main focus the present investigation. Several case
studies are conducted in this work towards the development of a new estimate for structural analysis.
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2 Analytical development

The structure model chosen for the development of this study is a simply supported beam with
rectangular cross section consisting of a linear elastic material subjected to an uniformly distributed
loading g throughout its span. The bending moment, represented by M, is aligned with the principal
moment of inertia in the horizontal direction. V represents the shear force.

According to (HIBBELER, 2010), the deflection in elastic regime is given by the equation

d*v(x) B
EI™—5 = ~q(v), (1)

where E is the Young’s modulus and / is the rectangular moment of inertia of the cross section.

The model presented in Equation 1 is known as the Euler-Bernoulli model, since the hypotheses
used to obtain it are equivalent to the EB theory hypotheses for small beam deflections. These
hypotheses state that the initially flat cross sections remain flat after deformation. Furthermore, we
have that the cross sections initially perpendicular to the barycentric axis, before bening, remain
perpendicular after the deflection.

Solving Equation 1 with the appropriate conditions for the proposed problem, as (LUSTOSA;
BANNWART; OLIVEIRA, 2021), we get

q(x) —x4+Lx3 L3x
EI \ 24 12 24 )°

v(x) = 2)

where L is the length of the beam.

2.1 Fractional Euler-Bernoulli solution

In recent times, the fractional calculus methodology has gained importance and greater visibility,
being useful, for example, to explain the complex behavior of many phenomena, among others, we
mention those resulting from viscoelasticity, (MAINARDI, 2010).

It is important to highlight that there are several types of approaches, in particular the type of for-
mulation of non-integer order derivative, coined with the name of fractional derivative, (TEODORO;
MACHADO; OLIVEIRA, 2019).

In this work, we use the formulation as proposed by Caputo that considers the fractional derivative
as a fractional integral of an integer-order derivative (CAMARGO; OLIVEIRA, 2015) and (HER-
RMANN, 2011), for example. In what follows we focus on solving a non-integer order differential
equation. The fractional model proposed for such a solution is the fractional ordinary differential
equation of order @, similar to the Equation (1), given by

d®v(x) _ _q(x)
dx@ EI’

3)

with4 < a < 5.
For m < @ < m + 1 with @ non-integer and m integer, the Laplace transform for derivatives of
order a is given by (TEODORO, 2014)

m

LIf@ )] =57F(s) - Y [s** &P (0], @)

k=1
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It is important to highlight that we can take the variation of « in the interval m — 1 < @ < m.
Hence, the transform Equation (4) can be written in the form

m—1

LI (0] =s"F(s) = ) [s*7 7 FO0)]. 5)

k=0

Applying Equation (4) in Equation (3), and using the boundary conditions as proposed in
(LUSTOSA; BANNWART; OLIVEIRA, 2021), we obtain

L(l—l
2010 (a + 1)

(x) = q(x) —x“ 4123

= 4a -=3.2°NHx|. (6
YOS ITa+ ) T2 T e+ 1) (o =327x|. ©

Q' —a)x’ +
Employing @ = 4 into Equation (6) and taking into account that forn € N we have I'(n+1) = n!,
the integer solution is recovered in Equation (2).

Also according to (LUSTOSA; BANNWART; OLIVEIRA, 2021), we can deduce the fractional
solutions for the bending moment M and the shear force V. Such solutions are given by.

_gx)(a=-1) o e
M) = T (—x 24L 3x) %
and
_g@(@=-2)(a-1) [ 5 L7
V(x) = (a) (—x + = ) , (8)
respectively.

See that entire solutions are retrieved for o = 4.

2.2 The shear effects of the Timoshenko-Ehrenfest beam theory

From the TE beam theory (ASSAN, 2010), for cross sections suffering small distortions, without
losing linearity, the shear deformation is given by the first order ordinary differential equation

dv Vv

E =—C ﬁ’ )
where v = v(x), V = V(x), G is the cross elasticity modulus, and c is the shear coefficient related
to the bending deformation at the height of the section, which depends on its geometric dimensions
and shape, (LUSTOSA; BANNWART; OLIVEIRA, 2021).

In Equation (9), A is the cross-sectional area, G =
2(1+v)
12+ 11v

study), and ¢ = m, where v is a Poisson module.

Solving this equation and using the superposition principle, according to (LUSTOSA; BAN-
NWART; OLIVEIRA, 2021), the equation for the transversal deflection, including bending and
shear, is given as follows:

for rectangular sections (our case

(10)

oy = 40 (2 e L3x) 4400 ("_2 -4,

24 12 24 GA \2 2
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The TE beam theory contemplates the effects dealt with in this section, which is discussed below.

In the development of the TE theory, the first hypothesis of the Euler-Bernoulli theory is preserved,
that is, that the cross sections remain flat after the deformation; however, the second one is not
considered, that is, the barycentric axis does not remain perpendicular to the cross section after
deformation. Therefore, in TE theory, the cross section flexes and rotates, (FLEISCHFRESSER,
2012). The model of that theory is given by the following differential equation system:

d?0(x)  q(x)

d3  EI’
dV) _ g Eledow an
dx GA dx? "’

where the dependent variables of the & = 6(x) and v = v(x) system represent, respectively, the
cross section rotation and the deflection of the barycentric axis, therefore including the shear effects,
(LUSTOSA; BANNWART; OLIVEIRA, 2021).

Solving the system for our case study considering the appropriate boundary conditions, as given
in (LUSTOSA; BANNWART; OLIVEIRA, 2021), we obtain

q(x) 44_Lx3 L3x +cq(x) x?  Lx
El \ 247 12 24 GA \2 2

v(x) = (12)

Since Equation (12) matches Equation (10), we propose in this work a fractional solution for the
TE model.

2.3 Fractional Timoshenko-Ehrenfest solution

Analyzing the development and results obtained in Subsection 2.2, the fractional TE model for
our studied problem can be given by the superposition principle, that is,

v(x) = vrep(x) + vEc(x), (13)

where vpgpp(x) and vpe(x) are the fractional solutions for deflection (effects of bending moments)
and shear, respectively, (LUSTOSA; BANNWART; OLIVEIRA, 2021).
Solving such a model, we obtain

La—3 a—1
V() = A2+ (207 -+ S (da - 3.2 +B( - L“‘3x), (14)
_ q) _cq(x)(a=1)
where A = m and B = —GAF(Q') .

The equation (14) is the fractional TE solution that provides the deflection suffered by a simply
supported beam under an uniformly distributed load, (LUSTOSA; BANNWART; OLIVEIRA, 2021).
For @ = 4, Equation (14) matches Equation (12) and the solution is verified.

3 Interpretation of physical effects using FEB and FTE frac-
tional solutions

After deductmg the fract10na1 solutlons Euler Bernoulh (FEB) and T1moshenk0 Ehrenfest (FTE)
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beam with distributed load, which are not contemplated by the classical integer solutions EB and TE.
In this article, we focus on the influence of the stress variation caused by the supports at the beam ends
and their possible effects on the deflection, also highlighting the first relevant fact observed, which is
the contemplation of the shear effects by FEB. Later, we intend to investigate other physical effects,
such as buckling, plastic deformations and other new ones that may arise during the investigations.

3.1 Interpreting the shear effects

Analyzing the obtained fractional solutions, the first noticeable relevant fact is that the FEB
solution contemplates the shear effects previously contemplated only by the TE equation. To
characterize this fact, we consider a thick beam made of AISI 1020 steel with dimensions (b, h, L) =
(0.3m; 1m; 5m) submitted to a distributed load with constant modulus given by ¢ = 5 x 10*N /m.

. . . . . (L .
Such a beam may be considered thick, as its aspect ratio is (ﬁ = 51, and therefore the shear effects in

the beam extremities are important. According to (SILVA, 2019), the shear effects become relevant
for a aspect ratios lower than 10.

Confronting the maximum solutions of the FEB and TE equations, we have that the maximum
solution FEB is taken in the maximum solution TE to @ = 4.0964. Applying this « into the
generalized FEB equation, the particular FEB solution is obtained, which includes the shear effects.

The graph in Figure 1 shows the FEB solution for @ = 4.0964 confronted against the TE’s. It
can be noticed that the FEB solution contemplates the TE’s throughout the range in which the beam
is defined.

0,00001
0y .
-0,00001 O\
-0,00002 \ /
-0,00003 \
£ -0,00004 \ /
= _0,00005 \ /
-0,00006 \ /
-0,00007 \ /
-0,00008 ~ ~
-0,00008
-0,0001

x(m)

VTE = = «VFEB

Figure 1: Confrontation between FEB and TE solutions.

To better evidence this fact, we determined the relative error E, between the solutions FEB with
a = 4.0964 and TE’s by defining E, as being

E, = vrE — VFEBl’ (15)
lvrel

where vrg is the deflection eorrespondmg to the solution TE and vrgp is the deﬂeetlon FEB for
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elements of E,, obtaining E,, = 0.7%. To evaluate the significance of such an error, the actual
context of use of the structure shall be pondered. Either way, this value shows that the fractional
calculus approximation does not exactly reproduce the solution of reference; but it may be used,
generally speaking, as a tool to improve simpler analytical models. It must be said we have verified
that such a difference has not come from error associated with the numerical rounding made by the
computational software during the execution operations.

3.2 Interpreting support effects on a thick beam

In simply supported beams, the stresses present in the supports are much more intense than the
stresses produced by bending or shear moments,(TIMOSHENKO; JAMES, 1983). These stress
concentrations can cause bending variation, even when the beam is subjected to low stresses, (LI;
LEE, 2015). We aim then to investigate these facts and interpret them, using the generalized
fractional solutions FEB and TFE.

To exemplify such facts, we take a thick beam made of AISI 1020 steel with dimensions
(b, h,L) = (0.3m; 1m;5m), subjected to a specific load, whose respective stresses are lower than
linear limits, which characterize the small deflection regime for the material used. In this case, we
analyze the deflection profile in the linear and nonlinear simulations in the ANSYS software. For
g = 3 x 10*N/m, the maximum yield stress for such a load is o = 9.6247 x 10°Pa, while the
maximum yield stress for AISI 1020 steel varies between o = 2.5 X 108Pa and o = 4.7 x 108 Pa,
(LEITE et al., 2017) and (TIMOSHENKO; JAMES, 1983).

We performed linear and nonlinear simulations for such a load calculating the average error E,,
between the deflection obtained, analogously to what was done in Section 3.1.

From this we get the corresponding average error E,, = 0.0053%. Hence, we conclude that the
deflections in both analyzes present considerable approximation throughout the interval in which
the beam is defined.

The approximation of deflections implies approximation of stresses in both analyses. This
fact is proven when we calculate the average error between the stresses obtained in the respective
simulations, as we obtain E,, = 0.0027%.

The approximation of stresses implies equality in the support reactions, a fact proven in Table 1,
where we extract the support reactions from both simulations.

Table 1: Supports reactions.

linear simulation nonlinear simulation

fixed support  7.5000 x 10*N 7.5000 x 10*N
mobile support  7.5000 x 10*N 7.5000 x 10*N

The most important fact that we must highlight here is that the maximum concentration of stresses
is on the supports. Figure 2 obtained from the ANSYS simulation bring this fact out.
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Figure 2: Representations of the stresses in the beam.

Looking at Figure 2, we can see that the maximum stress concentration is located on the support
regions. From the stress legend, the highest concentrations are shown on the ares highlighted in red
color, which is exactly where the supports react.

The next step is to confront the generalized fractional deflections FEB and FTE with the deflection
obtained from the linear ANSYS simulation. Performing this procedure, we notice that the deflection
for linear ANSYS solution is larger than the deflection for TE solution. This suggests that the linear
ANSYS solution contemplates, in addition to shear, another physical effect. We deduce that this
effect is caused by the supports because, as shown in Figure 2, the highest concentration of stresses
present in the beam are precisely at these points.

By fitting the curves, using as reference the maximum solution provided by ANSYS, the FEB

and FTE solutions are taken at this maximum to @ = 4.3115 and @ = 4.1811, respectively. Hence,

) . VEB VTE VFEB VFTE
taking the ratios , and

9
VAN VAN VAN VAN

,we get the graph in Figure 3 as follows.

12

=

x(m})

VFEB/VAN = = «VFTE/VAN

VEB/VAN

VTE/VAN

Figure 3: Ratio between EB, TE, FEB and FTE fractional solutions in relation to ANSYS solution.

Analyzing the graph in Figure 3, we see that the FEB and FTE analytical solutions include the
ANSYS solution in most of the range in which the deflection is defined, with the FTE solution
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presenting itself slightly better. Thus, we have the effects of the supports on the deflection, being
considered by these solutions with relevant proximity to the real situation, which we are representing
by the ANSYS numerical solution. As observed in the graph in Figure 3, this fact does not occur for
the analytical solutions EB and TE.

The great relevance to be highlighted in this case is that the respective fractional solutions are
able to detect the effects of the supports on the deflection and, in addition, they contemplate with
considerable proximity to the real solution. It is worth noting that such effects are detected by the
solutions mentioned with the order «, different from the entire order, and therefore nonlinear, as
it is their way of accommodating the referred effects. By the ANSYS software, these effects were
detected in the linear simulation, due to the entire characterization of the problem being developed
in linear regime.

4 Slender beam analysis

In the slender case, we analyze the cases of small as well as large deflections. The justification
for analyzing the case of large deflections is to try to investigate whether when the interference of
the supports has little influence on the deflection, the action of some other physical phenomenon
may arise. If so, we interpret using the FEB and FTE fractional models.

4.1 Effects of supports on a slender beam subjected to small deflections

To analyze the support effects in the case of a slender beam subjected to low stresses (small
deflections), we take the beam with dimensions (b, &, L) = (0.3m;0.1m; 5m). In this type of beam,
the shear effects are disregarded, as they have a high aspect ratio. Due to this fact, we have that the
EB and TE analytical solutions coincide. Making the linear and nonlinear simulations with load
g = 3 x 10°N/m, whose yield stress is o = 1.8754 x 10°Pa and therefore within the linear limits,
we noticed that the deflections coincide as in the previous analysis, because calculating the average
error between the deflection of the respective simulations, we obtain E,, = 0.18%. An interesting
fact in this case is that the ANSYS solution coincides with the EB and TE solutions. Table 2 shows
the respective average errors between the deflections of the solutions taken two by two.

Table 2: Average error between solutions.

compared deflections average error E,,

EB-TE 0.1000%
EB-AN 0.0540%
TE-AN 0.0510%

From this, we conclude that there is no presence of nonlinear physical effects in these simulations,
as the numerical solution extracted from ANSYS is contemplated by the EB and TE solutions, which
are actually a particular case of the FEB and FTE solutions for the entire order (@ = 4). Therefore, we
can conclude that in this beam configuration, whose stresses were increased below the yield stress,
there is no significant influence of the support reactions. But when we do not have a significant
influence from the supports, it is noticed that the highest stress levels are located in the central
region of the beam. Hence, we thought of analyzing the case where the stresses are increased in a

neighborhood of the yield point. That’s what we’ll do in the next section.
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4.2 Support effects on a slender beam subjected to large deflections

Now, to analyze the effects on the slender beam for the case of large deflections, we take the load
g = 3% 10°N/m. The first fact that we noticed is that the support reactions decrease in the nonlinear
simulation, as shown in Table 3.

Table 3: Support reactions.

linear simulation nonlinear simulation

fixed support  7.5000 x 10°N 7.3245 x 10°N
mobile support  7.5000 x 105N 7.3245 x 10°N

From Table 3, it is clear that the stresses in nonlinear simulation decrease compared to linear
simulation. This in fact occurs because taking the maximum stresses for the linear and nonlinear
simulations we get o = 1.8754 x 10°Pa and o = 1.7730 x 10°Pa. Consequently, we expect the
deflection in the nonlinear simulation to decrease. To verify this, we analyze the linear and nonlinear
simulations for the respective load and take the average deflection for the respective cases, obtaining
respectively f,,; = 0.2957 and f,,,,; = 0.2764, where f,,; and f,,,; are the average deflections for the
linear and nonlinear simulations, respectively. Hence, we found that the deflection of the nonlinear
simulation actually decreased, so we have a physical effect not covered by the linear simulation.

Note that taking the average error between the deflections of the linear simulation and the TE
analytical solution, we obtain E,, = 0.06%, which guarantees that the linear simulation, in this case,
does not include effects other than those caused for the moments, because EB=TE. Furthermore,
the highest stress levels are located in the central region of the beam, as we had already suspected.
Thus, taking these facts into account, we can conclude that the physical effect contemplated in the
deflection of the nonlinear simulation does not have a significant portion related to the supports.

Researching about such physical effect, we found similar numerical simulations in (ALVES
FILHO, 2018) and, according to the reference, this effect is a consequence of the axial forces that
arise from the tendency to approach the ends of the beam, as it is being subjected to loads that cause
large deflections. Due to the nonlinearity of the phenomenon, the axial forces that arise are not
proportional to the displacements, so there is a variation in stiffness, in this case, the variation is in
geometric stiffness, which is increasing, as these axial forces that arise, cause the stiffening of the
central lower part of the beam, as explained by (SORIANO, 2009). Due to this, the variation in the
deflection is identified.

Finally, we can again use the FEB and FTE fractional analytical solutions to interpret this physical
effect, as we have already highlighted before, it is the main objective of the work.

Confronting the respective fractional solutions with the ANSYS solution, we see that the max-
imum deflection of the fractional solutions are taken into the maximum deflection of the ANSYS
solution when we take @ = 3.8984. Note that in this case, we have « less than the entire order, which
is & = 4. Therefore, we are considering the Laplace transform as defined in Equation 5.

Taking the value of « in the generalized solutions we find the particular solutions FEB and FTE
for the deflection in the entire interval Jn which the beam is defined.

. . v . .
Once again, the ratios VEB , YTE VFEB ng YETE , we get the graph in Figure 4.

VAN VAN VAN
Analyzing the graph in Figure 4, we can see that the FEB and FTE fractional analytical solutions

include the ANSYS solution in practically the entire interval in which the beam is defined. Therefore,
we conclude that these solutions contemplate the physical effect detected by the nonlinear ANSYS

LUSTOSA, J. I. S.; BANNWART, F. C.; OLIVEIRA, E. C. Fractional calculus applied to evaluate stress concentration and shear effects in simply
supported beams. C.Q.D. — Revista Eletronica Paulista de Matematica, Bauru, v. 22, n. 2, p. 89-101, set. 2022. Edi¢do Brazilian Symposium on
Fractional Calculus.
DOI: 10.21167/cqdv22n22022089101 Disponivel em: www. fc.unesp.br/departamentos/matematica/revista-cqd

98



e\
Te\
A

14

1,2

0,8

0,6

Ratio

0,4

0,2
-0,2

VEB/VAN = = «VTE/VAN VFEB/VAN = = - VFTE/VAN
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simulation, also characterizing its nonlinearity, since the « that fits the solution is different from the
integer order.

We conclude the analysis by highlighting that the great relevance of the FEB and FTE fractional
equations observed so far is to be able to describe the solution to the problem with much greater
proximity to reality, a fact observed in the analyzed results, in addition to being highly efficient in
detecting nonlinear phenomena. So, we can now say that we have analytical solutions that are able
to contemplate possible effects of the supports caused on the deflection, due to the concentration
of high stresses in these points, with a considerable approximation to reality and, furthermore,
characterizing its nonlinearity.

Other physical effects were also considered, such as the one found in the case of the slender
beam subjected to stresses close to the yield point, which is a consequence of the emergence of axial
forces due to the tendency to approach the ends of the beam. These effects are not considered by the
analytical solutions EB and TE, as the models from which such solutions are obtained considering
the initial condition of the linearized structure.

The fact that the FEB and FTE models are able to include certain physical effects, as explained
in this paper, is precisely because they have the memory effect loaded by the @ factor, when it is
different from the entire order, (BARROS et al., 2021) and (TEODORO; OLIVEIRA; OLIVEIRA,
2017). This feature, the integer solutions EB and TE do not have, as they are obtained from the
generalized solutions FEB and FTE for @ = 4(integer order). In our study, the memory effect present
in the FEB and FTE fractional solutions allows us to use them to interpret physical effects both in a
linear and nonlinear condition.
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5 Conclusions

In this work, we use the fractional solutions FEB and FTE to interpret physical effects that
arise due to concentrated support reactions on simply supported beams subjected to a uniformly
distributed loading, which are not covered by the integer solutions EB and TE. We begin by showing
that the FEB fractional solution contemplates the shear effects previously only contemplated by the
TE solution. Continuing the study, we used the numerical solution provided by the ANSYS software
as reference and source of data to represent approximate real situation, as it, like other commercial
software, is able to represent the behavior of many physical systems very accurately. Then, observ-
ing the stress variation due to the support reactions in the simulations carried out in ANSYS, we
analyzed the influence of the effects of these reactions on the beam deflection and its respective
characterization by the fractional solutions FEB and FTE. For the analysis of the respective physical
effects, we employed examples of either thick or slender beams. For all these cases we have shown
that the aforementioned solutions contemplate those effects with a relevant approximation to reality,
presenting themselves much better than the classic EB and TE models. As the fractional solutions
used are new, we see through this case study that they allow the development of new estimates about
the various physical effects present in structural analysis of beams. In future works, we intend to use
these fractional modelings as an estimate to study phenomena such as buckling, plastic deformations
and others that may arise during the investigation.
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