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Abstract. Fluid-Structure Interaction (FSI) is characterized as a non-linear multi-physical problem and is present
in the most diverse areas of engineering, such as civil, mechanical, naval, aeronautical engineering works, among
others. In steel structures, the forces arising from the wind are actions of relevant importance and due to their
dynamic characteristics, many uncertainties exist, hindering the work of the structural engineer. Among the types
of connections used in practice, the bolt connections stand out for their simplicity and speed in the process of
assembling steel structures, both small and large. The large number of variables existing in this type of connection
- thickness of the plates involved in the connection, diameter and positioning of the bolts, etc. - however, they
make it difficult to analyze their behavior. In this work, a fluid-structure coupling problem is studied considering
low velocity flows. Due to the interdisciplinary of the theme, it is necessary to study three different subjects: the
Computational Structural Dynamics (CSD), the Computational Fluid Dynamics (CFD), and the coupling problem.
The objective of the work is to analyze the physical phenomenon of the fluid-structure interaction in a frame of
a floor with semi-rigid connections, adopting a model compatible with this situation. This model includes all the
necessary considerations for a bolt connection, specifically: contacts between plate and nut; bolt head and body;
contact between plates, as well as friction between them; restressing on the bolt. The coupled problem is solved
using Arbitrary Lagrangian-Eulerian (ALE) approach for the fluid domain, while for the solid domain a Lagrangian
approach is used. ANSYS®) software was used to model and solve the mathematical equations of the coupling
problem. This problem consists of analyzing the dynamic behavior of the structure when it is subjected to the
action of the load from random winds.
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1 Introduction

Fluid-structure interaction (FSI) problems are very common, being present in the most diverse areas of en-
gineering. It extends to aeronautical, hydraulic engineering and even bioengineering in the simulation of blood
circulation in the human body, for example. In civil engineering, we can list the action of the wind on the struc-
tures, flows in channels and spillways, reservoirs, water interacting with dams and off-shore structures, among
others. In all the cases mentioned, it is possible to observe flows with a low number of Mach, which can be
considered incompressible.

In cases where there is a fluid in motion, when in contact with the structure, it promotes the alteration of its
dynamic behavior, in this case there is a classic problem of the fluid-structure coupled problem. In the last decades,
advances in materials science have led to the execution of increasingly slender and flexible structures, capable of
developing large displacements without reaching rupture. Such structures, however, can have effects that are not
adequately predicted in the design stage when exposed to a fluid medium.

According to POTTER [1]], in general, structures develop deformations and finite displacements when sub-
jected to external actions, such as loading or forced displacements in their contour. Therefore, a Lagrangian
description of the dynamic balance of a solid is commonly used, having as main unknowns the displacements or
nodal positions.

According to SANCHES [2], regarding the problems of fluid-structure interaction, the difficulty lies in how
to properly couple two problems whose mathematical descriptions are not the same, which means to couple a

CILAMCE 2020
Proceedings of the XLI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC.
Foz do Iguacu/PR, Brazil, November 16-19, 2020



Analysis of the fluid-structure interaction of a semi-rigid frame

fixed computational mesh for the fluid, with a deformable mesh for the structure. To get around this problem,
DONEA [3] proposed a arbitrary Lagrangian—Eulerian (ALE) method to describe the fluid’s governing equations,
thus introducing a reference domain that can move with an arbitrary speed field. This type of formulation has been
shown to be efficient only in regimes where the displacements or deformations of the geometry are not excessively
large, as can be seen in SOULLI [4], since the fluid mesh must maintain coherence during the deformation process.

Currently, the partitioned form is the most used to solve FSI problems, being described in detail in the works
of PIPERNO [5], MOK [6], TEIXEIRA [7] and IDELSOHN [8]..

The use of the partitioned method to couple the fluid domain with that of the structure offers several ad-
vantages. According to PIPERNO [3]], this method allows using techniques that have already been proven to be
effective in discretizing and solving each of the problems individually, thus ensuring greater modularity. Among
the connection means used in practice, the bolt connections stand out for their simplicity and speed in the pro-
cess of assembling steel structures, both small and large ones. The large number of variables existing in this type
of connection - thickness of the plates involved in the connection, diameter and positioning of the bolts, etc. -
however, make it difficult analyzing your behavior.

The rigidity of a connection profoundly affects the final behavior of the structure. The soliciting efforts on
the bars, displacements and rotations may, depending on the type of connection considered, vary from case to case.
For this reason, in addition to the bars that make up the structure, the connections must also be properly designed
and dimensioned, otherwise the structure may not behave as desired. This is to say that the degree of rigidity of
each joint must be properly considered.

One of the objectives of this work is to develop a finite element model, corresponding to the behavior of a
bolt connecting two or three square plates, in order to include all the necessary considerations: contacts between
the plates and the nut, the head and the body of the bolt; contact between the plates, as well as friction between
them; pre-stressing the bolt.

In this way, the behavior of the fluid-structure interaction will act together with the bolt connections properly,
using the finite element method to develop a unitary model (a bolt joining two plates) to later insert it into complete
connections, and thus, obtain the deformations in the plates. For this, the finite element method and the aid of the
ANSYS®) [9] software were used for modeling and solving the problem.

2 Governing Equations

2.1 Newtonian incompressible fluid with a mobile domain

According to BAZILEVS et al. [10]], the Navier-Stokes equations that represent the incompressible Newto-
nian fluid are written in terms of the equations of continuity and the amount of motion. These equations can be
written as:

p(i+ (Vou)(u—0)—F)—Vz-0=0 V(i t)€QxD) (1)

Viu=0 V@&t eQxD )

Where p represents the density of the fluid, F the volume force vector, o the Cauchy tensor. The time interval
of interest is denoted by D = [0, t].

An essential feature of the problems that are addressed in this article is the movement of the fluid boundary in
contact with the flexible solid. The geometry of the fluid domain can change significantly during the time domain
of interest. Therefore, it is convenient to formulate the problem in the ALE approach, where conservation laws are
expressed considering this movement of the border. Thus, the time derivative of velocity u is described as:

i—"; = Viu(u — ) + i 3)

Where 0 = 0% /0t is the velocity at that fluid-structure iteration point. The operator V; denotes the deriva-
tives in relation to the referential coordinate & current. The expression u corresponds to the change in particle
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velocities, observed by an observer traveling with a point in the reference system. The v — v speed difference is
called the relative speed [10]].

For fluid boundary conditions, the boundaries I" of {2 can be divided into subsets I'y, I'; and Iy, where q, g
indices represent, respectively, the boundary at the entrance and exit of the fluid domain. The f - s index represents
the fluid boundary in contact with the structure[10]. Boundary conditions can be prescribed in these subsets, as
follows:

u=¢q V(&,t)eTyxD 4)

oh=g  VY(it) €Ty x D (5)

w="d V(& t)eT; oxD (6)
(u—20)-n  V(&t)elj_oxD 7)
pf+ps=0n+ps=0 V(z,t) eTy_s x D (8)

The values of q and g are prescribed and represent, respectively, the velocity of the fluid at the entrance and
the pressure of the fluid at the exit of the domain through the respective boundary. The boundary condition in the
fluid interface structure I'y_, is shown in eq. @ and means that there is a non-slip condition there. Also at the
I'f, frontier, there is a need to satisfy the condition prescribed in eq. (]Z]), which means that the I' ¢, frontier of the
fluid with the structure must coincide with the contour of the deformed structure, for each time step. The pressure
balance along the fluid-structure interface is expressed by eq. @), where the values p, and p; represent the pressure
vectors exerted by the fluid at the interface with the flexible structure [[10]].

2.2 Structural dynamics

The conservation of energy in a continuous solid can be expressed in its spatial condition as follows:

p(Pd—F) =V -0=0 ©)

Where p is the density of the deformed solid, the vector ’d represents the displacement of the structure, while
the body forces are given by the vector F. The Cauchy tensor here is also represented by o. For simplification, this
work deals with a structure with linear elastic behavior [[10].

As in the fluid domain boundary, the structure outline can be subdivided into three subsets I'y, I'y and T'f,,
with their boundary conditions being those that follow:

d=q V(z,t) €Ty x D (10)
on=g V(z,t) ey x D (11
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"d=u  V(i,t) €Ty x D (12)

pi+ps=0on+ps=0  V(it)elfsxD (13)

The values q, g and n are prescribed and mean, respectively, the displacement, the traction vector and the
unitary vector normal to the surface of the structure boundary. The conditions of eq. (I2) and eq. (I3), clearly
come according to the conditions of eq. (€) and eq. (7) of the fluid, respectively [10].

3 Methodology

In the fluid environment, the CFX module is used, and the equations are developed according to Section 2]
and BLAZEK [11]. In order to analyze the physical phenomenon involved in the fluid-structure interaction, the
numerical methods used to solve the problem will not be discussed here.

In a first step, the governing equations for the fluid are solved, and then the pressure value is transferred at the
fluid-solid interface. In this way, the bolt connection is modeled, with the respective contact and preload regions.
Such pressures generate a certain displacement in the structure, being one of the results of the present work.

A 3000 mm cube on the side around the frame to represent the fluid domain is shown in Fig. [[(a)] To
determine these values, a mesh with 93,029 finite elements and 16,356 nodes was assembled, as shown in Fig. m
It is noticed that the mesh is more accurate close to the frame, as it is the region of greatest interest in the case
analyzed. The greater the number of elements to discretize the fluid’s contact region with the frame, the more
accurate the result will be.

For the boundary conditions of the fluid, we have the boundary conditions of the inlet, outlet, and no-slip
for the solid walls. The other surfaces of the control volume, upper, bottom, and laterals were enforced the slip
boundary condition, BLAZEK [[L1]]. The inlet has normal speed equal to 50 m/s and turbulence medium with
intensity equal do 5%. The outlet has relative pressure equal to 0 Pa.

All 93029 elements are tetrahedral. According to ANSYS [12], trilinear interpolation functions were used
for pressure and velocity.

00,0 1500,00

(@ (b)
Figure 1. a) Control volume for the numerical solution; b) Mesh generated for the fluid domain.

To verify the behavior of a structure submitted to the action of the wind, a steel structure was chosen as shown
in Fig.2(a)} The portico geometry used in the simulation has three 1000 mm x 100 mm x 20 mm metal plates. In
addition, the frame has fixed support at its bottom. The bolts are 20 mm in diameter. It was used as Structural Steel
material, software default. A 50 N bolt pretension was added to the bolt.

Four finite elements are used to discretize the structure, giving the problem its own characteristics. A 20-
node 3D solid element that exhibits quadratic displacement behavior is used, has three degrees of freedom per
node: translations in the x, y and z nodal directions. Another element used is to represent several 3D target”
surfaces for the contact element. It is a shell element located on the surface of the solid. There is also an element
that has the objective of defining a 3D pre-tension section within a mesh structure, has 3 nodes and a degree of
freedom of translation. Finally, an element is used to represent the contact and sliding between the 3D target
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surfaces and a deformable surface defined by this element. The element is defined by eight nodes and is located on
the surface of the 3D solid element. The Frictional Model used takes into account Coulomb’s Law, in which two
contact surfaces can carry shear stresses [13]. For both bolts, frictional contact was considered with a frictional
coefficient of 0.2 in the contacts: bolt to late, plate to bolt and plate to nut. The bolded contact was considered for
bolt to the nut.

For the simulation performed in this work, the frame finite element mesh is shown in Fig. 2(b)] and has 6781
finite elements and 37973 nodes.

a0 500,00 1000,00 (e ZA . 0,00 450,00 909,00 (rm) s X

]
o0 0 e 225,00 675,00

() (b)

Figure 2. a) Frame geometry; b) Frame mesh.

4 Results

Initially, modal analysis was performed on the bolted frame. The first 3 natural frequencies are, in Hertz:
9.7242,21.899 and 53.857, as shown in the Fig. El

1000,00 {ram) ) 1000,00 {rm)

500,00
250,00 750,00

1000,00 {rm)

Figure 3. Frame vibration modes a) Mode 1; b) Mode 2; ¢) Mode 3.
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The air flow is constant at the entrance. The behavior and speed of the gust of wind exiting the frame are
shown in Fig.[4]
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6.302e+001
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Figure 4. a) Front view of the frame; b) Posterior view of the frame.

Still as a result of fluid-dynamics, we have the pressures that will be transferred to the structure, as shown in
Fig.[5(a)] In this way, these pressures are imported into the static part as shown in Fig.[5(b)]
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Figure 5. a) Stresses caused by the fluid; b) Imported pressure.

Thus, we have the total deformation of the bolted frame after the 50 m/s wind gust, as shown in Fig.

33295
2,776
2,21%
1,6647
1,1098
055451
0Min

Min A
0,00 500,00 1000,00 {rmrm) z X
—— s

50,00 750,00

Figure 6. Total deformation
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5 Conclusions

In this present work, a study was presented to assist in the understanding of fluid-structure coupling problems.
These results are partial and help to understand how the coupling phenomenon happens. The values of the first
three modes of vibration and natural frequencies were verified, considering a semi-rigid frame. Following the
results found in this article, the results can be validated by performing the analysis experimentally. The main
purpose of using semi-rigid connections in metal structures is to redistribute the bending moments in beams and
columns and, consequently, to reduce steel consumption.

The treatment of the connections in their real behavior, that is, as semi-rigid, considering problems such as
stability of the structure (effective length, buckling, etc.) and lamination of the bars, allows to obtain, at the end of
the project, a lighter structure and in lower cost, without loss of resistance. This leads to more optimized designs
and with the same level of security to collapse as designs with connections treated as rigid or flexible.

It is important to note that the values can increase the accuracy using a finer mesh. However, greater refine-
ment of the meshes will require more computational effort. The results presented are partial and are part of a study
about the fluid-structure coupling. The study of the dynamic properties of semi-rigid connections is of extreme
importance to knowledge due to its complexity in relation to welded connections and, as discussed, because they
are a more economical type of connection to buildings.
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