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Abstract

From an engineering perspective, it is crucial to employ lightweight and cost-effective
components in structures for optimal design, sustainability, and structural efficiency. The
pursuit of such design has always been a challenge for mechanical engineers, and this is
especially true in the case of the aerospace industry, where safety and function cannot
be compromised. Though there are many ways to achieve this goal, the potential to use
structural analysis and load path visualization for the same purpose is explored in the
current work. The possibility of using the insights gained from the load path analysis
to bring about changes in the structure for achieving desirable mechanical properties
forms the objective of the current work. A relatively new concept of U* index is used,
which eliminates the complications involved in the conventional stress-based approach to
predict the trajectory of load transfer through the structure. The thesis aims to improve
previous research in the field by introducing distributed loading boundary conditions
and principal load path extraction. The finite element calculations required for the
U* index are performed in ANSYS MAPDL using a script formulated specifically for
the purpose. The post-processing to visualize the load paths through the structure is
done in ParaView. Several case studies are done to visualize the load paths through 2D
and 3D structures. Two design criteria, namely the uniformity and continuity curves,
are studied for the principal load paths in each of these cases. The work also aims to
investigate the effectiveness of the U* index method in predicting the transfer of loads
through structures when boundary conditions of the domain are altered. The challenges
and restrictions that come with using the U* index approach are also discussed in detail,
thus paving the way for future study and research in the field.

Keywords: U* index, Load path visualization, Principal load path, ANSYS, ParaView.
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1 Introduction

This section provides background information for the thesis work, an introduction to the U*
index concept, previous works in this field by GKN, the general objectives and aims of the
current work, its limitations, and the ethical considerations taken into account for this project.

1.1 Project Background

Aerospace engineers have long been tasked with the difficult challenge of crafting lightweight,
cost-effective components that do not compromise on strength or safety. Though material
selection is undoubtedly a critical factor in determining mechanical properties, the expenses
associated with design and manufacturing can be exorbitant. As such, structural analysis
plays a critical role in achieving the desired outcome. By gaining valuable insights from
this analytical process, engineers can make informed decisions regarding design modifications
during product development, ultimately striking a delicate balance between cost and function.

In structural design, it is crucial to identify how the loads imposed on the structure are
transferred to the supports because this could provide information critical for the design and
optimization of the structure. Load path analysis provides valuable insights into the structural
behaviour of a component when subjected to static loading conditions, such as critical areas
of load transfer, the stiffest regions in the structure and the scope for design optimization.
Therefore, it can be regarded as a technique for assessing the strength of a structure[l]. Since
the path taken by the load through the structure is not readily apparent [2], methods to
visualize the load paths are needed. There have been numerous studies done to visualize
load paths. Tamijani et al. [3] proposed load function method to visualize load paths. The
conventional methods used to identify the load paths are based on the stress induced in the
structure when loaded under static conditions. While this approach helps in understanding
the internal stiffness distribution in the structure, the presence of stress concentration in the
structure affects the load paths and could thus be misleading. This necessitates a load path
visualization technique that circumvents this problem. The inception of the concept of using
a non-dimensional index that represents the internal stiffness distribution of a structure was
introduced by Shinobu et al. [4].

The earliest work on load transfer was done by Shinobu et al. [4] in 1995, wherein a non-
dimensional parameter E* was proposed to express the degree of connectivity between the
loading point and any arbitrary point in the structure. Later on, in 2003, Hoshino et al.
[5] proposed a new parameter U* to find load paths in mechanical engineering components.
The concept of U* has been modified by researchers to expand its application to orthotropic
materials [6], nonlinear elastic materials [7] and to elements having rotational degrees of
freedom [6] [8]. Further, the U* index method also finds application in vibration control
problems [5] [9].

Various studies have been done by researches to highlight the important applications of load
path in engineering design, the work done by Zhanguang et al. [10] predicts the multi-axial
fatigue life of metal with the help of load paths coupled with principles of machine learning
and image recognition. Another work done by Qing-Yun et al. [11] also employs the sensitivity
of load path in predicting multi axial fatigue life of metals. Load paths have been useful in
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design and optimization based on study done by Shengjie et al. [12], in this study functionally
graded lattice structures are optimized using reinforcements predicted based on load paths.

The U* index method has been used in various applications over the past two decades. Wang
et al. [9] adopted the method to demonstrate the load transfer in truck cab structure during
frontal collision and Tadashi et al |[13] made use of U* index method to show the load transfer
through structures joined together by spot welds.

The U* index is a normalized quantity used to represent the internal stiffness distribution in a
system. The calculation of U* index is done through the Finite Element Method, which divides
the elastic continuum into a finite number of elements. The U* values are then calculated
for each node in the system, and the streamlines through the U* contours are obtained from
the corresponding gradients. By following the streamline with the highest gradient of U,
the stiffest path through the structure can be identified, also referred to as the principal
load path. This is based on the assumption that the stiffest path in the structure carries
the highest load.The concept of principal load path could serve as a means to enhance the
structural stiffness of structures without using complex methods such as topology optimization
[14].

1.2 Related Works

The master thesis work at GKN Aerospace AB by Rajesh |15] successfully developed a program
to calculate the U* index using ANSYS Mechanical APDL [16], the commercial CAE software
employed by GKN Aerospace. The load path visualization was done using the opensource
software ParaView. However, the computation time was deemed high for the practical viability
of the approach. This drawback was overcome in the paper presented by Jonathan and Oscar.
[17] by incorporating the inspection loading method proposed by Sakurai et al. [1§]. This
approach showed a significant reduction in the computation time, thus making it possible to
adopt it practically into a commercial environment. Despite the reduced computation time,
the applicability of the U* index was limited to point loading. Therefore, the load paths due
to distributed boundary loading could not be visualized using the U* method.

1.3 Aim and Ojectives

This project aims to build upon the research in load path visualization using the U* index
method, conducted by Ramesh [15] and Jonathan et al. |17] at GKN Aerospace AB. The
current work is aimed at achieving a number of specific tasks as listed:

1. Calculate the U* index for structures subjected to distributed loading boundary condi-
tions using the method proposed by Sakurai et al. [19] and develop a script in ANSYS
Mechanical APDL to perform the necessary finite element calculations.

2. Using the APDL script, perform load path analysis on simple 2D and 3D structures.
Conduct multiple case studies of load transfer on these structures by applying different
boundary conditions.
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. Develop a post-processing routine for the load path visualization in ParaView and a

Python script to extract the principal load path, which is considered the stiffest path
through the structure domain.

Study two design parameters, uniformity and continuity, of the principal load paths in
each case study and discuss the findings.

Finally, the study is extended to a complex engine structure geometry to visualize the
load paths and study how changing the boundary conditions altre the load transfer path.
Extract uniformity and continuity curves for the load paths.

Limitations

. The U* index theory has a major limitation - it can only be used for static structural

analysis, and the structures must be analyzed within the elastic domain of the material,
meaning that Hooke’s Law must be applicable. These drawbacks also restrict the current
thesis.

. The materials evaluated in this thesis work are linear isotropic materials. Material

orthotropy or anisotropy is not considered in the current thesis work.

The structures analyzed in this thesis are modelled using finite elements with only
translational degrees of freedom. The rotational degrees of freedom, which are helpful
for analyzing thin-walled structures, are not considered.

In this study, the 3D models are meshed using first-order tetrahedral elements, a com-
putationally expensive process resulting in longer solution times.

The research findings presented through finite element analysis have not been experi-
mentally validated. Therefore, to apply these findings in a real-world environment, they
must be validated experimentally.

Ethical Considerations

. Extensive research for this project was conducted using published papers, research works,

and reference books to guarantee the utmost precision and openness.

. Care has been taken to give credit for the ideas and works of other researchers using

proper citations and by attaining the relevant permissions to use copyright material and
proprietary software used at GKN.

The current thesis work needs to be experimentally validated. The technological readi-
ness of the work is considered low. Any adaptation of the work into a real-world scenario
must be performed with due consideration.
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2 Theory

This section discusses the theoretical concepts that serve as the foundation of load path calcu-
lation and visualization. The fundamental concepts of finite element method, strain enerqgy,
U* index and load streamlines, helpful for the study, are described and illustrated in detail.

2.1 Finite Element Method

The study of the physical world around us is constantly done by scientists and engineers
alike. Mathematical models of the physical world are constructed using differential equations
[20], and these models represent the physical system to varying degrees of accuracy. Engi-
neers aim to solve such mathematical models to obtain valuable insights into the functions of
the physical world. In solid mechanics, the study of the mechanical behaviour of engineer-
ing systems plays an important role. The insight gained from such studies helps to improve
the design, predict failure, improve safety and reduce cost. These differential equations are
challenging or often impossible to solve by analytical approaches. This necessitates the use
of numerical techniques that will yield approximate solutions to those differential equations
but at the same time provide a close enough prediction from an engineering standpoint. One
among those various numerical techniques is the finite element method, which has been widely
adapted for structural analysis. The Finite Element Method solves the differential equation
in its finite dimensional weak form, allowing the system to be discretized into smaller, simpler
subdomains called elements, over which the solution is piece-wise continuous. This approach
reduces the complexity of the solution process. The weak form to the linear elasticity problem
is given by equation [2.1.1]

Find v € U such that
a(u,du) = I(6u) Véu c U’ (2.1.1)

where

a(v,w) = /Qe['w] :E: e[v]d

l(v):/v-bdQ+/ v-t,dl
Q '

U = {w sufficiently regular, v = up on I'p}

U° = {v sufficiently regular, v = 0 on I'p}

2.2 Strain Energy

The concept used in the computation of the U* index is strain energy. When an elastic body
is deformed, work done on the material is stored as potential energy. This potential energy of
the system is called strain energy. The strain energy is the direct consequence of the stiffness
of the system. The ability of the system to resist deformation and revert to the original
configuration of stable equilibrium enables it to do work in the form of stored strain energy.

The amount of strain energy stored within a system depends on the material’s elastic prop-
erties, the magnitude of deformation, and the system’s geometry. For a Finite Element dis-
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cretized system, the strain energy can be calculated using the equation [2.2.1]

1
U= §dTKd (2.2.1)

where U is the strain energy, K is the stiffness matrix, and d is the nodal displacement for the
system. In engineering, strain energy is a crucial factor in designing of structures. The area
under the material’s stress-strain curve up to the deformation point denotes the strain energy.
The U* index is calculated using the concept that a stiffer system develops more strain energy
than a less stiff system when subjected to similar deformation.

2.3 U™ Index and its Calculation

The visualization of the load path performed in this thesis is based on the theory of U* index.
The approach used in the computation of U* index is described in this section.The U* index
is a mathematical index used to represent the internal stiffness distribution of a structure
under the applied loads and constraints. It is a non-dimensional value ranging from 0 to 1.
U* index values are not unique to a particular structure or component, as its value depends
on the applied loads and boundary conditions. Computation of the U* index is performed for
each node in the system. Based on these values, the U* index contours are plotted across the
domain. These contours help to understand how the streamlines representing the load paths
pass through the mechanical system. The computation of the U* index has been done in two
different approaches, namely the direct approach and the inspection loading approach.

2.3.1 Direct Method

The direct method for computation of U* index is one of the more straightforward approaches.
Even though this method is computationally expensive, the method provides an overview of
the theoretical background that could help in understanding how this technique could be used
in visualizing the stiffness distribution in a system.

Loading Point

Loading Point

N.a

Py

Elastic Body Elastic Body

Fixed Point B Fixed Point
(a) Original Configuration (b) Modified Configuration

Figure 2.1: Direct method calculation of U*
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Consider the elastic body shown in Figure Points A and B represent the point of
loading and the point of fixed support in the structure respectively. The U* index is to be
computed at every node in the system that is not A or B. These nodes referred to in this
work as points/nodes of interest. P, denotes the load applied to point A and d, denotes
the displacement at point A due to the applied load. The stiffness between these points are
represented by linear elastic springs that connect them. This linear system is then solved to
find the displacements d4 and d¢ of points A and C, respectively. The strain energy of this
system can be calculated using the following equation.

U= %Pd (2.3.1)

P and d are the applied mechanical load and the resulting nodal displacement, respectively.
The analysis in this thesis is done within the material’s elastic limit and for linear kinematics.
Hence, a linear stress-strain relation and linear strain-displacement relation give rise to a linear
Finite Element system of equations as follows. The applied load P can be calculated using
the equation [2.3.2]

P=Kd (2.3.2)

Where K is the stiffness and d is the nodal displacement of the system. Since we are interested
in the stiffness between the points A, B and C, the equation [2.3.2] can be condensed to the
degrees of freedom in nodes A, B and C as follows.

P, Kiin Kiap Kuc| |da
Pgp| = |Kpy Kpp Kpc dgp (233)
P: Kca Kep Kool |de

For the original system in Figure [2.1a] the load P4 applied at point A can be expressed as:

Py=K, sdy+ K pdp + K scdc (234)
Applying the boundary condition i.e, dg = 0, the equation is further simplified as:

Py=K ads+ K scde (235)
The strain energy, U, of the original system can be calculated as shown in equation [2.3.6]
1 1
U= EPAdA = §(KAAdA + KACdC)dA (236)

Consider the modified system shown in Figure 2.1b] The displacement d4 obtained from the
original system is applied to point A. Point C fixed. The strain energy of this modified system
can be calculated using the equation [2.3.7]

1
U’ = S Plda (2.3.7)

From equation [2.3.3], the strain energy of the modified system can be written as:

1
U’ = 5 (Kaada)da (2.3.8)
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The of U* index for the point C can then be computed using the equation [2.3.9

1 v _ 1 (K aada+ K acdco)da

U’ (K pada)da

With the help of the finite element method, the U* index values are calculated for each node
present in the system. This index computed using the strain energy provides insight into the

internal stiffness distribution of the system.

(2.3.9)

2.3.2 Direct Method - Multiple Loading

A2

A2 P!Azk

PA2@> a
< _

Elastic Body
Elastic Body

Fixed Point
, Fixed Point

(a) Original Configuration (b) Modified Configuration

Figure 2.2: Direct method calculation of U* for multiple loading points.

The method for computing the U* index for multiple loading points and distributed loading
is described in this section [19]. The computation of the U* index for a structure loaded at
multiple points and with distributed loads can be derived from the equations presented in the
section for direct method computation of the U* index.

Consider the elastic body shown in Figure 2.2a] Loads PA1 and PA2 are applied on points
Al and A2, respectively. Since the analysis is done within the elastic limit, the force and
displacement relation of the system in matrix form can be written as shown in equation

2.0. 10l

Da Kaiaa Kaiaz Kap Kac d s

Paz | _ | Kazar Kazaz Kap Kasc d a2 (2.3.10)
DB Kpa Kpas Kpp Kpo dp o
Pc Kca Kca2 Kep Koo dc

The work done by the applied loads is stored as the strain energy of the system. This strain
energy, U, can be calculated using the equation [2.3.11
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1 1
U :EpAl ~dar + 51’,42 ~d a2

1
:é {(KAlAldAl + KAlAQdAQ + KAlCdC) . dAl
+ (KA2A1dA1 + K po42d 42 + KA2Cdc) . dAz}

Now consider the modified system shown in Figure 2.2b, Point C' is constrained, and the
nodal displacements dA1 and dA2 obtained from the original system are applied to points
Al and A2, respectively. The constrained point C results in a higher energy requirement to
achieve the same displacements at points A1l and A2 compared to the original system. This
strain energy of the modified system, U’, is computed using the equation

(2.3.11)

1 1
U :§P/A1 ~day + §plA2 - d g

1
25 {(K a141d a1 + K A142d 42) - d a1y
+ (K a241d 41 + K a242d 42) - d s}

From equations [2.3.11| and [2.3.12] the relation between the strain energies of the original and
the modified system can be written as shown in equation [2.3.13

(2.3.12)

, 1
U - U - 5 {(KAICdC) . dA1 + (KAgcdc) . dAQ} (2313)

The U* index of point C is calculated as shown in Equation [2.3.14] This value represents the
stiffness of the path between the load application points and point C.

U
Ur=1- (=
(7)
2U

~1
=|1-
( (Kaicde) - day + (K ascdc) - dA2>
Equations [2.3.10|to [2.3.14] provide a way to calculate the U* index for multiple loading points.
This method can be expanded to include distributed loading conditions.

Consider an elastic body which is loaded at n points. The force-displacement relation for the
system can be written as shown in Equation [2.3.15]

(2.3.14)

( ) T ( 3

Pai Kaia Kaiae -+ Kaian Kap Kac d
Das Kaa1 Kaaz -+ Kasan Kap Kasc d 42
. — . . . . . . (2.3'15>
Dan KAnAl KAnA2 T KAnAn KAnB KAnC dAn
PpB Kpsi Kpaz -+ Kpan, K Kpc dp
| pc ) | Keaw Kcar -+ Kcean Kep Koo | | do )

Equation [2.3.16| shows how the strain energy of the system is computed when it is loaded at
multiple points. In this equation, the indices j and ¢ refer to the row and column of the global
stiffness matrix.
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1 1 1
U:§pA1'dA1+§pA2'dA2+"'+§pAn'dAn

L n (2.3.16)
=5 Z Z (K 4j4ida; + K ajcdc) - da;
j=1

i=1
Equation shows how the modified system’s strain energy is computed when loaded at

multiple points. In this equation, the indices j and ¢ refer to the row and column of the global
stiffness matrix. In the modified system, point C is constrained in all directions.

1 1 1
U = éplAl'dA1+§pA2'dA2+“'+ SPAw ~dan,

= %Z {Z (K aj4; - dai) 'dAj}
j=1 Li=1

To determine the U* index value for point C' in the system, equation [2.3.18|is utilized. The
index 7 represents the number of loading points in the original system. This equation is used
to compute the U* index for distributed loads. A finite element routine is developed using an
APDL script to calculate the U* index values for each point in the analysis domain.

2U -1
Ur=(1- 2.3.18
( iy (K aicde) - dAi) ( )

2.3.3 Inspection Loading Method

(2.3.17)

Loading Point Loadig Point

R, |

Elastic Body Elastic Body

Fixed Point Fixed Point

(a) Original Configuration (b) Modified Configuration

Figure 2.3: Inspection loading method calculation of U*

The inspection loading method for computing the U* index is described in this section. Sakurai
et al. [18] devised this alternative method for computing the U* index as a means to resolve
the issue of high computational time associated with the direct method.

The inspection loading method is a variation of the direct method wherein the computation
of U* index does not require a change of displacement boundary conditions for every desired

9
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node. Instead, the loading points in the original load case are fixed and linearly independent
trial /inspection loads are applied on the node of interest. Thus, only the force boundary
conditions are changed every time and not the displacement boundary conditions. Commercial
Finite Element software like ANSYS APDL do not recompute the global stiffness matrix unless
the geometric/displacement boundary conditions are changed. Thus the computation time is
significantly reduced for a very large finite element system. Moreover, the condensed stiffness
matrices connecting the loading points and the points of interest do not change for a particular
structure, and can therefore be saved and reused for different loading conditions.

Consider the elastic body shown in Figure [2.3al The strain energy of the system when a load
is applied to point A is computed similarly using equation [2.3.6|as in the direct method. The
U* index for the system can be computed using Equation [2.3.19|

U (KAAdA + KACCZC) 2U 1

Uf=1-— =1- = (1= ———
U (Kaada) ( (KACdC)dA)

where U represents the strain energy of the original system, and d. and d, are the displacements
of points A and C, respectively, when the load P, is applied to the original system. The term
K Ac denotes the stiffness between points A and C. This stiffness can be calculated with the
help of inspection loads.

(2.3.19)

Consider the modified system shown in Figure [2.3bl Point A is constrained in all degrees of
freedom. Two inspection loads, Py and Pgy, are applied at point C'. Equation [2.3.20] can
be used to express the stiffness K 4o based on the displacements at point C' and the reaction
forces generated at point A.

[Ra] = [Kac][Dc] (2.3.20)

where R4 is a vector containing the reaction forces generated at point A due to the inspection
loads, and D¢ is a vector containing the corresponding displacements of point C'. Each column
in these vectors represents the x, y and z components of the reaction forces and displacements.

Two sets of inspection loads are used if a system has nodes with two degrees of freedom. For
a 3D structure with nodes having three degrees of freedom, three sets of inspection loads are
applied. Equations 2.3.21] and [2.3.22] display the arrangement of the reaction vector R4 and
displacement vector D¢ for a 3D body with three degrees of freedom per node.

[Ra]l = [ra1 Taz Tas) (2.3.21)

[D¢] = [de1r de2 des] (2.3.22)

where 74 and d¢ are column vectors with a size of 3x1, the finite element problem is solved
to determine displacement and reaction force values, which are then used to calculate the
stiffness value, K 4¢, using equation [2.3.23

[Kac] = [Ra][Dc]™ (2.3.23)

For each node in the system, the computation is performed to extract the U* distribution
in the structure. The inspection method involves more calculations compared to the direct

10
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method. If a system has two degrees of freedom per node, the number of calculations required
is twice as much, and for three degrees of freedom per node, it is three times as much. However,
the inspection loading method does not need to recompute the global stiffness matrix in every
load step. The FEM software can reuse the initially computed global stiffness matrix for all
subsequent calculations, which significantly reduces the overall computation time. This time
reduction is especially evident for complex systems with a large number of elements and nodes.

2.4 Load Path Visualization using U* index
2.4.1 U* Gradient and Streamlines

In mathematics, gradient of a scalar function represents the direction and rate of fastest
increase of that function. Essentially, it is a vector that indicates the direction of the function’s
steepest increase at a given point.

For instance, consider a scalar valued function f(x,y) defined over a domain € in two-
dimensional space. The gradient of f at an arbitrary point (z1,y;) € € is a two-dimensional

vector (Of /0x,0f /0y), where Of /0x and Of /Oy are the partial derivatives of f with respect
to x and y respectively, evaluated at (x1, ;).

The gradient is an important concept in many areas of mathematics, physics, and engineering.
It is used to solve optimization problems, to calculate strains, velocities, heat flux and so on
in physical systems, and to analyze the behaviour of functions and equations. In structural
engineering, the concept of gradients plays a vital role in determining load paths through the
given structure. The overall load is carried through the path with the highest stiffness values,
Shinobu et al. [4], which is a critical factor in designing and constructing any structural
system. One way to assess the internal stiffness distribution of a structure is through the
use of the U* index, which is used to identify the path with the highest U* index values
and consequently, the stiffest path. To accurately express the load path, a decay vector is
introduced by Wang et al, in equation to trace the points with the highest stiffness
values, providing a clear picture of the structural forces at play.

s

Figure 2.4: U* contour & gradient field on plate with a hole
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Figure 2.5: Streamlines through plate with a hole structure

A= —grad(U") (2.4.1)

Figure represents the U* index contour and the corresponding gradient vector field for
a plate with hole structure subject to fixed boundary condition on the left edge and point
loading condition on the right edge. The orientation of the black arrows denote the direction
of highest change in U* index values.

The field of fluid mechanics involves the study of fluids in motion, and one of the fundamental
concepts in this field is that of streamlines. Streamlines are imaginary lines that are used to
depict the movement of fluid particles in a flow field. They are an essential tool for visualizing
fluid flow behaviour, and they are defined as lines that are tangent to the velocity vector of
the fluid at every point in the flow. In other words, streamlines are lines that run parallel to
the direction of fluid flow at all times.

The concept of streamlines could be applied to the current work to represent the flow of load
through the structure. The streamlines are plotted for the decay vector field computed using
the equation They are obtained by tangentially connecting the decay vectors starting
from the seeding points. Figure [2.5] shows the streamlines for the aforementioned system.

2.4.2 Principal load path

The principal load path in the structure is determined as the streamline through the highest
gradient of the U* index. In other words, the path through the lowest decay vector magnitude
is considered the principal load path. This path is considered to transfer the highest portion
of the load from the point of application to the supports. For the plate with a hole system
discussed earlier, the thick white lines in figure denote the principal load paths.

12
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Figure 2.6: Principal load paths through the plate with hole structure

2.5 Uniformity and Continuity Plots

The principal streamlines, also called the principal load paths of the structure can be useful in
two ways. The first is identification of regions of significance in the structure under a certain
boundary condition to determine if the presence of any notches or cracks would affect the load
carrying capacity of the structure.

The second is the applicability of load paths as a design criteria to optimise the structure
for stiffness distribution. Previous studies have demonstrated similarities between opti-
misation using sensitivity analysis and optimisation based on load path properties as design
criteria. This quantitative use of load paths as design criteria requires the following three
conditions:

e Uniformity: minimization of area between ideal and actual curves in Uniformity plot

(f1 in figure [2.7al)

e Continuity: minimization of area between ideal and actual curves in Continuity plot (2

in figure [2.7h))

e Path Consistency: minimization of area between load paths S1 and 52, where S1 is the
load path between a loading point and a support point, and S2 is the load path between
the same set of points but with the support and loading boundary conditions reversed

The current work limits itself to the uniformity and continuity criteria. The idea behind these
two criteria is as follows:

1. The uniformity plot represents the distribution of U* values along the length of the load
path, where s is the coordinate along the load path and [ is the total length of the
load path. It is represented by the solid blue line in figure The point of loading
is taken as the seeding point of the load path, which explains the curve going from
U*=1 to U*=0. The goal is to optimise the structure such that the stiffness is uniformly
distributed along the load path, as represented by the dotted red line.
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(a) Uniformity plot (b) Continuity plot

Figure 2.7: Uniformity and Continuity plots

2. The continuity plot represents the distribution of curvature along the uniformity plot,

as represented by the solid blue line in figure [2.7b] The goal is to optimise the structure
such that there are no sudden changes in stiffness along the load path. The sudden

changes are represented by the curvature of the uniformity plot, given by formula
2511

ds?
_ (2.5.1)
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3 Software

This section discusses the software that are used in the thesis work, mainly how these software
are used in combination during the pre-processing, solution and post-processing stages of the
load path analysis.

3.1 Ansys Parametric Design Language (APDL)

Mechanical APDL (MAPDL) is a popular finite element analysis program capable of perform-
ing a wide range of simulations including structural analysis, thermal analysis, electromagnetic
analysis and vibro-acoustics. Most of the widely used commercial finite element software do
not come with an in-built module that allows for visualization of load paths in a structure.
However, Mechanical APDL offers users the flexibility to customize finite element simulations
according to their specific needs using its APDL scripting feature. Ansys Parametric De-
sign Language, also known as APDL is a powerful scripting language that runs Mechanical
APDL. With scripting, users can interact with Ansys Mechanical Solver to solve complex fi-
nite element problems or compute user-defined results. In this project, the scripting capability
of APDL was utilized to compute the U* index values. An APDL script was developed to
perform the finite element calculations required for U* index, and the result files needed for
post-processing were written using the same script. The current work makes use of Mechanical
APDL 2022 R1 for the structural simulations.

3.2 MATLAB

MATLAB is a powerful high-level programming language that has the capability to perform
complex numeric calculations, data manipulations and data visualization. In this project,
MATLAB is used for the generation of .vtk format files and for other post-processing tasks.
The output files obtained from Ansys Mechanical Solver are manipulated using MATLAB to
generate a Visualization Tool Kit (.vtk) file. The mesh information, such as the nodal con-
nectivity, nodal coordinates, element type and U* index data, are manipulated and arranged
in MATLAB to generate the .vtk file, which is used as the input file for the ParaView soft-
ware to generate the load paths in the structure. Thus, MATLAB acts as a bridge between
Mechanical APDL and ParaView. MALAB version R2016b is used for the thesis.

3.3 ParaView

ParaView is a competent tool designed to assist in analyzing and visualizing large scientific
datasets. It is an open-source software that is easily accessible and can be used on various
platforms, making it an excellent choice for researchers and scientists. With its wide variety
of features and a user-friendly interface, ParaView is a powerful software for any individual
or organization looking to gain insights into complex data.

The current thesis work utilizes the ParaView software for post-processing solution results,
such as visualization of U* contours and propagation of load paths through the structure.
ParaView uses the Visualization Toolkit (VTK), a high level object oriented library, to provide
visualization and data processing capabilities in a Graphical User Interface. The software
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uses a pipeline-based architecture that allows for sequential manipulation of data to arrive at
the desired result. The manipulation of data is done using the various filters built-into the
software, and those relevant to the current work are discussed in detail under section [4.2.4)
Figure [3.1| shows an example pipeline browser for load path visualization in a 2D structure.

Another major advantage of the ParaView software is its ability to automate post-processing
tasks and to perform batch processing using Python. The ‘Start/Stop Trace’ tool that comes
with the software allows users to record a set of actions in GUI and generate the corresponding
Python script for the same. This facilitates faster implementation of automation routines in
the software, and avoids the need for in-depth knowledge of the source code. This feature is
particularly useful in the current work for the identification of the principal load path from
the generated set of streamlines. The present thesis work uses ParaView version 5.4.1.

Pipeline Browser g X
|ﬁ| builtin:
B LegacyVTKReader2
!!j GradientOfUnstructuredDataSet2
!!j StreamTracer2
!!jThreshnIdS
!!j Calculator2
Qj LegacyVTKReader 1
!!j GradientOfUnstructuredDataset1
@ StreamTracerl
B Threshold1
éj Calculatorl
W) Threshaoldz2

®

o o

XEEE

®

®

Figure 3.1: Pipeline browser example
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4 Methodology

4.1 Solution Approach

The previous iterations of the study on U* index and load path visualization done at GKN
Aerospace were focused on mechanical structures under point loading and single support
conditions. The current study aims to build on the previous works by incorporating distributed
loading, multiple loading interfaces and multiple supports for the computation of U*. In
addition, it also aims to identify the so called principal load path or the path of highest
stiffness from the U* index data. The concept of U* index is used to determine the path of
load transfer from the points of loading to the supports. The U* contours are shown across
the structure in figure [5.1] along with the corresponding streamlines. The principal streamlines
or the principal load paths are depicted using thick lines.

The analysis is done using user-defined scripts in ANSYS Mechanical APDL, and the contours
and load paths are visualized in ParaView. The data transfer from MAPDL to ParaView is
done using a VTK file generated with the help of Matlab. In order to test the functionality
of the developed APDL scripts, the analysis is first performed on a simple 2D structure such
as a plate with a hole as shown in figure under different boundary conditions. Later, the
same script is modified to analyse 3D geometries such as the aero engine structure shown in
Figure [.11] As a means to validate the concept of U* index, a correlation study between the
point of maximum reaction force along the constrained boundary and the seed point of the
principal load path is done. The sequential set of actions performed for the computation of
U* index and for the visualisation of load paths are schematically explained in the following
subsection.

4.2 Process Flow

The process flow for visualising load paths consists of three phases.

e Computation of U* using APDL scripts
e Generation of VTK file using MATLAB

e Generation of streamlines and principal load path in Parview

4.2.1 U* computation using APDL scripts

The first phase employs user-defined scripts in APDL to compute U* data at the Finite
Element nodes and then output the U* solution data and the mesh data into text files. The
computation of the U* index involves looping over the desired set of nodes, and changing
the boundary conditions in every such loop. This is done by the use of load steps, wherein
each load step pertains to a loop in U* computation. This process therefore requires the
use of /POST26, APDL’s time history post-processor to execute the aforementioned loops
in separate load steps. The flow in this phase is different for the direct method and the
inspection loading method, as depicted in figures to [4.3]
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| Apply Force & Displacement BCs’ |

| Compute Strain Energy U |

Replace Loads with corresponding
Displacements

i=1

= Modelling
= Meshing
= Material properties |

Constrain Free Node i |

| Compute modified Strain Energy U’ |

Creation of Component &
Component Assembly for
loaded & constrained nodes Ui=1_ E
i 10

= Nodal coordinates

NO Is i > Noof YES = Element connectivity
Free Nodes ? = Element type
= U*index data

Figure 4.1: Process flow for U* computation using the Direct Method

| Apply Force & Displacement BCs’ |

| Constrain the Load Nodes |
= Modelling
= Meshing
* Material properties | Apply inspection loads on Free Node i |

[Kac] = [PAlID]

Creation of Component &
Component Assembly for
loaded & constrained nodes

i+1

NO Is i > No of

Free Nodes ?

LA Store [K}I‘IC] for
all free nodes i

Figure 4.2: Process flow for K,¢ extraction using Inspection Load Method
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APDL Batch

Figure 4.3: Process flow for U* computation in Inspection Load Method

As explained in section [2.3.3] the condensed stiffness matrices K4c connecting the loading
points and the point of interest are independent of the force boundary condition on the
structure. Therefore, the inspection load method allows re-usability of the stiffness matrices
for calculating the U* distribution under different loading conditions. An APDL script is
used to extract the K 4o matrices for all points of interest in the system, as shown in figure
[4.2] The matrices are exported in MAPDL specific native format and stored for a particular
structure. Though the extraction of stiffness matrices is computationally expensive for the
initial simulation run, the exported file can be reused for any number of load cases on the
structure as long as the displacement boundary conditions remain the same, as shown in figure
[4.3] This allows significant reduction in computation time compared to the direct method.

4.2.2 Generation of VTK file using MATLAB

The second involves conversion of APDL output data to VTK format for visualisation in
open source software, Paraview. This is done through data processing in MATLAB. The
MATLAB script takes as input, the U* data file ‘U_star.txt’, and the mesh related data files
‘element _type.txt’, ‘ELIST.txt” and ‘NLIST.txt’ to generate the ‘.vtk’ file. The Legacy Format
is chosen for the creation of VTK file, as it is the simplest of the available formats. More
details about the Legacy format can be found in The Visualization Toolkit (4th ed.) [24].
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4.2.3 Generation of streamlines and principal load path in Parview

Import VTK data U conto
(LegacyVTKReader) contour

Compute gradient field
(Gradient Of Unstructured DataSet)

Generate streamlines from support U* Streamlines
(Stream Tracer)

Pick streamlinei = 0
(Threshold)

Compute gradient magnitude at seed point
(Calculator)

GradientArray =[]

Append to |grad(U")|; to GradientArray

YES Principal loadpath =
arg max |grad(U”)|;
i

Figure 4.4: Process flow for generating streamlines and principal load path in ParaView

NO

Is i = Noof
streamlines?

The final phase involves the use of Paraview to visualise the streamlines, and implementation
of Python scripts to automate post-processing in Paraview. The Legacy format ‘VTK’ file is
first imported into ParaView using the Legacy VTK Reader, and the various filters available
in the software are applied successively to transform the input data into streamlines and the
principal load path. The process flow for generation of streamlines and the principal load path
is given in figure [4.4| which is followed by brief description of the pipeline browser and filters
used.

4.2.4 Filters

The filters used in the current work in order to visualize load paths are as follows.

1. Gradient Of Unstructured DataSet filter calculates the local gradients for all cells
in the domain and then averages out the gradients to obtain a continuous field. In this
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case, the gradient field is required to determine streamlines through the U* contour.

2. Extract Surface: This filter is used when visualizing load paths through thin walled
3D structures. The streamlines are generated based on the gradient of U* field in the
domain, and are initiated from user-defined seed points. In the case of thin-walled
structures, the Stream Tracer filter might not yield the desired streamlines connecting
the point of loading and point of support. This could be attributed to the gradient
vectors not lying in the plane of membrane, thus leading to short streamlines that
terminate at the surface of the membrane. In order to circumvent this problem, the U*
index data from the 3D continuum is interpolated onto the surfaces using the Extract
Surface filter to compute streamlines on surfaces.

3. Stream Tracer filter generates streamlines from seed points in a given vector field.
The seed points could be provided using a ‘High Resolution Line Source’ or a ‘Point
Source’. Various attributes including the maximum length of the streamline, minimum
and maximum step length, and surface streamlines are used to control the generated
streamline.

4. Extract Selection filter is used to extract selected mesh entities such as cells or points
as separate objects in the pipeline browser. This enables the user to pick nodes on the
face of the support to act as seed points for the streamlines.

5. Stream Tracer With Custom Source filter takes seed points from the created Ex-
tract Selection object. This is particularly useful in the case of 3D structures when
seeding points are not easy to pick using a High Resolution Line source or Point source.

6. Threshold filter slices portions of the input dataset using a specified range on available
scalar attributes. When applied on streamlines, it allows for selection of one streamline
at a time using Seed ID attribute in the process of determining the principal load path.

7. Calculator filter operates on existing arrays to create a new array. The present work
requires the magnitude of gradient to be calculated at the seed points in order to deter-
mine the principal load path, and the Calculator filter is employed for the same.

8. Tube filter constructs tubes around input lines for improved visibility. This is used to
highlight the principal load paths when plotted with the rest of the streamlines.
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4.3 Load Path Visualization in 2D structure

 ameas MAnsys
202 R1

TYPE NUM
JUN 26 2023

00:25:26

Figure 4.5: Rectangular plate with hole

A 2D plate with a hole, as shown in figure is chosen for the load path visualization.
This geometry was chosen as the load paths could be verified and validated using the results
presented in the paper [21] . The simple nature of this geometry meant that the computation
time is less and the MAPDL script could be modified and debugged for errors relatively
quickly.

The plate’s length, breadth and thickness are taken as 2m, 1m and 0.005m, respectively. The
hole diameter is 0.4m. The material is chosen as steel with Young’s Modulus value of 210GPa
and Poisson’s ratio of 0.3. This plate is used for the many cases of study done in the following
subsections. In all such cases, the load paths are identified for static structural analysis under
plane stress assumptions.

4.3.1 Analysis Procedure

In this thesis work, the load path analysis is broken down into three main stages: pre-
processing, solution, and post-processing. This process is consistently applied to all analysis
cases. The following section will provide a step-by-step explanation of each stage.

e The geometry cleanup is performed to get rid of construction lines, sliver faces and cad
penetrations and intersections.

e Appropriate element type is chosen to fit the nature of the geometry and analysis.

e The geometry is meshed with the relevant element size. The loading and support points
are identified in the active mesh. MAPDL GUI is used for this.

e The mesh data is exported as CBD file.
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e The U* computation is performed in MAPDL using the developed script.

e The output of the load path analysis from MAPDL is extracted. The output files contain
the element connectivity, nodal coordinates, element type and U* index data.

e Using the output from MAPDL, a VTK file is generated using a script developed in
MATLAB.

e The VTK file serves as the input to ParaView. The U* gradients are computed, and the
load paths are generated as streamlines.

e Python script is used to automate the process of extracting streamline data to identify
the principal streamlines. For the principal streamline the uniformity and continuity
graphs are plotted.

4.3.2 Point Loading

At GKN, Rajesh, Jonathan, and Oscar conducted load path analysis work, which
has now been replicated on a plate with a hole structure (as depicted in Figure [4.6a)). This
replication serves as a first step to comprehend the complexities and challenges involved in
using the U* index method and APDL scripting for load path calculation. Additionally, this
initial step aims to understand the post-processing aspect of load path analysis, which involves
using ParaView software to plot load paths and visualize the principal load path that may
not be immediately apparent.

A point load of 1000N is applied to the plate. The loading is done in the positive x-axis
direction. The left-hand side edge of the domain is fixed. The loading and boundary conditions
are shown in figure [1.6al The direct method of U* index computation is used here. 4 noded
quadrilateral elements are used to mesh the component. A total of 216 nodes are present in
the structure, and a coarse mesh is used for ease of analysis.
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Figure 4.6: Boundary conditions applied on plate with hole structure.
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Figure 4.7: Boundary conditions applied on plate with hole structure.
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Figure 4.8: Multiple Supports and Loading Interfaces

4.3.3 Distributed Loading

As part of the current thesis work, distributed loading has been included for load path analysis.
The APDL script has been modified to accommodate distributed loading, and the theory
section discusses the equations used for such loads.

A load of 1000N per node is applied on the right side boundary of the plate with a hole
structure shown in Figure [4.6b, The left edge of the boundary is fixed, the U* computation
is performed in MAPDL, and the load paths thus generated are plotted in ParaView. The
Uniformity and Continuity plots for the principal load paths are plotted.

4.3.4 Distributed Loading at Multiple Interface

A case study is done to understand the nature of the load transfer when distributed loads are
applied at multiple locations.

As shown in the Figure distributed loads are applied on the top and right boundary of
the plate with hole structure. The left boundary is fixed. The U* computation is performed
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in MAPDL, and the load paths thus generated are plotted in ParaView. The Uniformity and
Continuity plots for the principal load paths are plotted.

4.3.5 Distributed Loading at Multiple Interface and with Multiple Constraints

In order to understand how the load is transferred when distributed loads are applied at
multiple locations with multiple supports, a second case study is conducted.

The diagram referenced as Figure [4.8 shows distributed loads on the plate with a hole struc-
ture’s top and right borders. The left and bottom border is fixed, as shown in Figure |4.8|
The computation for U* is done in MAPDL, and the resulting load paths are visualized in
ParaView. The Uniformity and Continuity plots display the primary load paths.

4.4 Validation of load paths from U* index
4.4.1 Case study to validate load path analysis

Two case studies are done on the plate with a hole structure to confirm that the principal
load path is the stiffest in the structure and transfers majority of the load from the loading
boundary to the supports. The boundary conditions used in the case study are illustrated in
Figure [4.9] For the study-1, the left edge of the plate is fixed, and the right edge is loaded, as
shown in Figure[4.9a] In the study-2, a point bending load is applied, the boundary conditions
applied are shown in Figure

(a) Case study-1. (b) Case study-2.

Figure 4.9: Boundary conditions applied for the two case study.

The entire domain of the plate is divided into 32 separate areas, as shown in Figure [£.10]
Initially, the entire domain area is assigned a plate thickness of 5mm and meshed using first-
order quadrilateral elements. The load path analysis is performed on this structure, and the
load paths are extracted. The maximum deflection produced in the plate is also noted. Once
the load paths through the structure are established, specific segmented areas in the plate
are strategically chosen, and the thickness of these segments is increased from 5mm to 10mm.
The area segments are chosen so that some are areas through which the principal load path
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passes. The boundary conditions of the original plate are then applied to the system. The
system is then solved and the maximum deflection produced is noted. A comparison of the
maximum deflection produced in the plate for different cases is made.

Figure 4.10: The domain of the plate split into 32 area segments.

Four separate cases are analysed on the two study cases shown in Figure plate domain.
These studies are done to show that the most rigid route through the structure is the principal
load path. To reduce deflection in the system, it is more effective to stiffen the regions of the
plate that the principal load path passes through, rather than stiffening a region outside of it.

4.4.2 Correlation of load paths with regions of highest reaction

In a static equilibrium, the loads/forces applied on different regions of the body should be
balanced by reaction forces arising at the support. The load paths are said to be paths
or trajectories that transmit the highest share of loads through the structure for a given
loading configuration. The hypothesis behind the U* index method is that the path with the
highest stiffness carries the highest load. As a means to test this hypothesis, the reaction
traction at the support boundary is calculated and plotted along the boundary coordinates
to check if there is indeed a correlation between the regions of highest reaction and the
point of intersection of the principal load path with the support boundary. This correlation
if achieved would serve as further validation for the use of U* index in finding load paths
through structures. The formula for calculating the traction from FE nodal reaction forces is
described below.

Let T'. C 092 be the constrained boundary where the reaction traction is to be measured. The
nodal reaction forces are given by the vector f o and the traction ¢, is to be computed.

fc—/ N t,dr (4.4.1)
e
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Upon inserting the Least squares approximation t.(z) = N_.(z) b where b is the nodal traction

vector, the equation becomes

= [ NN d'b=Mb (4.4.2)

4.5 Load Path Visualization in 3D structure

Figure 4.11: EleFanT - Electric Fan Thruster.

The Electric Fan Thruster, EleFanT [4.11] is the engine structure used for load path analysis
in the current thesis work. Due to the complex nature of the geometry and the high compu-
tational time associated with U* index computation, the geometry is cut into a section with
four guide veins. This section fairly represents the nature of the load transfer in the primary
structure when loaded under similar conditions. The cut section of the primary geometry
is shown in Figure [£.12b] Blue lines in Figure represent the planes used to cut the
geometry.

The simplified geometry is meshed using 3D first-order tetrahedral elements (Linear Elements)
as shown in Figure [£.13D] Several loading scenarios are studied to realize which guide veins
are active participants in the load transfer. Depending on the nature of the loads, different
guide veins are expected to be active in transferring loads.

The SpaceClaim software is used to perform the necessary geometry cleanup and perform
sectioning to simplify the geometry. The cleaned-up geometry is imported into ANSYS Work-
bench for meshing. A 10mm element size is used to mesh the geometry, and structural steel is
used for the material. The geometry is meshed with first-order tetrahedral elements, as shown
in Figure The relevantly named selections are made in the workbench to identify the
loaded and fixed nodes. Using the 'write input’ option, a ’.cdb’ file is written, used as the
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input file for ANSYS APDL mechanical solver. The CDB file contains the mesh information,
such as the element connectivity and nodal coordinates.

(a) Cut Planes. (b) Cut Section.

Figure 4.12: EleFanT geometry simplified.

The CDB file is imported into the ANSYS APDL batch solver for U* computation. The output
files from the batch solver, namely the element connectivity, nodal coordinates, element type
and U* index values, are used to create a VTK file in MATLAB. The generated VTK file acts
as the input file for post-processing in ParaView.

The ParaView software extracts the load paths and visualizes the load transfer for several
load cases.

0,000 0,350 0,700 (m)
[ e S—
0175 0525

(a) Simplified 3D Model. (b) First order tetrahedral mesh.

Figure 4.13: The EleFanT cad used for load path visualization.
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5 Results and Discussions

This section discusses the load path analysis results of the various load cases studied in the
current thesis work. Certain inferences are drawn from the results of 2D and 3D analysis. The
challenges faced in load path visualization and the potential solutions are discussed in detail.

5.1 Load Path Visualization in 2D Structure

A plate with a hole structure is analyzed under different loading and boundary conditions to
study the nature of the load paths through the structure.

5.1.1 Point Loading

Figure 5.1: Load path in a plate with hole structure under point loading

In order to review GKN’s previous load path visualization work, an APDL script was developed
to analyze a basic plate with a hole structure. The U* index method was used to conduct
load path analysis for a point-loading scenario as shown in Figure [5.1] The fixed boundary
has a U* index value of 0, while the loading point has a U* index value of 1.

The fixed boundary is chosen as the seeding edge for the initiation of streamlines as it has a
large enough dimension to enable a wide spread for seeding points. It can be observed that the
streamlines move through the plate, starting from the fixed boundary and reaching the loading
point. The stream tracer functionality of ParaView plots the streamlines by connecting the
U* gradient vectors tangentially starting from the seed points. Notably, each streamline is
distinct and does not intersect with any others.

The two streamlines highlighted using thick white tubes represent the principal load paths,
i.e. these are the paths through the structure that transfer the highest amount of load,
consequently, the stiffest paths. By definition, the principal load paths are represented by the
streamlines that pass through the highest gradient of the U* index, hence the stiffest route.
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Figure 5.2: Unfitted Uniformity and Continuity curve for the Principal Streamline

The two design criteria used to assess the uniformity of stiffness distribution and the abrupt
changes in the stiffness along the principal load path are expressed using the uniformity and
the continuity curves plotted in Figure|5.3l The Uniformity curves for the principal streamline
is shown in the Figure[5.3al The load paths generated by ParaView are made up of numerous
small line segments stitched together to make up the entire streamline. The cumulative length
of these line segments at each step is divided by the entire length of the streamline and this
normalized length is represented by the horizontal axis of the uniformity plot. The U* index
value is represented on the vertical axis.

The ideal or the desired condition is to have a uniform distribution of the stiffness throughout
the load path, which would yield a uniformity plot that is a straight line that goes from a
U* index value of 0 to 1, as indicated by the solid black line in Figure [5.3al The curved blue
line is the uniformity plot of the principal load path for the plate with the hole structure
loaded with a point load. From the plot, it is fair to conclude that the stiffness distribution in
the route of load transfer is not optimal. The structure could be stiffened further. The area
between the ideal and original uniformity curve could be reduced to optimize that structure.

It is to be noted that the uniformity curve generated from ParaView’s streamline data was
not smooth and required least squares fitting onto a curve of sufficient polynomial order.
This is especially important for generating the continuity curve, which is highly sensitive to
changes in direction of the uniformity curve. Figure [5.2| shows the uniformity and continuity
plots generated using unfitted data from ParaView. Figure [5.3| shows the plots after the
uniformity curve was fitted onto a polynomial of order 12. The fluctuations in the uniformity
and continuity data arise because of the numerical search algorithm that ParaView uses to
trace the load paths.

Since the stiffest path transfers majority of the loads, it would be a fair assumption that the
magnitude of reaction forces at the fixed support at these points should also be high. Based
on this, a study of the reaction traction along the support is shown in Figure 5.4, The vertical
axis of the plot represents the magnitude of the traction along support and the horizontal
axis represents the y-coordinate of the support edge, which in this case is the left edge of the
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plate. It could be observed from the figure that there is a noticeable kink at the end points
of the graph with unnatural peaks. This is a characteristic of the least squares fitting of the
traction values, and could therefore be neglected. Thus, it could be said that the highest
traction occurs at the end points of the fixed support.These reaction values are fairly close to
the principal load path initiation points on the support edge of the plate. Thus validating the
premises that the principal load paths represent a path of maximum load transfer.
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Figure 5.3: Uniformity and Continuity curve for Principal Streamline
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Figure 5.4: Reaction traction along fixed support
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5.1.2 Distributed Loading

Figure 5.5: Load path in a plate with hole structure under distributed loading.

The load path visualization when a distributed load is applied to a structure is one of the
specific goals of this thesis work. To achieve this, a plate with a hole structure is used for the
load path analysis. The load paths through the structure can be seen in Figure [5.5 when a
distributed load is applied on the right edge of the plate while the left edge is fixed.

The green-coloured streamlines which are supposed to be representative of the flow of load
through the structure do not travel from the entire support edge to the entire loading edge,
but only to two select regions on the loading edge. Hence it could be said that the U*
index method does not provide an accurate prediction for the entire flow of load through the
structure. However, it could be observed that the principal load paths denoted by thick white
tubes are found to be in good correlation of the highest reaction regions on the constrained
edge as shown in figure As a further step in validating the applicability of U* index in
determination of principal load paths, a case study is performed in the following section [5.1.6)
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Figure 5.6: Reaction traction along fixed support
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The uniformity and continuity curves plotted in figure suggest a non-uniform stiffness
distribution along the load path. The uniformity curve for the load path in figure lies
below the ideal uniformity curve given by the straight black line and therefore suggests a
necessity for increasing the stiffness.
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Figure 5.7: Uniformity and Continuity curve for Principal Streamline.

5.1.3 Point Bending Load

Figure 5.8: Load path in a plate with hole structure under point bending load

Both the loading cases studied previously were symmetric in terms of boundary conditions and
were also similar in the nature of loading (tensile). Moreover, the uniformity curves obtained
from those cases were both below the ideal line, suggesting a necessity for increase in stiffness.
However, different kinds of results are required for better insight into the uniformity and
continuity of load paths. Aimed at achieving a difference in pattern, this load case therefore
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employs an unsymmetric boundary condition with a bending load. This loading yields an
unsymmetric U* contour with a first principal load path and a second principal load path.

The first principal load path, i.e. the streamline with the highest gradient of U*, connects
the loading point with the top corner of the support edge as shown in figure |5.8] The highest
reaction along the support edge occurs at the top corner at y = 1 in figure 5.11] It can
therefore be concluded that there is a good correlation between the first principal load path
and the highest reaction region along the support.

Uniformity curve Continuity curve
1 10
0.8
5
2
0.6 2
# =
0.4 o
-5
0.2
0 -10
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
5 5
(a) Uniformity Curve (b) Continuity Curve.
Figure 5.9: Uniformity and Continuity curve for Principal Streamline 1
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Figure 5.10: Uniformity and Continuity curve for Principal Streamline 2
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The same can be said about the second principal load path, which in figure |5.8|is represented
by the thick white tube from the loading point to the bottom corner of the constrained
edge. A case study has also been performed for this system in section demonstrating
the significance of the first and second principal load paths and their impact on maximum
deformation in the structure. The case study concludes that the first principal load path is
the stiffest against deformation, followed by the second principal load path. Furthermore, the
uniformity curves in figures and show that the first principal load path has a higher
stiffness than the second, as inferred from the area between the actual and ideal curves. This
also support the conclusions from the case study.
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Figure 5.11: Reaction traction along fixed support

5.1.4 Distributed Loading at Multiple Interface

Figure 5.12: Load path in a plate with hole structure under single support and distributed
loading at multiple interfaces

In order to learn how the load paths through the structure would vary when multiple fixed
boundaries and multiple loading interfaces are present in the structure, a case study is done
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on the plate with a hole structure shown in Figure |5.12, The nature of the loading and the
fixtures are shown in Figure [4.7b]

The U* index values are calculated for all the nodes present in the structure, and the contour
of U* values are plotted across the structure domain. The maximum U* index values are
present at the loading interfaces, and the minimum value of 0 is present at the supports or
the fixed boundaries. The green-coloured streamlines represent the load paths propagating
through the structure shown in Figure [5.12] The two solid white streamlines are the principal
load paths of the system. These lines represent the stiffest path through the geometry and
transfer the maximum load from the loading points to the support.

The first principal load path at the top of the support boundary has the highest reaction
traction value, as shown in Figure |5.13l The second principal load path at the bottom of
the support boundary has the second-highest reaction traction value. Based on the traction
values, it can be concluded that the two principal load paths transfer the highest amount of
loads to the supports.

The uniformity and continuity curves which could be used as a design guide for optimizing the
structure, are plotted in Figure and [5.15] In the case of the first principal load path, the
uniformity curve indicates higher stiffness values initially followed by a decrease in stiffness
midway through its trajectory as shown in Figure [5.14al In the case of the second principal
load path, the uniformity curve shows higher than optimum stiffness values throughout its
trajectory as shown in Figure [5.15a], thus indicating the scope to optimize the structure by
reducing the stiffness and consequently reducing the area between the real and the ideal curves.
The continuity curves in both cases show significant curvature changes, which also

need to be reduced in the context of optimization.
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Figure 5.13: Reaction traction along the fixed boundary
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Figure 5.14: Uniformity and Continuity curve for Principal Streamline 1
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Figure 5.15: Uniformity and Continuity curve for Principal Streamline 2

5.1.5 Distributed Loading at Multiple Interface and with Multiple Constraints

In order to learn how the load paths through the structure would vary when multiple fixed
boundaries and multiple loading interfaces are present in the structure, a case study is done
on the plate with a hole structure shown in Figure |5.16, The nature of the loading and the
fixtures are shown in Figure 4.8|

The streamline initiation point is of great importance. As per the concept of load transfer by
the U* index method, the load is transferred from the points of applied load all the way to
the supports. If the streamlines are initiated from the loading boundary, a large number of
initiation points have to be chosen to get all the streamlines that propagate to the supports.
However, suppose the initiation points for the streamlines are chosen as the fixed boundary;,
which has the lowest U* index value. In that case, all the streamlines thus generated propagate
to the loading boundary, which gives a clear picture of how loads are transferred between the
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loading points and the supports. Therefore the supports are chosen as the streamline initiation
point.

Figure 5.16: Load streamlines for multiple interface case.

The load paths thus generated are depicted as green-coloured streamlines passing through the
structure as shown in Figure [5.16] The solid white lines represent the principal streamlines
of the system. However, it can be observed that the load streamlines from the top loading
boundary propagate to both the supports, but the load streamlines from the right edge loading
boundary do not travel to the fixed support at the left edge of the plate. This is because the
streamlines do not intersect each other. Mathematically if the streamlines intersect, it would
suggest that at the point of intersection, the U* gradients will have two different values, which
is not physically possible. Thus, this can be considered a limitation of the U* index method.
The load paths predicted in cases of multiple loading and multiple support conditions may
not be accurate.

In order to further illustrate the limitation of the U* index method, the net reaction forces
at the supports in the x-axis and y-axis direction are compared in the table It can be
observed that a higher percentage of reaction force in the x-axis direction is generated at the
left edge support even though no load paths from the loading boundary at the right edge go
to that support. This indicates that the load paths predicted by U* index method in cases
with multiple loading and support boundary conditions could be misleading.

Total Reaction | Fx (N) | Fy (N)

Left Support -6258 | -12269
Bottom Support | -5742 | -17731

Table 1: Total reaction force at the support boundaries of the plate.
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5.1.6 Case study to validate load path analysis

(a) Study-1 Load Path (b) Study-2 Load Path

Figure 5.17: The principal load path for the two study cases.

Study — 1

Figure shows the load paths through the plate structure for the boundary conditions
established in Figure [4.9a] The load streamlines in Figure are represented by the green
lines initiated from the fixed boundary on the left edge of the plate to the loading boundary
at the right edge. The principal load path representing the maximum transfer of load through
the structure is highlighted in white solid lines shown in Figure [5.174]

The plate domain is subjected to four different case studies. Figures [5.18al and [5.19a| show
the two cases where the highlighted areas lie on the principal load. Meanwhile, the other two
cases, depicted in Figures [5.18b| and [5.19b] show areas outside the primary load path.

The primary route that carries the maximum load in a structure is known as the principal
load path. In order to minimize the bending or deformation in the system, it is most efficient
to strengthen the specific areas of the plate that lie along the principal load path. Reinforcing
a different region outside of it may not have the same impact on reducing deflection.

(a) Case-1 area selected. (b) Case-2 area selected.

Figure 5.18: Area chosen for two cases in study-1.
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(a) Case-3 area selected. (b) Case-4 area selected.

Figure 5.19: Area chosen for two cases in study-1.

All five load cases are analysed, and the maximum deflection induced in the system is tabulated
as shown in the table 2] In the original case, the entire plate domain has a uniform thickness
of 5mm. The maximum deflection induced in the system is 0.52 mm.

Figure displays Case-1, where certain areas are highlighted with a thickness of 10mm
while the rest of the domain has a thickness of 5mm. The highlighted area in case-1 does not
pass through the principal load path. This increase in thickness in specific area segments sig-
nificantly enhances the overall stiffness of the structure, and the system’s maximum deflection
is reduced from 0.52mm to 0.509mm. There is a 2.1% decrease in the overall deflection.

In Figure [5.18D] the highlighted area passes through the principal load path and has a 10mm
thickness. The remainder of the domain has a bmm thickness. The maximum deflection
produced in the system is reduced from 0.52mm to 0.494mm. The reduction in the overall
deflection is 5%. It is evident that reinforcing areas through which the principal load path
passes significantly improve the system’s stiffness more than reinforcing other regions.

S1.No. Case | Max. Deflection (mm)
1 Original 0.520
2 Case-1 0.509
3 Case-2 0.494
4 Case-3 0.505
5) Case-4 0.510

Table 2: Maximum deflection induced for different cases in study-1.
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In Figure [5.19a] Case-3 displays highlighted areas that are 10mm thick, while the rest of the
domain measures 5mm in thickness. These areas are situated in the region where the principal
load path passes, resulting in a significant increase in stiffness for the entire structure. The
maximum deflection of the system is reduced from 0.52mm to 0.505mm, representing a 2.9%
decrease in overall deflection. On the other hand, Case-4, depicted in Figure [5.19D] features
reinforced areas outside the principal load path. This reduces the maximum deflection from
0.52mm to 0.51mm, a 1.9% reduction in the overall value.

An important observation here is that the principal load paths are the stiffest path through the
structure. The maximum deflection produced in the system for the same loading conditions
is significantly reduced when the stiffness along the principal load path is increased. This
implies that principal load paths could be used as a visual tool to optimize structures to
achieve desirable mechanical properties.

Study — 2

Four different cases are analysed in study-2 as well, shown in Figure and [5.21] In case-1
and case-4, the highlighted areas pass through the principal load path, whereas the areas in
case-2 and case-3 are not in the principal load path. The highlighted areas in all these cases
are reinforced by altering the plate thickness from 5mm to 10mm. The maximum deflection
induced in the structure is tabulated as shown [3] Based on deflection values in each case, it is
evident that reinforcing areas through which the principal load path passes result in a much
stiffer geometry. case-1 shows the lowest deflection value and is 12.26% lower than the original
plate, followed by case-4 with a reduction of 9% in maximum deflection. Cases 2 and 3 show
very close deflection values with reductions of 2.6% and 1.9% in displacement, respectively.

(a) case 1 for study-2 (b) case 2 for study-2

Figure 5.20: Area chosen for two cases in study-2.
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(a) case 1 for study-2 (b) case 2 for study-2

Figure 5.21: Area chosen for two cases in study-2.

Sl.No. Case | Max. Deflection (mm)
1 Original 0.0155
2 Case-1 0.0136
3 Case-2 0.0151
4 Case-3 0.0152
5 Case-4 0.0141

Table 3: Maximum deflection induced for different cases in study-2.

The two studies on the plate structure subjected to different loading conditions indicate that
the stiffest path in the system is the principal load path, which carries a significant portion
of the load transfer. By reinforcing the region through which the principal load path passes,
the stiffness of the structure is greatly enhanced, resulting in a reduction in overall deflection.
However, the stiffening effect is less efficient when reinforcements are added outside the prin-
cipal load path. Understanding the load paths through the structure offers valuable insights
into the distribution of stiffness within the system. While more research into the concept of
load path using the U* index theory is needed to make it practical, these load paths generated
using the theory could provide a means to modify the stiffness of the structure in strategic
locations to enhance overall stiffness without using more complex optimization methods like
topology optimization.

5.2 Load Path Visualization in 3D Structure

The load path analysis is performed on complex 3D structures. The geometry chosen for the
analysis is the Electric Fan Thruster (EleFanT).
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5.2.1 Load Case: Multiple Loading Interface

Figure 5.22: The boundary conditions applied on the EleFanT geometry.

The boundary conditions applied to the geometry are shown in Figure [5.22] Faces A and
B are fixed. A force of 100N in the negative x-axis direction and 75N in the z-direction is
distributed across face C. Meanwhile, A force of 95N in the x-axis direction and 85N in the
z-direction is distributed across face D.

The U* contours obtained from the load paths analysis are shown in Figure [5.23] The iden-
tification and plotting of streamlines in this case is done on the surface of the 3D structure,
as mentioned already in section of Methodology. This is due to the tendency of the
streamlines to halt at surfaces of thin-walled structures, and could be attributed to the direc-
tion of gradients not aligned with the plane of membrane. The U* index peaks at the loading
boundaries, which can be identified by the red regions. On the other hand, the fixed faces
are represented by the blue regions and have the lowest U* index values. According to the
U* index theory, the load paths seek the highest value of U* gradient when initiated from the
support boundaries. The load path analysis focuses on studying how the loads are transferred
from the loading point to the supports; hence in this case study, the load path initiation
points are taken at the supports. This would allow the streamlines to propagate through the
structure by seeking the highest U* gradient in the immediate vicinity.

In the case of complex geometry such as the one used in the current analysis, the ParaView
software stream tracer function is not able to generate the entire streamline path in one single
go. The streamlines from the supports propagate a certain distance and stop. It is observed
that the load streamlines come to a halt, usually when there are sudden direction changes in
the geometry. This problem is resolved to a significant extent by initiating the streamlines
again from the tail end of the previous streamline.

However, in certain cases, the re-initiation of streamlines from the tail of the previous stream-
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line also proves to be ineffective. One such observed case is when the streamline travels to
the center of a contour line and halts. Oftentimes, the contours generated by the U* index
method in such geometries are complex and involve local extremum points, represented by
circular contour lines. In such extremum points, the gradient is not unique and has the same
magnitude of change in all directions. One such instance of local maxima is shown in fig-
ure [5.25| where the streamlines do not propagate beyond the circular contour line, although
higher U* values can be observed on the guide veins. One possibility is that the algorithm in
ParaView is not equipped handle such complex contours, in which case an alternate platform
is required. It could also be possible that this is one of the shortcomings of the U* index
method, and further research is required in this field to shed light on this issue.

Figure shows the uniformity plot of the streamline from the point of support to the point
of loading. It highlights the different regions through which the streamline travels through the
structure. It can be seen that the uniformity curve lies well below the ideal line for a significant
part of the path from the point of support. The curve then experiences sudden change in U*
values followed by a smooth curve again. This is indicative of a very unevenly distributed
stiffness in the structure with respect to the current loading configuration. The steep rise in
the uniformity curve, denoted by the solid black line, occurs at the highlighted region in figure
This region could therefore be inferred as the stiffest part of the structure.
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Figure 5.23: Streamlines through the 3D Structure
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Figure 5.24: Uniformity curve and corresponding regions in the structure

Figure 5.25: Local maxima in U* contour
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6 Conclusion

The specific aims of the current thesis work have been successfully implemented. The results
obtained are explained and discussed in detail. The use of the U* index method to visualize
the load paths through a structure has the advantage that it does not rely on the stress
induced in the system. Thus stress concentrations do not influence the load paths.

The load path visualization on 2D structures reveals several vital observations. Due to the
simple nature of the geometry, the number of elements present in the mesh is significantly
less, and the computation time is less compared to complex 3D structures. The cases studied
in the current work highlight how the load paths are influenced by the loading and boundary
conditions. When compared with the principal load path, the traction magnitude shows that
the highest reaction happens in close proximity to the area where the principal load path
meets the supports. The validation study further consolidates that the principal load paths
represent the paths of high relative stiffness in the structure. When such load trajectories
are reinforced, the overall stiffness of the geometry is enhanced, as evidenced by the lower
deflection produced in the system.

The load path visualization on 3D structures poses several challenges. Due to the complex
nature of the geometry, a relatively large number of elements are required to represent the
structure for finite element analysis. The U* index method is computationally expensive.
The engine structure analyzed in the current work requires an overall runtime of 14hrs in the
solution phase. The inspection method shows significant time reduction and has the advantage
that if the loading and support boundaries remain the same, the geometry can be analyzed
for different load cases by extracting the stiffness matrix of the finite element system from the
initial analysis run. Thus the subsequent load cases can be analyzed quickly.

The load path visualization in ParaView for complex structures is challenging. The sudden
geometric changes in the structure make the visualization routine difficult. Since the functions
built into ParaView are not aimed explicitly at visualizing load paths, the sudden geometric
changes make the streamlines stop in their path abruptly. The streamlines need to be initiated
multiple times to enable them to propagate from the supports to the loading boundary. In
some cases, the load path is only partially generated despite multiple initiations. This is
undoubtedly a limitation of the post-processing routine, and a better alternative needs to be
explored, which might give the user better control over the load path initiation process and
the trajectory seeking based on the U* gradients.

Another observation based on the case studies done in the current work is that multiple loading
interfaces cannot be reliably predicted using the U* index method. This is mainly because
the U* index method, by definition, assigns the maximum value to the loading boundaries
and does not take into account the magnitude or direction of the loading. The load paths
generated for multiple loading interface cases could be misleading. This problem could be
overcome by assigning the loads one at a time and superimposing the generated streamlines
to get a general understanding of the load transfer. This approach certainly needs further
investigation and is out of the scope of the current thesis work.
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7 Future Work

Due to the time constraints involved in the current thesis work, certain studies could not be
executed successfully. These can be implemented and further explored in future work.

1. All the cases studied in the present work do not consider the rotational degrees of freedom
of nodes. Using shell elements with all six degrees of freedom could potentially make the
computation less expensive and resolve the problem of load paths not travelling through
the structure. In this case, the mid-surface geometry of the structure could be used,
which is much less complex than the whole 3D geometry.

2. The current analysis is limited to elastic isotropic materials. Research has been done to
use the U* index method on orthotropic materials, which could expand the use of load
path visualization to composite materials.

3. The current work has not explored the practical applicability of uniformity and continu-
ity plots. These plots could potentially be used for topological optimization. This new
avenue needs to be further explored in future work.

4. Other post processing software need to be explored to overcome the challenges faced in
complex geometric structures where the load paths do not propagate through the entire
geometry. A better post processing routine that enable fine control over the propagation
of streamlines and that can account for the sudden geometric changes in the structure.
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8 Appendix

8.0.1 APDL Script for K¢ extraction - Inspection Load Method

/NOPR I Suppress printing of UNDO process
/PMACRO ! Echo following commands to log

FINISH ! Make sure we are at BEGIN level
/CLEAR,NOSTART ! Clear model since no SAVE found

! /FILNAME,Plate_with_Hole_Dist_Insp,O0
I /CWD, ’P:\nobackup\KBEIMP\Ram&Santhosh\Plate_With_Hole\Triall3’
/TITLE,Plate_with_Hole_Dist_Insp

CDREAD,DB, /project/nobackup/KBEIMP/Ram_Santhosh/ElefantTriall/Elefant, cdb
DOF_PER_NODE = 2 ! 2D problem
/REPLOT

I DEFINE NODE SETS
NSEL, ALL

CM, TOTNODES, NODE
NSEL, U,,, FIXNODES
NSEL, U,,, LOADNODES
CM, FREENODES, NODE

! GET THE NODE COUNTS

NSEL, S,,, FIXNODES

*GET, NUM_FIX_NODES, NODE, O, COUNT

NSEL,S,,, LOADNODES

*GET, NUM_LOAD_NODES, NODE, O, COUNT
NSEL,S,,, FREENODES

*GET, NUM_FREE_NODES, NODE, O, COUNT
NSEL,S,,, TOTNODES

*GET, NUM_TOT_NODES, NODE, O, COUNT

I EXTRACT NODE NUMBERS IN A VECTOR
NSEL, S,,, FIXNODES

*VGET, FIX_NODES_LIST, NODE, O ,NLIST
NSEL,S,,, LOADNODES

*VGET, LOAD_NODES_LIST, NODE, O ,NLIST
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NSEL,S,,, FREENODES
*VGET, FREE_NODES_LIST, NODE, O ,NLIST

/PREP7 ! Enter the preprocessor
ALLSEL
D,FIXNODES,ALL,ALL ! A1l dofs of the fix nodes to zero

F,LOADNQODES,FX, 10000

SOLVE

/POST1

SET,

/P0OST26
ENERSOL, 2, SENE, , STRAINENERGY

lkommer fran Time history variables

FILE,, lkan nog behodva &ndra har
/UI,COLL,1

NUMVAR, 200

SO0LU,191,NCMIT

STORE ,MERGE

FILLDATA,191,,,,1,1

REALVAR, 191,191

*GET ,U_VALUE,VARI,2, REAL,1 ! Store the Strain energy value

'Exporting U-value
*cfopen,U_value.csv
*VWRITE,U_VALUE
(F15.13)

*cfclose

*DIM, LOADNODE_DISP,ARRAY,NUM_LOAD_NODES,2
*xD0, I, 1,NUM_LOAD_NODES
*GET , LOADNODE_DISP(I,1),NODE,LOAD_NODES_LIST(I),U,X
*GET , LOADNODE_DISP(I,2) ,NODE,LOAD_NODES_LIST(I),U,Y
*ENDDO
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*DIM, FREENODE_DISP,ARRAY,NUM_FREE_NODES,2
*D0, I, 1,NUM_FREE_NODES
*GET ,FREENODE_DISP(I,1) ,NODE,FREE_NODES_LIST(I),U,X
*GET ,FREENODE_DISP(I,2) ,NODE,FREE_NODES_LIST(I),U,Y
*ENDDO

*MWRITE,LOADNODE_DISP,A_da.csv ! COMMA ISSUE RESOLVED
(F18.14,F18.14)

*MWRITE,FREENODE_DISP,A_dc.csv I COMMA ISSUE RESOLVED
(F18.14,F18.14)

ittt Do the looping --—-——=—==-==-————————-
/PREP7 ! Enter the processorer

IFixing the loading point and and supporting points
ALLSEL

FDELE, ALL

D,FIXNODES,ALL,ALL

D,LOADNODES,ALL,ALL

*D0,I,1,NUM_FREE_NODES*2

ALLSEL

*IF,I,LE,NUM_FREE_NODES, THEN
F,FREE_NODES_LIST(I),FX,-15000!
F,FREE_NODES_LIST(I),FY,-20000!

*ELSEIF,I,GT,NUM_FREE_NODES
F,FREE_NODES_LIST(I-NUM_FREE_NODES) ,FX,-17500!
F,FREE_NODES_LIST(I-NUM_FREE_NODES) ,FY,-22500!

*ENDIF

ALLSEL

LSWRITE, I I Write loadstep

FDELE,ALL !DELETING ALL FORCES FOR NEW LOOP
*ENDDO

ALLSEL
LSSOLVE, 1 ,NUM_FREE_NODES*2 !solving each load step
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IDET AR HAR JAG VALJER REAKTIONKRAFTERNA

/postl

SET,

*DIM, DC,ARRAY,NUM_FREE_NODES, 4
*D0,I,1,NUM_FREE_NODES*2

*IF,I,LE,NUM_FREE_NODES, THEN
SET,,, ,,, »1
*GET,DC(I,1) ,NODE,FREE_NODES_LIST(I),U,X
*GET,DC(I,2) ,NODE,FREE_NODES_LIST(I),U,Y
*ELSEIF,I,GT,NUM_FREE_NODES
SET,,, ,,, ,I
*GET ,DC(I-NUM_FREE_NODES, 3) ,NODE,FREE_NODES_LIST(I-NUM_FREE_NODES),U,X
*GET ,DC(I-NUM_FREE_NODES,4) ,NODE,FREE_NODES_LIST(I-NUM_FREE_NODES),U,Y
*ENDIF

*ENDDQO

*MWRITE,DC,AA_DC.csv I COMMA ISSUE RESOLVED
(F18.14,F18.14,F18.14,F18.14)

Inar jag exporterar datan
FILE,,

/UI,COLL,1

NUMVAR, 200

SOLU, 191 ,NCMIT
STORE,MERGE
FILLDATA,191,,,,1,1
REALVAR, 191,191

N EXTRACTING REACTION FORCES at node set A’ -————————————-

I Extract x component of reaction forces
*DIM,RF_X,ARRAY,NUM_FREE_NODES*DOF_PER_NODE,NUM_LOAD_NODES

*D0,I,1,NUM_LOAD_NODES

RFORCE,2,L0OAD_NODES_LIST(I),F,X,FX_2
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STORE,MERGE
VGET,RF_X(1,I),2

*ENDDO

I Extract y component of reaction forces
*DIM,RF_Y,ARRAY,NUM_FREE_NODES*DOF_PER_NODE,NUM_LOAD_NODES

*D0,I,1,NUM_LOAD_NODES

RFORCE,3,L0AD_NODES_LIST(I),F,Y,FY_3
STORE, MERGE

VGET,RF_Y(1,1),3

*ENDDQO

*MWRITE,FREE_NODES_LIST,A_freenode_number,txt ! FOR Ux COMPUTATION IN MATLAB
(F10.0)

I Save time history variables to file

*MWRITE,RF_X,A_reaction_x,txt
(F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4, . ..
F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4)

I Save time history variables to file

*MWRITE,RF_Y,A_reaction_y,txt
(F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4, . ..
F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4,F15.4)

ALLSEL

*GET ,ELEM_NO_MIN,ELEM, O,NUM,MIN
*GET ,ELEM_NO_MAX,ELEM, O,NUM, MAX
*GET ,ELEM_COUNT,ELEM, O, COUNT
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*DIM,PA,ARRAY,2xNUM_LOAD_NODES, 2
*DIM,DC_EACH_FREE_NODE, ARRAY, 2,2

I each column of K_AC_FREENODES forms K_AC for a freenode C
*DMAT ,K_AC_FREENODES,D, ALLOC,NUM_LOAD_NODES*DOF_PER_NODE**2 ,NUM_FREE_NODES

*D0,I,1,NUM_FREE_NODES
*D0, J,1,NUM_LOAD_NODES

I 1st load step for each node
*SET,PA(2%J-1,1) ,RF_X(I,J)
*SET,PA(2%J,1) ,RF_Y(I,J)

I 2nd load step for each node
*xSET,PA(2%J-1,2) ,RF_X(NUM_FREE_NODES+I, J)
*xSET,PA(2%J,2) ,RF_Y(NUM_FREE_NODES+I,J)

*ENDDO

*SET,DC_EACH_FREE_NODE(1,1),DC(I,1)
*SET ,DC_EACH_FREE_NODE(1,2) ,DC(I,3)
*SET,DC_EACH_FREE_NODE(2,1) ,DC(I,2)
*SET,DC_EACH_FREE_NODE(2,2) ,DC(I,4)

*MOPER, INVDC,DC_EACH_FREE_NODE, INVERT
*MOPER,K_AC,PA,MULT, INVDC

*D0, J,1,D0F_PER_NODE
*D0,K,1,NUM_LOAD_NODES*DOF_PER_NODE
ROWIND = (J-1)*NUM_LOAD_NODES*DOF_PER_NODE+K
K_AC_FREENODES (ROWIND,I) = K_AC(K,J)
*ENDDO
*ENDDO

*ENDDQO

SAVE ! SAVES DATABASE TO JOBNAME.DB
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o EXPORTING DATA --------—————————————
*cfopen,element_type.txt
I 1ist element types
*GET ,net ,ETYP,1,NUM, COUNT
*D0,1,1,net
*GET ,ETname,ETYP,i,ATTR,ENAM
*VWRITE, ’ET ’,i,’ ’,ETname
(A3, F4.0, A1, F4.0)
*ENDDO
*cfclose

I format output for nodes, elements and stress listings
/PAGE, 1E9,, 1E9,, ! disable headers

/FORMAT, , ,14,5, , ! fix floating point format

/HEADER, off, off, off, off, on, off ! disable summaries

/P0OST26

/OUTPUT,NLIST,txt

NLIST,,,,COORD ! print nodes w. coordinates
/OUTPUT

/OUTPUT,ELIST, txt
ELIST ! print element connectivity table
/OUTPUT

! /POST1

! /OUTPUT,DISP, txt

IPRNSOL,U ! print all displacements
! /OUTPUT

| save K_AC matrices
*EXPORT,K_AC_FREENODES,MAT,K_AC_FREENODES

/DELETE, ,rst
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8.0.2 APDL Script for U* computation - Inspection Load Method

/NOPR I Suppress printing of UNDO process
/PMACRO ! Echo following commands to log

FINISH ! Make sure we are at BEGIN level
/CLEAR,NOSTART ! Clear model since no SAVE found

| /FILNAME, Tet_Elefant,O
! /CWD, ’P:\nobackup\KBEIMP\Ram&Santhosh\Plate_With_Hole\Triall3’
/TITLE,Tet_Elefant

I *DIM,CDBFILE, STRING, 32

I *DIM,PWD,STRING, 150

I *xDIM, FULLPATH, STRING, 150

| /INQUIRE,PWD,DIRECTORY

ICDBFILE(1) = ’Plate_with_Hole_distributed’
I *SET, FULLPATH(1) , > %PWD (1) %/%CDBFILE(1)%’

|CDREAD, DB, ’%FULLPATH(1)%’ ,CDB
CDREAD,DB, <path>/Elefant, cdb
DOF_PER_NODE = 3 ! 3D problem
/REPLOT

! DEFINE NODE SETS

NSEL, ALL

CM, TOTNODES, NODE

NSEL, U,,, FFACE_1

NSEL, U,,, FFACE_2

NSEL, U,,, LFACE_1

NSEL, U,,, LFACE_2

CM, FREENODES, NODE

' GET THE NODE COUNTS

NSEL, S,,, FFACE_1

NSEL, A,,, FFACE_2

*GET, NUM_FIX_NODES, NODE, O, COUNT
NSEL,S,,, LFACE_1

NSEL,A,,, LFACE_2

*GET, NUM_LOAD_NODES, NODE, 0, COUNT
NSEL,S,,, FREENODES

*GET, NUM_FREE_NODES, NODE, 0O, COUNT
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NSEL,S,,, TOTNODES
*GET, NUM_TOT_NODES, NODE, O, COUNT

I EXTRACT NODE NUMBERS IN A VECTOR
NSEL, S,,, FFACE_1

NSEL, A,,, FFACE_2

*VGET, FIX_NODES_LIST, NODE, O ,NLIST
NSEL,S,,, LFACE_1

NSEL,A,,, LFACE_2

*VGET, LOAD_NODES_LIST, NODE, O ,NLIST
NSEL,S,,, FREENODES

*VGET, FREE_NODES_LIST, NODE, O ,NLIST

/PREP7 ! Enter the preprocessor
ALLSEL
D,FFACE_1,ALL,ALL I A1l dofs of the fix nodes to zero

D,FFACE_2,ALL,ALL

F,LFACE_1,FX,100/17
F,LFACE_1,FZ,125/17

F,LFACE_2,FX,100/53
F,LFACE_2,FZ,110/53

ittt Solve the problem ---------=——--—-—————-
/SOLU ! Enter the solution
SOLVE

/POST1

SET,

/P0OST26
ENERSOL, 2, SENE, , STRAINENERGY

lkommer fran Time history variables

FILE,, 'kan nog behova &andra héar
/UI,COLL,1

NUMVAR, 200

SOLU, 191 ,NCMIT
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STORE ,MERGE
FILLDATA,191,,,,1,1
REALVAR, 191,191

*GET,U_VALUE,VARI,2, REAL,1 ! Store the Strain energy value

lExporting U-value
xcfopen,U_value.csv
*VWRITE,U_VALUE
(F15.13)

*cfclose

xDIM, LOADNODE_DISP,ARRAY,NUM_LOAD_NODES,DOF_PER_NODE
*xD0, I, 1,NUM_LOAD_NODES
*GET , LOADNODE_DISP(I,1),NODE,LOAD_NODES_LIST(I),U,X
*GET , LOADNODE_DISP(I,2),NODE,LOAD_NODES_LIST(I),U,Y
*GET , LOADNODE_DISP(I,3) ,NODE,LOAD_NODES_LIST(I),U,Z
*ENDDO

*DIM, FREENODE_DISP,ARRAY,NUM_FREE_NODES,DOF_PER_NODE
xD0, I, 1,NUM_FREE_NODES
*GET , FREENODE_DISP(I,1) ,NODE,FREE_NODES_LIST(I),U,X
*GET , FREENODE_DISP(I,?2),NODE,FREE_NODES_LIST(I),U,Y
*GET , FREENODE_DISP(I,3),NODE,FREE_NODES_LIST(I),U,Z
*ENDDO

*MWRITE,LOADNODE_DISP,A_da.csv I COMMA ISSUE RESOLVED
(F18.14,F18.14)

*MWRITE,FREENODE_DISP,A_dc.csv I COMMA ISSUE RESOLVED
(F18.14,F18.14)

*DIM,U_STAR,ARRAY,NUM_TOT_NODES, 2

I assign node numbers
*D0,I,1,NUM_TOT_NODES

*SET,U_STAR(I,1),I
*ENDDO

I assign Ux=1 for load nodes
*D0,I,1,NUM_LOAD_NODES
*SET ,U_STAR(LOAD_NODES_LIST(I),2),1
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*ENDDO

! assign U*=0 for fixed nodes
*D0,I,1,NUM_FIX_NODES

*SET,U_STAR(FIX_NODES_LIST(I),2),0
*ENDDO

*DIM,LOADNODE_DISP_VEC,ARRAY,1,DOF_PER_NODE*NUM_LOAD_NODES
*D0,I,1,NUM_LOAD_NODES
*SET, LOADNODE_DISP_VEC(1,3%I-2),LOADNODE_DISP(I,1)
*SET , LOADNODE_DISP_VEC(1,3*I-1),LOADNODE_DISP(I,2)
*SET,LOADNODE_DISP_VEC(1,3*I) ,LOADNODE_DISP(I,3)
*ENDDQO

*DIM,PA,ARRAY,DOF_PER_NODE*NUM_LOAD_NODES,DOF_PER_NODE
*DIM,DC_EACH_FREE_NODE, ARRAY,DOF_PER_NODE,DOF_PER_NODE
*DIM,FREENODE_DISP_EACH_NODE, ARRAY,DOF_PER_NODE, 1

! import the K_AC matrices created using ComputeKAC.inp
*DMAT ,K_AC_FREENODES,D, IMPORT,MAT,<path>/K_AC_FREENODES
*DIM,K_AC,ARRAY,NUM_LOAD_NODES*DOF_PER_NODE,DOF_PER_NODE

*D0,I,1,NUM_FREE_NODES

*D0, J,1,D0F_PER_NODE
*D0,K,1,NUM_LOAD_NODES*DOF_PER_NODE
ROWIND = (J-1)*NUM_LOAD_NODES*DOF_PER_NODE+K
K_AC(K,J) = K_AC_FREENODES(ROWIND,I)
*ENDDO
*ENDDO

*SET ,FREENODE_DISP_EACH_NODE(1,1) ,FREENODE_DISP(I,1)

*SET , FREENODE_DISP_EACH_NODE(2,1) ,FREENODE_DISP(I,2)

*SET , FREENODE_DISP_EACH_NODE(3,1) ,FREENODE_DISP(I,3)
*MOPER, PROD1,K_AC,MULT, FREENODE_DISP_EACH_NODE
*MOPER,DENOM, LOADNODE_DISP_VEC,MULT,PROD1

*SET ,DVAR1,DENOM(1,1)
*SET,U_STAR(FREE_NODES_LIST(I),2),1/(1 - 2xU_VALUE/DVAR1)

*ENDDQO
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STATUS, U_STAR

SAVE ! SAVES DATABASE TO JOBNAME.DB

- EXPORTING DATA --—-———-——————————————
*cfopen,element_type.txt
I 1ist element types
*GET ,net ,ETYP,1,NUM, COUNT
*D0,1,1,net
*GET ,ETname,ETYP,1i,ATTR,ENAM
*VWRITE, ’ET ’,i,’ ’,ETname
(A3, F4.0, A1, F4.0)
*ENDDO
*cfclose

*MWRITE,U_STAR,U_STAR, txt
(F10.0,F10.6,F10.6,F10.6,F10.6)
16 digit precision. if you want more precision, increase’x’ in F10.x

I format output for nodes, elements and stress listings
/PAGE, 1E9,, 1E9,, ! disable headers

/FORMAT, , ,14,5, , ! fix floating point format
/HEADER, off, off, off, off, on, off ! disable summaries

/P0OST26

/OUTPUT,NLIST,txt

NLIST,,,,COORD ! print nodes w. coordinates
/0OUTPUT

/O0UTPUT,ELIST,txt
ELIST ! print element connectivity table
/OQUTPUT

! /POST1

! /OUTPUT,DISP, txt

IPRNSOL,U ! print all displacements
! /OUTPUT

! /DELETE, ,rst

62



LOAD PATH VISUALIZATION IN ENGINE STRUCTURES

8.0.3 Python Macro for ParaView

# INPUT TO BE MODIFIED FOR EVERY PROBLEM
num_streamlines = 50

ParentFolder = ’</path>’

VTKFileName = ’Plate_with_hole_bending.vtk’

DIRECTIONS:

Change streamTracerl.SeedType.Pointl to change the streamTracer Line Source
File ’streamline_<I>.csv’ contains data for the <I>th streamline #COMMENTED
File ’streamline_i.csv’ temporarily stores point data for finding the
highest gradient streamline, i.e. the principal streamline

# Point data for the principal streamline stored in ’principal_streamline_<P>
.csv’

H O H H H =

#### import csv reader
import csv

#### import numerical library
#import numpy as np

#### import the simple module from the paraview
from paraview.simple import *

#### disable automatic camera reset on ’Show’
paraview.simple._DisableFirstRenderCameraReset ()

# create a new ’Legacy VIK Reader’
plate_with_holevtk = LegacyVTKReader (FileNames=[ParentFolder+VTKFileName])

# get active view

renderViewl = GetActiveViewOrCreate(’RenderView’)
# uncomment following to set a specific view size
# renderViewl.ViewSize = [1233, 807]

# show data in view

plate_with_holevtkDisplay = Show(plate_with_holevtk, renderViewl)
# trace defaults for the display properties.
plate_with_holevtkDisplay.Representation = ’Surface’

# reset view to fit data
renderViewl.ResetCamera()
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#changing interaction mode based on data extents
renderViewl.InteractionMode = ’2D’
renderViewl.CameraPosition = [1.0, 0.5, 10000.0]
renderViewl.CameraFocalPoint = [1.0, 0.5, 0.0]

# show color bar/color legend
plate_with_holevtkDisplay.SetScalarBarVisibility(renderViewl, True)

# update the view to ensure updated data information
renderViewl.Update()

# get color transfer function/color map for ’U_star’
u_starLUT = GetColorTransferFunction(’U_star’)
u_starLUT.ScalarRangeInitialized = 1.0

# Properties modified on u_starLUT
u_starLUT.NumberOfTableValues = 10

# create a new ’Gradient 0f Unstructured DataSet’
gradientOfUnstructuredDataSetl = GradientOfUnstructuredDataSet(Input=...
plate_with_holevtk)

# show data in view

gradientOfUnstructuredDataSet1Display = Show(gradientOfUnstructuredDataSetl, ...
renderViewl)

# trace defaults for the display properties.
gradientOfUnstructuredDataSet1Display.Representation = ’Surface’

# hide data in view
Hide(plate_with_holevtk, renderViewl)

# show color bar/color legend
gradientOfUnstructuredDataSet1Display.SetScalarBarVisibility(renderViewl,
True)

# update the view to ensure updated data information
renderViewl.Update()

# set scalar coloring
ColorBy(gradientOfUnstructuredDataSet1Display, (’POINTS’, ’Gradients’,
’Magnitude’))

# Hide the scalar bar for this color map if no visible data is colored by it.
HideScalarBarIfNotNeeded(u_starLUT, renderViewl)
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# rescale color and/or opacity maps used to include current data range

gradientOfUnstructuredDataSet1Display.RescaleTransferFunctionToDataRange. ..

(True, False)

# show color bar/color legend
gradientOfUnstructuredDataSet1Display.SetScalarBarVisibility(renderViewl,
True)

# get color transfer function/color map for ’Gradients’

gradientsLUT = GetColorTransferFunction(’Gradients’)
gradientsLUT.RGBPoints = [0.0037388897989653245, 0.231373, 0.298039,
0.752941, 1.5768434242596319, 0.865003, 0.865003, 0.865003,
3.1499479587202983, 0.705882, 0.0156863, 0.14902]
gradientsLUT.ScalarRangeInitialized = 1.0

# hide data in view
Hide(gradientOfUnstructuredDataSetl, renderViewl)

# set active source
SetActiveSource(plate_with_holevtk)

# show data in view
plate_with_holevtkDisplay = Show(plate_with_holevtk, renderViewl)

# show color bar/color legend
plate_with_holevtkDisplay.SetScalarBarVisibility(renderViewl, True)

# reset view to fit data
renderViewl.ResetCamera()

# set active source
SetActiveSource(gradientOfUnstructuredDataSetl)

# create a new ’Stream Tracer’
streamTracerl = StreamTracer(Input=gradientOfUnstructuredDataSet1,
SeedType="High Resolution Line Source’)

# Properties modified on streamTracerl.SeedType
streamTracerl.SeedType.Pointl = [0.0, 0.01, 0.0]

# Properties modified on streamTracerl.SeedType
streamTracerl.SeedType.Point2 = [0.0, 0.49, 0.0]

streamTracerl.SeedType.Resolution = num_streamlines-1

# Properties modified on streamTracerl
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streamTracerl.InitialStepLength = 0.01
streamTracerl.MaximumStepLength = 0.02
streamTracerl.MaximumSteps = 20000
streamTracerl.MaximumStreamlineLength = 200.0

# show data in view

streamTracer1Display = Show(streamTracerl, renderViewl)
# trace defaults for the display properties.
streamTracer1Display.Representation = ’Surface’

# hide data in view
Hide(gradientOfUnstructuredDataSetl, renderViewl)

# show color bar/color legend
streamTraceriDisplay.SetScalarBarVisibility(renderViewl, True)

# update the view to ensure updated data information
renderViewl.Update ()

# Hide the scalar bar for this color map if no visible data is colored by it.
HideScalarBarIfNotNeeded(u_starLUT, renderViewl)

# create a new ’Threshold’
thresholdl = Threshold(Input=streamTracerl)

# Properties modified on thresholdl
thresholdl.Scalars = [’CELLS’, ’SeedIds’]
thresholdl.ThresholdRange = [0.0, 0.0]

# show data in view

thresholdiDisplay = Show(thresholdl, renderViewl)
# trace defaults for the display properties.
threshold1Display.Representation = ’Surface’

# hide data in view
Hide(streamTracerl, renderViewl)

# show color bar/color legend
threshold1Display.SetScalarBarVisibility(renderViewl, True)

# update the view to ensure updated data information
renderViewl.Update()

# destroy renderViewl
Delete(renderViewl)
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del renderViewl

# Create a new ’SpreadSheet View’
spreadSheetViewl = CreateView(’SpreadSheetView’)
spreadSheetViewl.ColumnToSort = ’’
spreadSheetViewl.BlockSize = 1024L

# uncomment following to set a specific view size
# spreadSheetViewl.ViewSize = [400, 400]

# get layout
layoutl = GetLayout ()

# place view in the layout
layoutl.AssignView(0, spreadSheetViewl)

# show data in view
threshold1Display = Show(thresholdl, spreadSheetViewl)

# Looping through seed points

FileName = ’streamline_’

Extension = ’.csv’

#for i in range(num_streamlines):

#

# # Properties modified on thresholdl

# thresholdl.ThresholdRange = [i, il

#

# # update the view to ensure updated data information

# spreadSheetViewl.Update ()

#

# # export view

# ExportView(ParentFolder+FileName+str(i)+Extension, view=spreadSheetViewl)
# ____________________________________________________________________________

# set active source
SetActiveSource(thresholdl)

# create a new ’Calculator’
calculatorl = Calculator (Input=thresholdl)

# Properties modified on calculatorl
calculatorl.ResultArrayName = ’GradMag’

calculatorl.Function = ’mag(Gradients)’

# Initializing streamline length vector
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streamlineGrad = []
for i in range(num_streamlines):

# Properties modified on thresholdl
thresholdl.ThresholdRange = [i, 1i]

# update the view to ensure updated data information
spreadSheetViewl.Update ()

# export view
ExportView(ParentFolder+’streamline_i.csv’, view=spreadSheetViewl)

# reading csv data

with open(ParentFolder+’streamline_i.csv’,’r’) as file:
csv_data = csv.reader(file)
csv_list = list(csv_data)

# storing streamline lengths
streamlineGrad.append(float(csv_list[1] [2]))

principalStreamline = streamlineGrad.index(max(streamlineGrad))

# Properties modified on thresholdl
thresholdl.ThresholdRange = [principalStreamline, principalStreamline]

# show data in view
threshold1Display = Show(thresholdl, spreadSheetViewl)

# update the view to ensure updated data information
spreadSheetViewl.Update ()

# export view
ExportView(ParentFolder+’principal_streamline_’+str(principalStreamline)+. ..
’.csv’, view=spreadSheetViewl)
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8.0.4 MATLAB function to generate VTK file

clear
close all
clc

fileIdl = fopen(’Plate_with_hole_DL_MS.vtk’,’w’); %open file for writing;
discard existing contents

fprintf(fileldl,’# vtk DataFile Version 2.0 \n’);

fprintf(fileldl, ’Unstructured Grid - Plate with hole 2D \n’);

Jread data

nlist = readtable(’NLIST.txt’); % get the locations of the nodes
u_star = readtable(’U_STAR.txt’); % Ux data ’ ’Delimiter’,’ 7,
’MultipleDelimsAsOne’, true

etable = readtable(’ELIST.txt’); % get the element-nodes connectivity
element_type = fgets(fopen(’element_type.txt’));

element_type = str2num(element_type(9:end));

hconvert it to array

nlist = table2array(nlist);

u_star = table2array(u_star);

etable = int64(table2array(etable));

etable(:,2:6) = []; Yremoving useless columns from ELIST
nodes_per_element = length(etable(1l,:))-1 ;

etable(:,all(etable == 0))=[]; % remove all the zero columns
etable=etable-1; 7 because the indexing in paraview starts from O not from 1
etable_vtk = etable ;

etable_vtk(:,1) = nodes_per_element; 7 insert the number of nodes for ...
element in the first column

if element_type == 181 || element_type == 182
cell_type = 9;
elseif element_type == 183
cell_type = 23;
elseif element_type == 185
cell_type = 12;
elseif element_type == 186
cell_type = 25;
elseif element_type == 187
cell_type = 24;

end
% if nodes_per_element == 20
b cell_type = 25;
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% end
Do

fprintf (fileId1,’ASCII \n’);
fprintf(fileIdl, ’DATASET UNSTRUCTURED_GRID \n’);
% Define points
fprintf (fileIdl, ’\nPOINTS Jd float \n’, length(nlist(:,1)));
for i =1 :length(nlist(:,1))
fprintf(fileldl,’%d ’,nlist(i,[2:4]));
fprintf(fileIdl,’\n ’);
end
% define cells
fprintf (fileIdl, ’\nCELLS %d %d \n’, length(etable(:,1)),
size(etable,1)*size(etable,2));

for i =1 :length(etable_vtk(:,1))
fprintf(fileldl, ’%d °’, etable_vtk(i,:));
% order is changed because of the format
fprintf(fileldl,’\n ’);

end

Tolh

% define cell data

fprintf (fileIdl,’\nCELL_TYPES %d \n’,length(etable(:,1)));

for i =1 :length(etable(:,1))
fprintf(fileldl,’%d \n’, cell_type );

end

fprintf(fileIdl, ’POINT_DATA %d \n’,length(nlist(:,1)));
fprintf(fileIdl,’SCALARS U_star float 1 \n’);
fprintf(fileIdl,’LOOKUP_TABLE default \n’);
for i= 1:length(nlist(:,1))

fprintf(fileldl,’%d \n’, u_star(i,2) );
end

figure

plot3(nlist(:,2),nlist(:,3),nlist(:,4),’*’)

hold on

% text(nlist(:,2),nlist(:,3),nlist(:,4),string(nlist(:,1)))
% axis equal
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8.0.5 MATLAB script for Uniformity and Continuity plots

close all
clear
clc

M = dlmread(’principal_streamline_82.csv’,’,’,1,1);
XYZ = M(:,9:11);
Ustar = M(:,13);

lengthInc = zeros(length(XYZ),1);
lengthInc(2:end) = sqrt( sum( (XYZ(2:end,:)-XYZ(l:end-1,:)).72 ,2) );
streamlineCoord = zeros(size(lengthInc));
for i=1:length(streamlineCoord)
streamlineCoord(i) = sum(lengthInc(1:i));
end

s = streamlineCoord/streamlineCoord(end); %normalised streamline coordinate

%% Polynomial fitting

% Making a sufficient order polynomial fit for curvature values
p = polyfit(s,Ustar,12);

sfit = linspace(0,1,101);

Ustarfit = polyval(p,sfit);

%% Uniformity plot

figl = figure(1);

% yyaxis left
plot(sfit,Ustarfit,’-b’,’LineWidth’,1.4)
ylim([0,11)

hold on
plot([0,1],[0,1],°-k’,’LineWidth’,0.1)

set(gca, ’FontSize’,12)

figl.Units = ’centimeters’;
figl.Position(3:4) = [12 8];
grid on

grid minor

title(’\textbf{Uniformity curve}’, ’FontSize’,14, ’Interpreter’,’latex’)
xlabel (’\textbf{s}’, ’FontSize’,12, ’Interpreter’,’latex’)

ylabel (’\textbf{Ux}’, ’FontSize’,12, ’Interpreter’,’latex’)
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%% Continuity plot

%okl ALSO WORKS %%%

% dydx = gradient(y,x);

% d2ydx2 = gradient(dy,x);

% num = d2ydx2;

% denom = ( 1+dydx."2 ).~ (3/2)

ds = gradient(sfit);

dds = gradient(ds);

dy = gradient(Ustarfit);

ddy = gradient(dy);

num = ds .* ddy - dds .* dy;
denom = ds .* ds + dy .* dy;
denom = denom.~(3/2);
curvUstar = num ./ denom;

% curvUstar (denom < 0) = NaN;

% figure(1)

fig2 = figure(2);

% yyaxis right
plot(sfit,curvUstar,’-r’,’LineWidth’,1.4)
ylim([-10 10])

hold on
plot([0,1],[0,0],’-k’,’LineWidth’,0.1)

set(gca,’FontSize’,12)

fig2.Units = ’centimeters’;
fig2.Position(3:4) = [12 8];
grid on

grid minor

title(’\textbf{Continuity curve}’, ’FontSize’,14, ’Interpreter’,’latex’)
xlabel (’\textbf{s}’, ’FontSize’,12, ’Interpreter’,’latex’)

ylabel (’\textbf{Curvature}’, ’FontSize’,12, ’Interpreter’,’latex’)
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8.0.6 MATLAB script for computing reaction traction

Order=1;

NLIST = readtable(’NLIST.txt’);
NLIST = table2array(NLIST);
NLIST = NLIST(:,2:3);

% RF_SUPPORT readtable (’RF_SUPPORT.txt’);

% RF_SUPPORT table2array (RF_SUPPORT) ;

RF_SUPPORT = dlmread(’RF_SUPPORT.txt’);

% Use dlmread if the lines above don’t work

RF_SUPPORT(:,1) = NLIST(RF_SUPPORT(:,1),2);

RF_SUPPORT(:,4) = sqrt(RF_SUPPORT(:,2) . 2+RF_SUPPORT(:,3).72); % resultant
RF_SUPPORT = sortrows (RF_SUPPORT,1);

%% Computing resultant traction

M = zeros(length(RF_SUPPORT) ) ;
nel = (length(RF_SUPPORT)-1)/0Order;
for e=1:nel
indx = ((e-1)*0rder+1): (ex0Order+1);
xe = RF_SUPPORT(indx,1);
Me = constructM(xe);
M(indx,indx) = M(indx,indx) + Me;
end

trX = M\RF_SUPPORT(:,2);
trY = M\RF_SUPPORT(:,3);
trR = sqrt(trX. 2 + trY."2);

%% Plotting traction along support

figh = figure(5);
plot( RF_SUPPORT(:,1) , trX , ’Linewidth’,1.4)
set(gca, ’FontSize’,12)

figh.Units = ’centimeters’;
figh.Position(3:4) = [12 8];
grid on

grid minor

title(’\textbf{Traction along support}’, ’FontSize’,14, ’Interpreter’,’latex’)
xlabel (’\textbf{Support edge [m]}’, ’FontSize’,12, ’Interpreter’,’latex’)
ylabel (’\textbf{Traction x-dir [N/m]}’, ’FontSize’,12, ’Interpreter’,’latex’)
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figh = figure(6);
plot( RF_SUPPORT(:,1) , trY , ’Linewidth’,1.4)
set(gca,’FontSize’,12)

fig6.Units = ’centimeters’;
fig6.Position(3:4) = [12 8];
grid on

grid minor

title(’\textbf{Traction along support}’, ’FontSize’,14, ’Interpreter’,’latex’)
xlabel (’\textbf{Support edge [m]}’, ’FontSize’,12, ’Interpreter’,’latex’)
ylabel (’\textbf{Traction y-dir [N/m]}’, ’FontSize’,12, ’Interpreter’,’latex’)

fig7 = figure(7);
plot( RF_SUPPORT(:,1) , trR , ’Linewidth’,1.4)
set(gca,’FontSize’,12)

fig7.Units = ’centimeters’;
fig7.Position(3:4) = [12 8];
grid on

grid minor

title(’\textbf{Traction along support}’, ’FontSize’,14, ’Interpreter’,’latex’)
xlabel (’\textbf{Support edge [m]}’, ’FontSize’,12, ’Interpreter’,’latex’)
ylabel (’\textbf{Resultant [N/m]}’, ’FontSize’,12, ’Interpreter’,’latex’)

%% Functions

function Me = constructM(xe)
Order = length(xe)-1;

NNPE = Order+1;

[q_pt,q_wt] = define_quadRule(6);

Me = zeros(NNPE);
for k=1:1length(q_pt)

N = zeros(1,NNPE);

for i=1:NNPE

N(1,i) = phi(i,q_pt(k),Order);

end

Me = Me + q_wt(k)*x(N’*N)* (xe(2)-xe(1))/2;
end
end

function val = phi(node,xi,0Order)

val=1;
for j=1:0rder+1
if j"=node
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val = val*(xi-xi_at_node(j,0rder))/...
(xi_at_node(node,Order)-xi_at_node(j,0rder));
end
end
end

function xi = xi_at_node(N,Order)
if N<=0rder+1
xi = -1 + 2x(N-1)/0rder;
else
error (’Node count limited to %d per elem’, Order+1)
end
end

function [quad_points,quad_weight] = define_quadRule(Q)
%» Q = Number of quadrature points

quadRule = Q;

EPS = 3.0e-16;
x1= -1; x2=1;

m=(Q+1)/2;
xm=0.5%(x2+x1) ;
x1=0.5*%(x2-x1) ;
for i=1:m
z=cos(3.141592653%(i-0.25)/(Q+0.5)) ;
% Starting with the above approximation to the ith root, we enter
% the main loop of refinements by Newton’s method
z1l = z + 2*xEPS;
while abs(z-z1) > EPS
pl = 1.0;
p2 = 0.0;
for j=1:Q
p3 = p2;
p2 = pl;
pl = ((2.0%j-1.0)*z*p2-(j-1.0)*p3)/j;
end
% pl is now the desired Legendre polynomial. We next compute pp,
% its derivative, by a standard relation involving also p2, the
% polynomial of one lower order
pp = Qx(z*pl-p2)/(z*z-1.0);
zl = z;
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z = z1-pl/pp; % Newtons method

end
% Scale the root to the desired interval, and put in its
% symmetric counterpart
quad_points(i) = double (xm-x1%*z);
quad_points(Q+1-i) =double(xm+x1%*z) ;
% Compute the weigh and ist symmetric counterpart
quad_weight (i) = double (2.0%x1/((1.0-z*z)*pp*pp));
quad_weight (Q+1-i) = quad_weight(i);

end

end
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