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Abstract

Recently, with the development of transportation, the number of vehicles is
increasing and the number of traffic accidents is also increasing. Accordingly, the
issue of securing collision safety for passengers is rapidly emerging as a key issue.
To ensure the passenger’s safety, the structure under impact must absorb the impact
energy and minimize structural deformation that threaten the safety of passengers.
Thin-walled structures are most widely used for structures subjected to impact loads
and are used in airplanes, automobiles and trains.

The deformation caused by the crash of thin-walled tube of a cowl cross bar
used in a vehicle is investigated. The cowl cross bar causes permanent deflection due
to transverse impact, which deflects towards the occupant and causes injury. The
safety of the occupants can be ensured by reducing the permanent deflection towards
the occupants. The material or geometry must be improved for thin-walled tubes to
perform better in crashes. Existing research methods are all focused on the axial
loading, and most of them improve collision performance, but bring additional
weight increase. A recent trend in the automotive industry is to reduce weight and
improve fuel economy.

In this study, the tube deformation subjected to transverse loading was
investigated through finite element analysis. Slit patterns are etched between the tube
center and the impact plate to decrease the maximum displacement. By adjusting the
aspect ratio, the number of slits, and the range of the patterned area, we investigated
how the slits affect the tube’s maximum deflection. We find that the thin longitudinal
slits are effective in reducing the maximum displacement by making the impact
energy dissipated by the cross-section into an elliptical shape. Carving slit patterns
into the surface of the tube has the additional benefit of not significantly changing
the bending rigidity and not increasing the weight.
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Chapter 1

Introduction

1.1 Background and objectives

With the recent advancement of automobile industry, vehicle collision safety,
which secures passenger safety in the vehicle crash situation, is becoming more
important. In addition, as social awareness of rapid climate change and
environmental pollution increases, the importance of vehicle weight reduction
technology is increasing for the purpose of improving fuel efficiency and reducing
harmful gas emissions in the automobile industry. According to this trend, many
studies are being conducted in the automobile industry to improve the existing
performance while reducing the weight of the existing body. Recently, the death rate
due to traffic accidents is increasing, and passenger safety is a key issue.

The body of a vehicle is largely composed of a crumple zone and a safety zone.
Body components of the vehicle’s front and rear, excluding the interior area for
passengers, are called crumple zones. The crumple zone absorbs the energy of
collision and reduces the amplitude of the collision energy. In the event of a collision,
the crumple zone is intended to distort as much as possible and lessen the impact
energy that is transmitted to the occupants. However, in order to prevent the car’s
structure from actually affecting the occupants, the safety zone prevents deformation.
Specifically, the safety zone absorbs the residual impact with little structural
deformation to securely secure the occupant area after the impact is reduced while
passing through the crumple zone because of substantial structural deformation.

Numerous studies on various impact traits have been done depending on the

structure’s purpose. In many automotive parts, thin-walled frameworks are
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employed to improve crash resistance [1-5]. One such structure important for the
vehicle’s crashworthiness is the cowl cross bar [6], which is located between the
safety and crumple zone. Its main purpose is to ensure passenger safety by
minimizing deformation under side impact. Many studies [7] have been performed
to enhance the crashworthiness of structures by changing their geometrical
configuration [8-17] or materials [18-22]. However, as additional materials are used,
the structure’s weight inevitably rises, reducing fuel efficiency and increasing
harmful gases in many cases.

This study presents another method to improve the crashworthiness of thin-
walled circular tube by carving slits on the tube’s surface without putting on more
weight. There have been related studies [23-28], but they are primarily biased with
respect to the axial impact of the structure. Here, we observe the structure of thin-
walled tube subjected to transverse impact and examine ways to decrease the
permanent deflection through various slit designs etched into the tube surface. To

confirm the outcomes, nonlinear finite element analysis is also performed out.
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1.2 Research outline

In Chapter 2, we introduce the thin-walled structure of a vehicle body and the
role of thin-walled tube of cowl cross bar under impact loading. Also, we introduce
the problem definition of thin-walled tube under impact loading. We study the
deformation process of thin-walled structure under 3-point bending. Then, we
expand deformation mechanism to the collapse process of thin-walled structure
subjected to 4-point bending using the theoretical model established in plastic
deformation process of thin-walled tube under bending load. Also, we introduce the
advantages of engraving patterns on the structure and present the design concept for
reducing the highest center displacement under impact loading.

In Chapter 3, we present idealized model of thin-walled tube of cowl cross bar
subjected to transverse impact load. We expand the idealized model and impact
situations to the finite element half tube model using geometric symmetry. In
addition, we introduce the impact simulation set-up and establish the material
properties, boundary and loading conditions for the simulation model of thin-walled
tube subjected to transverse impact loading. Then, we perform finite element
analysis using un-patterned half tube and full tube models and present the
deformation mechanism under impact. We present the selection of the location where
the slit patterns will be engraved on the tube for the design concept using the results
of nonlinear dynamic analysis.

In Chapter 4, we introduce a method to change the configuration of simulation
model of half tube to engrave slit patterns on the selected location. Along the
longitudinal axis, we separate the half tube model into 15 sub-tubes, each sub-tube
is further divided into 8 sub-domains. Also, we introduce the definition of the
rectangular slit pattern on a sub-domain. Then, we present the tube deformation with
a rectangular slit on a sub-domain. We select slit patterns with different aspect ratio
and compare the deformed tube shape with effective stress to which slit patterns are
applied. We introduce the effect of slit patterns with different aspect ratios on the
deformation of the tube under transverse impact. The outcomes show that a

longitudinal slit pattern is beneficial in reducing the maximum tube center
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displacement.

In Chapter 5, we introduce the tube deformation with multiple slit patterns on a
sub-domain. We present the method of dividing a single longitudinal slit pattern
based on the results and insights obtained in Chapter 4 to investigate the influence
of the number of slits on the tube deformation. We divide a single longitudinal slit
pattern with respect to both the longitudinal and circumferential axes and investigate
the deformation according to the division directions. Also, we expand the effect of
the quantity of slit patterns to the effect of the slit’s height on the deformation.
Furthermore, we expand the effect of the number of slits to the effect of the pattern
range on the tube deformation to locally make the plastic deformation of the tube
wider. The results in this chapter show that the more the rectangle pattern is divided
in the circumferential direction, the thinner the slit pattern, and the wider the pattern

range is, the more effective it is to decrease the maximum center displacement.

16 -':lx'i " -T



Chapter 2

Problem definition and design concept

2.1 Introduction

In modern society, the demand for high-tech transportation is increasing every
day. Due to this demand, the number of vehicles is continuously increasing, and
traffic accidents are inevitably increasing. As a result, passenger safety has become
a key issue. For passenger safety, the vehicle structure should be able to convert
impact energy into other energies in a collision, thus ensuring the safety of the
passengers. Therefore, the structure must absorb impact energy and minimize
structural deformations that cause injury to passengers. Among the structures that
play this role, the most widely used are thin-walled structures. The reason is that it
has many advantages such as cost effective, excellent performance under dynamic
loading, and high efficiency. The direction of the advancement of the collision
behavior of the thin-walled tube is the direction of material improvement and
geometrical improvement. In terms of material improvement, it is a method of
replacing existing materials with reinforcing materials such as CFRP. In terms of
geometrical improvement, additional materials are added such as rib structures.

However, researches related to the impact performance of thin-walled structures
have mostly focused on axial impact loading. The reason for this is that the focus is
on situations in which the impact energy is maximally absorbed in the impacted
structure in relation to human casualties. In other words, many studies have been

conducted from the perspective of maximizing impact absorption. However, it can
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be seen that future research is needed by examining the death rate of occupants due
to traffic accidents in vehicles in which thin plate structures are widely used. The

death rate from side crashes has always been higher than that from frontal crashes.

Death rate
60%

(0)

15%
0%

2007
2008
2009

2005
2006
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

rontal crash ——Side crash

1

Figure 2.1. Traffic accident death rate by frontal crash and side crash. Traffic Accident
Analysis System.

The impact loading conditions of thin-walled structure include axial, oblique,
lateral, and bending loading cases. In four impact loading conditions, side crash of
vehicle accidents is a kind of lateral or transverse loading. Therefore, we started to
study thin-walled structure under transverse loading. Since this study concentrates
on the thin-walled tube structure used in vehicles, it is essential to understand the
structural role.

In this chapter, we introduce the definition of the problem. Then, we expand the
finite element modeling of the problem structure to analysis with deformation shape
and physical properties. Also, we present material model, boundary conditions, and
contact conditions for nonlinear dynamic finite element analysis of thin-walled tube

deformation under transverse impact.
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2.2 Thin-walled structure of the vehicle body

The body frame of an automobile consists of a variety of structures, but the
most used structures are the thin-walled structures. Before defining the problem, it
is important to understand the structural role of each part in the event of a crash to
the body frame. A safety zone and crumple zone in general make up a car’s body.

The front and back portions of the car’s body, not including the cabin, are
referred to as the crumple zone. It controls the amount of deceleration and absorbs
the force of a frontal or rear strike. To reduce the impact energy transmitted to
passengers during the crash, it is designed to deform as much as possible. However,
to prevent serious effects from the car body on passengers, the safety zone withstands
deformation. To put it another way, when a collision occurs, the safety zone primarily
absorbs the residual impact while the crumple zone reduces the impact by large

structural deformation.

P
Crumple zone ;——A Safety zone
absorb the energy resists deformation
of a front or rear . to prevent vehicle
crash and control structure from
magnitude of n impacting on
deceleration // j /. occupant
~

1

Figure 2.2. Crumple zone and safety zone of the vehicle body.
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2.3 Role of thin-walled tube structure of Cowl Cross Bar
(CCB) in collision

A steering system, audio system, airbag module, and air conditioning system
are supported by a cowl cross bar. The CCB connects to the vehicle body and
incorporates these parts into the cockpit module. The front crumple zone’s end and
the safety zone’s beginning are where the cowl cross bar is loacted. When a collision
occurs, the thin-walled tube structure of the cowl crossbar absorbs the impact energy
and deflects it towards the driver. In particular, since the cowl cross bar has a steering
wheel attached to it, deflection occurs in this part and may injure a person. When
viewed from the side, the space for the driver is reduced compared to before the
collision due to deflection after the collision. Therefore, in terms of collision
performance, the objective is to absorb reduced impact force and to decrease the

deformation caused by the collision to protect the safety of the occupants.

.

Figure 2.3. Schematic diagram of cowl cross bar of vehicle component.
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2.4 Idealized model of thin-walled tube

Although many modules are combined in the thin-walled tube structure of the
cowl cross bar, we needed to simplify it to analyze the deformation behavior due to
collision. Among cowl cross bars, the most deformed part due to collision occurs and
the most important part is where the steering system is attached. Steering system is
attached by welding at 1/3 point from both ends of thin-walled tube structure of cowl
cross bar. And the thin-walled tube structure has to combine various modules and is
attached to the dash board. Therefore, the two points welded to the tube structure are
assumed to be the impact points to which the impact energy is transmitted during
impact. Also, the thin-walled tube structure’s ends are assumed to be clamped. In
other words, the schematic diagram of the cowl cross bar of the collision process is
a shape in which impact loading is applied to 2 impact points on the thin-walled tube

with both ends fixed.

Impact point l

Clamped

Center deflection

Clamped

Figure 2.4. Schematic diagram of thin-walled tube structure subjected to transverse impact
loading.
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2.5 Design concept for decreasing deflection

We introduce the design concept for decreasing the maximum deflection of the
thin-walled structure under transverse impact. We have simplified the collision
process for cowl crossbars to one where the thin tube is subjected to a 4-point
bending type of collision. Therefore, studies on 3-point bending similar to 4-point
bending of thin walled tube structures are investigated. Also, we present a description
of the collapse mechanism experienced by thin-walled tube structures when there is
only one point of impact. Then, we present expected description of the collapse
mechanism of the problem which is consist of thin-walled tube and 2 impact points.
We present the application of patterns to the tube structure to broaden the range of
existing mechanical designs. By applying patterns to a thin walled tube structure
without patterns, bending and torsional rigidities can be controlled, thereby
expanding the mechanical design area. In particular, by engraving patterns on a
structure without patterns, it is possible to realize the new movement that could not
be expressed with a structure without patterns. In addition, according to the shape,
height, number, and arrangement of the patterns, it is possible to artificially give
deformation to a local region of the structure. Also, since the pattern means cut-out
of the existing material, it also reduces the bending and torsional rigidities of the
structure. However, even if the same area is cut-out, the deformation of the structure
can be significantly changed by controlling various parameters of the pattern.

Therefore, this study aimed to reduce the maximum deflection of a thin tube
under transverse impact by utilizing the advantages of this patterned structure.
Consequently, we present a design concept to decrease the maximum tube deflection

under the given conditions.
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2.6 Collapse mechanism of thin-walled tube under 3-point
bending

There has been extensive use of slender structures as structural members in
many engineering applications such as aircraft subfloor, trains, and vehicles.
Therefore, there have been numerous studies on thin-walled structures, and most of
them are focused on the characteristics of mechanisms that absorb energy and
collapse. In particular, to forecast how the thin-walled tube structure will collapse,
computer simulation codes such as finite elements have been used or experiments
have been relied on. However, these methods took a long time to calculate or were
not economical. As a result, many researchers have begun to develop theoretical
models based on analysis of computer simulations and experimental findings. With
the efforts of many researchers, a theoretical model for thin-walled tube structure
under pure or 3-point bending has been established.

Based on the following experimental conditions, a theoretical model for the
thin-walled tube structure’s collapse mechanism was developed. A thin walled tube
structure is placed horizontally and an impact loading or pure bending is applied to
the center of the tube with both ends fixed. It is a theoretical forecast of the
mechanism by which the thin-walled tube structure collapses in that situation. The
theoretical model mainly concentrates on the overall collapse mechanism of slender
tube structure and the cross-section at the impact plate and deformation shape in the
longitudinal direction. In overall collapse process of the thin-walled tube, it presents
how input energy is distributed and dissipated when loading is applied to the slender
tube, and how the entire tube’s deformation occurs. Cross-sectional deformation at
the impact point, it presents how the cross-section undergoes changes when the thin-

walled circular tube is subjected to loading.
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(a) Isometric view

(b) Side view

Figure 2.5. Collapse mechanism of thin-walled tube structure subjected to 3-point bending
load. (a) Isometric view. (b) Side view.

(b) (c)

Figure 2.6. Deformation mechanism of a simply supported cylindrical tube subjected to 3-
point bending collapse. (a) Top view. (b) Cross-section I-I of (a). (c) Cross-section II-II of

(a).
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2.6.1 Elastic behavior and ovalisation plateau

Three phases, namely elastic behavior, ovalisation plateau, and structural
collapse, generally comprise the mechanism by which thin-walled tube structures
collapse [29-42]. There are various deformation modes for each phase.

In elastic behavior, until a spinning at the yield moment, the moment gradually

increases with a slope equal. Each phase’s analytical model is described.

M. = 20,1 -

y DO ( . )
M,L
__y~0

9)’ - El (2-2)

where Lo, E, My, oy, I, Dy, and 0, are pure moment length, elastic modulus,
yield moment, measured yield stress, second moment of area, outside diameter, and

yield rotation angle, respectively.

M
v

v

Figure 2.7. The cross section of the thin-walled tube structure in elastic behavior phase.
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In ovalisation plateau phase, the thin-walled tube structure’s initial circular
cross-section changes into an elliptical one. Also, in this ovalisation plateau phase,
the substance exhibits mild kinematic hardening. As the bending rotation increases,

it is presumed that the bending moment will stay unchanged.
— 4 2
Movatisea = SovatisedTy = 3 (Rth - RviRhi)Gy 2.3)
where Ry, Ry, Rui, Ryi, Sovalised, and oy are external horizontal radius, external

vertical radius, internal horizontal radius, internal vertucal radius, ovalised tube’s

plastic section modulus, and ovalised tube’s measured yield stress.

Ry =21 =0.55D, and R, =~ = 045D, 2.4)
Rpi = (R —t) and Ry; = (R, — t) (2.5)
Dy,

Figure 2.8. The cross section of the thin-walled tube structure in ovalisation plateau phase.
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2.6.2 Structural collapse

In the structural collapse phase [43-54], the tube structure starts to crumble and
the load capability decreases rapidly. In particular, plastic folding occurs in the
plastic zone. The plastic zone consists of central plastic hinges and curved plastic
hinges, and is divided into flatten regions and circular regions by these hinges. In
general, the central plastic hinge is created in the middle of the impact point, and the
oblique curved plastic hinge is formed in the tube’s longitudinal direction starting

from the central plastic hinge.

Flattened region

Curved plastic hinge

Central plastic hinge

Circular region

Ovalised cross-section

Figure 2.9. The cross section shape of the thin-walled tube structure in structural collapse
phase and schematic representation of collapse mode.
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When the general thin-walled tube structure exhibits collapse behavior, the
central plastic hinge is formed and the plastic folding part is the structure in which
the maximum deflection occurs. When viewed from the side, the collapse behavior
is in the shape of a sagging curve, and when viewed from above, the central plastic
hinge and oblique curved plastic hinge form a rectangle shape. Therefore, depending
on the shape of the top view, the theoretical model of the collapse process of the thin-
walled circular tube developed by many researchers is referred to as a star or

diamond model.

(a) Star model

(b) Diamond model

Figure 2.10. Theoretical model of collapse behavior of thin-walled tube structure subjected
to 3-point bending load. (a) Star model. (b) Diamond model.

e &



2.7 Expected collapse mechanism

In the previous section, we looked at the collapse process for thin-walled
structure subjected to 3-point bending or pure bending. However, the problem to be
solved in this research is the circular thin tube of a cowl cross bar, which has a 4-
point bending form with two impact points, unlike the aforementioned 3-point
bending with one impact point. Although the number of impact points is different for
4-point bending and 3-point bending cases, in the case of the thin-walled tube
structure of cowl cross bar, it is similar to 3-point bending cases because the impact
points of thin-walled tube structure of the problem are placed at 1/3 point from the
both ends. When dividing in half based on the tube’s center, only one impact point
is equal to one side. Assuming this state divided in half, it can be seen that the impact
point in the 3-point bending state is slightly displaced rather than in the middle.

The collapse process of the thin-walled circular tube of the cowl cross bar under
the given conditions can be predicted from the aforementioned theoretical model of
3-point bending. First, we approximated the expected deformation shape of thin-
walled circular tube subjected to 3-point bending load. As studied through the
theoretical model of 3-point bending, the sagging curve shape is predicted in the side
view, and the deformation of the diamond shape is predicted in the top view at the
impact point. Next, we approximated the expected deformation shape of thin-walled
circular tube subjected to 4-point bending load. When predicting 4-poing bending
under a given condition, it is predicted that two concaves will occur depending on
the impact point on the top line, although the sagging curve shape is on the bottom
line of the tube from the side view. Also, in the top view, it is predicted that the

deformation of two diamond shapes will occur depending on the impact point.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 2.11. Schematic representation of expected deformation shape of thin-walled tube
structure subjected to 3-point bending load. (a) Isometric view. (b) Side view. (c) Top view.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 2.12. Schematic representation of expected deformation shape of thin-walled tube
structure subjected to 4-point bending load. (a) Isometric view. (b) Side view. (c¢) Top view.
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2.8 Plastic deformation

In the expected collapse mechanism of 4-point bending, the aforementioned star
model or diamond model is expected to occur at two impact points. When predicting
the collapse behavior of thin-walled circular tube, it is expected to have a sagging
curve shape similar to 3-point bending. However, if we observe the predicted
deformed shape of the thin-walled circular tube from the side, we can clearly find
that it is different from the 3-point bending shape. The central portion of tube is the
primary distinction between the two cases. In the collapse behavior of thin-walled
tube structure subjected to 3-point bending case, the most deformed cross-section
shape is the center of the tube and impact point. In the collapse characteristics of
tube structure under 4-point bending case of cowl cross bar, the most deformed cross
section shape is the impact point, not tube’s center. Divide the tube’s center in half

to reveal this difference in detail.

Curved plastic hinge

Central plastic hinge

Impact point =~ ===---------------- > Clamped

Figure 2.13. Expected deformation shape of thin-walled tube structure from impact point to
clamped end and cross-section of the center of impact point.
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Curved plastic hinge

Central plastic hinge

/

Center deflection

Center of the tube €------------------- Impact point

Figure 2.14. Expected deformation shape of thin-walled tube structure from the center of
the tube structure to impact point and cross-section of the center of impact point.

In the case of 4-point bending, it is anticipated that it will go through three
stages, which is similar to the collapse process of thin-walled circular tube under 3-
point bending. Also, in two cases, the location of the impact is different, but the
maximum collapse occurs in the cross-section of the impact point. Deformation at
this impact point can be viewed as plastic folding, which in both cases results from
the formation of plastic hinges.

In the deformed shape of structure under 3-point bending case, the deformed
shape is sagging curve when we viewed from the side and maximum deflection of
the tube is occurred at the tube’s center. In the deformed shape of tube structure
subjected to 4-point bending case, the deformed shape is sagging curve when we
viewed from the side. Also, the maximum deflection occurs at the tube center.
However, when the cross-section shape is compared along the tube’s center line, the
difference between the two cases is clearly revealed. In the case of 3-point bending,
from the clamped end to the center of the tube, it gradually turns from a circular
shape to an elliptical shape, and the cross section shape with the most deformation

appears as soon as it reaches the center. However, in the case of 4-point bending,
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from the clamped end to the center of the tube, the shape gradually changes from a
circle to an oval shape, and then appears again as a circle shape as it passes through
the impact point. In other words, the most deformed cross section shape appears at
the impact point.

From the expected collapse characteristics of thin-walled circular tube under 4-
point bending, it could be applied to the problem of cowl cross bar we have. The
purpose of this study is to reduce the maximum deflection by engraving a slit pattern
on the tube’s surface in the case of thin-walled circular tube under 4-poiont bending.
Therefore, based on the predicted collapse characteristics of the tube structure of
cowl cross bar, a design concept is established to reduce maximum deflection. When
viewed from the side of the cross section, the most deformation occurs at the impact
point, and the deformation decreases toward the center of the tube. Therefore, the
design concept to reduce the maximum deflection in this study is to extend the

deformation range from the impact point to the center of the tube.

“

No pattern

S

Patterned

Figure 2.15. Expected deformation shape of thin-walled tube structure subjected to 4-poin
bending load with design concept. The design concept is to apply slit patterns to take more
deformation of the tube structure and reduce the center deflection.
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Chapter 3

Deformation of the tube without slit patterns

3.1 Introduction

In this chapter, we present the procedure for performing finite element analysis
on thin-walled tube structure subjected to 4-point bending before confirming the
aforementioned design concept. In particular, it is intended to confirm through finite
element analysis whether the collapse characteristics of the tube structure of the cowl
cross bar predicted under the given impact loading conditions occurs.

We introduce the process of modeling a thin tube structure under a given
condition to a 4-point bending case with a finite element model by simplifying it.
Then, for the efficiency of analysis time, we introduce the use of a half model to
which symmetry is applied rather than the full model.

In order to apply the design concept of reducing the deflection of the structure
by engraving the pattern mentioned in the previous chapter, the deformation shape
of the structure without the slit pattern is analyzed. We present a method to analyze
the collapse mechanism of the unpatterned tube and to select the position where the

slit patterns will be engraved by comparing the predicted collapse mechanism.
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3.2 Simulation set-up

We use a cowl cross bar of vehicles as the example thin-walled tube structure
for this study. It is modeled as a thin tube fixed at all ends subjected to transverse
impacts at two locations. Because it is crucial for the design of cowl cross bars for
driver safety, the variable we aim to minimize is the deflection of the bottom-center
point of the tube. Finite element analysis is used to determine the tube’s deformation
under these conditions for the half model with symmetrical conditions. The
analysis’s primary considerations are the tube’s center displacement, and the bending

rigiditiy.

(b)

Impact point

Impact point

Clamped

Clamped

Figure 3.1. Problem definition of the thin-walled tube structure subjected to 4-point
bending load. (a) Tube structure of cowl cross bar. (b) Idealized model.

The tube has an inner diameter of 68.6 mm and an outer diameter 71.4 mm, and
it is 750 mm long. Its thickness is 1.4 mm. The half model was built to simulate
transverse impact using a square steel plate with a mass and edge length of 100 kg
and 30 mm. It is dropped with an initial speed of 5,000 mm/s from a height of 2 mm
above the top surface of the tube, having an impact on one-third of the tube’s center.
A plastic-cyclic material model with a Young’s modulus of 207 GPa, a Poisson’s
ratio of 0.3, a mass density of 7.85E-6 kg/mm?, and the yield stress (6y) of 255 MPa
is used to simulate the material properties of the tube. The Armstrong-Fredrick

nonlinear kinematic hardening rule uses the linear constant (h) of 280 GPa and the
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nonlinear constant ({) of 1,300 with the relationship between stress (6) and plastic

strain (eP).
h P
o =0+ Z{l — exp(—te”)} 3.1)

The tube model is subjected to two contact conditions. Between the impactor
and the tube, the single-sided contact condition is used, while the double-sided
contact condition is used to consider the tube’s self-contact. We use four node shell
elements with roughly 240,000 nodes to build finite element half tube models while
taking symmetry into account. Using the commercial analysis software ADINA,
impact simulation is carried out. Dynamic-implicit analysis is carried out for 0.04 s

with a 0.00005 s time increment.

Impact point l

Figure 3.2. Finite element model of half thin-walled tube structure with symmetric
condition.
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3.3 Deformed shape of the tube from finite element analysis

3.3.1 Deformed shape of the half tube without slit patterns

For the unpatterned tube, we conducted the finite element analysis. The thin-
walled tube’s deformed shape is a u-shaped curve with the anticipated highest
vertical deflection at the center. The stress is primarily concentrated on the fixed end,
and the impact point shows the largest lateral deformation. The cross-section of the
center, which has the highest deflection, has a mild oval shape and an ellipticity (e)

0of 0.2057 (&xr).

P o4

Z

PN

X Y

Figure 3.3. Isometric view of deformed shape and undeformed shape of thin-walled tube
structure under impact loading from nonlinear dynamic finite element analysis.

. 2% M & o) 8



-

I
T

w
=
o
O
L
L
L
L

STRESS
TIME 0.0400

I 7774[77777‘}7"7777*77777
I

i

|

T
I
I
|
I
l
117

ST
e

i
1
|
T

T
S

Tt
e errren

T

L L L D L L
) S R L T L o
A0 LR OO

I
Imim
A MIEARE NV NRYD A

I
I B

T
OO AP AP T
IRFRINI 1M RN NIATE
T oy

| L L

I
7 I "
Y I T TP iy

Il
1
I
|
I
1
I

s

1
I
I
|
|
I
Il

I

T
NI SENTRRAT AN N AT RA AT AR}
{

1

|

1
1]

(1T TR AT AT AR
T i

(a) Side view
(b) Top view

Figure 3.4. Deformed shape and undeformed shape of thin-walled tube structure under
impact loading from nonlinear dynamic finite element analysis. (a) Side view. (b) Top view.

Figure 3.5. Isometric view of deformed shape with effective stress of thin-walled tube
39

structure under impact loading from nonlinear dynamic finite element analysis.



(a) Side view

Figure 3.6. Deformed shape with effective stress of thin-walled tube structure under impact
loading from nonlinear dynamic finite element analysis. (a) Side view. (b) Top view.

— Undeformed
— Deformed

eref = O 2057

dref = 3315 mm

Figure 3.7. Deformed shape and undeformed shape of thin-walled tube structure under
impact loading from nonlinear dynamic finite element analysis. Calculated the ellipticity
and maximum center deflection.
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The thin-walled tube subjected to 4-point bending’s deformed shape was
discovered through nonlinear dynamic finite element analysis, and it resembles the
shape that the theoretical model for the thin tube under 3-point bending predicted.
Through the side view of the deformed tube, the bottom line is deformed into a
sagging curved shape, and the top line of the tube is deformed to deform into a single
concave at the impact position. When the tube’s deformed shape is viewed from top,
at the impact point, the deformation similar to that expected with the diamond shape
occurred. When examining the change of center cross-section, the existing circular
shape when no loading is applied is slightly deformed into an elliptical shape after
loading is applied. In particular, we focused on the tube center and impact position
in the side view. The reason is that the impact point is vertically deformed by the
impact loading, but the deformation is less at the center than the impact position. If
the patterns are applied to these areas, it means that there is a possibility of causing
more deformation between the impact point and the center. It is also related to the
cross-section deformation shape, and there is a possibility of transforming slightly
elliptical cross-section shape into an elliptical shape in which the minor axis is
shorter in length while the major axis is longer. To reduce the maximum central
deflection of the tube, more given impact energy must be consumed on plastic
deformation, and it is necessary to change the plastic deformation geometry to a
geometry that reduces the maximum central deflection. In other words, it is
necessary to increase the plastic deformation region in that region by allowing more
impact energy to be transferred from the impact position towards the tube center. By
applying the patterns on the tube to generate more plastic deformation between the
impact position and the tube center, the energy consumed for vertical displacement
of the overall tube structure is reduced. This effect induces the reduction in the

maximum center deflection of the tube.
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(a) Isometric view

SMOOTHED
PLASTIC
STRAIN-YY

TIME 0.040000

0.0800
0.0533
0.0267
0.0000
— -0.0267
-0.0533
-0.0800
-0.1067
-0.1333
-0.1600
-0.1867
-0.2133
-0.2400
-0.2667
-0.2933

(b) Side view
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Figure 3.8. Deformed shape with plastic strain-yy of thin-walled tube. (a) Isometric view.
(b) Side view. (c) Top view.
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(a) Isometric view

SMOOTHED
PLASTIC
STRAIN-ZZ

TIME 0.040000

0.3000
0.2500
0.2000
0.1500
— 0.1000
0.0500
0.0000
-0.0500
-0.1000
-0.1500
-0.2000
-0.2500
-0.3000
-0.3500
-0.4000

(b) Side view

(c) Top view ]

Figure 3.9. Deformed shape with plastic strain-zz of thin-walled tube. (a) Isometric view.
(b) Side view. (c) Top view.
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Next, to present the local deformation, we investigated the deformed tube shape
with plastic strain using nonlinear dynamic analysis. In the tube deformed shape with
plastic strain-yy, it means plastic strain in the y-axis direction, and color indicates
whether it is stretched or contracted compared to the initial mesh. The isometric view
of deformed shape of the tube with plastic strain-yy shows that the most stretched at
the end of the square rigid plate at the impact point. The top view of the tube’s
deformed shape with plastic strain-yy shows that the sides of the tube are stretched
from the impact plate to the center of the tube. However, except for the side of the
tube, most of it is in a non-stretched state. In other words, there is a possibility that
more plastic strain can be generated in the non-stretched part by applying patterns to
the tube. In the deformed tube’s shape with plastic strain-zz, it means plastic strain
in the z-axis direction, and color indicates whether it is stretched or contracted
compared to the initial mesh. The deformed tube with plastic strain-zz shows the
diamond shape deformation of the theoretical model at the impact point.

Based on this discovery, we postulate that the tube’s maximum displacement
can be decreased if the center area can deform horizontally more. This would
increase the ellipticity of the tube’s cross-section. It would be preferable, in other
words, if the impact energy could be used to further crush the central region rather
than to move it. By conducting the simulation analysis for the tubes with different
slits carved between the tube’s center and impact plate as described in the following

sections, we investigated this hypothesis.
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3.3.2 Deformed shape of full tube without slit patterns

In general, only the half model of the tube is analyzed for efficiency of analysis
time, but in this case, the full thin-walled tube model was also analyzed to confirm
the entire tube’s deformation. In isometric view of deformed shape of thin-walled
tube structure without slit patterns, it looks similar to the shape predicted based on
the theoretical model mentioned in the previous chapter. It can be confirmed that a
star or diamond shape is formed and plastic folding occurs as in the theoretical model
at two square-shaped impact points. Also, it is confirmed that plastic deformation of
the tube is formed as oblique curved plastic hinges are formed to the right and left of

impact point along the longitudinal direction of the tube.

Figure 3.10. Deformed shape of thin-walled tube structure with meshes. Two white squares
are rigid plate and impact point.
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(a) Isometric view PLASTIC
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TIME 0.040000
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(b) Side view i

(c) Top view )

Figure 3.11. Deformed shape of thin-walled tube structure with smoothed plastic strain-yy.
(a) Isometric view. (b) Side view. (c) Top view.
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(b) Side view
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Figure 3.12. Deformed shape of thin-walled tube structure with smoothed plastic strain-zz.
(a) Isometric view. (b) Side view. (c) Top view.
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3.4 Selection of the part to be engraved with slit patterns

In side view of deformed shape of thin-walled tube structure without slit
patterns, in the impact point part, plastic folding occurs and shows a concave shape,
and it shows a shape that recovers closer to the original tube phase as it goes to the
center of the tube. From the point of view of cross section, the cross-section at the
impact plate shows the shape in which the most deformed plastic deformation occurs,
and as it passes through the impact point and gets closer to the tube center, the cross-
section shape recovers to a circular shape again. In the collapse process of the thin-
walled circular tube, impact energy is transferred to impact point, and after plastic
deformation occurs there, the energy is dissipated as it is transferred to the left and
right. In other words, impact energy is consumed in plastic deformation, and there is
a possibility that additional deformation can occur by examining the cross-section
deformation state between the tube center and the impact point. Therefore, we
selected the part where the slit pattern to be engraved to reduce maximum deflection

in the thin-walled circular tube under transverse loading is between the tube center

and the impact plate in the half model.

Clamped

F

A

X Y

Curved plastic hinges

Central plastic hinges
= = Selected design area
Figure 3.13. Selection of the part to be engraved with slit patterns. The blue line represents

central plastic hinges, the red line represents, and the black dashed line represents the
selected design area.
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Chapter 4

Deformation of the tube with single slit

4.1 Introduction

In this chapter, we show how a thin-walled tube structure with slit patterns
deformed in response to a transverse impact loading. The part to be engraved with
the slit patterns is chosen based on the findings of the simulation analysis of the
theoretical model and the half-tube model in the preceding chapter. Therefore, we
introduce the refined simulation model of the tube for engraving slit patterns on it.
In other words, the position where the pattern is to be engraved is selected among
the entire tube, and various patterns are engraved on the corresponding area, and then
finite element analysis is performed under the given impact loading conditions. To
perform finite element analysis on tubes with different patterns under the same
circumstances, the entire thin-walled tube structure is changed to consist of a sub-
domain, sub-tube, and half tube. The maximum deflection (d) at the center, the cross-
section ellipticity, the bending (EI) and torsional rigidities (GJ) are the main
variables for observing the change in tube’s deformation according to the various slit

pattern shapes.
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4.2 Finite element modeling

4.2.1 Definition of the sub-domain

H, =2749mm

(c) Half tube

Figure 4.1. Finite element model with slit patterns and subdivision on the half tube model.
(a) Sub-domain. (b) Sub-tube. (c) Half tube.

We split half tube into 15 sub-tubes along the horizontal axis, and then further
split a sub-tube into 8 sub-domains to add slits to the tube. In other words, first, we
constructed an almost square-shaped sub-domain, and formed one sub-tube by
connecting 8 sub-domains. Then, 15 sub-tubes are connected to complete a half tube,
and it is composed of a total of 120 sub-domains. The reason for dividing into square
sub-domains is to repeatedly engrave slit patterns of various shapes in precise

positions.
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4.2.2 Definition of the slit pattern on a sub-domain

Wp

Figure 4.2. Definition of the slit pattern on a sub-domain.

The part selected to engrave the slits, certain sub-tubes are given rectangular
slits with width (W) in the horizontal direction and height (H) in the vertical
direction. Another design parameter to take into account is he total amount of
patterns (Px) in given sub-domain.

Here, using finite element analysis, we examine how slits affect the tube’s
deformation. For the tube with methodically widely varying slits, nonlinear
dynamic-implicit analysis was used to determine the highest deflection under impact,

and linear static analysis was used to determine the bending rigidity.
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4.3 Deformed shape of the tube with different aspect ratio

4.3.1 Deformed shape of the tube

On each sub-domain, we first apply a single rectangular slit. In the finite
element model, when a single rectangular slit is engraved in the sub-domain, the slit
pattern is created in principle that the position is engraved in the center of each sub-
domain. In other words, when the size of a single rectangular slit is determined, the
slit pattern is engraved in the center in the longitudinal direction in the sub-domain
and also in the 3D curved sub-domain. After a single rectangular slit pattern is
engraved on a sub-domain, one sub-tube engraved with patterns consisting of 8 sub-
domains is formed. Then, two consecutive sub-tubes are formed based on one sub-
tube on which patterns are engraved. Two successive sub-tubes engraved with a
pattern are placed in the thin tube’s center. The half model has a total of 16 slits
engraved as a result. In conclusion, as intended in the half tube finite element model
consisting of 120 sub-domains, two consecutive sub-tubes from the center of the tube
are patterned, and the remaining sub-tubes are created in the unpatterned form.

After that, the boundary and loading conditions are used to examine how a thin-
walled tube structure with slit patterns collapse. For the boundary condition, one end
of thin-walled circular tube is fixed and the other end is symmetric. The finite
element analysis uses the half tube model, but as a result, the collapse mechanism of
the full tube is implemented. For the loading condition, impact loading is applied in
a drop weight method by creating a rigid plate at the 1/3 point of the full tube.
Through nonlinear dynamic-implicit analysis of the thin-walled circular tube with a
slit on a sub-domain, tube’s deformation shape is calculated. The non-dimensional
slit’s width (W/Wp) and height (H/Hp) are respectively 0 to 0.8 and 0 to 0.6. We
derive the center displacement (d/drr), cross-sectional ellpiticity (e/erwr), and bending
rigidity (EI/Elf) from the finite element analysis, standardized with the reference

value of the unpatterned tube.

- 2] 1



(a) Isometric view

(c) Top view _J

Figure 4.3. Deformed shape with effective stress of thin-walled tube with a longitudinal slit
on each sub-domain. Longitudinal slit consists of A/Ap is 0.023, H/Hp is 0.036, W/Whp is
0.64, and aspect ratio is 0.0625. (a) Isometric view. (b) Side view. (c) Top view.
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(a) Isometric view

(b) Side view

(c) Top view _J

Figure 4.4. Deformed shape with effective stress of thin-walled tube with a square slit on
each sub-domain. Square slit consists of A/AD is 0.023, H/HD is 0.146, W/WD is 0.16, and
aspect ratio is 1. (a) Isometric view. (b) Side view. (c¢) Top view.

54 ir A2 E

L



(a) Isometric view

(c) Top view _]

Figure 4.5. Deformed shape with effective stress of thin-walled tube with a circumferential
slit on each sub-domain. Circumferential slit consists of A/AD is 0.023, H/HD is 0.582,
W/WD is 0.04, and aspect ratio is 16. (a) [sometric view. (b) Side view. (c) Top view.
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4.3.2 The effect of aspect ratio

In this chapter, a parameter study is conducted on the one slit pattern on each
sub-domain. The range of single slit is applied from 0 to 0.6 for the non-dimensional
height and 0 to 0.8 for width. Three representative types of slit, longitudinal, square,
and circumferential slit, are chosen in order to accurately compare the effect a single
slit’s shape on the highest center displacement of the thin-walled circular tube under
loading. The three representative slits have a fixed slit area and different aspect ratios.
We obtain maximum center deflection and the ellipticity of cross-section from

nonlinear dynamic finite element analysis, and bending and torsional rigidities from

static finite element analysis.

Longitudinal Square Circumferential
Cross-section | . _
shape S T | /’." _““‘ .
(Red dash: lri// l:'r - :"r \IIII:
Reference fo] W o
Blue line: RH-"' "“'""'/ e \‘“H--___ - /
Patterned)
Max. Deflection -2.13% +3.21% +36.24 %
Ellipticity +9.07 % -10.81 % -53.49%
Bending rigidity -0.36 % -0.83 % -8.67%
Torsional rigidity -4.88% -1.08 % -4.90 %

Table 4.1. Cross-section shape, maximum deflection, ellipticity of center cross-section,
bending and torsional rigidity of the tube engraved with longitudinal, square,
circumferential slit. All values are calculated as percent with reference to the value of the

tube without patterns.
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We fixed the area of the slit pattern to accurately compare the effect of the shape
of the slit pattern on the greatest tube center displacement. Therefore, we study the
effect of the pattern shape on the center deflection while comparing the deformation
of tube to which longitudinal, square, and circumferential slits are applied with the
same area but different shapes of the slit patterns. That is, the three representative
slit patterns have different aspect ratios. The results of nonlinear dynamic finite
element analysis on a tube with three representative slit patterns are contrasted with
the deformation of the unpatterned tube as a baseline.

Comparing the maximum center deflection, when the longitudinal slit is applied,
the tube’s center deflection is minimized the most, and when the circumferential slit
is applied, the center deflection of the tube is rather increased. Comparing the
ellipticity of cross-section, when a longitudinal slit is applied, the ellipticity is
increased, and when the remaining slits are applied, the ellipticity is rather decreased.
Considering the relationship between the maximum center deflection and the
ellipticity of cross-section, the assumption of reducing the center deflection is
confirmed by deforming the central section into an oval shape, which is a key idea
in the design concept stage. In other words, when transverse impact loading is
applied to the thin-walled tube engraved with longitudinal slits, the central cross-
section is deformed to an elliptical shape compared to the reference, and the
maximum center deflection is reduced due to this effect. However, when transverse
impact loading is applied to the thin-walled tube engraved with circumferential slits,
the central tube’s cross-section is deformed to a circular shape compared to the
reference, and the maximum center deflection is increased due to this effect.

The reason for this phenomenon is the effective stress distribution on the thin-
walled tube, which is shown through the deformed shape of the tube with effective
stress determined through the nonlinear dynamic-implicit analysis. In the deformed
shape with effective stress of the thin-walled tube without patterns, deformation
occurred after transverse impact loading at the impact point, and the effective stress
is concentrated around 45 degrees from the impact point to the center. The deformed

tube shape with effective stress is indicated by the yellow clusters in the figure. The
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meaning that the effective stress is concentrated in this part rather than being
distributed in other parts of the tube can be interpreted as the potential to distribute
the effective stress to other parts and cause further deformation in the transferred part.
In the deformed shape with effective stress of the thin-walled tube engraved with
longitudinal slits, the yellow area where the effective stress is concentrated in the
deformed shape of the unpatterned tube is distributed to tube center by longitudinal
slits, and the area of the yellow color is reduced. In the deformed shape with effective
stress of the thin-walled tube engraved with square slit, the area where the effective
stress is concentrated in yellow is not distributed to the center by the square slits, and
the area in yellow is increased. In the deformed shape with effective stress of the
thin-walled tube engraved with circumferential slits, the area where the effective
stress is concentrated in yellow is not distributed to the center by the circumferential
slits, but more concentrated in the circumferential direction, and the area in yellow
is increased. In other words, the longitudinal slit effectively distributes the
concentrated effective stress and makes the center part engraved with the patterns
flexible, causing the cross-section to be deformed into an elliptical shape. Due to the
effect of this longitudinal slit, the maximum center deflection is reduced. However,
the circumferential slit prevents the concentrated effective stress to the center part,
so cross-section is deformed into a circular shape.

Comparing the bending rigidity obtained by static finite element analysis, it
decreases the most when the circumferential slit is engraved on the tube and the least
decreases when the longitudinal slit is engraved. Comparing torsional rigidity, the
decrease is the least when square slits are engraved on the tube. The reason for this
phenomenon is that the shape of the center part of the tube remaining after cut-out
of the slit makes the tube less soft than other patterns for in-plane shear under

torsional loading.
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Figure 4.6. Contour map of the non-dimensional maximum center deflection.
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Figure 4.7. Contour map of the non-dimensional ellipticity of center cross-section.
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Figure 4.8. Contour map of the non-dimensional bending rigidity.
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Figure 4.9. Contour map of the non-dimensional torsional rigidity.
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4.3.3 Energy absorption of the tube

In this chapter, we calculate the energy that the thin-walled tube will absorb
when it is hit transversely. In order to calculate the energy absorption (EA), force —
displacement curve under the transverse loading was extracted as the reaction force
and displacement at the impact point through the finite element analysis results
previously performed. Calculating the area under force — displacement curves with
slits of various aspect ratios will reveal the energy absorption of the tube.

Before obtaining energy absorption corresponding to each tube, as mentioned
in Chapter 2, when the impact energy is applied to the tube, it should be considered
that it is used as global bending deformation and plastic deformation. Therefore, it
should be noticed that even if the energy absorption is the same, the global bending
deformation and plastic deformation may appear differently depending on the shape
of the slits engraved on the tube. To accurately compare these, the energy absorption
of an un-patterned tube and a tube with longitudinal and circumferential slits having

the same area of the slits but different aspect ratios were calculated.
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Figure 4.10. Force — displacement curve for un-patterned tube and tubes with longitudinal
and circumferential slits under transverse impact loading.
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No pattern Longitudinal Circumferential
EA[KN * mm| 1229 1230 1232
Tube Volume [mm?3] 1.155e+05 1.151e+05 1.151e+05
SEA [(KN * mm)/Kg] 1357 1362 1363

Table 4.2. Energy absorption, tube volume, and specific energy absorption for un-patterned
tube, longitudinal and circumferential slit patterned tubes.

First, the force — displacement corresponding to each tube was shown as the
reaction force and displacement at the impact point extracted by conducting the
nonlinear dynamic-implicit analysis. Next, the area under each curve was calculated
using the trapezoidal method to calculate energy absorption. Additionally, the
specific energy absorption (SEA), which was obtained by dividing the energy
absorption by the tube’s mass density and volume product, was derived for accurate
comparison. As a result of the tube’s reduced volume compared to the tube without
patterns, the energy absorption is the greatest in a tube with circumferential slits, and
the specific energy absorption is also highest. Comparing the energy absorption
values of other tubes, there is, however, no appreciable difference.

The objective of this study is to minimize the permanent deflection that occurs
when impact loading is applied as mentioned above. Therefore, when Table 4.1 and
Table 4.2 are comprehensively compared, the tube with circumferential slits
increases the displacement even though the value of energy absorption is high.
However, the tube with longitudinal slits has no significant difference in energy
absorption value from other tubes, but displacement can be reduced due to plastic
deformation. That is, there is no significant difference in energy absorption, but there
is a difference in the tube’s deflection due to plastic deformation according to the slit

shape.
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4.3.4 The local deformation effect of the slit

In this chapter, the time — dependent deformation shape of thin-walled tubes
when applied to transverse impact was investigated. In the previous chapter, we
analyzed the effect of slits with the same area but different aspect ratios on the tube’s
deformation with slits. As a result, the tube with longitudinal slits increased the cross-
section ellipticity and decreased displacement due to the slits. On the other hand, the
tube with circumferential slit reduced the ellipticity and bending rigidity due to the
slit patterns, and increased the displacement. It was predicted that one of the causes
of this result could be the local deformation effect of the slits. Therefore, the local
deformation of the slits was analyzed by comparing the tube’s deformation with the
time. In addition, the reaction force generated at the point of impact was extracted
over time to analyze how the deformation of the entire tube appeared over time. This
is because it is possible to analyze in which section the tube’s plastic deformation
occurs through the reaction force graph over time.

In general, when a load is applied to the tube, a moment occurs when the

reaction force increases monotonically and then changes rapidly at some point. From
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Figure 4.11. Reaction force graph as a function of time at the impact point of the tube
without slit patterns. Plastic deformation of the tube occurs in the red region.
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this moment on, the reaction force remains relatively gentle, and plastic deformation
occurs in the tube. Figure 4.11 is a graph of the contact force as a function of time
occurring at the impact position of the unpatterned tube. Here, approximately 0.004
sec. from 0.021 sec. It can be seen as the section where plastic deformation occurs,
and it is also the section where the cross-sectional deformation occurs.

In particular, in this chapter, the local deformation of the slits was investigated
by comparing the deformed shapes of tubes with slits having the same area but
different aspect ratios. As a result, a graph of the contact force generated at the impact
point of the tube analyzed in the previous section and engraved with longitudinal and
circumferential slits is shown. As mentioned above, even for tubes with slits, the
shape of the reaction force graph over time appeared similar to that of the tube
without slit patterns. Through the change of reaction force, it is possible to roughly
predict the section where plastic deformation occurs. In this section, deformation
mainly occurs in tube’s cross-section, and since it was predicted that it would appear
differently depending on the slit shape, the tube’s deformation over time was
extracted. In particular, when extracting the tube’s deformation to investigate the
local deformation of the slits, which is expected to affect the cross-section, only the

shape from the tube center to the impact position was extracted.
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Figure 4.12. Reaction force graph as a function of time at the impact point of the tube
without slit patterns and the tube with longitudinal and circumferential slits.

t=0.02 sec.

Local deformation of slit

Figure 4.13. Deformation shape over time of tubes with longitudinal slits. The red box
represents the local deformation shape of the longitudinal slit.
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Local deformation of slit

Figure 4.14. Deformation shape over time of tubes with circumferential slits. The red box
represents the local deformation shape of the circumferential slit.

First, the deformation shape over time of the tube engraved with longitudinal
slits is shown in Figure 4.13, and the local deformation shape of the longitudinal slit
is the same as the red box, but the buckling effect is very insignificant. However, the
longitudinal slits increased the ellipticity of the tube section and reduced the
displacement. Next, the deformation shape over time of the tube engraved with
circumferential slits is shown in Figure 4.14, and the local deformation shape of the
circumferential slit is shown in the red box. However, unlike the deformation of the
longitudinal slit, the local deformation effect of the circumferential slit had an effect
on reducing the ellipticity of the tube section, thereby increasing the displacement.
That is, in the case of a slit of the same area, the local deformation effect was greater
in the case of the circumferential slit, and finally, the displacement of the tube

increased by affecting bending rigidity and ellipticity.
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4.4 Conclusion

We examined the deformation mechanisms of the thin-walled tube structure
using two successive sub-tubes, each of which had a single rectangular slit on it.
From nonlinear dynamic-implicit analysis, we calculated the greatest center
displacement, the ellipticity of tube’s cross-section, and bending and torsional
rigidities. Next, all parameters are normalized using the value of the tube without
patterns as the reference. We extracted deformation shape with effective stress and
plastic strain of the tube under transverse impact loading.

Slits are typically added to a thin-walled tube to increase the maximum center
displacement. Because the height of the slit affects the maximum center
displacement, it is especially recommended to avoid slits that are long around the
perimeter. The contour map has a small rea of slit parameters where it is possible to
reduce the tube’s center displacement. It relates to longitudinally thin slits, which are
successful in causing the cross-section to take on an elliptic shape under transverse
impact loading. Though they are not significantly diminished, the bending rigidity
exhibits a contour map that is similar to the maximum center displacement in that
they change more noticeably with the slit height.

These findings imply that the decrease in the tube’s bending stiffness, which is
controlled by the slit height, is primarily responsible for the tube’s increased
maximum center displacement for the majority of the slit parameters. The maximum
deflection of the tube decreases when longitudinally thin slits are present because
more cross-sectional deformation is induced and less bending stiffness changes as a
result. Indeed, depending on the relationship with the tube axis in terms of aspect
ratio, simple slits of equal area can depict a noticeably different effect on the greatest
center displacement. It should be noted that only when longitudinal slits are used
does the cross-section’s ellipticity increases. Use of square or circumferential slits

reduces it to a smaller value than the reference tube’s ellipticity.
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Chapter 5

Deformation of the tube with multiple slits on each
sub-domain

5.1 Introduction

In the previous chapter, nonlinear dynamic finite element analysis is performed
on a tube with the rectangular slit on a sub-domain to investigate the effect of the
pattern shape on the maximum center deflection. For a rectangular slit, finite element
simulation is performed with non-dimensional height from 0 to 0.6 and width from
0 to 0.8. Based on the resulting tube’s deformed shape with a single slit, maximum
center deflection, ellipticity of cross-section, and bending and torsional rigidities are
calculated. In particular, three representative patterns with a fixed area but various
shapes are chosen in order to accurately compare the influence of the pattern shape
on the tube’s deformation shape. The three representative slits have different aspect
ratios and are classified as longitudinal, square, and circumferential. For these three
representative slits, only the one slit is engraved on each sub-domain, and slit
patterns are engraved on two consecutive sub-tubes from the center of the tube. In
other words, slits are engraved on only 16 sub-domains out of a total of 120 sub-
domains, and the total number of engraved slits is 16. The deformed shapes of these
representative three slit engraved tubes are compared, and when only one rectangular
slit is engraved on each sub-domain, the longitudinal slit is effective in reducing the
maximum center deflection of the tube. The reason for this phenomenon is that the
longitudinal slit makes the central part flexible by distributing the concentrated

effective stress of the tube and deforms the center cross-section into an elliptical

20 2] 1



shape. Although the cutting of the material reduces the bending and torsional
rigidities of static properties, the longitudinal slit reduces the maximum central
deflection due to the aforementioned effect.

The effect of the quantity of patterns on center deflection of the tube is studied
in this chapter using nonlinear dynamic finite element analysis on a thin-walled tube
with multiple slits on a sub-domain by taking into consideration the influence of the
pattern’s shape. As in the previous chapter, maximum center deflection, ellipticity of
center cross-section, bending and torsional rigidities are calculated through finite
element analysis on thin-walled tube structure with slits subjected to transverse
impact loading.

First, we looked into how the amount of slit patterns engraved in the sub-
domain affected the tube’s deformation. As a reference, we chose one slit from a
rectangle slit on each of the sub-domains covered in the previous chapter. We take
the method of dividing the reference into two directions in order to keep the area of
the slit constant in each sub-domain and change the number of slits. The division
method is selected as longitudinal division, which is the width direction of the slit
pattern, and circumferential division, which is the height direction of the slit pattern.
In a sub-domain, the position of the slit is located in the center of the sub-domain in
the case of a single rectangular slit, but the divided slits are divided and arranged
with the same interval in the direction of division. We divided a rectangle slit on a
sub-domain from 1 to 6 in accordance with the division direction and defined the
quantity of slits in the sub-domain as Px.

Next, we search how the height of the slit pattern engraved in the sub-domain
affects the tube deformation. We chose one rectangular slit from each of the sub-
domains covered in the previous chapter to serve as a reference in this study as well.
To compare the effect of the slit’s height, we maintained the width of the reference
slit and changed the height of the slit by controlling the height. Because the height
of each slit varies in each sub-domain, the total area of the slits is different. We named
the three representative slits as thin, medium, and thick slits according to their height.

To compare the slit’s number and the tube deformation with respect to the height,
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the size of each slit is fixed, and the number of thin, medium, and thick slits in each
sub-domain is changed. Similar to circumferential division in the preceding section,
the number of slits is changed from 1 to 6, and even though the amount of slits on a
sub-domain increased, adjacent slits are arranged to have the same interval.

In addition, we searched into how different engraved slit patterns affected the
deformation of the tube among all sub-domains. As a reference for this study, we
chose a narrow slit from a single rectangular slit on each of the sub-domains covered
in the previous chapter. We fixed the size of the reference slit and changed the range
in which the slit patterns are engraved among all sub-domains to compare the effect
of the slit pattern range. Basically, the range where the slit patterns are engraved is
on two subsequent sub-tubes from the tube’s center, and 16 sub-domains out of a
total of 120 sub-domains are engraved. We named the slit pattern range as 2 sub-
tubes, 3 sub-tubes, and 4 sub-tubes according to total amount of sub-tubes. The
number of sub-domains occupied by the slit patterns is 16 sub-domains in 2 sub-
tubes, 24 sub-domains in 3 sub-tubes, and 32 sub-domains in 4 sub-tubes. Since the
size of the slits is the same, the area occupied by the slit patterns in each sub-domain
is the same, but the total area of the slit patterns is different because the pattern ranges
in which the slits are engraved is changed. The size of each slit is fixed, and the
number of slits for 2 sub-tubes, 3 sub-tubes, and 4 sub-tubes in each sub-domain is
changed to compare the quantity of slits and the tube’s deformation with respect to

the pattern range.
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5.2 Deformed shape of the tube with different division
direction

5.2.1 Deformed shape of the tube

We looked into how the amount of slit patterns within sub-domain affected the
deformation of the thin-walled tube using the findings and insights from the previous
chapter. In this section, we choose a single longitudinal slit of H/Hp = 0.07 and
W/Wp = 0.08 as the reference to examine how the quantity of slit patterns within the
sub-domain affects the tube deformation. We divided the reference pattern into two
directions to change the number of slits and set the reference rectangular slit to
change the amount of slit patterns in one sub-domain. In the previous chapter, when
a single rectangular is engraved in the sub-domain, the slit rectangular slit pattern is
created in principle that the position is engraved in the center of each sub-domain.
First, the reference slit we selected in the finite element tube model is created within
a sub-domain in the aforementioned manner. Then, the reference slit is divided into
two directions selected by us so that total area of slit pattern is kept constant and the
number of slits is changed. The pattern division along the two directions we selected
is division in the circumferential direction, which is the height direction of the slit
pattern, and division in the longitudinal direction, which is the width direction of the
slit pattern. Basically, as mentioned in the previous chapter, slit patterns are
generated on one sub-domain and engraved on two consecutive sub-tubes from the
center of the tube. The slits divided from the reference rectangular slit are all
arranged to have the same interval in the division direction. Each division’s six Px
cases (1 to 6) are tested. H/Hp is defined as 0.07/Px in the circumferential division,
while W/Wrp is set at 0.80. For the longitudinal division, W/Wp of 0.80/Px and H/Hp
of 0.07 are used. In conclusion, the 120 sub-domain half tube finite element model
achieves the desired patterning of two sub-tubes in succession from the tube center

while creating the remaining sub-tubes in the unpatterned form.
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Figure 5.1. Definition of slit pattern division from the reference rectangular slit. Six cases
of Py are created for each division. (a) Circumferential division. (b) Longitudinal division.

Next, simulation conditions are applied to analyzed collapse mechanism of
thin-walled tube structure with slit patterns divided from the reference slit. Then,
finite element analysis is performed using the tube model with each slit patterns, and
the maximum center deflection, the center cross-section ellipticity, bending and
torsional rigidities are calculated from the results. We investigate a reference single
rectangular slit, circumferential division Px = 4, and longitudinal division Px = 4, to

accurately compare the effect of the quantity of slits on the tube deformation.

. &) 3



(a) Isometric view

(c) Top view _]

Figure 5.2. Deformed shape with effective stress of thin-walled tube with a reference slit
on each sub-domain. The reference single rectangular slit consists of A/Ap is fixed at 0.058,
H/Hp is 0.073, W/Wp is 0.800, and the number of slits on a sub-domain is 1. (a) Isometric
view. (b) Side view. (c) Top view.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 5.3. Deformed shape with effective stress of thin-walled tube with the
circumferential division slit on each sub-domain. The circumferential division slit consists
of A/Ap is fixed at 0.058, H/Hp is 0.018, W/Wp is 0.800, and the number of slits on a sub-
domain is 4. (a) Isometric view. (b) Side view. (c) Top view.
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(a) Isometric view

(c) Top view

Figure 5.4. Deformed shape with effective stress of thin-walled tube with the longitudinal
division slit on each sub-domain. The longitudinal division slit consists of A/Ap is fixed at
0.058, H/Hp is 0.073, W/Wp is 0.200, and the number of slits on a sub-domain is 4. (a)
Isometric view. (b) Side view. (c) Top view.
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5.2.2 The effect of different division direction

In this chapter, a parameter study is conducted on multiple slit patterns on each
sub-domain. We choose a single longitudinal slit of H/Hp = 0.07 and W/Wp = 0.08
as the reference. A single rectangular slit is used as the reference, followed by

circumferential division (Px = 4) and longitudinal division (Pn = 4) to compare the

effects of the amount of slits on sub-domain on the greatest center displacement of

the thin-walled tube under loading. The three representative slits have a fixed the
area of total slits and different division directions. We obtain maximum center
deflection and the ellipticity of cross-section from nonlinear dynamic finite element

analysis, and bending and torsional rigidities from static finite element analysis.

Circumferential Longitudinal
Single

division division
Cross-section as= e ot

shape [ : Rl |

(Red dash: Reference - P M A 1‘\-& A /

Blue line: Patterned) R o o

Max. Deflection -2.46 % -6.83 % -0.28 %
Ellipticity +16.12 % +44.45 % +5.56 %
Bending rigidity -0.94 % -0.85 % -1.01 %
Torsional rigidity -10.71 % -36.22 % -9.43 %

Table 5.1. Cross-section shape, maximum deflection, ellipticity of center cross-section,

bending and torsional rigidity of the tube engraved with single, circumferential division,

longitudinal division slits. All values are calculated as percent with reference to the value of
the tube without patterns.
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We fixed the area of the total slit patterns on a sub domain to accurately compare
the effect of the number of the slit patterns on the maximum center. So, using a single
rectangular slit as the reference, circumferential division slits, and longitudinal
division slits that are applied with the same total area but different slit pattern
division directions, we investigated the impact of the quantity of slit patterns on sub-
domain on the center deflection of the tube. That is, the three representative slit
patterns have different shapes and number. In particular, in this section, the number
of patterns divided in two directions from a single rectangular slit as the reference is
changed from 1 to 6. The results of nonlinear dynamic finite element analysis on a
tube with three representative slit patterns are compared with the deformation of a

comparable tube without slit patterns as a base point.
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0.98

d/dref

0.96

0.94

0.92

Figure 5.5. Non-dimensional maximum center deflection of the tube with respect to the
division direction and Px.
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Comparing the quantity of patterns with slits on a sub-domain with the thin-
walled tube’s maximum center deflection, when the circumferential division slits
with increasing the number of slit patterns are applied, the maximum center
displacement is reduced, and when the longitudinal division slits with increasing the
number of slit patterns are applied, the maximum center displacement is increased.
In particular, as the quantity of slit patterns increases, the difference in the tendency
of maximum center deflection according to the division direction of the slit becomes
clear. In the case of circumferential division, the center deflection decreases and then
converges, and in the case of longitudinal division, the center deflection increases
and converges as the slit’s number increases. In particular, a phenomenon close to
the greatest unpatterned tube’s center displacement is seen in the case of the

longitudinal division slits.

1.6 L T L} L} | L L] L] L]

—e—Circumferential division
== |ongitudinal division

e/e

Figure 5.6. Non-dimensional ellipticity of the center cross-section of the tube with respect
to the division direction and Px.
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Comparing the cross-section ellipticity with the quantity of slits on sub-domain,
when the circumferential division slits with increasing the number of slit patterns are
applied, the ellipticity is increased, and when the longitudinal division slits with
increasing the number of slit patterns are applied, the ellipticity of center cross-
section is decreased. In particular, as the number of slit patterns increases, it shows
the difference in the tendency of ellipticity of center cross-section according to the
division direction of the slits. In the case of circumferential division, the ellipticity
increases and then converges, and in the case of longitudinal division, the ellipticity
decreases and converges as the quantity of slit patterns increases. The ellipticity of
the center cross-section of the circumferential and longitudinal divisions increased
or decreased as the quantity of slit patterns increased, but showed a higher value
compared to the ellipticity of the tube without slit patterns. Considering the
relationship between the maximum center displacement and the ellipticity, the
assumption of reducing the center deflection is confirmed by deforming the central
section into an elliptical shape, which is a key idea in the design concept stage. In
other words, when transverse impact loading is applied to the thin-walled circular
tube engraved with circumferential and longitudinal division slits, the center cross
section is deformed to an oval shape compared to the tube without slit patterns, and
the greatest center deflection is reduced due to the effect. As the slit patterns
engraved in s sub-domain are divided in the circumferential direction from a single
rectangular slit as a reference, the center cross-section becomes more elliptical.
However, as slit patterns are split longitudinally from a single rectangular slit as a
reference, the center cross-section becomes more circular.

The reason for this phenomenon is the effective stress distribution on tube,
which is shown through the tube’s deformed shape with effective stress obtained
through the nonlinear dynamic finite element analysis. First, we calculate the
deformed shape with effective stress of the tube engraved with a single rectangular
slit pattern, which is a reference, through nonlinear dynamic finite element analysis.
Comparing the deformed shape with effective stress of the unpatterned tube and the

tube with the reference rectangular slit engraved, the yellow area where the effective
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stress is concentrated is reduced. This is the effect of a longitudinal slit pattern as
explained in the previous chapter, because the effective stress that is concentrated
due to the longitudinal slit is distributed and made the center part flexible in the
circumferential direction. Also, the tube engraved with a single rectangular slit,
which we use as a reference, has reduced maximum center deflection and increased
the ellipticity of center cross-section compared to the tube without slit patterns due
to the effect of the longitudinal pattern. In the deformed shape with effective stress
of the thin-walled tube engraved with circumferential division 4 slit patterns on a
sub-domain, the concentrated effective stress, indicated by the yellow area, is
slightly wider, and the upper part of the tube changes to a dark blue area, indicating
that the effective stress is more distributed. In the deformed shape with effective
stress of the thin-walled tube engraved with longitudinal division 4 slit patterns on a
sub-domain, the concentrated effective stress indicated by the yellow area is almost
the same, and the dark blue area in the upper part of the tube is rather decreased,
indicating that the effective stress is not distributed. In other words, the
circumferential division slit effectively distributes the concentrated effective stress
of the tube and makes the center part engraved with the slit patterns flexible, causing
the cross-section to be deformed into an elliptical shape. Several longitudinal slits
are created by circumferential division, and the longitudinal slit effect is slightly
increased as several are arranged rather than one longitudinal slit. Due to the effect
of the circumferential division from a longitudinal slit the maximum center
deflection is reduced. However, the longitudinal division from a longitudinal slit
prevents the concentrated effective stress to the center part, so cross-section is
deformed into a circle than the cross section shape of the tube with circumferential
division slits. In addition, the maximum center deflection and the ellipticity of center
cross-section engraved with circumferential division slits show unusual trends
depending on the number of patterns. As the quantity of divided slits on the one sub-
domain increases, the maximum center deflection decreases and then converges, and
the elpticity of center cross-section increases and then converges. This tendency of

maximum center deflection and ellpiticity of center cross-section according to the
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number of patterns needs to be explained by the movement of the cross-section. The
most important principle here is that the cross-section of two successive sub-tubes
engraved with the slit patterns of the tube changes from circular to elliptical. In
addition, when a longitudinal slit pattern is engraved, it is deformed into an elliptical
shape more under the influence of longitudinal slit than the unpatterned tube cross-
section. First, the deformation of the unpatterned tube cross-section shows that the
deformation occurs from a circle to an ellipse with one continuous line. Next, the
tube cross-section deformation with the longitudinal slit pattern engraved on a sub-
domain reveals that the longitudinal slit divides one continuous line into eight
discontinuous curved lines. So, when there is only one pattern on each sub-domain,
8 discontinuous curves are gathered and deformation occurs from a circle to an
ellipse. When there are two slit patterns on each sub-domain, one consecutive lines
are divided into 16 discontinuous curves, and these curves are gathered to cause a
transformation from a circle to an ellipse. In other words, the slit pattern could be
thought of as a hinge connecting two discontinuous curves on either side in the tube
cross-section. As the number of hinges increases, the discontinuous curves are more
easily transformed from circular to elliptical. However, when the number of hinges
reaches a certain level, the influence of discontinuous curves on deformation from
circular to elliptical decreases. That is, as the quantity of slit patterns on a sub-domain
increases, the number of discontinuous curves increases, and the effect on the
transformation from circular to elliptical decreases. Therefore, as the number of
patterns increases, there is a tendency to converge in the maximum center

displacement and the ellipticity of center cross-section.
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Figure 5.7. Non-dimensional bending rigidity of the tube with respect to the division
direction and Px.
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Figure 5.8. Non-dimensional torsional rigidity of the tube with respect to the division
direction and Px.

84 2 M E g

& o



Comparing bending rigidity obtained by static finite element analysis, both
circumferential and longitudinal division show little change as the number of
patterns increases. In both cases, the reduction in bending rigidity compared to the
tube without patterns is because the material was cut-out to engrave the pattern, and
the fact that there is little change even if the number of patterns is increased is
because the total area of the slit patterns is maintained.

Comparing the torsional rigidity according to circumferential and longitudinal
division, it shows that the difference according to the division direction is remarkably
displayed. As the number of divided patterns increases in longitudinal direction, the
torsional rigidity of the tube hardly changes, but when the number of divided patterns
increases in circumferential direction, it shows that the torsional rigidity of the tube
decreases. This phenomenon occurs because of the shape of the area divided by the
slits. Even if the number of divided patterns increases in the longitudinal direction,
the torsional rigidity hardly changes because the shapes of the regions divided by the
slits are almost the same. However, when the number of divided patterns increases
in the circumferential direction, the torsional rigidity decreases because the shape of
the region divided by the slit increases in shape weak to torsional loading.

It turns out the circumferential division is beneficial to reduce the maximum
displacement under impact. The normalized displacement decreases monotonically
with Py while its effect is getting smaller. Due to the fact that the normalized
displacement is actually increased, longitudinal division is completely useless. This
phenomenon is primarily due to the circumferential division’s tendency to deform
the cross-section into an oval. The tube becomes more flexible in cross section
deformation and the stresses become more distributed when there are multiple
circumferentially divided slits. The cross-section deformation from impact position
to central part, as indicated by less evenly distributed stresses, indicates that the
energy is less efficiently used when slits are divided longitudinally. No matter the
type of division, the number of slits has no effect on the tube’s bending rigidity so

long as the slit area is kept.
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5.2.3 The effect of uniformly arranged slit patterns

In this chapter, we would like to explain why uniformly arranging the slit
pattern is more effective in reducing center displacement than non-uniform arranging.
First, for conceptual explanation, it is assumed that the place where the pattern is not
engraved is a stiff element, and the part cut due to the pattern is assumed as the hinge
element. The cross section of a tube with uniformly arranged slit patterns and a non-
uniformly arranged tube is expressed as a stiff element and a hinge element. Basically,
the cross section is deformed into a transversely flattened oval to reduce
displacement due to impact loading. During this deformation process, in a tube in
which the stiff element and the hinge element are uniformly arranged, the uniform
spacing makes the stiff element easily deformed into an elliptical shape. However,
non-uniform spacing in non-uniformly arranged tubes prevents the stiff element
from deforming into an elliptical shape, so that it does not easily change to an
elliptical shape. Therefore, the non-uniformly arranged tube is deformed in a circular
shape than the uniformly arranged tube cross section, and the ellipticity value is also
smaller. In conclusion, the more uniformly the slit patterns are arranged on the tube’s
surface, the easier the tube's cross-section is to be deformed into an elliptical shape,

and the tube’s center displacement can be reduced due to its effect.

W\ Hinge element
— Stiff element

Uniformly arranged Non-uniformly arranged

Figure 5.9. Conceptual explanation of tube sections drawn assuming stiff and hinge
elements.
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A parameter study was performed to verify that the aforementioned uniformly
arranged slit patterns are more effective in reducing the center displacement of the
tube than the non-uniformly arranged slit patterns. First, to control the arrangement
of the slit pattern, the simulated case of the parametric study consisted of a half sub-
tube consisting of parts 1, 2, 3, 4. We choose a single longitudinal slit of H/Hp = 0.07
and W/Wp = 0.08 as the reference. The reference model was chosen as a half sub-
tube consisting of a total of 8 slits by uniformly applying 2 reference slits to 1 sub-
domain. A total of 8 reference slit patterns consisted of cases from G1 to G6 with
different arrangements. We obtain maximum center deflection and the ellipticity of
cross-section from nonlinear dynamic finite element analysis. When comparing the
maximum deflection for all cases, the uniformly placed reference case reduced the
cneter deflection of the tube the most. Also, when comparing the ellipticity of the
cross section, it is clear that the uniformly arranged reference case is the most
elliptical. In conclusion, a uniform arrangement of the slits is advantageous for
deforming the cross-section into an elliptical shape, which is beneficial in reducing

the center deflection.

Number of slits Maximum
Ellipticity (%)
Part1 | Part2 | Part3 | Part4 | Deflection (%)

Reference 2 2 2 2 -7.63% +41.84 %
G1 0 0 8 -135% +3.41%
G2 0 0 8 0 -421% +28.93 %
G3 0 8 0 0 -2.60% +27.10 %
G4 8 0 0 0 -1.57% +13.73 %
G5 0 4 4 0 -431% +27.84 %
G6 4 0 0 4 -4.41 % +21.02 %

Table 5.2. Number of slits on part 1, 2, 3, 4, maximum deflection, and ellipticity of center
cross-section of the tube engraved with slits. All values are calculated as percentage along
with the tube without patterns.
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Definition of Part 1 ~ 4

Reference

Figure 5.10. Definition of Part 1 ~ 4 on half sub-tube. Reference refers to a model in which
two slits are uniformly arranged in one sub-domain.
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Figure 5.11. Definition of G1 ~ G6 models designed to have different slit pattern
arrangements.



5.2.4 The effect of slit pattern under different loading conditions

In this chapter, the uniformly arranged slit pattern is effective in reducing the
central deflection of the pipe, and it is investigated whether the effect is effective
even when the loading condition is changed. The position where the slit patterns are
engraved was designed to be engraved on two sub-tubes from the center of the tube,
as in the previous chapters. We choose a single longitudinal slit of H/Hp = 0.012 and
W/Wp = 0.08 as the reference to investigate the effect of the slit patterns within a
sub-domain on the deformation of the tube under different loading conditions. The
initial speed of the current drop weight technique was designed to be same, and the
loading conditions were changed by adjusting the impact point to investigate the

effect of the slit pattern according to the location of the impact point.

Moving impact point

Figure 5.12. Definition of boundary condition change according to impact point
movement.
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The position of the conventional impact point is 1/3 of the entire tube, so it is
located 125mm from the tube center in the half model. To change loading condition,
the position of the impact point was adjusted from 75 mm from the center of the tube
to 250 mm from the end of the tube. The interval to adjust the collision point was
defined as the length of the sub-domain 25mm, and nonlinear finite element analysis
were performed by applying 8 different impact point positions to one slit pattern case.
Eight simulations were performed by applying 8 different impact points to the
reference tube without slit patterns, and when there were slit patterns, a total of 48
simulations were performed by increasing the slit pattern from 1 to 6 in one sub-
domain. In order to check whether the tube center deflection has the effect of
reducing the tube center deflection by deforming the cross-section into an oval when
different loading conditions are applied, the center deflection and the tube cross-

section ellipticity were calculated through nonlinear finite element analysis.
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Figure 5.13. Center deflection of the tube with respect to the position of the impact point
and the number of slit patterns (P).
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Figure 5.14. Non-dimensional center deflection of the tube with respect to the position of
the impact point and the number of slit patterns (Px).
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Figure 5.15. Eliipticity of the tube cross-section with respect to the position of the impact
point and the number of slit patterns (Px).

01 - .H ‘._ 1_'.]'| [

1

I

U



As mentioned in Chapter 2, when the loading is applied, tube plastic
deformation mechanism will be most deformed at the impact point, and it is expected
that the impact will gradually decrease from impact position to the center and the
clamped end. In other words, it was predicted that the effect of slits on tube center
deflection would be different due to 8 different loading conditions. In addition, since
the loading condition was designed so that the impact point gradually moved away
from the location where the slit patterns were engraved, it was expected that the
influence of the slit patterns on the center deflection of the tube would gradually
decrease. This was expected because the effect of plastic deformation from the
impact point decreases as the distance between the impact position and the part
where the slit patterns are engraved increases. Analyzing the center deflection graph
of the tube according to the impact point, as expected, the effect of the slit patterns
decreased as the distance between the impact point and the area where the slit
patterns were engraved increased, and the effect of reducing the center deflection of
the tube was confirmed. However, compared to tubes without slit patterns, it has
been demonstrated that the reduction in center deflection due to slit patterns exists
even when the impact point is changed. Next, when analyzing the non-dimensional
center deflection graph according to the impact point, the effect and maximum value
of the slit pattern appeared when the location of the impact point was about 150 mm,
and it was found that the center deflection decreased the most. Also, as a result of
analyzing the cross-section ellipticity graph according to the impact point, it was
found that the effect of the slit pattern decreased as the distance between the impact
point and the area where the slit pattern was engraved decreased as expected. In
conclusion, even if the boundary condition is changed by adjusting the impact point,
it has the effect of transforming the cross-section caused by the slit patterns into an
elliptical shape, and this proves that the effect of reducing the center deflection still

exists.
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5.3 Deformed shape of the tube with different height

5.3.1 Deformed shape of the tube

In this section, we investigated how the height of slits within a sub-domain
affects the tube deformation under transverse impact loading. For the purpose of
examining the effect of the height slit patterns within a sub-domain on the
deformation of the tube, we select a longitudinal slit with H/Hp = 0.012 and W/Wp
= (.08 as the reference. By setting the reference slit, the height of the slit pattern was
changed and the number of slits was changed. The three single longitudinal slits we
selected were named thin, medium, and thick slit patterns according to their height.
The thin slit pattern is H/Hp = 0.012 and W/Wp = 0.08. The medium slit pattern is
H/Hp = 0.024 and W/Wp = 0.08. The thick slit pattern is H/Hp = 0.036 and W/Wp =
0.08. To investigate the influence of the height of pattern on the tube deformation,
W/Wh is fixed, and only the height of each reference rectangular slit pattern is
different. Also, the deformation of the tube was investigated while changing the
number of each reference rectangular slit pattern. In the previous chapter, when a
single rectangular is engraved in the sub-domain, the slit rectangular slit pattern is
created in principle that the position is engraved in the center of each sub-domain.
First, reference slits of thin, medium, and thick selected from a finite element tube
model are created within the sub-domains in the aforementioned manner. Then, the
number of reference slits, thin, medium, and thick slits, is changed. The method of
increasing the number of patterns is created by the circumferential division method
of the previous section, and since the height of each reference slit is different, the
total area of the slit is also different. As mentioned in the previous chapter, slit
patterns are generated on one sub-domain and engraved on two consecutive sub-
tubes from the center of the tube. When the number of reference rectangular slits
increases, they are all arranged to have the same interval in the circumferential
direction. Six cases of Py (1 to 6) are tested for each reference slits of thin, medium,

and thick.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 5.16. Deformed shape with effective stress of thin-walled tube with the thin slit on
each sub-domain. The thin reference single rectangular slit has H/Hp of 0.012, W/Wp of
0.800, and the number of slit on a sub-domain is 6. (a) Isometric view. (b) Side view. (c)
Top view.
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(a) Isometric view

(c) Top view n

Figure 5.17. Deformed shape with effective stress of thin-walled tube with the medium slit
on each sub-domain. The medium reference single rectangular slit has H/Hp of 0.024,
W/Wp of 0.800, and the number of slit on a sub-domain is 6. (a) Isometric view. (b) Side
view. (c¢) Top view.
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(a) Isometric view

(c) Top view

Figure 5.18. Deformed shape with effective stress of thin-walled tube with the thick slit on
each sub-domain. The thick reference single rectangular slit has H/Hp of 0.036, W/Wp of
0.800, and the number of slit on a sub-domain is 6. (a) Isometric view. (b) Side view. (c)
Top view.
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5.3.2 The effect of different height

In this chapter, a parameter study is conducted on multiple slit patterns on each
sub-domain. We choose a single longitudinal slit of H/Hp = 0.012 and W/Wp = 0.08
as the reference. In order to accurately compare the influence of the slit heights on a
sub-domain on the maximum center displacement under impact loading, three
representative types of slit, thin slit (H/Hp = 0.012 and W/Wp = 0.08), medium (H/Hp
=0.024 and W/Wp = 0.08), and thick (H/Hp = 0.036 and W/Wp = 0.08) are selected.
Since the height of each of the three representative slits is different, the total area of
slits also varies as the quantity of slit patterns on each sub-domain increases. We
obtain maximum center deflection and the ellipticity of cross-section from nonlinear
dynamic finite element analysis, and bending and torsional rigidities from static

finite element analysis.

Thin Medium Thick
Cross-section .« e -”ﬁ“\'x /_,..---- \ = .
(Red dash: Reference u‘\,__ v : lf‘\‘ f,/". % _/-,-:"
L S — '\;_‘__: - s
Blue line: Patterned)
Max. Deflection -7.28 % -1.62 % +5.52%
Ellipticity +47.66 % +35.64 % -20.48 %
Bending rigidity -0.85% -1.84 % -3.01 %
Torsional rigidity - 52.66 % - 58.78 % -65.20 %

Table 5.3. Cross-section shape, maximum deflection, ellipticity of center cross-section,
bending and torsional rigidity of the tube engraved with thin, medium, thick slits. All values
are calculated as percent with reference to the value of the tube without patterns.
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We selected three reference rectangular slit patterns with different heights, and
performed nonlinear dynamic-implicit analysis with slits by changing the quantity
of slits on one sub-domain in the circumferential direction. Therefore, we
investigated the effect of the height of patterns on a sub-domain on the maximum
center deflection while comparing the tube deformation to which thin, medium, and
thick slits are applied with different total area of slits. That is, although the amount
of slits engraved in one sub-domain is the same, the total area of slits is different
because the height of each reference slit is different. In particular, in this section, to
study the effect of the pattern height on the deformation of the tube, we focused on
comparing the cases with different heights and the same number of slits on one sub-
domain. The outcomes obtained by performing nonlinear dynamic-implicit analysis
on the tube with three representative patterns of thin, medium, and thick slits are
compared with the unpatterned tube’s deformation as the reference.

First, the overall trend shows that as the number of slits increases, the maximum
center deflection decreases and then increases in all cases for tubes with thin,
medium, and thick slits engraved on the tube. In particular, when the number of slits
is 2 rather than 1, the maximum center deflection tends to decrease. However, after
the number of slits is two, the tendency for maximum center deflection to increase
varies according to the height of the slits. When thick slits are applied to the tube,
the maximum center deflection increases drastically, then when medium slits are
applied to the tube, it increases monotonically when thin slits are applied to the tube.
Also, when the number of slit patterns is 4 or more, the maximum displacement to
which thick slits are applied is rather increased than the greatest center deflection of

the unpatterned tube.
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Figure 5.19. Non-dimensional maximum center deflection of the tube with respect to the
thickness of the slits and Pw.
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Figure 5.20. Non-dimensional ellipticity of the center cross-section of the tube with respect
to the thickness of the slits and Py.
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Comparing the ellipticity of the thin-walled tube with thin, medium, and thick
slits engraved on the surface and the number of patterns, the overall trend shows that
the ellipticity increases and then decreases in all cases as the amount of slit patterns
increases. When the quantity of slits is increased from 1 to 3, the elliptcity values of
the tubes with thin, medium, and thick slits all increase. However, when the number
of slits increases from 1 to 2, the ellipticity increase rate is larger than when the
number of slits increases from 2 to 3. Also, when the number of slits is increased to
3 or more, the ellipticity of medium and thick slit tubes tends to decrease more than
the ellipticity of the thin slit tube. When the ellipticity of the thin, medium, and thick
slit tubes is compared when the number of patterns engraved in one sub-domain is
the same, the ellipticity of the thin slit tube always shows the highest value regardless
of the number of slits. all. On the other hand, the ellipticity value of the thick slit
tube is the lowest. Considering the relationship between the maximum center
deflection and the center cross-section ellipticity, as the number of patterns on each
sub-domain increases, the trend of maximum center deflection and the trend of
ellipticity show opposite trends.

The reason for this phenomenon is the effective stress distribution on the tube,
which is shown through the deformed tube shape with effective stress obtained
through the nonlinear dynamic finite element analysis. We calculate the deformed
shape with effective stress of the tube engraved with three representative slits of thin,
medium, and thick slits, through nonlinear dynamic finite element analysis. Similar
trends can be seen in tubes engraved with thin, medium, and thick slits examined in
this section and the tube engraved with circumferential division slits examined in the
previous section. The most similar case in terms of maximum center deflection and
ellipticity is when thin slits are engraved into the tube. The difference from the
circumferential division slits in the previous section is that the total slit area is
increased by increasing the number of slits in the reference, rather than maintaining
the total slit area by dividing from the reference's slit. Although these differences
exist, as the number of thin slits increases, the region engraved with slits becomes

more flexible and the cross-section becomes elliptical shape by distributing the
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concentrated effective stress on the tube without slit patterns. This is confirmed by
the ellipticity value of the tube engraved with thin slits and the deformed shape of
the tube with effective stress. That is, the principle of reducing the maximum center
deflection by making the center part of the tube elliptical is the same. Also, when the
number of patterns is 6, when comparing the deformed shape with effective stress of
the thin, medium, and thick slit tube, the size of the region where the effective stress
is concentrated is different. In the case of a tube engraved with thin slits, the area of
concentrated effective stress indicated in yellow is the smallest, and in the case of a
tube engraved with thick slits, it is the largest. This means that the thin slits distribute
more concentrated effective stress to transform the cross-section into a more
elliptical shape. However, differences that did not occur before appear in the
maximum center displacement and the ellipticity of center cross-section of the tubes
with medium and thick slits. The difference is that as the number of patterns increases,
maximum center deflection and ellipticity decrease or increase, but convergence
does not appear. As described in the circumferential dividing slits in the previous
section, depending on the number of slits to be engraved, the tube cross-section is
divided into several discrete curves with one continuous line divided by the slits.
Divided multiple discrete curves have an effect on the ellipticity, and as the number
of discrete curves increases, the effect on ellipticity decreases, resulting in the
convergence of the ellipticity. This phenomenon is only seen in tubes with thin slits,
but not in tubes with medium and thick slits. It is considered that the cause is not the
effect of the number of slits, but the effect of the height of each reference slit. In
particular, as the number of patterns increases in tubes with medium and thick slits,
the phenomenon that the maximum center displacement decreases and then increases,
and the elliptcity increases and then decreases are thought to be due to the difference

in bending rigidity.
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Figure 5.21. Non-dimensional bending rigidity of the tube with respect to the thickness of
the slits and Px.
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Figure 5.22. Non-dimensional torsional rigidity of the tube with respect to the thickness of
the slits and Px.
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In this section, the remarkably different parts are revealed by comparing the
maximum center deflection and the ellipticity of the tube without a reference pattern.
As the number of patterns increases, the thick slit tube’s maximum center deflection
value exceeds 1.0 in the maximum center deflection graph of the thin, medium, and
thick slit tubes. This means that when the number of thick slits exceeds 4, the greatest
center displacement of thick slit tube rises rather than the maximum center
displacement of the unpatterned tube. However, in the ellipticity graph of thin,
medium, and thick slit tubes, there is no case where the ellipticity value of the tube
is less than 1.0 as the quantity of patterns increases. This means that as the quantity
of thin, medium, and thick slits increased, the ellipticity of the patterned tube in all
cases was always higher than that of the tube without patterns, meaning that the
cross-section became more elliptical. Considering these trends of maximum center
deflection and ellipticity of center cross-section together, as mentioned above, as the
number of slits increases, it should show a tendency to converge, but rather it tends
to decrease or increase. This is considered as the effect of the pattern height on tube’s
deformation and is related to the bending rigidity of the different height slit tubes.

Static analysis is performed to determine the bending rigidity with thin, medium,
and thick slit patterns depending on the quantity of slits. When calculating the
bending stiffness, a full tube model is created and calculated by applying the bending
loading. Comparing the bending rigidity of the different height slit tubes according
to the change in the number of slit patterns, the overall trend of bending rigidity of
the tube engraved with each pattern decreases as the number of patterns increases.
The reason for this is that the area to cut-out the material increases as the number of
slit patterns of different heights increases. Since the area occupied by the slit patterns
of different heights selected by us is small in the entire tube, the amount of reduction
in bending rigidity of the tubes engraved with slit patterns of different heights is not
large. However, even if the number of slits is the same, the reduction in bending
rigidity is also different because the height of each slit is different. That is, the
bending rigidity of the thick slit decreases the most, and the bending rigidity of the

thin slit tube decreases the least. Also, the location where thin, medium, and thick
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slits are engraved affects the vertical stiffness of the tube as it is engraved locally on
two successive sub-tubes from the center of the tube. Due to this effect, maximum
center deflection with slits of different heights appears differently. In particular, in
the tube with thick slits, the ellipticity increased compared to the unpatterned tube,
but the maximum center deflection increased. Next, comparing the torsional rigidity
of the thin, medium, and thick slit tubes, the torsional rigidity tends to decrease as
the slit’s number increases. In addition, as the pattern height increases and the
quantity of slit patterns increases, torsion rigidity of the tube with slit patterns tends
to decrease rapidly. This reason is the same as the tendency of circumferential
division slits in the previous section, and it is because of the shape of the tube divided
by the longitudinal shape slits. Regions excluding the longitudinal slits also creates
longitudinal slit shapes, and since this shape is weak against torsional loading, as the
number of patternss increases, the tube’s torsional rigidity tends to decrease rapidly.

In conclusion, it is evident that thinner slits do a better job of reducing the center
displacement during impact. For thinner slits, greater cross-section ellipticity and a
smaller area of focused stresses are seen. The outcomes are similar for all Py values.
The tube displacement becomes more sensitive to pattern height as the amount of
patterns per sub-domain increases, with the exception of small Py values. This is
likely because, in comparison to its effect on cross-sectional deformation, with
increasing pattern size, slits have a greater impact on vertical stiffness in the
engraved slits area. Therefore, when choosing the quantity and size of slits, we must

take into account these conflicting effects.

¥ P 211 ¥
104 A =TH el



5.4 Deformed shape of the tube with different pattern range

5.4.1 Deformed shape of the tube

In previous sections, we studied the influence of the shape, number, and pattern
height on the deformation of the tube. With these results and the insights gained from
the analysis of the results, in this section, we investigated how the patterned range
affects the tube’s deformation under transverse impact to further generate tube’s
plastic deformation. The expected result when the pattern engraved range is changed
is that tube’s plastic deformation occurs as the pattern engraved range becomes wider,
and the tube center cross-section is deformed more elliptical according to the shape
of the patterns. That is, we expect the effect of relatively reducing the energy
consumed in the center deflection of the tube by controlling the range in which the
pattern is engraved, so that the impact energy is more used in the tube’s plastic
deformation. We selected the slit pattern applied to one sub-domain to investigate
how the pattern engraved range affects the deformation of the tube. We selected the
single slit pattern in consideration of our previous results and insights, and the single
slit pattern chosen is to arrange reference single longitudinal slit circumferentially in
a sub-domain. We choose a single longitudinal slit of H/Hp = 0.012 and W/Wp =
0.08 as the reference to research the effect of the range on the deformation under
transverse impact loading. When the reference single longitudinal slit pattern are
increased and positioned in a circumferential sequence on each sub-domain,
longitudinal slit patterns are always arranged to have the same interval as in the
previous sections. The reason why the single longitudinal slit pattern is selected is
because the four longitudinal slit pattern deforms the tube cross section more
elliptical based on the results on the effect of the shape, number, and slit’s height on

the tube deformation under transverse loading.
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(a) Isometric view

(b) Side view Impact point )
2 Sub-tubes! ! le—
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Figure 5.23. Definition of pattern range (2 sub-tubes, 3 sub-tubes, and 4 sub-tubes) on the
finite element tube model with sub-domains. (a) Isometric view. (b) Side view.
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Figure 5.16. shows the pattern range definition. In the initial stage of this study,
we designed a sub-domain in the form of a square to define the slit pattern, and
connected eight of them in the circumferential direction to create a sub-tube and a
half-tube model consisting of a total of 120 sub-domains. The white rectangles
shown in the isometric and side view of the tube model in Figure 5.16. represent sub-
domains. In this section, it is necessary to define the pattern range to study the
influence of the pattern range on the deformation. Also, the definition of the pattern
range is defined as the number of sub-tubes engraved with slit patterns from the
center of the tube. In all sections investigating the slit shape effect, number, and
height on tube deformation, slit patterns are applied over two sub-tubes in succession
from the tube center. In figure 5.16., it appears as the blue area, and the pattern range
is defined as 2 sub-tubes and consists of 16 sub-domains. The pattern range is
changed by increasing the number of sub-tubes, and an impact plate is located
between the 5th and 6th sub-tube when viewed from the side of the tube. In this
section, the pattern ranges are selected as 2 sub-tubes, 3 sub-tubs, and 4 sub-tubes in
three cases considering the location of the impact point. 3 sub-tubes are shown as
orange area in Figure 5.16. and consist of 24 sub-domains, and 4 sub-tubes are shown
as yellow area and consist of 32 sub-domains. The slit patterns are engraved in each
sub-domain, and the quantity of slit patterns on a sub-domain is changed from 1 to
6. In the case of the three representative 2 sub-tubes, 3 sub-tubes, and 4 sub-tubes,
the area of the slit pattern occupied by one sub-domain is the same even if the
quantity of patterns on a sub-domain is changed. However, because the pattern
ranges are different, the number of sub-domains in which the slit patterns are
engraved is different, and the total area of slit patterns is different. To research the
influence of different pattern ranges on tube’s deformation, nonlinear dynamic finite
element analysis is performed by applying reference longitudinal slits to different

pattern ranges on the tube and changing the number of them.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 5.24. Deformed shape with effective stress of thin-walled tube with the reference
slits on 2 sub-tubes. The pattern range is 2 sub-tubes, H/Hp of the reference slit is 0.012,
W/Wh is 0.800, the number of slit on a sub-domain is 4, and the number of total slits is 64.
(a) Isometric view. (b) Side view. (c) Top view.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 5.25. Deformed shape with effective stress of thin-walled tube with the reference
slits on 3 sub-tubes. The pattern range is 3 sub-tubes, H/Hp of the reference slit is 0.012,
W/Wp is 0.800, the number of slit on a sub-domain is 4, and the number of total slits is 96.
(a) Isometric view. (b) Side view. (c) Top view.
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(a) Isometric view

(b) Side view

(c) Top view

Figure 5.26. Deformed shape with effective stress of thin-walled tube with the reference
slits on 4 sub-tubes. The pattern range is 4 sub-tubes, H/Hp of the reference slit is 0.012,

W/Wh is 0.800, the number of slit on a sub-domain is 4, and the number of total slits is
128. (a) Isometric view. (b) Side view. (c) Top view.
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5.4.2 The effect of different pattern range

In this section, we looked at how the pattern range of the tube with slits affects
how the tube deforms under transverse loading. We choose a single longitudinal slit
of H/Hp = 0.012 and W/Wp = 0.08 as the reference. The pattern range of the tube is
changed to make the plastic deformation of the tube wider. The pattern range is
defined as the number of sub-tubes in which slit patterns are engraved from the center
of the tube, and the three representative pattern ranges are 2 sub-tubes, 3 sub-tubes,
and 4 sub-tubes. The quantity of slit patterns engraved in one sub-domain is changed
from 1 to 6, and the total slit area of the three representative pattern ranges differs
depending on the pattern range. We obtain maximum center deflection and the
ellipticity of cross-section from nonlinear dynamic finite element analysis, and

bending and torsional rigidities from static finite element analysis.

2 Sub-tubes 3 Sub-tubes 4 Sub-tubes
Cross-section _, o \_ f?_/"" N e """x\
shape
(Red dash: Reference .\.ﬁ_:___ f .K‘H:..‘___ - __::.:«*; l‘ -
Blue line: Patterned) o
Max. Deflection -8.41 % -12.07 % -15.14 %
Ellipticity +49.79 % +70.17 % +79.18 %
Bending rigidity -0.55% -0.83 % -1.01 %
Torsional rigidity -34.29 % -43.85 % -51.00 %

Table 5.4. Cross-section shape, maximum deflection, ellipticity of center cross-section,
bending and torsional rigidity of the tube with pattern range of 2, 3, 4 sub-tubes. All values
are calculated as percent with reference to the value of the tube without patterns.
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In order to perform a nonlinear dynamic-implicit analysis of the pipe with slits,
we chose three slit pattern ranges with the reference rectangular slit and varied the
quantity of patterns on one sub-domain. When the quantity of patterns on one sub-
domain, the slit patterns are arranged in circumferential direction and the interval
between the slit patterns is the same. When the pattern range is 2 sub-tubes, slit
patterns are generated in two consecutive sub-tubes from the center of the tube and
occupy 16 sub-domains out of 120 sub-domains. When the pattern range is 3 sub-
tubes, slit patterns are generated in three consecutive sub-tubes from the center of
the tube and occupy 24 sub-domains out of 120 sub-domains. When the pattern range
is 4 sub-tubes, slit patterns are generated in four consecutive sub-tubes from the tube
center and occupy 32 sub-domains out of 120 sub-domains. Therefore, by applying
reference rectangular slit patterns to various pattern ranges, we examine the
influence of the pattern range on the maximum tube’s center displacement. Although
the quantity of patterns engraved in one sub-domain is the same, the total area of slit
patterns is different because the pattern range of the tube is different. In particular,
in this section, to study the influence of the pattern range on the tube deformation,
we focused on comparing the cases with different pattern ranges and the same
quantity of slit patterns on a sub-domain. The results are calculated through nonlinear
dynamic analysis for tubes with different pattern ranges, and compared with the
results of the unpatterned tube as a reference.

Comparing the maximum center displacement with pattern ranges of 2 sub-
tubes, 3 sub-tubes, and 4 sub-tubes, the overall tendency of the highest center
deflection according to the change in the quantity of slit patterns on a sub-domain is
similar for the tubes with different pattern ranges. As the quantity of slit patterns
increases, the maximum center deflection with three different pattern ranges
decreases and then converges. In particular, when the number of slit patterns
increases from 1 to 2, in three cases, the maximum center deflection decreases the
most. Also, when the number of slit patterns is 3 or 4, the maximum center deflection

of all tubes with different pattern ranges tends to converge.
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Figure 5.27. Non-dimensional maximum center deflection of the tube with respect to the
different pattern ranges and Px.
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Figure 5.28. Non-dimensional ellipticity of the center cross-section of the tube with respect
to the different pattern ranges and P.
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The ellipticity change of tube center cross-section with different pattern ranges
according to the number of slit patterns shows a similar tendency to the maximum
center deflection. As the number of slit patterns increases, the ellipticity of center
cross-section of the tubes with three different the pattern ranges of 2 sub-tubes, 3
sub-tubes, and 4 sub-tubes increases and then converges. In particular, when the
number of slit patterns increases from 1 to 2, in three different pattern ranges, the
ellipticity of center cross-section increases the most. Also, when the number of slit
patterns is 3 or 4, the ellipticity of center cross-section of all tubes with different
pattern ranges tends to converge.

As the quantity of slit patterns on a sub-domain increases, the trends in
maximum center deflection and ellipticity of center cross-section of the tube show
that the design concepts described in Chapter 2 are reflected. Our intended design
concept is to reduce the maximum center deflection by making the center cross-
section of the tube more elliptical by engraving slit patterns on a localized area of
the tube. When the number of slit patterns is changed from 1 to 2, the maximum
center deflection decreases the most and the ellipticity of center cross-section
increases the most. The reason for this phenomenon is because of the principle that
the discontinuous curve lines divided by the slit pattern are transformed from a circle
to an ellipse from a cross-sectional perspective. The unpatterned tube’s cross section
changes from a circle made up of one continuous line to an ellipse. However, when
a pattern is engraved on the tube, the cross-section is not one continuous line, and
discontinuous lines divided by the slit patterns form a circle, and it changes to an
oval shape by impact loading. That is, if one pattern is engraved on each sub-domain,
the cross-section is divided into 8 discontinuous lines, and when two patterns are
engraved on each sub-domain, the cross-section is divided into 16 discontinuous
lines. Due to the quantity of discontinuous lines, the cross section is more effectively
transformed from a circle to an ellipse when the number of pattern is two than when
the number of pattern is one on each sub-domain.

Next, comparing the maximum center deflection and the cross-section

ellipticity when the quantity of slits on a sub-domain is the same, the differences
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according to different pattern ranges are shown in the highest center deflection and
the cross-section ellipticity. The reason for this phenomenon is the effective stress
distribution on the thin-walled tube, which is shown through the tube’s deformed
shape with effective stress from the nonlinear dynamic analysis. The finite element
analysis on the tube deformation performed in this section is carried out by
generating each finite element tube model with different pattern ranges. The way to
engrave reference slits on a sub-domain is the arrangement in the circumferential
direction referred to in the preceding section. The finite element model consists of
different pattern ranges of 2 sub-tubes, 3 sub-tubes, and 4 sub-tubes from the sub-
domain engraved with the reference pattern, and the remaining parts are composed
of sub-tubes without patterns. Comparing the deformed shapes of tubes with
different pattern ranges obtained by performing finite element analysis, the
difference in effective stress distribution in the deformed shape is shown according
to the different pattern ranges. The important difference in the deformed shape with
effective stress in the three pattern ranges of 2 sub-tubes, 3 sub-tubes, and 4 sub-
tubes is the concentrated effective stress region shown in yellow. When the pattern
range is 2 sub-tubes, a yellow region exists, but when the pattern range is 4 sub-tubes,
there is no concentrated effective stress region. In other words, the wider the pattern
range, the more distribute the concentrated effective stress on the tube. Considering
these deformed shape of the tubes, the maximum center deflection, and the ellipticity
of center cross-section together, the wider the pattern range, the wider the flexible
range of the tube due to the influence of patterns. In addition, the flexible part
deforms the cross-section into an elliptical shape, and as a result, the maximum
center deflection decreases. The expected effect of pattern range on the deformation
of the tube is to widen the pattern range of the tube to expand the plastic deformation
occurred in the tube. The deformed tube shape with different pattern ranges, as we
intended, shows that when the pattern range is widened close to the impact point,
more plastic deformation occurs and the center cross-section is more effectively

elliptical.
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Figure 5.29. Non-dimensional bending rigidity of the tube with respect to the different
pattern ranges and Pw.
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Figure 5.30. Non-dimensional torsional rigidity of the tube with respect to the different
pattern ranges and Pn.
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Static analysis is performed to determine the bending rigidity with three pattern
ranges of 2 sub-tubes, 3 sub-tubes, and 4 sub-tubes based on the amount of slit
patterns on a sub-domain. The overall tendency of bending rigidity of tubes with
different pattern ranges decreases as the number of slit patterns increases. Also, even
if the amount of slit patterns on a sub-domain is the same, the total number of slit
patterns is different because the tubes have different pattern ranges. Therefore, the
bending rigidity is further reduced when the pattern range is 4 sub tubes than when
the pattern range is 2 sub-tubes. Since the reference slit pattern has a very small area,
the bending rigidity of the tubes with different pattern ranges is almost the same as
the bending rigidity of the tube without patterns. Next, comparing the torsional
rigidity of the tube with three pattern ranges of 2 sub-tubes, 3 sub-tubes, and 4 sub-
tubes, the torsional rigidity of tubes tends to decrease as the number of slit patterns
increases. The reason for this is because of the shape of the tube divided by the slits
of the longitudinal shape, and the tendency is the same as the torsional rigidity of the
tube engraved with the circumferential division slits of the previous section. In other
words, by cutting-out longitudinal slits from the tube, the tube shape is created in a
form weak to torsional loading. Therefore, as the pattern range is widened, more
longitudinal slits are generated and the parts weak to torsional loading are also
increased, so the torsional rigidity is further reduced.

To sum up, as predicted, the center deflection decreases with the patterned range
while increasing with the cross section ellipticity. The larger the more flexible area
in cross section, the more evenly the stress is distributed along the tube.
Consequently, the energy is more efficiently used as the cross section deforms due
to the larger patterned area. However, when Py reaches to 3~4, its effect becomes
saturated. Related to prior parametric studies, the range of the patterned area has little

effect on the bending rigidity.
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5.5 Stress concentration in the deformed tube caused by the
slit pattern

5.5.1 Stress concentration in the thin-walled tube with slit patterns

In previous sections, we studied the effect of the shape, amount, height of the
slit pattern and the range of slit pattern on the deformation. Through the effect on the
shape of the slit pattern, it was proved that the long slit shape in the axial direction
of the tube was beneficial in producing an elliptical cross section and decreasing the
center displacement. It was effective to reduce center deflection by arranging several
longitudinal slits instead of one by changing the number in one sub-domain of the
slit pattern, and it was more effective as the pattern height became thinner. In addition,
it was demonstrated that the center deflection can be effectively reduced by making
the slit pattern engraving range wider to enlarge the impact-induced plastic
deformation area. In conclusion, by controlling the shape of this slit pattern, when
transverse impact is applied to the tube, the center part is made flexible and energy
is dissipated by plastic deformation. By controlling this plastic deformation, it was
possible to deform the cross-section into an oval shape and reduce the center
deflection as a result. The thin-walled circular tube used in the study is actually a
part used as a cowl cross bar for a vehicle, so it is a structure that is deformed by
instantaneous transverse impact. Since the tube structure dented by impact is not
recycled, stress concentration was not considered under the condition of
instantaneous impact load. However, the cowl cross bar experiences a situation in
which vibrations or very minute bending loads are repeatedly generated while the
vehicle is being driven, unless a momentary impact occurs. In general, it is known
that when a slit pattern is engraved on a tube structure, stress concentration occurs
around the slit pattern, causing problems such as cracks and fatigue. Therefore, even
in the thin-walled tube structure of this study, stress concentration will occur around
the slit pattern due to the engraving of the slit pattern. In order to recognize the stress
concentration problem due to the slit pattern of the cowl crossbar, the boundary

condition was changed to a general displacement load condition rather than an
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instantaneous impact condition. The existing boundary conditions were all kept the
same, and the loading condition applied to the rigid plate at the impact point was
changed from the drop weight method to the displacement method. Displacement
load is a method of pressing the tube and rigid plate down by 20mm from the moment
when the tube and rigid plate contact the gap of 2mm. Finite element analysis was
performed by applying the changed loading condition, and the deformation shape of
the tube without a slit pattern and the tube with a slit pattern was compared. The
deformed tube shape was expressed as stress distribution. Through the analysis
results, the tube’s center deflection and the stress distribution were derived, and the
place where the highest effective stress occurs is indicated by a red triangle.
Comparing the unpatterned tube’s deformed shape and the tube with the slit pattern,
it is evident that center cross section is deformed into an oval shape due to the slit
pattern, reducing center deflection. In addition, when the stress distribution and the
position of the maximum effective stress were compared, the maximum effective
stress occurred near the impact point when there was no slit pattern. However, when
the slit pattern is engraved, it can be confirmed that it occurs around the slit pattern,
not around the impact point. Comparing the maximum effective stress values, it can
be seen that the slit pattern has a higher value than the case without the slit pattern.

This proves that the slit pattern caused stress concentration around the slit pattern.
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Figure 5.31. The stress distribution of the deformed shape of the tube without slit patterns.
A red triangle indicates where the maximum effective stress occurs.
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Figure 5.32. The stress distribution of the deformed shape of the tube with slit patterns. A
red triangle indicates where the maximum effective stress occurs.
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5.5.2 Slit pattern design to reduce stress concentration

Through the previous section, the maximum effective stress value of the
unpatterned tube and the tube with slit patterns were compared. As a result, it was
confirmed that the maximum effective stress value increased by about 16% due to
the slit patterns. As described above, when stress concentration occurs, the
possibility of problems such as cracks and fatigue generally increases in the slit
pattern region. In order to reduce the possibility of these problems, it is essential to
adjust the position where stress is concentrate or to modify the shape of the slit
pattern that can reduce the maximum effective stress value. Therefore, this section
introduces the modified slit pattern shape to reduce the stress concentration while
maintaining the center deflection reduction effect caused by the existing slit patterns.
For the shape of the modified slit pattern, the height and length of the slit were fixed
to maintain the effect of the existing slit pattern, and a method of engraving holes at
both ends of the slit was applied to reduce the stress concentration occurring around
the slit pattern. The modified slit pattern was applied to the tube to perform finite
element analysis under the given simulation conditions, and as a result, center
deflection, deformed shape with stress distribution, and maximum effective stress
were calculated. For the modified slit patterns, the number of patterns was applied

from 1 to 6 in 1 sub-domain.
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Original slit pattern

Modified slit pattern

v

-~

Total Length (Fixed)

Figure 5.33. Original slit pattern means a rectangle slit pattern. Modified slit pattern is a
form in which holes are drilled at both ends of the slit pattern, and the blue border line
means the final shape of the modified slit pattern.

/\ Maximum stress = 490.8 MPa

Figure 5.34. The stress distribution of the deformed shape of the tube with modified slit

patterns. A red triangle indicates where the maximum effective stress occurs.
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First, comparing the non-dimensional deflection according to the quantity of
patterns in 1 sub-domain, it can be confirmed that the reduction effect of the center
deflection due to the slit pattern to be maintained is maintained. This is because,
when designing the modified slit pattern, the height and total length of the pattern
were kept the same to maintain the center deflection reduction effect due to the slit
pattern. The overall shape of the modified slit pattern was designed to be similar to
the previous rectangular slit pattern, so that center cross section was easily deformed
into an oval shape due to slit pattern. However, in the modified slit pattern, holes
were formed at both ends, and the overall pattern area was larger than the previous
rectangular slit, so the center deflection decreased slightly less.

Next, comparing the relationship between non-dimensional center deflection
and non-dimensional maximum effective stress, it is clear that the maximum
effective stress is reduced by about 15% on average due to the modified slit pattern.
The effect of reducing the maximum effective stress is due to the holes formed at
both ends of the modified slit pattern. In general, the cause of stress concentration is
at the sharp edge of the existing rectangular slit, and to solve the stress concentration
problem, a hole is drilled here to dissipate the effective stress a little more effectively.
In conclusion, the maximum effective stress values were reduced by applying the
modified slit pattern, and the center deflection reduction effect due to the slit pattern
was maintained, thereby reducing the possibility of occurrence of problems such as

cracks and fatigue due to stress concentration.
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Figure 5.35. Non-dimensional center deflection of the tube with respect to the different slit
pattern and P.
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Figure 5.36. Non-dimensional maximum effective stress of the tube with respect to non-
dimensional center deflection and different slit pattern.
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5.6. The effect of slit pattern on thin-walled tubes of different
shapes

In this chapter, we study whether the effect of the pattern also affects thin-
walled tubes of other shapes. In the previous chapters, only circular tubes were
considered. Considering the plastic deformation of circular thin-walled tube under
transverse loading, the position where the slit will be engraved was defined. To
engrave the slit, the finite element model was reconstructed from sub-domain to sub-
tube and half tube. Slit patterns were engraved in the sub-domain, and the effect of
the shape, number, height, and range of patterns engraved on plastic deformation of
circular thin-walled structure was analyzed. The effect of this slit pattern was used
to reduce permanent deflection of circular thin tubes due to transverse impact.
Therefore, to confirm whether the effect of the slit pattern can be applied to thin
tubes of different shapes, finite element models of thin-walled tubes having different
shapes were constructed and nonlinear finite element analysis was performed.
Longitudinal slit patterns were engraved and the pattern range was applied to a
section of 100 mm from the center of each tube. All values are % values compared
to tubes without patterns, and maximum center deflection, width and height of cross-
section were calculated. In conclusion, it was confirmed that the center deflection
due to the transverse impact can be reduced by applying the slit patterns even if the

shapes of the tubes are different.

Circle Rectangle Hexagon

Max. Deflection - 14.90 % -0.57 % -13.07%
Cross-section Width +8.44 % +2.57% +2.81 %
Cross-section Height -13.55% -0.81 % -6.74 %

Table 5.5. Maximum deflection, cross-section width and height for circle, rectangle and
hexagon shaped thin-walled tube. All values were calculated as % based on each tubes
without patterns.
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(a) Circle

(b) Rectangle —

(c) Hexagon

Figure 5.37. Undeformed and deformed shapes of un-patterned thin-walled tubes with
different cross-section shapes subjected to transverse impact. (a) Circle. (b) Rectangle. (c)
Hexagon.
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(a) Circle

(b) Rectangle

(c) Hexagon

Figure 5.38. Undeformed and deformed shapes of patterned thin-walled tubes with
different cross-section shapes subjected to transverse impact. (a) Circle. (b) Rectangle. (c)
Hexagon.



5.7. Conclusion

In this chapter, we investigate the tube’s deformation with multiple slit patterns
on a sub-domain. First, we divided a longitudinal slit pattern in circumferentially and
longitudinally to create more slit patterns, and we looked at the impact of the various
division direction. Next, we select three longitudinal slit patterns with different
heights, increase the quantity of slit patterns in circumferentially, and study the
influence of different pattern height on deformation. In addition, we increase the
number of slit patterns with different pattern ranges to make plastic deformation
wider, and research the effect of dissimilar pattern ranges on the deformation.
Considering the influences of multiple slit patterns on the deformation, arranging
thin longitudinal slits in circumferentially on the tube is efficient in minimizing the
tube’s maximum center deflection. Also, it is advantageous in reducing the
maximum center displacement because it induces more plastic deformation when the

longitudinal slits are engraved to widen range.
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Chapter 6

Concluding remark

We talked about the mechanism of tube plastic deformation under transverse
loading, the design idea to minimize the maximum deflection, and the influence of
the slit pattern. We proposed the design concept of engraving slits on the tube surface
to reduce the maximum deflection. The reason for presenting this design concept is
that the stiffness of the structure can be controlled by engraving patterns on the
structure without patterns, and the deformation mode of the structure can be
controlled by using this. Therefore, by engraving slit pattern on the tube to control
the deformation mode, we tried to decrease tube maximum displacement.
Additionally, we used simulation analysis to examine the deformation tube shape
with slits in order to investigate the effect of slits on the displacement. The maximum
center deflection could be decreased, according to finite element analysis, if the cross
section deformation into an elliptic shape could absorb more of the impact energy.
We added slits around the center to improve it more flexible during the cross section
deformation in order to investigate this possibility. Our analysis shows that thin
longitudinal slits are beneficial in lowering the tube’s center displacement under
transverse loading. By applying more and thinner slits in circumferentially for a
larger range on the tube’s surface, we can enhance this effect. It is noteworthy that
adding slit patterns has little effect on the tube’s bending stiffness. In conclusion,
engraving longitudinal slits close to the center of the tube is a successful method of
lowering the maximum deflection under transverse impact without adding to the

weight. In other words, by engraving longitudinal slits around the center of the tube,
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it distributes the concentrated effective stress and makes the local region of the
structure more flexible. This effect makes the cross-section more elliptical and
reduces the permanent deflection. We verified the proposed design concept by
analyzing the slit effect on the tube deformation under transverse impact.

We present the limitation in that the slit effect on reducing maximum deflection
has been verified when the transverse impact of the present conditions is applied to
the thin-walled tube. However, even if the boundary and loading conditions are
altered, we can reduce the maximum center displacement by applying the effects of
width and height, quantity, and the pattern range of slit patterns. Therefore, we
suggest that it is necessary to expand the study on the slit effect on the tube
deformation according to the location and number of impact points, the thickness,
and the change of slenderness ratio. By analyzing the deformation of the structure
without slits in the suggested studies and regulating the plastic deformation mode of
the structure by taking the effect of the slit patterns into account, we anticipate that

the greatest center permanent deflection can be reduced.
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