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SARAWUT BUA-NGAM : THE STUDY ON FRONTAL
CRASHWORTHINESS BEHAVIOR OF THE LARGE PASSENGER
BUS STRUCTURE BASED ON ECE REGULATION-29.

THESIS ADVISOR : ASST. PROF. SUPAKIT ROOPPAKHUN, Ph.D.,

103 PP.

FINITE ELEMENT/ FRONTAL IMPACT/ HIGH-DECKER BUS/ ECE-R29

This research was studied the frontal impact behavior of the high-decker bus
structure type 2 to assess the safety of structure and driver according to ECE-R29.In order to
create and analyze using the finite element method / explicit dynamic, computer program
called “ANSYS Explicit” is a key equipment for simulate the crashing behavior. The bus
structure model CG280 by the original and the improvable with energy absorber structure are
compared with the associated parameter such as energy absorption, residual energy on
manikin, and deformation shape on the structure. The results represented that the high decker
bus structure is compliant with the requirement of ECE-R29. That is to say the deformation
of structure components does not affect the driver. The maximum deformation scale is
257.95 mm in the frontal bar structure. And the residual energy on manikin is 134.09 J
which does not exceed 30 % of gross impact energy. In addition the improve structure with
energy absorber is a cause of reduce 70.79% residual energy. And the hexagonal cross-
section with 2 mm thickness is better than circular, triangular, and rectangular cross-section in
case efficiency and ability to absorb energy. Then the verification is carried on the relation of

thin-walled structure under impact condition between the simulation and experiment.
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ECE R-29 = United Nations Economic Commission for Europe Regulation-29
GSI = Gadd Severity Index

MCR = Maximum Compression Ratio
E = Young’s modulus

v = Poisson’s ratio

Y = yield stress

£, = yield strain

o, = ultimate tensile stress

o, = fracture stress

£, = fracture strain

E, = linear hardening modulus

W, = bending work

R = stretching work

P = mean force
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Dimensions

Name Description Dimension (mm)
AA Breadth of head 153
AB Combined height of head and neck 244
D Distance from top of head to shoulder pivot 359
E Calf depth 106
F Height from seat to top of shoulder 620
J Height of elbow rest 210
M Knee height 546
(0] Chest depth 230
P Distance from seat back to knee 595
R Distance from elbow to fingertip 490
S Length of foot 266
T Length of head 211
U Height from seat to top of head 900
A% Shoulder breadth 453
w Breadth of foot 77
a Distance between hip point centers 172
b Chest breadth 305
c Height of head and chin 221
d Forearm thickness 94
e Distance between vertical centerline of torso and rear of head 102
f Distance between shoulder pivot and elbow pivot 283
g Knee pivot height from ground 505
h Thigh breadth 165
i Lap height (Sitting) 565
j Distance from top of head to "H" point 819
k Distance between hip pivot and knee pivot 426
m Ankle pivot height from ground &9
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manmilen uazegiiiien FeanuduvesnnudunusszrninanudutazaNuns oa lugia
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= A 1 ~ 1A 1 ~ [ Y .
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. . A Y o 1 a A dy A Y o
(ultimate tensile stress - o, ) taztiloldusansziime liszimanmsdsuulasiuinidaou
A Y Aiyd 1 9 = = =
MalungagaganieiliTondn ANAMAENIY (fracture stress -0 , ) HATAUIATIALTINY
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(D) elastic, perfectly plastic (V) elastic, linear hardening

1ag (M) elastic, power hardening
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(o <Y for =0

J (2.4n)
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Strain rate

(s )

Common testing methods

Dynamic considerations
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10

HIGH-VELOCITY IMPACT
-Explosives

-Normal plate impact
-Pulsed laser

-Exploding foil

-Incl. plate impact
(pressure-shear)
DYNAMIC-HIGH
-Taylor anvil tests
-Hopkinson bar
-Expanding ring
DYNAMIC-LOW
High-velocity hydraulic, or

pneumatic machines: cam plastometer

QUASI-STATIC

Hydraulic, servo-hydraulic

or screw-driven testing machines

CREEP AND STRESS RELAXATION

-Conventional testing machine

-Creep testers

SHOCK-WAVE PROPAGATION.

SHEAR-WAVE PROPAGATION.

PLASTIC-WAVE PROPAGATION.

MECHANICAL RESONANCE IN
SPECIMEN AND MACHINE
IS IMPORTANT.

TESTS WITH CONSTANT
CROSSHEAD VELOCITY
STRESS THE SAME
THROUGHOUT LENGTH OF
SPECIMEN.

VISCOPLASTIC RESPONSE
OF MATALS.

jueiroduur $9010§ [RTIAU]

91q131139u $2910J [erIuU]

NUIYLHS : Meyers (1994)
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Abstract. In Thailand. according to the bus accident statistics referred to Department of Land
Transport (DLT), the highest risk represents the frontal crash accidents. In case of frontal
crashworthiness, the high- decker bus safety was referred to the regulation no.29 of United Nations
Economic Commission for Europe (ECE-R29). In this study. the frontal impact analysis of the
high-decker passenger bus structure based on ECE-R29 using Finite Element (FE) analysis was
focused on. The energy absorption including to the total deformation of the frontal cabin were
evaluated. Three-dimensional FE model of frontal bus structure with- and without- simple impact
attenuator were created and analyzed using ANSYS/Explicit software. In accordance with the
results, the average magnitude of kinetic emergy in case of impact attenuator revealed the value
lower than those without impact attenuator owing to absorb energy in the impact attenuator. In
addition. the total deformation regarding to the safe zone of the frontal cabin in the case of with
impact attenuator were lower than without impact attenuator as 75.8%. Therefore, the frontal
impact attenuator should be recommended to a high-decker bus for the driver protection in the event
of crash accident.

Introduction

Forasmuch as public transport fare is more economical than traveling by private vehicle, traveling
by bus is one of find public favor transportation in Thailand. Therefore, the new registration bus is
increase rapidly every year [1]. For accidents involving bus in Thailand, frontal crash accidents is
the most frequently happen approximately 60% of the total 964 accidents [2]. Consequently, the
consideration about frontal crash accidents is important. There are many research accorded to
frontal impact analysis of a vehicle. The analysis of truck eabin in Germany was carried out by
Raich [3] to guarantee a sufficient survival space for the driver and the front seat passenger in an
accident. Beyond frontal crash numerie study usage the explicit finite element program LS-DYNA
compared to the results from the acceptance test according to ECE-R29, roof strength and rear wall
strength was likewise studied. The cabin could protect a manikin, shown on the results of study.
Ded et al. [4] was purpose the frontal erash analysis using the explicit code LS-DYNA on an
aluminum-intensive small car platform. The finite element results of front structure with segment of
rail analysis were verified to the mandatory FMVSS 208 regulation. The aluminum concept car is a
prototype to build a lightweight and eco-friendly vehicle. Cerit et al. [5] performed for the safety
study on an intercity coach in case the primary structure compared with the structure with two
different energy absorber designs. The coach model with a manikin was simulated on the computer
program LS-DYNA according to ECE-R29. The regulation was truly referred to consider a safety
on truck cabin, but some research arrange for the safety of bus/coach in the case of frontal collision
testing. The both absorbers could absorb kinetic energy and protect a manikin.

The regulation no.29 of United Nations Economic Commission for Europe (ECE-R29) applies to
vehicle with separate diver’s cab so as truck and lorry. Therefore, it is not directly applied to bus.
But the vehicle which does not differ in the dimension. shapes and material of the component of the
wehicle cab or the cab is attach to the chassis frame is able to considered as the truck cabin [6]. The
safety criteria of frontal impact test with 29.4 and 55 kI impact energy, gross vehicle mass not
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exceeding and exceeding 7.5 tons respectively, are applied to the 50" percentile male survival
space. Dimension of the pendulum test was shown in Fig. 1.

— H(R)

C

pendulum — ; b

b = 2500 mm

h =800 mm

f 2 1000 mm
L2 3500 mm

¢ = 50+5/-0 mm

Fig. | Front impact test based on ECE Regulation No.29

m 2 1500 kg

In the frontal impact analysis of bus structure, deformation behavior was often solved in terms of
shell elements similar an axial folding of thin walled tube. Thin walled structures under axial low
velocity impact load with various shapes and materials were studied pervasively in mechanical field
which explain an elementary behavior of bus structure. The analysis of thin walled cylinders with
diverse D/t and L/D ratio and impact energy was operated by Tai el al. [7]. Average load and
energy absorption properties signified solidity of structure. This 1s the way to designs an energy
absorber for which anchored in front of the bus auxiliary kinetic energy absorb.

Therefore, m this paper, the front high-decker bus body and chassis 1s analyzed using finite
element method. The comparison between original and supplementary impact attenuator model
were established procedure in the same condition. Presumably, this model will be created with
safety according to ECE-R29.

Materials and Methods

In this study. the domain of 3D FE model consist of the frontal bus component (e.g.. the body and
chassis), also the simple model of an impacted pendulum was carried out using ANSY'S Workbench
v13.0 commercial software. The 4-node quadrilateral shell as well as the rigidly element types were
constructed for the vehicle structure and the 1.500 kg pendulum, respectively as shown in Fig. 2.
From simplified assumption, the thin-walled bus structure connections were defined as the perfectly
weld joint element. The materials for the body structure including chassis components were steel
STKR-400 and stamnless steel RST-4003, respectively. As shown mn Fig 3, the stress-strain curve
which accordingly ASTM ES8 standard testing [8] were obtained and assigned to ANSYS/Explicit.
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Safe Zone

Pendulum

Fixed Support

B
K
25 deg
2
A
Fixed Support ="

Fig. 2 The chassis and frontal body component of high-decker bus structure
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Fig. 3 Stress-strain curve of stainless steel RST 4003 and steel STKR 400

Regarding the boundary condition, the relative displacements were performed by the remote
displacement represented as the determination adapted to frontal component like two anchoring
chains downward angle 25° to the horizontal plane and backside fixed at base. The magnitude of
mitial velocity which defined on rectangular ngid plate i the plane of impacted pendulum was
created as 8.56 m/s. In order to the comparison, the conventional and the modified bus structural
models by impact attenuator, which consist of four thin-walled cylinders with following the
diameter per thickness as 51.6 [6] were analyzed as shown in Fig 4.

Fig. 4 The simple impact attenuator model
3
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The pendulum attached to the frontal chassis and the body was assigned with allowed as slightly
relative displacement to another part surface contact. The total time step was defined as 0.05 second
for the explicit dynamic simulation. The total of number element was in range as 71,337-71.817
elements.

In the study, the results were focused on two points of views. First issue 1s the damage of the
front cabin which was the driver zone of the bus structure. Therefore, the total deformation of
structure was considered by monitor on the driver’s survival zone as defined in Table 1. Secondary.
the energy absorption of the front bus structure during the crashing by the impacted pendulum was
evaluated. The absorbed energy of the conventional bus structure without the impact attenuator was
then compared to the modified structure using the impact attenuator.

Table 1 The dimension of simplify safe zone defined by 50™ percentile male

Box’s Side Description Dimension [mm]
Width Shoulder breadth 453
Distance from seat back to knee
Length "5 1F depth 701
. Knee pivot height from ground 5,
Height Distance from top of head to “H” point 1,324

Results and discussion

As shown in Fig. 5. the kinetic energy on bus structure during the impact were carried out and then
compared between -with and -without the impact attenuator. The results revealed that the value of
kinetic energy in the bus structure with impact attenuator displayed lower than the without impact
attenuator, especially after 0.02 second. It can be notice that the kinetic energy was transferred from
the pendulum into the frontal structure. For the crashing physical behavior, the bus will be collapsed
and backward with reduced velocity due to the effect of friction. According to the ECE R29.
however, the bus structure was constrained as the limited moveable. Also the simulation was not
considering the loss of energy that caused the invariable fluctuation of kinetic energy. In addition,
the results of average energy after 0.02 sec signified the ability of impact absorption. The average
energy can be represented about 18.000 J and 21,000 T for the case of -with and -without the impact
attenuator, respectively. Again, it can be draw that the bus structure with impact attenuator could
absorb energy than the conventional model.

Kinetic Energy [J] == ithout Impact attenuator
=== with impact attenuator

r——

—
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(=)
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(=]
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\
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0 Time [s]
0 0.01 0.02 0.03 0.04 0.05

Fig. 5 The absorbed energy on the bus structure
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The total deformation of frontal bus structure including the safe zone configuration was
displayed as shown in Fig 6. The results exhibited that magnitude of deformation of the
conventional model and improved impact attenuator display as 47.22 mm and 1142 mm,
respectively. The maximum value of deformation occurred on the region closed to the underfoot
structure of driver. In addition, the deformation of conventional model was more likely encroach to
the safe zone higher than the improved model.

Regarding the plastic strain distribution, this value represented the absorbed strain energy ability
or load shearing in each component. As shown in Fig. 7, the highest magnitude plastic strain
occurred on the front bumper component. It can be noticed that the critical component which is
higher loaded sharing during the impact phenomena can be observed. In addition, the distributed
stress wave was only transferred on the chassis component including the impact attenuator (Fig 8).
However, the appreciated design of impact attenuator can be applied for the better load shearing

including the strain energy abortion as well as the spread of stress wave during impact phenomena.
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Fig. 7 Plastic strain distribution on the frontal bus structure:
(a) without impact attenuator, and (b) with impact attenuator
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Fig. 8 Impact attenuator distortion

Conclusions

The prediction of a frontal impact behavior on the high-decker structure based on ECE-R29 by the
mean of finite element analysis was presented. The results showed that the impact attenuator
anchoring was applied to decrease the kinetic energy transferred onto the bus structure. The
reduction of plastic strain including the total deformation on the frontal structure was ensured the
reasoning. The total deformation of conventional model was more likely encroach to the safe zone
higher than the improved model. In the study, the simple cylinder impact attenuator was proposed
for the improvement of load sharing. However, the appropriated impact attenuator design should be
considering 1n further study.
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Abstract. Chassis strength and durability of local buses has been successively developed as many
large automobiles due to reason for safe passenger transportation. This paper describes design method
and strength analysis of chassis structure for double deck bus. C-beam and L-beam are created and
assembled as for chassis frame structure by using CAD software. Finite element simulation is
employed to evaluate total deformation and strength of designed bus chassis structure according to
reliable safety factor from engineering design principle. Loading condition for simulation includes
fully applied bending forces that are defined as heavy weight exerted on member joints. Finite
element simulation result reveals that the fracture stress is not over than vield stress of the material.
Safety factor is 2.16, which is the acceptable value under defined safety standard from department of
land transport.

Introduction

Local bus manufacture rate in Thailand has been highly increased since 1975. Several manufactures
have produced themselves chassis frames and body structures without nnporratlon from overseas.
Chassis frames of the double deck bus are classified by three types, i.e., monocoque chassis,
dependent chassis and independent chassis. There are large labors that have technical skill on chassis
structure design and part assembly. Consequently, the economical competition on local bus
manufacturing occurs intensively. In addition to the double deck bus is popular automobile for
passenger transportation in many regions of Thailand. However. chassis structural strength and
quality of various double deck buses are not officially certified. So. the department of land
transportation standardized strength of bus structure and land transport with on-road vehicle.
Maximum mass of double deck bus must be lower than 23.500 kg. The chassis frame is one of
controlled part under abovementioned standard and also must support that maximum loading. Some
researchers have designed the chassis frame of the bus by using engineering design [l].
Unfortunately. those research results are strength analysis of specific C- beam and L-beam only that
the bending forces (passenger weight) exert only on a few members joint. To design new chassis
frame structure of the double deck bus, this study aims at designing the chassis structure using C-
beam and L-beam (Fig.1) with finite element simulation method. Then. safety factor obtained from
strength analysis of chassis material is determined by referring the defined standard of Department of
Land Transportation [2].

Fig. 1 Chassis: C- beam and L-beam

All rights resewed No gart of contents of this paper may be reproduced or transmitted in any form or by any means without the written pemmission of TTP,
www ttp.net. (ID: 202.28.41.6, Suranaree University of echno%gy NakomRatchasima, Thailand-22/10/14,05:47:24)
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Maximum Shear Stress Theory

Failure theory for tough material describes planar slip in material grain structure during yielding.
Shear stress causes slip of grain dislocation. Yield point of tough material depends on shear stress
only. When shear stress highly reaches critical shear stress. material yields along shear force direction
that can be expressed as

Tmax < Ter = CT_'\--‘"‘Z . (1)

Where, Tpax. Ter and Gy are maximum shear stress in material, critical shear stress in material and
tensional stress obtained from tensile test. For isotopic material, tensional stress in all directions is
equal. From Mohr’s circle. maximum shear stress in material is equal to circular radius. Circular
radius can be calculated by Eq. 2.

@)

1
EX(O'l—Cfl] :

Where o, o, are principle normal stress (tensional siress and compressive stress). Therefore, the
material that supports the combined stress in three directions is in safe zone as the exact equation in
Eq. 3.

1 c, i
;x(q -g,)|<—= and ‘Gchr} <, . (3)
The form of Eq. 3 can be reduced as Eq. 4.
O R T R —0, < 0,.6, <0, . 4)
G ' '

Research Methodology

Chassis Structure Design. Constructive strength of chassis materials and bus manufacturing are
reviewed. Bus chassis CB 390 series is used. By comparing new structure of the bus with the others.
the monocoque chassis is created as self-design structure (Fig. 2). Two chassis models are similar in
main line structure. But. the side platform removal of the old model is performed and created to be the
new model. C-beam and L-beam models are created in CAD software. Then. those beam models are
imported into FEA software. Finite element simulation with ANSYS WORKBENCH 13.0 is used to
solve for static structural deformation problem. Stainless steel RST 4003, material model is applied to
the frontal and the back members. Steel STKR 400 material model is applied to the middle members
of the chassis. Finally. the safety factor in mechanical engineering design is determined by finite
element simulation.

Fig. 2 Chassis structure design: (a) old chassis. (b) new self-design chassis
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Passenger Seat Emplacement. The designed deck of double bus is separated into two levels. i.e.
upper deck and lower deck. Four seats per a row are emplaced. Each of seats in the row is equally
divided by two sides (i.e. left handside and right handside) as shown in Fig. 3.

Lower deck seat emplacement Upper deck seat emplacement
Center of front axle Centerofrear axle
| | Center of front axle Centerofrear axle
8
" N1 0L T 0
Ees It i )
W,
- 1 Y ] a0 -
SR80 1885,
W, o !
: —
(a) (b)

Fig. 3 Passenger seat emplacement: (a) lower deck seats, (b) upper deck seats

Chassis frame supports mass of the bus (i.e. mass of structure and body. mass of passenger and
mass of things) that maximum mass of the bus for lower deck and upper deck are listed in Table.1 and
Table 2. respectively. Maximum net mass that transfer to the rear wheel and the front wheel axles can
be approximately calculated. The following mathematic solutions are maximum mass determinations
of the bus for lower deck and upper deck. For lower deck.

Maximum net mass to the front wheel axle (A):

[(WiX;) = (WoX,) + (W:X5) + (WaXy) + (WsX5)] /B =1.991.622 kg
Maximum net mass to the rear wheel axle (B):
[(W5(B-X,) + (W3(B-X;3) + (W(B-Xy) +(Ws(B-X5) ~ (Wy(X;-B)] /B =2.,668.378 kg
For upper deck, maximum net mass to the front wheel axle (C):
[(WiX;) + (W,Xy) + (W3X;3)] / B=2.289.528 kg
Maximum net mass to the rear wheel axle (D):
[(W (B-X1) + (Wa(B-X) + (W3(B-X5)] / B = 280.0821 kg

Masses of passengers and seats are 7.229.61 kg. Mass of things and component parts (such as oil
tank 512 liter. toilet, engine and gear box. piping system, beams and bars. air condition system) on the
bus are 14.986.62 kg. Therefore. total loading to chassis structure of the double deck bus is equal to
22.216.23 kg or 217,941.2163 N.

Table.1 Maximum mass of the bus for lower deck

Mass of lower deck in each area | Distance (X)

W;=100kg X, =1024 mm
W, =800kg X, =824 mm
W3 =2200kg X3 =364 mm
Wy =1200kg Xy =154 mm

Ws=360kg X5 =475 mm
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Table. 2 Maximum mass of the bus for upper deck

Mass of upper deck in each area | Distance (X)
W;=1000 kg X; =850 mm

» =2400 kg X, =500 mm
W3 =1200 kg X; =150 mm

Chassis Frame Constraint for FEA Simulation. Chassis frame model of double deck bus CB
390 type is used to conduct the simulation for strength analysis. Element type is quadrilateral with 4
nodes. The created elements are 139951 elements with 144104 nodes. For constraint point on chassis
frames. 2 points of air bellow front axle. 6 points of air bellow rear axle are performed as shown in
Fig. 4.

Fig. 4 Constraint point on chassis frames

For loading support position. applied loading. maximum net weight of 217.941.2163 N acts at the
center of mass as shown in Fig.5. Distributed loading to other points (44 points) shown in Fig. 6 is
defined.

iz !

2= N

1280 mm
[ |
| 6500 mm |
Fig.5 Applied loading to the center of mass
A4 e
DAY e
) > ﬁ.
B: Static Structural

Remote Force
[l Remote Force: 2.1794e+005 N

3e+003 (mm)
1.5e+003

Fig. 6 Distributed loading to points (44 points)
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Finite Element Simulation Results

Total Deformation. As FEA result. maximum deflection occurs in the middle of chassis structure.
Maximum deflection magnitude (Fig. 7) is equal to 0.62497 mm that can be acceptable.

062497 Max
055653
048609
041665
0341
027717
020832
Ll 013888
0063441

B: Static Structural
Total Deformation

Type: Total Deformation
Unit mm

3e+003 (mm)
1.5e+003

Fig.7 Maximum deflection magnitude

Maximum Elastic Strain. Maximum strain occurs in support areas around front multi-leaf spring
joint. Maximum elastic strain magnitude (Fig. 8) is equal to 68.087 x 10 ~ mm.

B: Static Structural —

Equivalent Elastic Strain WS

Type: Equivalent (von-Mises) Elastic Strain- Top/Botiom b

Unit mmimm
0.00068087 Max
000060522
000052956
000045391
000037826
000030261
000022696
00001513

75852e-5

324003 (mm)
15e+003

Fig. 8 Maximum elastic strain magnitude

Maximum Stress. In this case. von-Mises stress is referred to stress analysis. Maximum stress
occurs in support areas around front multi-leaf spring joint. Maximum stress magnitude (Fig.9) is
equal to 137.26 MPa.

B: Static Structural LI\
Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Botiom
Unit MP3a

137.26 Max

12201

10676

91.509

76.267

61.006

45754
30.503
15251

3e+003 (mm)

15e+003

Fig. 9 Maximum stress magnitude
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Safety Factor Determination. Maximum shear stress theory is used to determine the safety
factor for chassis strength design. As result. the determined safety factor is equal to 2.1637. which is
minimum value from the FEA simulation result as shown in Fig. 10.

B: Static Structural

Safety Factor
Type: Safety Factor - Top/Bottom

15 Max
10

21637 Min
1]

3e+003 {mm)
1.5e+003

Fig. 10 Safety factor

Conclusion

Chassis structure model, CB 390 type for double deck bus is created and analyzed for explicit
strength. Net mass of bus body is 22.216.23 kg. From the result. it can be seen that total loading
transfers equivalently toward the front axles of bus chassis structure. Maximum deflection, maximum
elastic strain and maximum stress are 0.62497 mm. 68.087 x 10~ mm and 137.26 MPa.. respectively.
Safety factor is equal to 2.1637. The designed chassis can withstand the action force and loading
without static structural failure. Moreover, determined safety factor is accepted according to standard
of department of land transport. Additionally. In order to test chassis strength and compare these
preliminary FEA simulations and results. experimental work is further needed.
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Abstract

In the study, the plastic collapsed behavior of cylindrical thin-walled tubes under axial
impacted loading was evaluated by the meaning of Finite Element (FE) analysis and
experimental method. The influence of geometric dimension consisted of the diameter per
thickness ratio (D/t) in range 20 to 140, and the height per diameter (H/D) > 1.25 were
considered. For the impacted condition, the 160 T of kinetic impact was performed by using
the drop test apparatus. Energy absorbing characteristics including force-deformation curve
and the collapsed shapes were the main interested parameters. Then the result of FE
simulation was veritied to the experimental method. According to the results. the collapsed
behavior of thin-walled structures revealed the mixed mode in the case of small diameter
tube. However. the non-symmetric mode will be occuired when the magnitude of diameter
per thickness proportion had increased. In addition. the simulation results also displayed that
the maximum force increased in the first collapsing as well as the increasing of D/t ratio. For
the FE verification. the force-deformation curves including the shape of collapse behavior
revealed agree with the experimental method significantly.

Keyword: Axial Impact, Thin-Walled Structure, Energy Absorption, Drop Test

1. Introduction

Nowadays. thin-walled structure have been widely used as energy absorbing devices for
engineering application such as, trains, passenger cars, ships, aircraft, as well as other
industrial products. The most common shapes are circular, square and rectangular [1]. The
circular tube proves to be a popular energy absorber due to a reasonably constant operating
force which is the primary characteristics of the energy absorber [2]. While. the square or
rectangular tubes are widely used in automobile structures as these cross sections are suitable
for welding with other components in the structure and hence highly preferred [3].

Generally, the most approaches to determine the energy absorption of structural members. for
example by using finite element analysis, experiments and theoretical analysis [4]. There are
many researchers have been investigating the collapse mechanism and energy absorption
capacity of many structures. majority focusing on thin-walled structures such as shell, tubes,
stiffeners and stiffened sandwich panels. The study of deformation in the thin-walled tubes
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accounts for various parameters such as geometrical shape. mode of collapse. strain
hardening and strain rate effect through analytical. numerical and experimental methods were
reported. Gu G. et al [5] have been finite element studied the feasibility of crack on high
strength steel, aluminum and magnesium by the square, hexagonal and circle cross-section
under axial initial velocity impact condition. It was found that the square tube will be possible
crack on edge because there is intensive stress concentration. Main parameters that influence
the distribution of stress are edge rounded thickness of wall and cross-section shape. By the
different initial velocity is not significant effect. DiPaolo P.B. et al [6] carried out the quasi-
static impact test on thin-walled structure. The square cross-section low carbon steel and
stainless steel were tested on universal testing machine. The results shown that the similar
energy absorption and deformation shape is appeared on the same material. Then the
procedure of energy absorption is able to repeat. Lee L.S. et al [7] performed the low velocity
impact into soft drink can using finite element program called TS-DYNA compare with
experiment. The collapse shape and deform rate of both procedure are accord significant.
Thinvongpituk C. et al [8] studied the collapse behavior on thin walled structure which main
parameter as specimen sizing, buckling force, deformation shape. and force-deformation
curve.

The present work is to study the plastic collapsed behavior of aluminum tubes subjected to
axial dynamic loading using finite element and experiment methods. The effect of geometric
ratio (such as D/t and H/D ratio) in the energy absorption characteristics as well as fold
formation is investigated. For the dynamic impact test. the initial kinetic enmergy was
controlled carried out by the mstrumented Drop Mass setup. The plastic collapsing behavior
was then monitored using the optical 3D dynamic analysis (PONTOS system). In addition.
the force-deformation curves including the shape of collapse behavior were verified to the
numerical simulation.

2. Materials and Methods

2.1 Numerical simulation

In the study, the circular thin-walled tube made up of aluminum with constant 0.5-mm
thickness was used. The FE models were conducted with 9 specimens. The nominal
diameter-to-thickness (D/t) ratios range from 20 to 140. The height-to-diameter (H/D) ratios
range from 1.25 to 6 (as shown in Table 1).

Table 1 Dimension of impact simulation specimens

Thickness[mm] Diameter[mm] Height[mm] D/t H/D
0.5 10 60 20 6
0.5 12 70 24 5.83
0.5 16 80 32 5
0.5 19 90 4.74
0.5 25 100 50 4
0.5 30 40 60 1.34
0.5 40 50 80 1.25
0.5 60 110 120 1.83
0.5 70 110 140 1.57
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Fig 1 The bi-linear material model of the specimens

To determine the mechanical properties. tensile test specimens were cut from the tubes
according to the ASTM E8 standard [9]. The test specimens were taken from the sidewalls
which are parallel to the extrusion direction. Specimens were subjected to axial compression
in the universal testing machine 100 kN capacity with the constant speed of 0.015 mm/s and
gage length 50.0 = 0.1 mm. The bi-linear material model consisted elastic and tangential
moduli of the specimens are found out from the stress-strain curve as shown in Figure 1.

The schematic diagram of the computational model is shown in Fig 2(a). The considered
domain consisted of the rigid mass. specimen (tube). and supported rigid wall. The specimen
are modeled with four-node shell element and controlled with element size of 0.5 mm. The
nonlinear explicit FE code LS-DYNA 971 is used to simulate the crash behavior of the tubes
subjected to the impact loading. For the boundary condition. the initial velocity of 3.25 m/s
was applied to the impact mass. and the supported rigid wall was defined as fixed-end.
Acceding to the contact phenomena. the interaction between surface and body was defined as
frictionless. In the study. the result of the force-deformation curve in each time step were
monitored including the energy absorption characteristics as well as fold formation were
investigated.

Rigid Mass

J14

Je— Height 54 cm —o

Specimen

. = Specimen

Rigid Basc ™ Rigid Base

(a) (b)
Fig 2 (a) The domain of FE model and (b) Drop test apparatus
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2.2 Dynamic test

Impact experiments are conducted by Instrumented Drop Mass setup which is shown in Fig
2(b). The input energy value of 160 J was set up by controlled the impact mass of 30 kg and
drop height of 54 em. The 500g capacity of accelerometer is fixed on the drop mass and the
signal is acquitted with the time step of 0.0005 second through National Instruments (NI)
data acquisition system. The data is captured by National Instruments, Data Acquisition
System and the data is analyzed through Labview software. The velocity of the drop mass is
then calculated using the time taken by the mass to cross the known distance. The load time
history and displacement time history are cross plotted to get the load displacement curve.

3. Results and discussion

3.1 Deformation shape

Figure 3 shows the FE results of the collapse behavior of specimens in each time step. The
folding process starts with ring mode on the top of specimen and then shifted to mixed-mode.
Normally, the circular tubes can be occurred on three types of crushing modes in dynamic
tests. The axi-symmetric, diamond and mixed mode are found in specimens. Depending on
the H/D ratio the crushing modes are changing. The circular tubes varied ratio of H/D value
higher than 4, the folding behavior revealed the mixed-mode. The ratio of H/D value smaller
than 4. however. the diamond mode can be occurred in dynamic impact. Figure 4 is shown
the results of deformation shape of specimen from the drop test. The comparisons between
simulations against with 5 pieces experimental specimens, collapse shape of both are likewise

similar.

t=0ms t=5.6ms t=11ms Tms  t=22ms =27 ms
Fig 3 The FE results of colhp:ed specimen in each time step (D/t = *O HD=4)

Fig 4 The deformation shape of thin-walled tubes specimen from the experiment
According to the effect of the D/t ratio, the result reveal that the ratio of D/t less than 80,

specimen 1s deflated until it stops at the end of base. This due to the limitation of geometry of
the specimens that cannot absorb the kinetic energy transferred to the supported base. In the
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other hand. in case of high D/t ratio (greater than 80) the specimen can absorb the kinetic
energy of the collision impact.

3.2 Force-deformation curve

The force-displacement curves for each different H/D and D/t ratio are given in Fig 5.
According to the results of FE analysis, the tenor of first peak reaction force is a maximum
force of all process which working form kinetic energy to collapse the first loop. Then
reaction force is fluctuating with constant mean. The number of collapse loops can count by
the fluctuate loops in the force-deformation curve.

6000
$000 | Dt =20, HD=6 e _ 300 1 Dit= 24, H/D=5.83
4000 € 4000
ESOOO
e 2000
= 1000
e 1l 0
0 10 20 30 % 50 € 7 0 10 20 30 40 50 60 70
Deformation (mm) Deformation (mm)
| Dt=32, HD=5 ' S°°° Dit=38, HD=4.74 '
o ’MV\/\/\N\/V\/
£ 2000
04— gy 0 '
0 10 20 \0 40 50 60 70 10 20 30 40 50 60 70
Deforamtion (mm) Deforamtion (mm)
ii;% iig% | D't = 80, D= 1.25 °
< 8000 E 208
P g
0 10 ‘0 ?0 40 50 60 70 0 10 10 30 40 50 60 70
Deforamtion (mm) Deformation (mm)
3338 | Dt=120, HD= 183 383 | Dit=140, HD=1.57 .
2 2
3% e
g 12888 £ 12000
£ 8 S 8000
4008 4008
010’0:040‘06070 0!0‘0 040506070
Deformation (mm) Deformation (mm)
Fig 5 The FE result of force-deformation curve including the collapse mode with the various
H/D and D/t ratios

From Fig 6 the comparing case between simulation and experiment it was found that the
fluctuated tend is similar. Although the experimental result is not an exact format. however, it
is tended to the same meaning. The maximum force. total deformation. and energy absorption
which calculate by the mean of the work-energy theorem was shown in table 2. Consider to
error between simulation specimen 5 and experiment in three parameters. the results are
34.42%. 0.80%. and 25.96%.
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10000 Simulation

8000 ) Experiment
6000 I

4000
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0 10 20 30 40 50 60 70
Deformation (mm)

Fig 6 The comparison of force-deformation characteristics between the numerical simulation
and experiment (D/t = 50. H/D =4)

Table 2 The result of Max. force. deformation and energy absorption (A) numerical
simulation. (B) experimental

D/t | H/D | Max Force[N] | Max deformation[mm] | Energy absorption[J]

20 6 3828.07 40.78 84.98

24 | 5.83 4238.05 50.02 110.23

32 5 5517.75 2.33 152.00

38 | 4.74 6667.00 58.31 160.01
(A) | 50 4 8448.67 52.14 161.63

60 1.34 10616.90 31.17 111.61

80 | 1.25 12164.60 39.63 149.32

120 | 1.83 19926.50 38.2¢ 161.57

140 | 1.57 24887.40 33.94 162.00
(B) | 50 4 6285.30£709.42 52.56£1.72 128.32+30.31

Thin-walled folding is energy absorption process which changing kinetic energy before
impact to plastic flow bending works. This process is caused small triangle distribute around
the structure orderly. Then residue impact energy is transferred in form stress wave energy
along with impact direction referred work-energy theorem.

4. Conclusions

In this study. the plastic collapse behavior of thin-walled structure under axial impact loading
was presented. A numerical investigation of the axial crush responses of aluminum circular
thin-walled of various cross sectional ratio was performed. The result was found that
depending on the H/D ratio the crushing modes are changing. For the ratio of H/D is higher
than 4. folding revealed mixed mode behavior as the ratio of H/D smaller than 4 is diamond
mode. In addition. the diameter per thickness (D/t) is an important factor affecting the
adsorption energy. For the verification, the FE simulation and experimental results are
accorded together.
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