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ABSTRACT

For present, it seems that most of the crash studies and New Car Assessment Program
(NCAP) existed worldwide focused mainly on frontal impact, side impact and roof strength
test. When a crash involves a large truck and passenger vehicle, the occupants of the smaller
vehicle is more likely to be injured or fatal. This is because two impacting vehicles; large
truck and passenger vehicle are geometrically mismatch as the bottom of the truck is higher
than car hood. This type of crashes is known as underride crash because passenger vehicle
usually slides under the large truck during the crash. This condition bypasses the crumple
zone of the passenger vehicle and no impact energy can be absorbed. The energy absorption
of impact energy will be solely depending on the strength of roof pillars. In existing roof
strength test, roof crush in rollover accident is simulated. However, roof strength test involve
impact on each side of the car roof to simulate underride accident is virtually absent.
Therefore, the objectives of this project are to improve the design of 3D model of car roof
based on PROTON WIRA using CATIA software and to determine the energy absorbed on
different side of car roof (front, rear, side) during the impact. Real car roof structure is
measured and modelled into 3D model using CATIA software and exported to ABAQUS to
carry out impact test simulation using finite element analysis (FEA). Three impact test
simulation are conducted; frontal impact test, side impact test and rear impact test using an
impactor of weight 16000kg. Each type of simulation is conducted with two different impact
velocity; 80km/h and 90km/h to study the relationship between energy absorbed and impact
velocity. In addition, mesh sensitivity analysis is performed for each of the simulation by
using five different mesh size of car roof structure; 8Smm, 60mm, 40mm, 30mm and 20mm.
Therefore, there are a total number of 30 simulations conducted in which each type of impact
test consists of 10 simulations with 5 simulations each for a single impact velocity. From the
results of this project, it shows that the energy absorbed by the car roof structure is increase
with impact velocity for all type of impact. In addition, the energy absorption capability is
in an increasing order for B-pillar (side impact) to A-pillars (frontal impact) to C-pillars (rear
impact). The significance of the result from this project is able to identify the strength of car
roof in different orientation. Further research on energy absorption capability can be done
by using different materials or even different design of car roof pillars. By enhancing the
crashworthiness of the car roof structure, fatality involved in underride crash can be reduced
and save precious life.



ABSTRAK

Buat masa ini, nampaknya kebanyakan kajian kemalangan dan Program Penilaian Kereta
Baharu (NCAP) yang wujud di seluruh dunia memberi tumpuan utama pada ujian
pelanggaran dari hadapan, ujian pelanggaran dari sisi dan ujian kekuatan bumbung.
Apabila kemalangan melibatkan lori besar dan kenderaan penumpang, penumpang yang
berada di kenderaan kecil sering mengalami kecederaan atau kematian. Ini kerana
bahagian bawah lori besar adalah lebih tinggi daripada bonet depan kenderaan penumpang.
Jenis kemalangan ini dikenali sebagai “underride crash’ kerana kenderaan penumpang
biasanya meluncur ke bawah lori apabila merempuh laju dengan lori. Penyerapan tenaga
impak akan semata-mata bergantung kepada kekuatan bumbung kereta kerana bonet kereta
yvang direka cipta khas untuk menyerap tenaga semasa pelanggaran telah pun dilepasi.
Dalam wjian kekuatan bumbung kenderaan yang sedia ada, kemalangan ‘“rollover”
disimulasikan. Walau bagaimanapun, ujian kekuatan bumbung kenderaan yang melibatkan
pelanggaran dari setiap sisi bumbung kereta untuk mensimulasikan kemalangan “underride
crash” ini adalah hampir tidak hadir. Oleh itu, objektif projek ini adalah untuk mereka
bentuk model 3D bumbung kereta berdasarkan kereta PROTON WIRA menggunakan
perisian CATIA dan untuk menentukan tenaga yang diserap oleh bumbung kereta di
bahagian yang berlainan (depan, belakang, sebelah) semasa impak. Struktur bumbung
kereta sebenar telah diukur dan dimodelkan ke dalam model 3D menggunakan perisian
CATIA dan dieksport ke perisian ABAQUS untuk menjalankan simulasi ujian impak
menggunakan analisis unsur terhingga (FEA). Tiga jenis simulasi ujian impak telah
dijalankan; ujian impak hadapan, ujian impak sisi dan ujian impak belakang dengan
mengunnakan 16000kg model lori. Setiap jenis simulasi ujian impak dijalankan dengan dua
halaju impak yang berlainan; 80km/j dan 90km/j untuk mengkaji hubungan antara tenaga
yang diserap dan halaju impak. Di samping itu, analisis kepekaan mesh dilakukan untuk
setiap jenis simulasi ujian impak dengan menggunakan lima saiz mesh yang berlainan untuk
struktur bumbung kereta; 85mm, 60mm, 40mm, 30mm dan 20mm. Sejumlah 30 simulasi
telah dijalankan di mana setiap jenis ujian impak terdiri daripada 10 simulasi dengan 5
simulasi untuk setiap halaju impak. Dari hasil projek ini, ia menunjukkan bahawa tenaga
yang diserap oleh struktur bumbung kereta meningkat dengan halaju impak untuk setiap
Jjenis ujian impak. Di samping itu, keupayaan penyerapan tenaga meningkat dari B-pillar
(ujian impak sisi) kepada A-pillars (ujian impak hadapan) kepada C-pillars (ujian impak
belakang). Kepentingan hasil daripada projek ini adalah dapat mengenal pasti kekuatan
bumbung kereta dalam orientasi yang berbeza. Kajian lanjut mengenai keupayaan
penyerapan tenaga boleh dilakukan dengan menggunakan bahan yang berbeza ataupun
reka bentuk bumbung kereta yang berbeza. Dengan meningkatkan kecekapan struktur
bumbung kereta, kematian yang terlibat dalam kemalangan “underride crash” ini dapat
dikurangkan dan mampu menyelamatkan nyawa yang berharga.
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CHAPTER 1

INTRODUCTION

1.1 Background

In recent years, Association of Southeast Asian Nations (ASEAN) countries rising
rapidly in term of population and economy. The increase in population of these countries
has contributed to the growth of motorization significantly. This situation has led to an
alarming increase of the road accidents. In ASEAN region, accidents involving 4-wheels
vehicles come second after vulnerable road users in low and middle income countries (Mohd

Syazwan et al., 2014).

The rates of road accident that cause the death in Malaysia recorded high each year,
wherein 2011 is 6877, in 2012 1s 6917, in 2013 1s 6915 and 6674 in 2014. From the latest
accident statistics from the database of MINISTRY OF TRANSPORT (MOT), Number of
deaths in 2015 is 6706 and in 2016 is 7152. Although the Index of road accident fatalities
per 10,000 registered vehicles (index of deaths) have been decreased from 3.21 in 2011 to
2.591n 2016, this still contrasts with fatality rates of less than 2 per 10,000 registered vehicles
in developed countries. Based on statistics, motorist ranked second with fatalities form
accident which is just below motorcyclist fatalities in Malaysia (Ministry Of Transport

Malaysia).

The Road Safety Plan of Malaysia 2014-2020 (RSPM 2014-2020) has been created

to address all matters related to road safety in the country to achieve our common vision to



minimise road accidents, injuries and fatalities by the year 2020 based on Five Strategic
Pillars. Strategic pillar 3 in the framework of Road Safety Plan of Malaysia 2014-2020 is
about safer vehicles. Under strategic pillar 3, Midterm outcome (MO6) is about
Improvements in crashworthiness requirements for new vehicles (Road Safety Department
and Malaysian Institute of Road Safety Research, 2014). Over the past decades, more
concerns had given to the crashworthiness and safety of road vehicles. A lot of researches
rose in mid-90s, when occupant safety established itself as an essential characteristics of
motor vehicles. Structural elements which are lighter and more deformable became the

important factor to improve crashworthiness of the vehicles (Costas et al., 2013).

Malaysia took its own initiative to enhance road safety situation in the country by
established a research and development agency known as the Malaysian Institute of Road
Safety Research (MIROS). In the period between 2008-2011, MIROS had established its
own capacity to conduct crash testing and created a rating program called Malaysian Vehicle
Assessment Program (MyVAP) (Jawi, Kassim and Sadullah, 2013). In2011, ASEAN NCAP
was established by MIROS and Global NCAP to make sure automobile manufacturer did
not risk on car occupants’ safety in ASEAN region (Mohd Syazwan et al., 2014). A full-
scale crash lab was developed by MIROS and operated since May 2012 onwards. The
destructive assessment method, full scale crash test replaced the non-destructive method of
safety assessment called Malaysian Vehicle Assessment Programme (MyVAP). NCAP star
rate new cars based on its safety performance through crash test and aids consumer to choose

safer car (Road Safety Department and Malaysian Institute of Road Safety Research, 2014).

Frontal crashes produce nowadays 50-70% of the fatalities by car accidents (Costas
et al., 2013), whereas the side impacts account for approximately 30% of all impacts and 35%
of total fatalities. (Njuguna, 2011). Rollover crashes are less common than frontal, side, or

rear impact collisions but it causes higher risk of injury and fatality compare to other crash

2



type (Dobbertin et al., 2013). Roof strength will affects the risk of occupant head and neck
injury in car rollovers (Friedman and CE, 2001). Deaths and a large majority of the injuries
in rollover crashes can be eliminated if the car roof structure is strong and the occupants are

restrained by a three point seat belt (Grzebieta, Mcintosh and Simmons, 2012).

There are different types of static and dynamic roof crush tests in worldwide such as
the Federal Motor Vehicle Safety Standard (FMVSS) 216, Inverted Vehicle Drop Dynamic
Test (Society of Automotive Engineering, SAE, J996) and Dolly Rollover Test (SAE J2114)
that are aimed to evaluate the vehicle roof structure performance (Borazjani and Belingardi,

2017).

1.2 Problem Statement

By the end of Road Safety Plan of Malaysia (RSPM) 2014-2020, the number of road
fatalities is to be reduced to 5,358 from the predicted number of 10,716 in 2020. To ensure
that the target of RSPM 2014-2020 is met, the RSPM 2014-2020 will be implemented
through five Strategic Pillars. (Road Safety Department and Malaysian Institute of Road
Safety Research, 2014). For this project, we will focus on the pillar 3, which is safer vehicles
and we further focus on midterm outcome, MO6 - Improvements in crashworthiness
requirements for new vehicles. Under the programme of safety performance evaluation in
the RSPM 2014-2020, ASEAN NCAP will conduct a crash test on new cars and give star
rate based on the result obtained (Road Safety Department and Malaysian Institute of Road
Safety Research, 2014). When first established in 2011, ASEAN NCAP only performs one
crash test which is frontal offset test (Jawi, Kassim and Sadullah, 2013). In September 2015,
ASEAN NCAP introduced the new rating scheme for 2017-2020 which included more crash

test such as full-wrap frontal test and side impact test (ASEAN NCAP, 2017).



For this project, focus is on the type of crash test but not the crash avoidance
technologies such as Electronic Stability Control (ESC) and Seatbelt Reminder (SBR).
Currently, it seems that most of the crash studies and New Car Assessment program existed
worldwide focused mainly on frontal impact and side impact and roof strength test (FMVSS

No. 216). For FMVSS No. 216 test, roof crush in rollover accident is simulated.

When a crash involves of a large truck and a passenger vehicle, the occupants of the
smaller vehicle is more likely to be injured or fatal. About 94% of the fatalities of this kind
of'accident is represented by occupants of the smaller vehicles, whereas 6% only represented
by occupants of the truck (U.S. Department of Transportation [USDOT], 2001). This type
of crashes is known as underride. When a motor vehicle slides at least partially under a large
truck during a crash, it can be defined as underride crash. Underride crash increase the
passenger compartment which will be intruded into the truck significantly, this will escalate
the risk of injury or fatality of the occupants of the smaller vehicle that crashes into the heavy
truck (Roberts and Lynn, 2003). Figure 1.1 and Figure 1.2 show the side underride and rear

end underride crash respectively.

Figure 1.1: A car crash into side of a truck (www.today.com)



Figure 1.2: Rear-end underride crash (www.autosafetyexpert.com)

However, roof strength test involve impact on each side of the car roof to simulate
this kind of crashes is virtually absent. Almost no previous scientific studies involve side
impact on the car roof which on the front, rear, right and left when this kind of accidents
happened involved of a smaller vehicle and a heavy vehicle. Therefore, the purpose of this
project is to investigate the role of car roof in underride crash and study the roof strength in
terms of energy absorbed by the car roof in the directions as shown in Figure 1.3 during the

underride accident.

Figure 1.3: The directions of impact on the car roof in the impact test simulation of this

project (MUHAMMAD AFIFUDDIN, 2018)



http://www.autosafetyexpert.com/

1.3

1.4

Objectives

The objectives of this project are as follows:

1. To improve the design of 3D model for real car roof by adding body structure to
the car roof.

2. To determine the energy absorbed on different side of car roof (front, rear, side)

during the impact.

Scopes of Project

The scopes of this project are listed as below:

1. The design of the 3D model of car roof based on PROTON WIRA using CATIA
software.

2. The Finite Element Analysis (FEA) of the project will be carried out by using

ABAQUS software.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

This chapter reviews the introduction to car roof, background and the type of impact

test of vehicles, energy absorption during a crash and finite element analysis.

2.2 Car Roof

A car roof (also known as car top) isolates occupant from external environment such
as sun and rain. There are pillars made up the part of body structure which supports the car
roof as shown in Figure 2.1. The forward most roof pillar is known as A pillar which dividing
car’s front windscreen from front side window, the centre side door pillar is known as B
pillar and lastly the third roof pillar is known as C pillar which dividing car’s rear window
from rear windscreen. In bigger car such as SUV which have larger cargo areas, it has an
extra pillar called D-pillar. Strong roof and roof pillars can provide more protection to the

car’s occupants by reducing the passenger compartment intrusion (PCI) during a crash.



Figure 2.1: Roof pillars that support the car roof (Wishdom, 2018)

2.3 Impact

Impact occurs when a moving body collide with another body which it is either at
rest or in motion. The time taken for the impact to happen is usually very short. During the

impact, the two colliding bodies impose forces on each other (Zainuddin ef al., 2016)

Impact also known as collision. There are two types of collision which are elastic
and inelastic collision. In elastic collision, two body come to impact will bounce off each
other with no loss in speed because no energy is lost. In inelastic collision, objects colliding
stick together after impact and lost kinetic energy through sound, heat and material

deformation (Zainuddin et al., 2016).

In an impact of vehicles, if the collision happens in low speed, it is an elastic collision.
Bumper of car prevent damage by deform and then bounce back in a low speed collision.
This process transfers all the energy back into motion and almost no energy is converted into
heat, noise, or deformation of the car. If impact happens in high speed, it is an inelastic
collision that dissipate big amount of energy through material deformation of the vehicles

and some kinetic energy loss through noise and heat (Types of Collisions, 2018).



2.3.1 Mechanism of Car Impact

Newton’s Law of Motion is governing the car impacts. Newton’s first law of motion
which also known as law of inertia, implies that the moving vehicle will keep on moving
unless an external force acting on it. Therefore, the moving vehicle will continue to move
until it collides with another vehicle or any object and stop completely. Upon the collision,
force generated is defined by Newton’s second law of motion which stated that force is
equals to mass multiply by acceleration. For impact case, the acceleration is the measure of
deceleration of the car from initial travelling velocity to zero velocity . The shorter the time
taken for it to come stop completely, the greater the acceleration and hence a greater force

is generated by the striking car.

For the first scenario, where the car crash to a rigid body which is not deformable
such as rigid wall, the car exerts this force in the direction of wall. Newton’s Third law of
motion implies that this wall will impose an equal magnitude of force back on the car (Types

of Collisions, 2018).

For the second scenario, where the car collides with another moving vehicle, the
force generated is different from first scenario. A high-speed car collision is a type of
inelastic collision where the vehicles does not bounce off each other but they stuck to each
other and move together with a same velocity until a stop during the impact. In inelastic
collision, momentum is conserved but kinetic energy is not. The force experienced by the
cars are depending on the mass of the striking vehicle and its own acceleration. Initially,
each car has own kinetic energy depending on its own mass and moving velocity. After the
collision, total kinetic energy of the system become zero because both vehicles stop

completely. This implies that the kinetic energy is lost by convert into other energy form



such as heat, sound and deformation of objects. In this type of impact, energy generated is

total of the energy released by both vehicles (Physics and Collision, 2018)

2.3.2 Impact Test

Since the early 1900, Crash testing has been created due to the number of vehicles
on the road has escalated to a level that accidents started to occur frequently. Crash tests are
a method of securing the public safety. In the automotive industry, impact tests between cars
are conducted to study the damage caused by the impact forces at different velocities. The
capability of vehicle’s structure to protect its occupants during the impact or crash is

referring to the crashworthiness of a vehicle

Vehicle impact tests are conducted between 2 vehicles or between a vehicle and an
obstacle (Cofaru, 2015). There are many standard crash tests and these standards are
contained in Federal Motor Vehicle Safety Standards (FMVSS). For example, there are
FMVSS 208 for frontal impact test, FMVSS 214 for side impact test and FMVSS 216 for
roof crush test. Besides physical crash tests, computer simulation (Finite Element Model)

have been widely used nowadays because it is precise and low cost.

2.4  Crash Test Program

In globally, numerous of safety assessment programs that perform crash tests has
been established from time to time with the objective to improve vehicle safety and to
supervise all vehicles manufactured have a good safety rating. The focus of these programs
is to improve the crashworthiness of vehicles and lessen the number of injuries and fatalities.

In Europe, there is the New Car Assessment Program (NCAP), introduced in 1979 by the
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National Highway Traffic Safety Administration (NHTSA) in USA. In Australia and New
Zeeland there is ANCAP, in Latin America there is LATIN NCAP, in China there is C-
NCAP and in Germany, ADAC (Cofaru, 2015). ASEAN NCAP is the fourth NCAP in Asia
continent after Japan, South Korea, and China (Jawi, Kassim and Sadullah, 2013). Figure

2.2 summarize all the NCAP programs in the world.

2 X 2 Year
Continent Country/Region Program Name Established
China C-NCAP 2006
ki Japan J-NCAP 1991
Korea K-NCAP 1999
ASEAN ASEAN NCAP 2011
Ausoaligny|ssralia & New ANCAP 1992
Zealand
France,
Germany, Italy.
Europe Spain, Sweden, Euro-NCAP 1997
The Netherlands
& UK
USA ITHS® Vehicle 1959
North (Insurance) Ratings i
America USA
(NHISA®) US NCAP 1978
South Latin America & i -
L oaion Garibtide Latin NCAP 2010

“Insurance Instituté for Highway Safety

National Highway Traffic Safety Administration

Figure 2.2: NCAP PROGRAMS IN THE WORLD (Jawi, Kassim and Sadullah, 2013)

However, all programs across the globe use the same crash test protocols (Cofaru,

2015). Below is some common crash test protocol among the NCAP across the globe:
A. Full frontal impact test

B. Moderate overlap frontal test (formerly known as frontal offset test)

C. Small overlap frontal test

D. Side impact test

11



E. Roof crush test

2.4.1 Full Frontal Impact Test

A frontal crash is the most common type of crash resulting in fatalities. The frontal
crash of a vehicle involves two collisions which the first collision occurs when the vehicle
impacts with another vehicle or an obstacle such as a tree. Next, the collision between
occupants in the vehicle with the compartment of the vehicle is known as the second collision
((NHTSA), 1989). Federal law (FMVSS 208 - occupant crash protection) make the
requirement that all passenger cars must pass 30 mph in full frontal crash as compulsory. In
the NCAP test, passenger vehicles are crashing into a rigid barrier at 35 mph that cover the
full width of the vehicle. Some instruments are placed in the vehicle to record the response
of the vehicle’s structure during the crash. Anthropomorphic dummies are placed in the
driver and passenger seats for the test, they measure the force of the impact to the chest, head
and leg. Five-star rating assessment on vehicles are done by referring to these readings
obtained from the impact test. In a nutshell, full frontal impact test program only involves
with crashworthiness and acts as an indicator to tell how well a car can protect its occupants
in a frontal collision (Ambati, Srikanth and Veeraraju, 2012). The configuration of full-

frontal impact test is shown in Figure 2.3.
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Figure 2.3: Full-width frontal test configuration (www.iihs.org/iihs/ratings/ratings-info/frontal-

crash-tests)

2.4.2 Moderate Overlap Frontal Test (Formerly Known as Frontal Offset Test)

In the U.S., beginning in 1995, the Insurance Institute for Highway Safety (ITHS)
introduced a program to give rating on safety of vehicles known as frontal offset test. This
ongoing frontal offset testing program evaluates the crashworthiness of new model vehicles
crashed into a deformable barrier made of aluminium honeycomb with over 2 feet tall. From
experience of IIHS, they determined that a full-width test and a frontal offset test
complement each other; a full-width test is especially demanding of restraints, while the

offset test is demanding of the structural integrity of a vehicle (Park et al., 1998).

In an offset crash, only one side of a vehicle's front end, not the full width, hits the
barrier. Forty percent of the total width of the vehicle impacts the deformable obstacle on
the driver side. The force in the test are similar to those that would result from a frontal offset
crash between two vehicles of the same weight, each going just under 40 mph. As a result,
a smaller part of the structure must manage the crash energy, and intrusion into the occupant

compartment is more likely.

An offset test is more demanding of a vehicle's structure than a full-width test, while

a full-width test is more demanding of safety belts and airbags. In a full-width test, there is
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less crushing of the vehicle structure so the decelerations that these restraints must handle
are greater. By having both type of frontal tests, more complete picture of frontal
crashworthiness can be captured than either test by itself (Insurance Institute for Highway
Safety, Highway Loss Data Institute). The configuration of moderate overlap frontal test is

shown in Figure 2.4.

5 40% Overlap

EU 98/79

Figure 2.4: Moderate overlap frontal test configuration ( www.iihs.org/iths/ratings/ratings-

info/frontal-crash-tests)

2.4.3 Small Overlap Frontal Test

In 2012, to inspire car manufacturers for further improvements in frontal crash
protection, IIHS has developed a small overlap crashworthiness evaluation test (Sherwood
et al., 2013). The test is designed to replicate what happens when the front left corner of a
vehicle collides with another vehicle or an object like a tree or utility pole. There are two
types of small overlap frontal test, which are driver-side small overlap test and a passenger-

side small overlap test (Insurance Institute for Highway Safety, Highway Loss Data Institute).

In the driver-side small overlap frontal test as shown in Figure 2.5, a vehicle travels
at 40mph (64kmph) toward a 5-foot-tall rigid barrier and a vehicle overlap of 25 percent of

its total width strike the barrier on the driver side. A Hybrid III dummy representing an
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average-size man is placed in the driver seat (Insurance Institute for Highway Safety,

Highway Loss Data Institute).

Figure 2.5: Driver-side small overlap frontal test configuration

(www.iihs.org/iihs/ratings/ratings-info/frontal-crash-tests)

Manufacturers have reacted to the driver-side small overlap test by improving vehicle
structures and airbags, and most vehicles gain good ratings for this test at present. Despite,
ITHS research tests discovered that those improvements didn't always applicable to the
passenger side. Uneven improvements between the left and right sides of vehicles inspired
them to develop a passenger-side small overlap test. In 2017, I[IHS launched the ratings test
for passenger side. The passenger-side test is similar to the driver-side test, difference is just
that the vehicle overlaps the barrier on the right side instead of driver side as shown in Figure
2.6. Furthermore, the number of Hybrid III dummy involves increased to two instead of just
one; one in the driver seat and one in the passenger seat (Insurance Institute for Highway

Safety, Highway Loss Data Institute).
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Figure 2.6: Passenger-side small overlap frontal test configuration

(www.iihs.org/iths/ratings/ratings-info/frontal-crash-tests)

2.4.4 Side Impact Test

Rank just after frontal crashes, side impact crashes come second in the number of
vehicle passenger deaths. Majority of the passenger vehicles have substantial crumble zones
in the front and rear of the car, sides of vehicles have relatively little space to absorb energy
(Reichert, R., Kan, Arnold-Keifer and Mueller, 2018). Side testing program has played a
important part in bringing crucial improvements such as automakers have made big march
for side protection by installing side airbags and strengthening vehicle’s structure. Side
airbags, which can be found on most new passenger vehicles today, are designed to
constraint car occupants to colliding with the inside of the vehicle and with objects outside
the vehicle in a side crash. They also help by spreading impact forces over a larger area of

an occupant's body (Insurance Institute for Highway Safety, Highway Loss Data Institute).

Federal law (FMVSS 214 - side impact protection), a safety regulation issued by
NHTSA in 1990. In 1997, NHTSA introduced a side impact crash tests consist of a stationary
test vehicle impacts on the driver side by a crash cart fitted with a deformable barrier element.

This side impact crash protocol is last modified in 2003. The latest test protocol is the 1,500
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kg moving deformable barrier (MDB) has an impact velocity of 50 km/h (31.1 mph) and
strikes the vehicle on the driver side at a 90-degree angle. Two SID-IIs dummies representing
small (5th percentile) women or 12-year-old children are placed in the rear seat behind the
driver and in the driver seat (Reichert, R., Kan, Arnold-Keifer and Mueller, 2018). The

configuration of side impact test is shown in Figure 2.7.

—————.
IIHS delormable barrer
™ o]
H L]
/ I
| ~onatundinal Cenies Line
Sbfm‘q ' '
1 | toetvehicie .w-.‘.....f.u.‘ My i
; Impactveloctly = 50 k|
| : Impact angle = 80
| Total mass = 1500 kg
Fron el -

Impact ieterance distance (1RD)

Figure 2.7: Side impact test configuration (Reichert, R., Kan, Arnold-Keifer and Mueller,

2018)

2.4.5 Roof Crush Test

Rollovers are crashes involving vehicle rotation of at least one-quarter turn (more
than 90°) about a lateral or longitudinal axis. After rolling, the vehicle may come to rest on
the side, upside down on the roof, or upright on all wheels (Conroy et al., 2006). The main
injured parts of occupants’ body in rollover are the head and neck that contact with roof
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interior during rollover crash. The higher the intrusion in the roof structure during the

rollover process, the greater risk of impact contact with occupant (Chen et al., 2007).

The best approach to prevent these deaths is to prevent vehicles from rolling over in
the beginning. Electronic stability control (ESC) is significantly lowering the risk of
rollovers. When vehicles roll, side curtain airbags help to protect the occupants, and safety
belt is also important. But, for these safety technologies to be most effective, the car roof
needs to be capable to maintain the occupant survival space when it impacts with the ground
during a rollover accident. With stronger roof, risk that people will be injured by contact
with the roof itself will decreases because of less crushing. Stronger roofs also can stop
occupants from being thrown out through broken windows, windshields or doors because

the roof has deformed (Insurance Institute for Highway Safety, Highway Loss Data Institute).

Federal law (FMVSS 216- Roof crush resistance) introduced in 1973 specifies the
strength requirements for passenger compartment roof of vehicles to protect occupants from
injury due to roof intrusion during rollovers (Conroy ef al., 2006). Latest version of FMVSS
216 required the front corner of the roof to withstand a quasi-static force equal to at least 3
times the unloaded vehicle weight (UVW) of the light vehicles (gross mass under 2722kg or
6000 pounds). This is known as a strength-to-weight ratio (SWR) of 3.0 (Thakur and
NATALE, 2009). In this test as shown in Figure 2.8, the force is applied by a flat test device
at 25-degree roll angle (sideways) and 5-degree pitch angle (forward) in a downward
direction on one side of the roof at a slow but constant speed and measuring the force
required to crush the roof. The force applied relative to the vehicle's weight is the strength-
to-weight ratio. The latest FMVSS 216 has implemented the two-sided test to replace the
single-sided test (Thakur and NATALE, 2009). The key measurement of roof strength is the

peak strength-to-weight ratio recorded before the roof is crushed 5 inches.
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In the NCAP test, a good rating requires a strength-to-weight ratio of at least 4. This
implies that the roof must withstand a force of at least 4 times the vehicle's weight before
the plate crushes the roof by 5 inches. The minimum requirement is strength-to-weight ratio
3.25 to get an acceptable rating. Poor rating is given when the rating is less than 2.5

(Insurance Institute for Highway Safety, Highway Loss Data Institute).
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Figure 2.8: Roof crush test configuration (www.researchgate.net)

2.5 Underride Crash

According to the Fatality Analysis Reporting System (FARS), fatalities occur in
crashes involving large truck is about 10 percent (Breu, Guggenbichler and Wollmann,
2008). Underride crashes happen when the front end of a vehicle impacts the rear or side of
a larger vehicle, and slides under it. Underride may occur to some extent in collisions in
which a small passenger vehicle crashes into the rear end or side of a large vehicles such as
trailers because the bed and chassis of the impacted vehicle is higher than the hood/bonnet

of the passenger vehicle. Accident data and case evaluations show that the majority of truck

19



underrides occur in the 30mph (48kmph) to 50 mph (80kmph) range in term of relative

velocity (Bloch et al., no date).

In some severe underride crashes, the passenger vehicle underrides so far until the
rear end or side of the trailer crushes the striking vehicle's A-pillars, windshield and/or roof
area before the trailer strikes into passenger compartment of passenger vehicle. This
condition is known as “passenger compartment intrusion” (PCI). PCI can result in severe
injuries and fatalities to occupants. However, excessive underride can be hindered if an
underride guard is installed on the larger vehicles. This prohibit PCI when it impacts the the
smaller vehicle and prevent the vehicle from slide too far beneath the larger vehicle (NHTSA,

2015b).

The National Highway Traffic Safety Administration (NHTSA) published FMVSS
No. 223 (Rear impact guards) and 224 (Rear impact protection) in 1996 and became effective
in 1998. FMVSS No. 223 specifies dimensional, strength, and energy absorption
requirements that rear impact guards must reach before installed on new trailers and
semitrailers. FMVSS No. 224 requires that most new trailers and semitrailers with a GVWR
of 4,536 kilograms (10,000 pounds) or more be equipped with a rear impact guard meeting
FMVSS No. 223 specifications and specifies the location of the guard relative to the rear
end of the trailer. These standards are expected to reduce injuries and fatalities resulting from
the collision of light vehicles into the rear ends of heavy trailers and semitrailers (NHTSA,
2015a). Figure 2.9 below shows the research program by ITHS to develop a better underride
guards by impacting a passenger car into a semitrailer with underride guard to check its

effectiveness.
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Figure 2.9: An ITHS research program to develop better underride guards

(https://www.iihs.org/iihs/sr/statusreport/article/49/7/1)

From the current worldwide efforts to reduce the number of injuries and fatalities in
underride collison, it can be seem that almost all the safety measures are focused on the
bigger colliding vehicle such as trucks and trailers. The federal laws required all trucks and
trailers to be equipped with energy absobing rear, side and front underride guards. However,
there is no mentioned about the safety measure to be focused on the smaller colliding vehicle
in term of crashworthiness. Since the intrusion is usually involved the car roof’s A-pillar
before impact with the passengers in car, roof strength in A-pillar area of the smaller vehicle
is an area worth to pay attention. Roof strength test should not only conduct based on the

scenario of a rollover crash but also in an underride crash.

2.6  Impact Energy Absorption

Usually, there are two stages in car impact which are primary and secondary impacts.
During the primary impact, which is collision between vehicle structure and rigid barrier,

the large portion of crash energy is absorbed in the form of structural deformation that
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generates a crash pulse transmitted to the occupant compartment. Therefore, the scale of
vehicle deformation will significantly affect the extent of passenger compartment intrusion
(PCI). The vehicle deformation is depending on the vehicle design parameters such as
strength of structural members, the vehicle mass, the available package space and the speed
of impact. The impact between the interior vehicle compartment and the occupant is known
as the secondary impact (Bois et al., 2004). The impact energy delivered by the striking

vehicle is calculated in terms of kilojoules, kJ using Eq. (2 1) (Hs, 2013).

Mim *Vrvz
Eim = —( 210)00 (2.1)

Where Ej,,, is Impact energy in kilojoules, M;,,, is Mass of striking vehicle in kilograms, V.,

is Relative velocity, in meters per second.

The Law of Conservation of Energy states that energy within a body or a system
cannot be created or destroyed, and it may be transferred from one form into another, but the
total energy will be remained the same. The parameter that causes injury is force, which can
be measured with a force transducer (or load cell) or calculated from the acceleration of the
body. The force acting on the passengers is governed by Newton’s second law using Eq.

(2.2):

AVelocity

Force = Mass x (2.2)

ATime

During the crash, the deformable structure of the vehicle will instantly absorb the
force of crash by deforming and crumpling the areas affected by collision. The amount of
deformation is equal to the stopping distance of the vehicle. Since the stopping distance of a
vehicle in the crash is normally short and the stopping time is only a split second, a very high

force is generated at the contact interface. A stronger structure absorbs more energy which
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enables more deformation to take place during a crash, therefore the stopping time will be

longer and less forced transmitted to the car’s occupant (Duane Bong).

The energy required to observe the collapse mode of material is defined as the energy
absorbed. The measurement of energy absorption of a structure or system requires
calculating the forces during the impact. The energy absorbed during an impact is given by
the area under the graph of load versus displacement. The energy absorption is maximum if

it is a rectangular profile for a given limits on force and displacement (Kamruzzaman, 2000).

2.6.1 Energy Absorption in Crash Involved Vehicle with Same Height

Crumple zone also known as crush zone, areas of vehicle that absorbs large portion
of impact energy by deforming and crumpling during an impact. Front and rear of the car
are usually the crumple zone and made of slightly lighter, more ductile materials than the
rigid parts of the car passenger compartment as shown in Figure 2.10. For crash involving
vehicles with same height or crash into a rigid body, with crumple zone, although the front
section of the car immediately become stationary during a crash, it uses some time for the
metal work to collapse because it is not a rigid body. This allows the middle and the rear of
the section of the car continue to move for a short time. Since the stopping time is increased,
the force acting on the occupant can be greatly reduced because less force is exerted to the

rigid parts of the car (Car Safety Features and Systems, no date).
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Figure 2.10: General crumple zones of a car (Car Safety Features and Systems, no date)

2.6.2 Energy Absorption in An Underride Crash

However, in underride crash, the biggest problem is the two impacting vehicles; large
truck and small passenger vehicles are geometrically mismatch. The first point of the impact
is between the truck and the A-pillar of the car along with the head of the smaller car’s
occupants because of the bottom of the truck is higher than the car hood. This condition
bypasses the crumple zone of the car and no impact energy can be absorbed. As a result,
underride always causes Passenger Compartment Intrusion (PCI) and hence cause severe

injuries and fatalities.

While the structures deform and crumple, some of the energy generated during the
crash is dissipated over a period of time. The energy to be dissipated by a car impacting a

truck is given by Eq. (2.3) (Murray, 1988)
VZ
E =mym, 5 (my + my) (2.3)
VZ
F=mm, >y (my + my)s (2.4)

Where E is the energy, F is the force acting between two vehicles, m, is car mass, m, is

truck mass, V is car closing speed and s is crush distance.
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The force, F is varying with truck mass as shown in Eq. (2.4). For a constant impact velocity,
if the truck mass increased, force generated also greater. For a constant truck mass, increase

impact velocity will also increase the force generated (Crashes et al., 1991).

In underride crash, the energy is absorbed by rear, front or side underride guard that
installed on the trucks and large vehicles. Today, the occupant crash protection features
installed into vehicles are capable to provide high levels of occupant protection in 56 km/h
(35 mph) frontal crashes. If guard is strong enough to remain in place and prevent PCI in
crashes of severities of up to 56 km/h (35 mph), the impacting vehicle's occupant protection
technologies could absorb enough of the crash forces resulting from the impact to
significantly reduce the risk of fatality and serious injury to the occupants of the colliding

vehicle (NHTSA, 2015b).

In addition, the purpose of this project is to study the crashworthiness of the roof
pillars area including A pillar at the front, B pillar at the side, and C pillar at rear of the car
which support the car roof. When the underride guard fails, these areas might be capable to
aid the energy absorption and thus decrease the extent of intrusion into passenger

compartment.

2.7 Finite Element Analysis (FEA)

The Finite Element Analysis (FEA) is a process to solve the governing differential
equation of a mathematical model related to any physical condition using the numerical
technique called Finite Element Method (FEM). The mathematical model can be static
model or dynamical model depends on the actual physical situation. There are many FEA
software available such as ANSYS, ABAQUS, NASTRAN, COSMOS. FEA is now used

widely in automotive industry to conduct the crash and crash analyses. Linear static and
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dynamic analysis are conducted in routine manner in crash analysis (Kamruzzaman, 2000).
Summary of a few researches using FEA simulation in automotive industry is presented in

Table 2.1.

Table 2.1: Summary of some researches using FEA simulation in automotive industry

Researcher Problem Studied Result and Conclusion

(Abdel-Nasser, | Frontal crash simulation | Current rigid lighting column absorbs little

2013) of vehicles against impact energy due to high yield strength,
lighting columns thus imposed high injury risk.

(Gohlami, ABAQUS/Explicit tested | ABAQUS/Explicit has been successfully

Lescheticky for crashworthiness tested and introduced into the productive

and PaBmann, | simulation at BMW crashworthiness simulation at BMW

2003) group. Group.

(Shenoy and A study of energy Grid Stiffened Composite panels reduces

Lankarani, absorption of a car roof | the peak forces on the roof to an extent of

2006) reinforced with a grid 57% and increases the energy absorption

stiffened composite panel | by 80%. Thus, excellent choice for roof

in the event of a rollover. | reinforcement involving impact situations.

(Bodapati, Evaluation of energy The employment of new guards
2004) absorption of newly reduced the passenger compartment
designed underride intrusions and reduced the underride of the

guards for rear and side car. With the new guards, the frontal crush

of large trucks. zone of the car was fully utilized.
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(Kumar et al.,

2018)

Crash Analysis of four
wheels vehicle for

different velocity.

Plastic deformation of the car increased
with increase in velocity. Internal energy
increased drastically and the kinetic energy

decreased during the process of impact.

2.7.1 Abaqus

Abaqus is widely used in automotive and aerospace industry to carry out FEA. The

Abaqus/Standard solver is to perform static analysis. For dynamic simulation, there are two

methods available which are explicit and implicit procedure. For high speed dynamic events

with relatively short dynamic response including general collisions, crash test, explosive

events and bullet impacts, dynamic explicit solver is most suitable to use in Abaqus software.

Abaqus/Explicit uses explicit time integration for time stepping (Kamruzzaman, 2000). To

obtain a reliable result, time increments need to be small to prevent rapidly growing errors

(Grimolizzi and Cravotta, 2015). For this project, dynamic explicit is selected because it is

the most suitable method to investigate the case and time increment is set automatically by

the software.
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CHAPTER 3

METHODOLOGY

3.1 Project Planning

Before this project is started, all steps required to achieve the objectives are identified
and planned. Firstly, the dimension of the existing car roof structure is measured and
recorded. By using the dimension obtained, the 3D model of car roof structure is then
modelled using CATIA software. Next, car roof 3D model is imported into ABAQUS
software to perform Finite Element Analysis (FEA) and the impactor (lorry/truck) is created
using ABAQUS software due to its simplicity. After that, the car roof model and impactor
model are assembled by placing the rear end of impactor near to the A pillar of car roof
structure to simulate frontal impact test on the car roof structure. Also, materials are created
and assigned to each 3D model. A few essential parameters for the simulation such as step
time, boundary conditions are identified and set before generating meshing for the assembly.
By completing all steps above, the simulation is ready to run. After frontal impact test for
car roof structure is done, the simulation is repeated for conducting side and rear impact test
on the car roof structure. Finally, after all required simulations are completed successfully,
results are analyzed and the final report is produced. The overall work is summarized in a

flowchart in Figure 3.1.
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Figure 3.1: Flowchart of the project
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3.2 Car Roof Selection and Measurement

The car roof model is taken from Proton Wira to study the energy absorbed at
different sides of the car roof during an impact. Proton Wira is selected as the model for this
project because it is readily available in Fasa B FKM and a 3D modelling was made by the
previous batch of student, MUHAMMAD AFIFUDDIN BIN NOR AZLI, who studied the
same project title. The car roof model developed by Afifuddin using CATIA software is
focused on the car roof and its pillars only as shown in Figure 3.2. For this project, further
development of the 3D model is required to improve the accuracy of the simulation result.
The development includes fixing the small gaps found in the previously developed model
because these gaps will cause error during meshing in FEA. Besides, the car roof model is
further improved to simulate a much comprehensive car roof structure by adding

neighbouring structure to it.

(a) (b)

(c) (d)

Figure 3.2: The car roof model developed by Afifuddin ;
(a) Isometric view, (b) Side view, (c) Front view, (d) Top view

(MUHAMMAD AFIFUDDIN, 2018)
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To verify and improve the 3D model, point coordinate method is used to measure the
dimensions of the actual car using measuring tape because the car roof is a complex
geometry which consists of many curves. By measuring using point coordinate method, each
point is measured of its location on X, Y and Z axis. A reference point (0,0,0) is set as the
starting point to measure the location of other points. These points are marked on the
adhesive tapes which stick on the car roof structure as shown in the figure below. Each of
the adhesive tape is situated near to each other to capture a more accurate dimension. Figures
3.3 and 3.4 show how the points are marked and the method of measurement. Figure 3.5
show one of the areas where point coordinates are obtained to add neighbouring structure to

the previous model.

y
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Figure 3.5: Point coordinates to model the neighbouring structure of car roof

33 Car Roof Modelling

The 3D modelling is built using CATIA V5R19 software. The modelling process is
started from zero by using point coordinates taken from previous developed model. Edit
process is not done on the previous model file but rebuild the model from zero. This is
because the commands in the previous model file are too many and edit by altering the
commands might cause the children features linked to the specific command to fail and the
whole model will eventually crash or fail. Hence, the model is repaired using previous point
coordinates and improved the old model using current point coordinates to create the
neighbouring structure of the car roof. The 3D modelling process is done on the wireframe

and surface design workbench as shown in Figure 3.6.
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The first step of the modelling process is created a spline using points by inserting

their coordinates as shown in Figure 3.7.
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Figure 3.7: Step 1- spline is created using points

The second step is using the extrude surface feature to extrude the surface to half of
width of the car roof from the spline created in step 1 as shown in Figure 3.8. It is extruded
to half of the width of car roof only because the car roof is symmetrical in shape. Therefore,

it only needs to model half of the car roof.
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Figure 3.8: Step 2- extrude the surface to half of the width of the car roof
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The third step is to create splines using points at front side of car roof and rear side
of car roof and projected them onto the surface extruded from step 2. By using these splines,
split surface feature is used to remove the frontal area and rear area of the roof top as shown

in Figure 3.9.

Figure 3.9: Step 3- split the unwanted surface on roof top

The fourth step is to create multiple splines to model the roof pillars as shown in
Figure 3.10. The roof pillars are modelled because they are the support of the car roof which
play important role in deciding the strength of car roof and hence will greatly influence the

energy absorption property of the car roof.
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In Figure 3.11, it shown the fifth step which used fill surface feature to fill area

connected by splines to create the surface of roof pillars.

B3 St ENOVIAVSVPM Fle  Edt  View Inset  Jook  Window  Help

Figure 3.11: Step 5- Create surface of pillar supports

The sixth step 1s shown in Figure 3.12. A structure beneath the surface of car roof is
created by sketched its profile and sweep it along the direction of car width. This structure
is important because it enhances the strength of car roof and must not be neglected in this
modelling process. In addition, the B pillar is also created using joined splines and fill the

surface.
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Figure 3.13 below shows two more support structure is created by using the
symmetry feature. Planes are created in the middle in between the distance between two
neighbouring support structure. By using symmetry feature, new support structure is created

perfectly.

=
=% Lim1

ﬁ‘ Lim2

8 i)l 20
ﬁ‘: Fill.21
fl Symmetry.1
Y symmetry2

Figure 3.13: Step 7- Symmetry feature to create two more support structure

Figure 3.14 below shows the neighbouring structure added to the roof structure to
improvise the overall model by using fill surface command. Then, use closed surface
command to convert all surface to solid model by switching to part design workbench. Half

of the 3D model is done after this step is completed.
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Lastly, the other half of the car roof model is mirrored command in the part design

workbench. The completed 3D model is a solid car roof structure as shown in Figure 3.15.

n Start ENOVIA V5 VPM  File Edit View Insert Tools Window Help

Figure 3.15: Completed 3D model of the car roof structure

Figure 3.16 shows the schematic drawing for the car roof. The drawing includes front
view, top view, side view and the isometric view. The isometric view is set to a scale of 1:40.

The dimension used is millimetre, mm.
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Figure 3.16: Schematic drawing of the car roof model
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34 Parameters and Material Identification

After the 3D model is ready, the next stage of this project is to run the simulation of
the impact test in ABAQUS software. However, the parameters and materials to be selected
for the simulation need to be identified before initiating the simulation. Constant variables
for this simulation are identified as the material of the impactor and car roof, velocity of the
impactor and mass of the impactor. By referring to the protocol of the crash tests of trailers
and their underride guards conducted by ITHS, the trailer model used for the test is 2015
Vanguard 53-foot dry van semi-trailer (IITHSA, 2016). The actual dimension of this trailer is

shown in Figure 3.17. The properties of the trailer are listed in Table 3.1.
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Figure 3.17: The dimensions of the 2015 Vanguard dry van semi-trailer
(https://gbtransportation.com, 2018)
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Table 3.1: Properties of impactor (ITHSA, 2016)

Properties of the impactor (trailer)

Value (units)

weight

6384 kg

Dimension (length x width x height)

16150 x 2591 x 2921mm

Height offset from ground

1190mm

Material

Galvanised steel

Next, the materials need to be assigned to the car roof structure and impactor is
identified. The material selected for the car roof structure in this simulation is boron alloy
steel, an ultrahigh-strength steel (UHSS). This is because roof rail reinforcement, roof pillars
that support the roof is made of a type of boron alloy steel USIBOR 1500 (ArcelorMittal,
2010). For the impactor, the material selected is galvanised steel because trailers are mainly
made from this material and more common to be found compared to aluminium due to its
lower cost (https://www.heavydutydirect.ca/need-to-know-about-dry-van-trailers, 2018).

The material properties to be used in the ABAQUS software for both impactor and car roof

are listed in Table 3.2.

Table 3.2: Material properties for car roof structure and impactor (EFunda, no date)

Component Material Young’s Density, p Poisson’s
Modulus, E (kg/m3) ratio
(GPa)

Car roof structure | Boron alloy steel | 190 7700 0.27

Impactor (truck) | Galvanised steel | 200 7800 0.29
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From past study, it revealed that when a passenger car travels at a speed of 70km/h
and hits to a stationary heavy truck, the car will feel a deceleration of 35g or more which
will translate to the passenger also. As the car speed increases from 70 to 100km/h, the
impact increases directly to 46g which is possible of life threatening (Balta et al., 2014).
Considering also the speed limits in rural road in Malaysia is 90km/h as shown in Figure
3.18, and driver might slow down the vehicle before impact with the stationary truck is also
an important factor (WHO, 2008). The reaction time is very short for the driver to response,
so 80km/h is assumed as the impact velocity after the driver applied break to the car which
travels at the 90km/h. After considering all these factors and the time constraint for this

project, the impact velocities selected for this project are 80 km/h and 90km/h.

m Speed limits in urban and rural areas of selected lower and middle-
income countries (not including motorways)

Rural limit Urban limit
Argentina 80-100 km/h 40-60 km/h
Kerala, India 70 km/h 40 km/h
Uttar Pradesh, India No limit No Timit
Ghana 90 km/h 50 km/h
Indonesia 80-100 km/h 40-60 km/h
Malaysia 90 km/h 50 km/h

Figure 3.18: The speed limits in urban and rural areas in some countries including

Malaysia (WHO, 2008).

3.5  Finite Element Analysis

In this study, ABAQUS software is used to conduct dynamic analysis for the impact
test. After decided the model of trailer to be used as the impactor in the parameter and
material identification stage, the impactor part will be created in the ABAQUS workspace.

For this project, the impactor (trailer model) is simplified into a rigid mass. This rigid mass
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can be of any size since it represents only the mass of the vehicle (Grimolizzi and Cravotta,
2015). The weight of the trailer (impactor) is taken from the weight restriction order
(Amendment) 2003 of Malaysia. According to this order, the lightest trailer is chosen with

the maximum permissible weight of 16tonne as shown in Figure 3.19 (Yusak, 2018).

MAXIMUM PERMISSIBLE LADEN WEIGHT (BDMI)
Rigid Vehicle - 2 Axles

#~ A

Bl &/~ = = = = £ =—
1
—
WHEEL BASE [(WB)
Maximum BDNMI (Tonne)
No. Wheelbase (W/B) List T List IT

(Peninsular) (Sabah & Sarawak)
<23M 16 14
Atleast 2.3 M EF 15
Atleast 26 M 18 16

Figure 3.19: The maximum permissible weight of a rigid vehicle with 2 axles in Malaysia

(Yusak, 2018)

From the model of trailer used in IIHSA, 2015 Vanguard 53-foot dry van semi-trailer,

the ratio of length, width and height of the trailer is determined and by referring the ratio,

the dimension of the impactor to be used in the simulation is calculated to meet the targeted

volume to represent the weight of 16000kg of the impactor. The finalised properties of the

impactor model to be created is shown in Table 3.3.
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Table 3.3: Dimension of impactor required for this analysis

Properties Units
Density 7800kg/m3
Mass 16000kg
Volume computed 2.05m3

Dimension computed (length x width x height)

2256 % 1535 x 592mm

Before proceeding into ABAQUS software environment, it is important to identify
which system of units to be used in the software because ABAQUS has no built-in system
of units. All data input in this software must be specified in consistent units to prevent any
potential of misinterpretation of the results obtained later. Some common systems of units

are shown in Figure 3.20. For this project, system of SI (mm) is chosen.

Quantity Si SI (mm) US Unit (ft) US Unit (inch)
Length m mm ft in
Force N N Ibf Ibf
Mass kg tonne (10° kg) slug Ibf s*/in
Time s s s S
Stress Pa (N/m?) MPa (N/mm?) Ibf/ft? psi (Ibffin®)
Energy ] mJ (107 J) ft 1bf in Ibf
Density kg/m? tonne/mm* slug/ft’ Ibf s*/in*

3.5.1 Impactor Modelling

Figure 3.20: Consistent system of units in ABAQUS

After dimension of the impactor is determined, the ABAQUS software is ready to

use. The impactor created which has a weight of 16 tonne is shown in Figure 3.21.
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Figure 3.21: Impactor model created in Abaqus

3.5.2 Model Assembly

In this stage, the roof structure 3D model is imported into ABAQUS software to
create a part. Now, there are two individual parts which is the roof structure and the impactor.
To execute the simulation, individual parts need to be setup in such to simulate the real-
world underride crash condition. To reduce the computation time and improve the efficiency
of the simulation, the underride-guard the impactor is removed and the rear wall barrier of
the impactor is moved to the front of the pillars of the car roof structure (Yang et al., 2016).
By using the “translate” and “rotate” command in the assembly module in ABAQUS, car
roof structure and impactor are assembled as shown in Figure 3.22 for frontal impact test.
These parts are not colliding with each other yet because in between there is a small gap
provided during the setup. This is to make sure it is zero amplitude before the impact start

because there is no any contact between these two individual parts in the beginning of the
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simulation (Ali et al., 2011). The assembly is repeated for different orientation to simulate

impact from side and rear of the car roof structure.

Model | Results = Assernbly V| Modet [T Modet1 | Step: Fw.n v
Simv T
3 Models (1)
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W Position Ce
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& Suraces
& Connector
518 Engineesin
Do Steps (1)
S Field Outpa R
B Hatory Outpu
ko Tima Paintc

Figure 3.22: Assembled model for the frontal impact test

3.5.3 Material Properties and Assignment

In this stage, material properties are defined for car roof structure and impactor. The
materials required are created and their behaviour such as density and elastic properties are
inserted in the property module. The materials are then assigned to respective part. The
materials created are boron alloy steel and galvanised steel which have been identified earlier
in parameter and material selection stage. Figure 3.23 shown the density of the material
being defined and its elastic properties are also defined as shown in Figure 3.24. Lastly, the

materials created is assigned to respective part as shown in Figure 3.25.
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Figure 3.23: Define the density for the material
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Figure 3.24: Define the Young’s Modulus and Poisson’s ratio for the material
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Figure 3.25: Assigned material to the part

3.5.4 Step Time

The next procedure in ABAQUS software is to set the step time for the simulation.
Step time is the duration of the simulation step. By selecting the step module, Dynamic,
Explicit is chosen for the step of this simulation and the time period is set to 0.02 seconds as
shown in Figure 3.26. The step time 0.02s means that the impact simulation is occurs in just
0.02 second. By considering the time constraint, this step time is selected based on trial and

error, a higher step time such as 0.1s will need a longer computation time.
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Figure 3.26: Define step time
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3.5.5 Determine Contact Boundary/Surface to The Model

This stage is to define the contacts which come to interaction during the impact test.
This is done by defining the interaction between the car roof structure and impactor by
creating the interaction properties in the interaction module as shown in Figure 3.27. Next,
for this impact test, dynamic explicit mode is chosen and general contact (explicit)

interaction is created as shown in Figure 3.28.
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3.5.6 Apply Boundary Condition and Velocity to The Model

In this stage, boundary condition and velocity are created to simulate the car crash
into the rear side of the impactor. As the tyres of the car are fixed to the ground during the
impact, encastre (zero translation and zero rotation) type boundary condition is picked for
the bottom structure of the car roof structure model to constraint the model in all degrees of
freedom as shown in Figure 3.29 (Reddy, 2013). For the impactor, it is assigned to velocity
type of boundary condition in the impact direction, which is towards the car roof structure

as shown in Figure 3.30.

After the boundary conditions are all set for the assembly, the models are ready to
be meshed. Figure 3.31 shows the overall boundary conditions for the frontal impact test

assembly.

Name: BC-1
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(O YSYMM (U2 = UR1 = UR3 = 0)

(0) ZSYMM (U3 = URT = UR2 = D)

(O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
(O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
(O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
(O PINNED (U1=U2=U3=0)

(®) ENCASTRE (U1=U2=U3 = UR1 = UR2 = UR3 = 0)
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Figure 3.29: Boundary condition of car roof structure model
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Figure 3.30: Boundary condition of impactor

Figure 3.31: Boundary conditions for the frontal impact test assembly

3.5.7 Apply Mesh to The Model

Hexahedral-shaped element is chosen to mesh the impactor due to its simple
geometry. For car roof structure, tetrahedral-shaped element is chosen to mesh the part due
to the complexity of its geometry (Chang and Yang, 2009). Next, the mesh size is defined

for each of the part separately. In general, a smaller meshing size provide a higher accuracy
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to the results obtained, but it will take a longer computation time. In this project, the global
mesh size of the impactor is kept constant at 60mm throughout all the simulations involved
as shown in Figure 3.32. However, global mesh size of the car roof structure is varying for
each impact test; 85mm, 60mm, 40mm, 30mm and 20mm as shown in Figure 3.33. This
difference in mesh model is to study the effect of mesh density to the result of test data from
simulation (Liu and Glass, 2013). After the mesh generated, mesh data is tabulated in Table

3.4.

Figure 3.32: Impactor with constant mesh size of 60mm for all simulations in this project

Table 3.4: Mesh data for car roof structure with different mesh size

Mesh Size (mm) Number of Elements Number of nodes
85 4192 9260
60 7075 15268
40 13157 27696
30 23595 47913
20 63044 118254
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(@) (i)
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Figure 3.33: Car roof structure with different mesh size;

(1) 85mm, (i1) 60mm, (iii) 40mm, (iv) 30mm, (v) 20mm
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CHAPTER 4

RESULT AND DISCUSSION

4.1 Introduction

This section explains on the result of the impact test using finite element analysis
obtained from 3 different type of impact simulations which are simulation of frontal, side
and rear impact test on the car roof structure. Each type of impact simulation involves with
impact velocity of 80km/h (22222.22mm/s) and 90km.h (25000mm/s). For each type of
impact, there are 10 simulations with each impact velocity conducted by using 5 different
mesh sizes of the car roof structure; 85mm, 60mm, 40mm, 30mm and 20mm. Upon
completion of simulations, the data of Reaction Force (N) and Displacement(m) are
extracted from three nodes which located in the region where the impactor experienced the
greatest reaction force during the impact to get the average reaction force to obtain a more
precise result. The data is then used to plot the graph of Force (N) vs Displacement (m).
After obtained the data, Origin Pro software is used to calculate the area under the curve of
the graph which represents the energy absorbed by the car roof structure during the impact.
The energy absorbed for each simulation is neatly presented and the discussion is then

continued.

4.1.1 Data Collection Method
During the simulation, the reaction force is captured by the impactor and the results

are extracted from the nodes with distinct reaction force value (Patil and Panchwadkar,
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2014). The impactor is used to extract the data because its mesh size remains constant
throughout all cases of simulation, this allow us to make comparison by having the different
data obtained from the same nodes in every different simulation. For every single simulation
analysis, three nodes ; node 43, node 142 and node 263 which are located in the area where
the impactor in contact with the car roof structure during the impact are used to extract the
data required. These nodes are located on the same horizontal line in the area where the
impactor experienced the greatest reaction force as shown in Figure 4.1. In each case of
different meshing size, the same nodes are used to extract the data of reaction force and
displacement. This is to ensure that the analysis on energy absorbed can be done by
comparing the result obtained from the same nodes for different meshing size and different

type of impact test (front, rear or side).
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Figure 4.1: Nodes selected to extract data for determine energy absorbed

53




4.2 Frontal Impact Test Simulation

Figure 4.2 shows the model assembly setup before the frontal impact test simulation
while Figure 4.3 shows deformed car roof structure after simulation. Since the bottom of car
roof structure is fixed to the ground, the body deformed at the upper area of the frontal roof
structure, especially A-pillars. The average displacement of impactor in time span of 0.02s
are 0.44m and 0.50m for 80km/h and 90km/h respectively. The displacement and reaction
force at the striker are collected from nodes selected. The graphs of reaction force versus

displacement for 80km/h and 90km/h are shown in Figure 4.4 and Figure 4.5 respectively.

Figure 4.2: Undeformed car roof structure before frontal impact simulation
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Frontal Impact Test at 80km/h
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Figure 4.4: Force-displacement curves for frontal impact test with impact velocity of

80km/h

FrontaHmpact Test at 90km/h
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Figure 4.5: Force-displacement curves for frontal impact test with impact velocity of

90km/h
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4.3 Side Impact Test Simulation

Figure 4.6 shows the model assembly before the side impact test simulation while
Figure 4.7 shows deformed car roof structure after simulation. Since the bottom of car roof
structure is fixed to the ground, the body deformed at the upper area of the side roof structure,
especially B-pillar. The average displacement of impactor in time span of 0.02s are 0.44m
and 0.50m for 80km/h and 90km/h respectively. The displacement and reaction force at the
striker are collected from nodes selected. The graphs of reaction force versus displacement

for 80km/h and 90km/h are plotted as shown in Figure 4.8 and Figure 4.9 respectively.

Figure 4.6 : Undeformed car roof structure before side impact simulation
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Side Impact Test at 80km/h
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Figure 4.8: Force-displacement curves for side impact test with impact velocity of 80km/h

Side Impact Test at 90km/h
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Figure 4.9: Force-displacement curves for side impact test with impact velocity of 90km/h
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4.4  Rear Impact Test Simulation

Figure 4.10 shows the model assembly before the rear impact test simulation while
Figure 4.11 shows deformed car roof structure after simulation. Since the bottom of car roof
structure is fixed to the ground, the body deformed at the upper area of the rear roof structure,
especially C-pillars. The average displacement of impactor in time span of 0.02s are 0.44m
and 0.50m for 80km/h and 90km/h respectively. The displacement and reaction force at the
striker are collected from nodes selected. The graphs of reaction force versus displacement

for 80km/h and 90km/h are plotted as shown in Figure 4.12 and Figure 4.13 respectively.

Figure 4.10 : Undeformed car roof structure before rear impact simulation
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Rear Impact Test at 80km/h
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Figure 4.12: Force-displacement curves for rear impact test with impact velocity of 80km/h
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Figure 4.13: Force-displacement curves for rear impact test with impact velocity of 90km/h
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4.5 Energy Absorbed

From the data collected, energy absorbed in each type of impact has been determined
by the area under the force-displacement curve using Origin Pro software. The energy
absorbed are recorded in Table 4.1 for frontal impact test, Table 4.2 for side impact test and
Table 4.3 for rear impact test. Next, these pieces of information are presented in bar graphs

as shown in Figure 4.14, Figure 4.16 and Figure 4.18 for a better visualization.

Table 4.1: Energy absorbed for frontal impact test with different impact velocities and

different mesh sizes.

Energy Absorbed (J)
Impact Velocity (km/h) 80 90

Mesh Size (mm)

85 1904.30 3457.14
60 2624.06 2301.85
40 267971 2758.76
30 2863.14 2953.74
20 2922.54 3199.72
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Table 4.2: Energy absorbed for side impact test with different impact velocities and

different mesh sizes.

Energy Absorbed (J)
Impact Velocity (km/h) 80 90

Mesh Size (mm)

85 702.86 1257.92
60 354.21 728.43
40 546.93 852.51
30 618.51 923.23
20 652.15 1140.54

Table 4.3: Energy absorbed for rear impact test with different impact velocities and

different mesh sizes.

Energy Absorbed (J)
Impact Velocity (km/h) 80 90

Mesh Size (mm)

85 6249.03 6310.27
60 5545.55 7775.36
40 3101.86 4213.13
30 4140.03 4780.00
20 3656.85 5433.39
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Besides, to study the relationship between mesh size and energy absorbed, the
percentage error is calculated by comparing the difference in result of each mesh size to the
result of finest mesh (20mm) for each impact test with different impact velocity in this
project. Percentage error of energy absorbed is calculated using Eq. (4.1) and the results are
tabulated in Table 4.4, Table 4.5 and Table 4.6. For better visualisation, the information is

translated into line graphs as shown in Figure 4.15, Figure 4.17 and Figure 4.19.

energy absorbed— energy absorbed of mesh 20mm

Percentage error (%) = x 100% 4.1)

energy absorbed of mesh 20mm

Table 4.4: Percentage error of energy absorbed in frontal impact test

Percentage Error

Impact Velocity (km/h) 80 90
Mesh Size (mm)
85 34.84% 8.05%
60 10.21% 28.06%
40 8.51% 13.78%
30 2.03% 7.69%
20 0% 0%
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Table 4.5: Percentage error of energy absorbed in side impact test

Percentage Error

Impact Velocity (km/h) 80 90
Mesh Size (mm)
85 7.78% 9.33%
60 45.69% 36.13%
40 16.13% 25.25%
30 5.16% 19.05%
20 0% 0%

Table 4.6: Percentage error of energy absorbed in rear impact test
Percentage Error

Impact Velocity (km/h) 80 90
Mesh Size (mm)
85 70.89% 16.14%
60 51.65% 43.10%
40 15.18% 22.46%
30 13.21% 12.03%
20 0% 0%
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Figure 4.14: Energy absorbed for frontal impact test with different impact velocities and

Error (%)

40%

35%

30%

25%

20%

15%

10%

5%

0%

different mesh sizes.

Percentage-Error-of Energy Absorbed in Frontal Impact Test

PR N N s s AR e e o NS P el o o dhed 0
" fod - R o ¥

85 60 40 30 20
Mesh Size (mm)

Figure 4.15: Percentage error of the energy absorbed for different mesh size for frontal

impact test.
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Energy Absorbed in Side Impact Test
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Figure 4.16: Energy absorbed for side impact test with different impact velocities and

different mesh sizes.
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Figure 4.17: Percentage error of the energy absorbed for different mesh size for side

impact test.
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Energy Absorbed in Rear Impact Test
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Figure 4.18: Energy absorbed for rear impact test with different impact velocities and

different mesh sizes.
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Figure 4.19: Percentage error of the energy absorbed for different mesh size for side

impact
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4.6  Discussion

According to the theory in FEA, smaller element size (fine mesh) will generate a
relatively higher accuracy results if compares to the large element size (coarse mesh) (Liu
and Glass, 2013). Therefore, the energy absorbed obtained from 20mm mesh size, the finest
mesh in this project is expected to be the true value with little or no percentage error. From
result of frontal impact test, as the mesh size decreasing from 85mm to 20mm, the energy
absorbed is at an increasing trend for both 80km/h and 90km/h impact velocity. The same
trend is found for side impact test except for the coarsest mesh; 85mm mesh which its energy
absorbed is greater than that of the finest mesh for both 80km/h and 90km/h impact velocity.
For rear impact test, energy absorbed does not have a constant increasing or decreasing trend
as the mesh size decreases for both impact velocity. However, as the mesh size decreases,
the value of energy absorbed become closer to each other, which means a relatively small

difference.

From figures of percentage error of energy absorbed as shown in Figure 4.15, Figure
4.17 and Figure 4.19, as meshing size decreases, the percentage error of the result also
decreases. In frontal impact test, the percentage error of energy absorbed in both 80km/h and
90km/h are converged to 2.03% and 7.69% as the mesh size decreased to 30mm. For side
impact test, this value is 5.16% and 19.05% for impact velocity of 80km/h and 90km/h
respectively. Surprisingly, for 85 mm mesh in side impact test, the percentage error is very
low; 7.78% and 9.33% for 80km/h and 90km/h respectively. However, the percentage error
surged to 45.69% and 36.13% as mesh size decreased to 60mm, then dropped all the way as
mesh size decreased further to 40mm, 30mm and 20mm. Next, percentage error in rear
impact test is 13.21% and 12.03% respectively for 30mm mesh. The highest percentage error

across all simulation is 70.89% at 85mm mesh for 80km/h in rear impact test. Therefore, it
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can be said that the percentage error of the value of energy absorbed is decreasing with mesh

size.

By validated and verified the result from 20mm mesh as the most precise value, the
energy absorbed for each impact test with different impact velocity is concluded. In frontal
impact test, the energy absorbed by car roof is 2922.54J for an impact velocity of 80km/h
and increased to 3199.72J for 90km/h. In side impact test, the energy absorbed during an
impact velocity of 80km/h is determined as 652.15J and escalated to 1140.54J when impact
velocity increased to 90km/h. For rear impact test, 3656.85J is determined as the energy
absorbed by the car roof during the 80km/h impact test and surged to 5433.39J as the impact
velocity raised to 90km/h. From all type of impact test, it can be concluded that the energy
absorbed by car roof structure in 90km/h is generally higher than that of 80km/h regardless
of which mesh size expect for mesh 60mm in frontal impact test. From theory, as impact
velocity increased, the force increased, and therefore energy absorbed will increase too

(Mujahid et al., 2010). Therefore, this theory is justified in this project.

By comparing the results obtained, energy absorbed by the car roof structure during
the impact is the highest for rear impact, followed by frontal impact and the smallest for side
impact test. This implies C-pillar can absorb more energy when the truck impacts with the
car from the rear side of the car. Next, A-pillars can absorb the second most energy when
the truck crash into the frontal side of the car if compared to B-pillars and C-pillars. Last but
not least, B-pillar that situated at the side of the car absorbs relatively less amount of energy
comparing to other pillars. This might due to the thickness of the car roof pillars. The
thickness of car roof pillars is in ascending order from B-pillar (side) to A-pillar (front) and
to C-pillar (rear). Thus, when the thickness of car roof pillars increased, more kinetic energy
can be absorbed. This result gives a good agreement with the theory on the energy absorption

which states that energy absorption capability increasing with wall thickness (Mujahid et al.,
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2010). Besides, the lowest energy absorbed during side impact also due to relatively little
space to absorb energy at the sides of vehicles (Reichert, R., Kan, Arnold-Keifer and

Mueller, 2018).

From the result of this project, concluded that the current design of roof structure is
not likely to prevent fatality in an underride crash alone that involved a truck and a passenger
car for impact velocity at 80km/h and 90km/h. The energy absorbed by the roof structure is
range from 652.15J to 3656.85J for 80km/h, 1140.54] to 5433.39J for 90km/h. By using
Equation 1, the impact energy generated during the impact are calculated and gathered in
Table 4.7. Only about 0.1% of the total impact energy generated is absorbed by the car roof

structure.

Table 4.7: Impact energy generated during the impact for different impact velocity

Impact Velocity (km/h) Impact Energy (KJ)
80 3950
90 5000

All result from this project is simulated in a way that the crash is to be taken place at
0.02s by set the step time for all simulation as 0.02s in ABAQUS software. To know the
significance of the result from this project, author have done extra simulations of frontal
impact test by using longer step time; 0.03s and 0.05s to simulate a longer crashing event
using impact velocity of 80km/h to see the variation in term of displacement and energy
absorbed. The screenshots of the deformed car roof structure obtained from the result of

extra simulations are shown in Figure 4.20.
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Figure 4.20: Frontal impact test at impact velocity of 80km/h for different step time;

(i) 0.03s, (ii) 0.05s

From Figure 4.20, the maximum displacement for the impactor is 0.66m for step time
of 0.03s and increased significantly to 1.10m for step time of 0.05s. Also, from the data
extracted, the energy absorbed is determined as 8597.61J and 23244.04] for 0.03s and 0.05s
step time respectively. As time of impact increase, more energy is absorbed. However, it still
account for a very small percentage (0.2%-0.5%) of the impact energy generated during the
crash. If this scenario happens in real-world, the passengers in the car will not be able to
survive due to excessive passenger compartment intrusion (PCI). For this project, the
impactor which is the model of the truck is generated without underride guards. Thus, it is
very obvious that the car roof is not able to absorb a big portion of kinetic energy that
generated during the crash alone without the presence of underride guards installed on

trucks.
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This study reveals the reason why is that the main focus is on the truck side for safety
measures for underride crash especially the underride guards. Nowadays, underride guards
installed on trucks are capable to provide high levels of occupant protection up to 56 km/h.
However, optimisation on the strength of car roof to absorb more impact energy to cope with
the underride guards of truck is worth for a further study to improve the overall energy

absorption capability to save more life from underride crashes.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH

5.1 Conclusion

The literature study is to investigate the strength of car roof structure in term of
energy absorption in an impact test by using CATIA and Abaqus software. From literature
review done in chapter 2, concluded that there is virtually no any study on the strength of
car roof but almost all researches are on the underride guards that installed on large vehicle
when comes to safety measure of underride crash. Therefore, this project is to study on the
crashworthiness of the passenger car roof pillars when underride crash happens involved of

small passenger car and a larger vehicle such as truck or trailer.

The strength of car roof is crucial in an underride crash because it is the impact area
between both vehicles surpass the crumple zone. This is because when the underride guards
which installed on the truck fails, the energy absorption will be solely depends on the smaller
car itself. The strength of car roof is defined by how well it can absorb the energy during the
impact and reduce the injuries and fatalities to the car’s occupants because of less PCI.

In this study, the objectives of this project are achieved. First of all, the objective to
improve the design of 3D model for real car roof by adding body structure to the car roof.
This objective is achieved by redesigned the real car roof structure using CATIA software
based on the real dimensions measured from PROTON WIRA. The 3D model retrieved from

previous study was unusable because many errors was found such as dimensions and type
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of modelling used. Next, the second objective of this project; to determine the energy
absorbed on different side of car roof (front, rear, side) during the impact is achieved. This
objective is achieved by conducting Finite Element Analysis (FEA) for the impact
simulation of car roof structure in different orientation using ABAQUS software. The energy
absorbed is increased in the order from side to front and to the largest on the rear side of the

roof structure as determined from the result of simulations.

5.2 Recommendation for Future Research

For every FEA simulation, the 3D model for simulation is the most crucial element
to produce a reliable result of test data. In another word, for the result generated to be
“correct”, the model must be “correct”. Therefore, verification and validation of 3D model
need to be conducted to determine the model validity. However, it is not easy to verify and
validate the model because this project presents a new test that never been conducted before.
Some of the validation techniques include comparison to other models and comparison to
experimental data obtained from real-world model. It is not economical to perform real
impact test due to its high cost. Therefore, it is recommended the results obtained from this
study is compared to similar car model that redesign by the next researcher. The model and

result then can be validated through comparison of both test data obtained from FEA.

In addition, for this project, the simulation time taken for 20mm mesh is about 2 days
to complete. By further decreasing the mesh size to 10mm, it was found that the time required
to complete the simulation escalated to about 7days. Due to time constraint in this project,
the finest mesh size used is up to maximum of 20mm only. Therefore, second
recommendation is that the simulation should be continued with car roof structure of finer

mesh size such as 10mm, Smm and so on. With the result obtained from these finer mesh
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sizes, we can further verify the “correctness” of energy absorbed. If the result does converge
to a certain value as the mesh size decreases, then the value which it is converging is judged

as the true value.

Last but not least, the model of impactor can be improved by modelling it into more
details. Future research should include the underride guards in this study in order to
determine the energy absorbed by the car roof structure more accurately. Different type of
trucks or lorry with different weight can be simulated to impact with the car roof structure
to determine the energy absorbed in each case since there are many types of trucks on the

roads.
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APPENDIX

Technical drawing of the car roof model
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Figure A: Technical drawing of car roof model
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B. Dimension of 2015 Vanguard dry van semi-trailer — reference for ratio of

length, width and height of the impactor created in this project
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Figure B: The dimensions of the 2015 Vanguard dry van semi-trailer

(https://gbtransportation.com, 2018)
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C. Results of ABAQUS simulation for frontal impact test on car roof structure

Table C1: Frontal impact test with different mesh size for different impact velocity

Frontal Impact Test

80km/h 90km/h

U, Magnitude U, Magnitude
— 4444402 +4.997e402
= 440740402 +4.580e402
+3.704e402 +4,164e402
£3.333402 13.747e402
+2.96%400 | o +3.331e402
+2.590e4+02 4+2,915402
12206402 +2,498e402
+1.8%2e+02 y +2.082e402
4810402 416660402
+1111e+02 | +1,24%+02
474070401 +8.328e401
- 43704401 +4,164e401
L 40,0002400 —L 40,000e+00

U, Magnitude U, Magnitude
+4.445402

— +4.9%e+02
+4.075%4+02 | 14‘581402
\

o

i CHIRALI 1 2

+3.748e+02
{17 %40 +2.915+02

E : RL490402

= +1.482e402 +2.082e402
+1.111e402 +1,666e+02
+7.409%+01 | +1.24%402
+3.704e401 +8.329%+401

— +0,000e+00 +4,16%+01

— +0,000e+00

A: 85mm mesh (coarse mesh)

B: 20mm mesh (fine mesh)
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D. Results of ABAQUS simulation for side impact test on car roof structure

Table D1: Side impact test with different mesh size for different impact velocity

Side Impact Test

80km/h 90km/h

U, Magnitude U, Magnitude
T +446%40 49926402
- 140910402 +4,576e402
- 13.71%40 +4.160e402
13347402 ‘ 137448402
1297540 i +3.328e402
12603402 ‘ 29126402
231640 i +2.4%e402
+860e02 | “ +2,080e402
4686402 : +1,664e402
- 11166402 +1.248e40
T H skl +8.320e401
T el #4.160e401
— +0.000e400 +0,000e-+00

U, Magnitude U, Magnitude

14436402 | 44993402
140626402 #4.577e402
13.6938402 +4.161e402
1324402 _1 +3.745%402
+2.955402 § 33%:0 |
8 42585402 B 1291340
L 122160402 ; : +2497e402
B 48470402 +2.081e402
- 414776402 16660402
+1.1088402 HtEet)
+7.3860401 o #3el
43693401 L 44161e401
+0.000e400 | +0.000e400

A: 85mm mesh (coarse mesh)

B: 20mm mesh (fine mesh)

85




E. Results of ABAQUS simulation for rear impact test on car roof structure

Table E1: Rear impact test with different mesh size for different impact velocity

Rear Impact Test

80km/h 90km/h

U, Magnitude U, Hagnitude

T 44816402 — +5.000e+02

= +4.107e402 +4.583e+02
13.734+02 +4.166e+02
13.361e+02 137508402
+2.987e+02 T 13333402
+2614e+02 ' 2.916e+02
+2.240e402 - ‘ +2.500e+02
+1.867e+0) 2.083+02

+1.494407 ‘ +1.6gée+82:

| +1,250e+402

1o B e

L 13 T3e40t T 165401
LL +0,000e300 L 000es00 |

U, Magnitude U, Magnitude

— 46040 | +igﬁe+g§
— +420%40) $4915e+
- +3.908e402 \  H446%40)
- CAIVERS e
+3.126e+402 ' o 13
$2.73%e402 ‘ L 431280402
$2.345402 126816402
+.954e402 | 12234400
+.563402 | L 417678402
e +H.34e402
+7816e401 18.937e401
43908401 +4.46%401
— 0.000e+00 +0.000e+00

A: 85mm mesh (coarse mesh)

B: 20mm mesh (fine mesh)
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