A mathematical model for a bumper was developed and used to simulate
road vehicle impact. A passive friction element was introduced into the
bumper system to improve its impact attenuation and kinetic energy
absorption capacity. The mathematical model of the bumper-damper
system was used to simulate impact phenomena for a 1900 kg mass moving
at a speed of 70 km/h (19.4 m/s), 17.5 times the speed of a typical design
specification. The simulation revealed that the energy absorption capacity
of the bumper was improved with the addition of a friction element.
Simple experiments performed confirmed that higher energy absorption
could be achieved with the addition of a friction element to traditional
bumpers. It was observed that the addition of the frictionzelement-to-a
traditional bumper of a vehicle could increase the critical design speed
from 4 km/h (1.11 m/s) to 14.9 km/h (4.1 m/s). That is, a passive friction
damper system could be used to attenuate road vehicle impact energy in
collisions (of vehicles of mass similar to that of a typical saloon car) at
speeds 3 times higher than the speed for which current conventional
bumpers are designed to attenuate (i.e. 4 km/h).
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ABSTRACT

The goal of this work is to mitigate the degreedafmage to passengers
caused by automobile collisions. Crash phenomemnahimg road
vehicles were investigated for the purpose of dgie an impact
attenuation design that .can .withstand speeds. higier the current
specified range of up to. 4! km/h (for aybumper). f&dnt impact
attenuation systems in the vehicle were studiedh wihphasis on the

bumper modeling, analysis and design.

A mathematical model for a bumper was developednutation of
impact of the bumper-against a fixed barrier wasopmed. A passive
friction element-was introduced into the bumpenaysto improve on
the attenuation of the impact and kinetic energsogtition capacity. A
mathematical model of the bumper-damper system farasulated and
used to simulate impact phenomena for a 1900 kgs masving at a
speed of 70 km/h (19.4 m/s), 17.5 times the spédeal typical design

specification.

The simulation revealed that the energy absorptiapacity of the
bumper was improved with the addition of a frictielement. Design
parameters for the friction damper were extractethfthe results of the
simulation. The extracted design parameters inclstiftness, k, and

coefficient of the damping;, of the bumper. The use of the results from



the simulation in the design of the bumper was yseoiswith success.
Friction damper designs were proposed. Two of tldesegns were built
and used in experiments to verify their effectivenand to validate the
simulation results. The experiments revealed thahdr energy

absorption could be achieved with the addition dfiéion element to

traditional bumpers.

From simulation, it was observed that a combinatibmaterial stiffness
and damping factors could influence energy absampability of the

damper. It was observed that the addition of aidmcelement to an
ordinary bumper-damper system with the new desigrarpeters can
improve its energy absorption capacity by 103.6tlkdt is about 146 %.
Additionally, it was also observed that the addita the friction element
to a traditional vehicle could increase the crltidasign speed from 4
km/h (1.11 m/s) to 14.9 km/h (4.1 m/s).

It was concluded that a passive friction dampetesyscould be used to
attenuate road vehicle impact energy in collisi@fsvehicles of mass
similar to that of a typical sedan car) at speedsn@s higher than the
speed for which current conventional bumpers asigded to attenuate
(i.e. 4 km/h).
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CHAPTER ONE

1.0 INTRODUCTION

The rate of motor vehicle accidents globally isrmlag and naturally
increases as the number of vehicles on the roadsases. The trend in the
rate of road accidents is the same in many egwntmiénat it is growing. It is
estimated that 1.2 million people are killed indoarashes and nearly 50
million are injured worldwide every year. In Ghahare are 1600 fatalities
annually (Appiah, 2009). Road traffic injuries averrently ranked ninth
globally among the leading causes of disease burdderms of Disability
Adjusted Life Years (DALYS) lost (Odero, 2006). tile United States, the
American Automobile -Association estimates that ratfic accidents claim
a life every thirteen minutes (Zheng, 2006). In ha people get killed
daily (Appiah, 2009).

In many developing countries, where there is a ifsg@mt increase in
vehicle traffic combined with poor road infrastun, inadequate training of
drivers, and a lack of good police control, theffitainjuring rates are
enormous. Road traffic crashes are known to beading cause of deaths
and injuries in Ghana in the past decade (Afukaat.£2003).

The majority of road traffic fatalities occurs oonads in rural areas. In

Ghana about 58% more people die on roads in tla¢ aveas than in urban
1



areas, and generally more severe crashes occurairgads compared with
urban areas (Afukaar et al., 2003). Consideringfdloe that about 70% of
the population in Ghana lives in rural areas, cedplith the fact that the
majority of the rural residents are engaged incadfural activities that

supports the economy of the country, it is evidéat these accidents and

their consequences affect the food supply anddbeamy of the nation.

The problem of road traffic crashes and injuriegriswing and this poses a
serious developmental and public health problenene@lly, the poorer
population groups in developing countries bearsardiportionate burden of
avoidable consequences from road traffic injuriédéso within such
countries, poor people account for a disproportepartion of the ill health
due to road traffic injuries. It is, however, exgeet because within poor
countries, poorer people are usually pedestriaydist and passengers in
buses and trucks. In the case of rich countrigkjrelm from relatively lower
socioeconomic classes also suffer a higher burdenoobidity and deaths
from road crashes than their counterparts from -imghme groups
(Nantulya and Reich, 2003) .

People, aged 15 to 44 years, who are the econdynamive adults, account
for more than a half of the total road traffic deatind about 30% to 86% of
all trauma admissions as a result of road traffaslees in some low-income
and middle-income countries (Peden et al., 200/uratic brain injury as
a result of motor vehicle crashes is also a sigguifi problem. Almost a
quarter of all non-fatally injured victims requigrhospitalization sustain a

traumatic brain injury (Peden et al., 2004).
2



The health, social and economic effects of roadfidracrashes are
substantial. They cost governments, on the avetajeeen 1% and 2% of
their Gross National Product (GNP). The GNP isttital value of all the
goods and services produced in a nation, plus #ieevof goods and
services imported, minus the goods and servicesrteg In economic
terms, the cost of road crash injuries, that is dhect economic costs of
global road crashes, has been ‘estimated at-US8ilib&, with the costs in
low-income countries — estimated at US$ 65 bill{@eden et al., 2004).
Road traffic accidents costs Ghana US$ 165 mitionually, which is about
1.6% of its Gross Domestic Product (GDP) (BRRI, @00'he GDP of a
country is the total market value of all final gscaihd services produced in
the country In a given year, which is equal tottital consumer, investment
and government spending, plus the value of exponisus the value of

imports. Table 1.1 shows the global road crash cost



Table 1.1: Road Crash Cost by Region; (Peden,e1(04)

Estimated Annual
Crash Costs
Gross
National As Costs
Product in Percentage
| g Us $
Region 1997 (US'$ | of Gross .
Billion)
Billion) National
Product
Africa 370 1 3.7
Asia 2454 1 24.5
Latin  America 1890 i 18.9
and Caribbean
Middle East 495 S 7.4
Central and 659 1.5 9.9
Eastern Europe
Subtotal 5615 - 64.5
Highly-
motorized
22665 2 453.3
countries
Total - - 517.8




A good number of people have become temporarilyeomanently disabled
as a result of road traffic crashes. Motor vehalshes cause many people
to suffer serious psychological consequences farsyafter the incident. The
social cost of motor vehicle crashes, which is \@fficult to quantify, takes

a heavy toll on victims, their families, friends dacommunities. For
example, the death of a breadwinner through a anas$t often pushes a

family into poverty.

These facts give a good indication that road taffiashes are indeed a
health, economic and social problem facing all nnachkThere is, therefore,
the need to study the causes of these crashe® dimdl remedies that will

reduce trauma cases and fatalities.

1.1 Motivation and Justification

The effects of road crashes could be quite comelicand expensive. They
may include all sorts of social costs, medical €o&bss of production,
human costs, material costs, settlement costs maifictjam costs. In

monetary terms. they may cost between 1% and 2%eigtoss national

product.

The estimated direct economic costs of global adhes is about US$ 518
billion. In the European Union (EU) countries alponensidering both direct
and indirect costs of road crash injury, the costeeds €180 billion (US$
207 billion). In the United States of America, tiheman capital costs of road

5



traffic crashes in 2000 alone were estimated atiali&$ 230 billion (Peden
et al., 2004). Road traffic accident costs Ghan& W& million annually,
which is about 1.6% of its Gross Domestic Prod@DP) (BRRI, 2006).
These amounts are huge and could be saved andimusgelvelopment

programs and projects to improve the quality &. lif

Over a million people die worldwide every year asesult of road traffic
crashes; and it is predicted that i ne“new or ‘mupd interventions are
introduced, road traffic injuries will be the thitdading cause of death by
the year 2020 (Peden et al., 2004). In Ghana abpeabple get killed daily
and there are 1600 fatalities annually (Appiah, 200

It appears the poor are the most affected by tbelgms associated with
road crashes. About 90% of all road traffic deaibsur in the developing
world, which makes up about two-thirds of the wilgopulation; this

implies that road crash fatalities have a more e#veffect on developing

countries than the developed countries.

From Figure 1.1, males of age 15 to 44 years ane iiieely to be involved
in road traffic crashes than females. In the deueb world most of the
breadwinners of families and communities are m&ege about 90% of all
traffic deaths occur in the developing world, am& tmajority of these
victims are in their most productive years. Thiplies that it is taking a big

toll on the livelihood at majority of people on gar



300000
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Figure 1.1 Global Road Traffic fatalities by sex and age,Reden et al.,
2004)

This is a cause for concern that needs to be asteghis study aims
helping to solve part of this seris problem through the development

more effective crash attenuation syste

12 Goals and Objectives

This mission of road safety research is to redbearicidence of road traff
accidents and to minimize their effects once andaot has happene In
contrast, the goal of this dissertation is to redtle effect of crash impa
on passengers in collision of vehicles travelingnatlium speeds (40 km

to 56 km/h).



Automobile bumpers are designed to withstand impaetgy equivalent to
4 km/h. This corresponds to rolling impact and duwd be beneficial to

improve upon this design criterion.
The specific objectives are to:

I. Improve automobile bumpers to enable them withstenmhct energy of
vehicles traveling at several times the speeds erdional bumpers are
designed for.

li. Model and simulate impact phenomenon in order tadystcrash
dynamics.

lii. Use information from the simulation to generateiglegparameters for
better impact attenuation bumpers.

Iv. Propose designs of-a bumper that could attenuaténtpact energy of
vehicles traveling-at speeds several times thefsggespeeds for the design

of a conventional bumper.

1.3 Scape of the work

The work involves a review of the literature onddeaffic crashes and their
causes. It also proposes a means of the attenuaftionpact energy in a
road traffic crash with a friction damper. The digation is divided into five

chapters.

Chapter One introduces the work and gives the lvaackgl information, and

the objectives and justification of the work. CleapTwo deals with the
8



major factors contributing to road crashes. Amdmgfactors considered are
the road, the vehicle and the driver's performaritealso discusses the
interaction of these factors and their possibletrdaution to road crashes.
Different energy attenuation devices in the vehidech as the airbag,
collapsible structures and the bumper, are als®idered, but with more

emphasis on the bumper. The friction damper isctalieas the passive
damper for this dissertation. DPifferent frictionmdaers and their application
are also discussed. Chapter, Three deals with tleematical modeling of

the bumper with a friction damper, model simulatiand post-processing of
acquired data. Chapter Four discusses the redlitie simulations and post-
processed data. Design parameters are extractedused to propose a
bumper design that should attenuate Impacts at umedspeeds. An

experiment to validate the simulation results soalescribed. Chapter Five

is a discussion of the dissertation and suggestmifsture work.



CHAPTER TWO

2.0 LITERATURE REVIEW

This chapter describes the capabilities of the eohenal bumper and
investigates the characteristics of other impaenagtion devices and how
they can be integrated int0 bumpers to tmprover tirepact attenuation

capabilities. It also discusses factors that cbate to road traffic accidents.

Road traffic crashes are attributed to a wide rasfgactors although some
may play greater roles than others. These factwkide the mood and
behaviour of the driver, influence of substancésan by the driver (food,
drink, alcohol,« medicine, drug, etc.), weather g¢bods, passengers’
activities, conditions of road infrastructure, speef vehicle, and the
condition of the motor vehicle. Generally, roadstres are attributable to
three main factors, namely the condition of theieehthe performance of
the driver or the condition of the road. It cothdwever, also be caused by a
combination of these factors. The influence ofititeraction between these

factors can be significant.

2.1 I nfluence of Road, Driver and Vehicle

Geometric road design elements that are importanbad safety include

cross section design (pavement width, shouldernnadd type, lane width),

10



roadside design (width, slopes and roadside camjitand sight distance.
Roadside design considers the width, slopes andisiae condition of the
road. Roadside design affects the sight distahtigeadriver. Sight distance
Is a very important road design element. It islémgth of roadway visible to
a driver. According to AASHTO (2001) the three maypes of sight

distances in roadway design are intersection siggtince, stopping sight
distance, and passing sight distanee: All thesei@de considered in the

design of the road to improve safety.

In addition to road design, wear and damage to evelh designed roads
also affect road safety. Important factors and raeEms that affect road

conditions and cause road damage are (Cebon, 1993):
(i) Fatigue cracking for all types of pavements;

(i) Permanent deformation (longitudinal ruttindgdr flexible and

composite pavements; and
(i) Reduced skid resistance for flexible and pasite pavements.

The extent and effect of these failure mechanismeted above are
influenced by many factors, including the roadwagsign and the
construction methods, the material properties ehezonstituent layer, the
traffic loading and the environmental conditionsotighout the roadway

service life.
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The driver's driving ability, driving experience dirthe conditions under
which he/she drives can also contribute to roadfidraccidents. The
driver’'s aptitude and performance are affected isyhbr driving abilities
and cultural background. Even though different sifasations of factors
leading to accidents are given, most researchessity the causes of
accidents in which drivers are the cause into thram categories. These are
driving errors, general highwaypviolations, andia&ggive violations (Davey
et al., 2007).

Driving errors are mainly associated with failures observation and
judgment, while general highway violations reflectieliberate driving act
that breaks social norms regarding driving beha{®)u Aggressive
violations consist of a mixture of emotion-orientegsponses to driving
situations and traditional Highway Code violatiofidavey et al., 2007).
Among drivers, the very old and the very youngtaemost vulnerable and
this can be observed in their overrepresentatiamashes. The general trend
indicates that young and old age groups are usaaéy-involved in crashes,

as compared to their middle-age counterparts.

As people advance in age, many of their functicaalities decline and
health conditions deteriorate. For example, sonderodlrivers with visual
impairment, such as declines in dynamic visualtgc@iontrast sensitivity,
peripheral vision, and conditions such as catamgletjcoma and macular

degeneration, can experience difficulty differetmigq between details of

12



intersection features like kerbs, edge-lines aaffi¢rislands, seeing other
objects such as vehicles and pedestrians, difficodrceiving the traffic
environment for potential hazards, and difficultgemg traffic signals
(Oxley et al., 2006). Jennifer Oxley et al. alsdohg to this school of
thought, that older drivers are currently over-esgnted in severe injury in

road traffic crashes.

The design of modern motor vehicles is typicallndiad by a large multi-
disciplinary team of designers and engineers. Mod#gsign has been
leading in the direction of energy savings, com#mt safety. The use of
motor vehicle has grown steadily, bringing withhigher rate of accidents.
Table 2.1 gives the number of registered vehialeShana from 2000 to
2006 and Figure 2.1 shows the trend of the growitihé production of the

automobile.
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Table 2.1 Number of Registered Vehicles in Gha@00 to 2006
(NRSC, 2010)

Year Number of
Registered Vehicles
2000 511,063
2001 3 6%,.480
2002 613,153
2003 6 43,824
2004 703,372
2005 7 67,067
2006 841,314

14
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Figure 2.1 Automobile production by United Statipan and

Germany, (Hofsta-University, 2007)

The safety level of a motor vehicle may be verydyatier manufacture but
it will have to be maintained with the use of thehicle. This calls for

regular maintenance to keep it free from defecas thay make the vehicle
unsafe to use. The level of roadworthiness could/e halifferent

interpretations. Roadworthiness guidelines relevanta vehicle or a
component of a vehicle stipulates that the safeatios of the vehicle or the
control of its emissions should not be impairedatlimplies the component
should be without a performance related defectdbaipromises the safety

of the vehicle to pass the test.

A list of the applicable components of a vehiclattmust be considered is as

follows (NRTC, 1995). steering, suspension, stectand body, braking
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equipment, wheels and tyres, lights and reflections, couplings, seats and

seat belts, mirrors, glazing and windscreen, engiriee line and exhaust.

Some vehicle defects can contribute to the occoereh crashes, but not all
defects cause crashes. Factors that cause crashemaay and it may
involve a chain of events, of which vehicle defastgust one. This implies
that it is only in certain circuimstances that defexe contributing factors in
crashes (Rechnitzer et al., 2000). A study revetllatithere was significant
variation regarding the role of vehicle defectscnash causation and the
effectiveness of Periodic Motor Vehicle InspectidiM\VI) programs in
reducing defects and crashes. It appeared thatcleeliiefects are a
contributing factor in only 6% of crashes. The efffef PMVI programs on
accident rates was found to vary significantly pirao effect to decreasing
the accident rate up to as much as 16%. Some stadggest that periodic
roadworthiness tests, in other words PMVI, coulduce the number of

crashes caused by vehicle defects by about 50%h(fReer et al., 2000).

A vehicle’s age was found to be an important fagiothe cause of an
accident. In Australia it was found- that the prabgbof a vehicle that is
twenty-year-old or more being involved in a fatedgée vehicle crash was
2.5 times greater than a newer vehicle. There aié sgnificant
methodological and statistical difficulties and gbomings in many of the
studies, including the difficulty of identifying dndetecting defects in
crashed vehicles and their contribution to a crastese suggest that there
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could be an under-reporting of the contribution defects to crashes.
Therefore to be assured of safety, it is importanaim at achieving and

maintaining roadworthiness.

The number of times a vehicle is inspected doesecessarily establish its
roadworthiness. To ensure that a vehicle remaiagdworthy, one needs to
perform a regular maintenance. Figure 2.2 show® 88dworthiness test
data from VicRoads, Victoria, Australia. It is egit from the data that
defects were found in parts and components sucbralees, tyres and
steering which are very critical with respect ttesa(Brideson et al., 2001).
From Figure 2.2, of all the vehicles that failecdworthiness test in 1999,
65% had a defective body, 50% had defective braké®, had a defective
exhaust, 42% had defective lamps, 61% had defeskats or seat belts,
53% had defective steering, 53% had poor tyres 42 had either a
defective windscreen or wiper. It is interestinghtie that the vehicles were
being tested for certification and yet the percgesaof defect were high.
This makes the results quite alarming. This suggisit the maintenance of
most vehicles was poor. The information, howevenat enough to suggest
whether or not the defective items are over-reptese in defect-related

crashes.
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(Brideson et al., 2001).

Since defect-free vehicles cannot be guaranteesi niecessary to stress the
need for a vehicle condition considered to be safspite of possible
defects. This calls for design of crashworthy vigsc Crashworthiness is
defined as a measure of the level of occupant gioteoffered by a vehicle
(Brideson et al., 2001). Crashworthiness and safatwever, is not
necessarily .the same thing. Vehicles that are dlldan 24 years have a
higher probabhility of being involved in accidentghwsevere injuries.

New vehicles are generally better designed and kapaisticated in-built
safety features. These features tend to reducpdbsble risk of fatal and
serious injuries to their occupants in crashes.gxample, ABS brakes and
airbags have become standard requirements in nebstles. Even though

some old vehicles may not be technically roadwgrttith some additional
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safety features a fatal or serious injury may bmded. In a crash, the risk of
serious injury is higher for occupants in an oldehicle than in new
vehicles because the technology built into theveldicle is not as advanced
as the new one as far as safety and comfort areeooed (Brideson et al.,
2001). A change of roadworthiness requirements rfagrefore not

necessarily change this trend.

Given their relatively cheaper prices, older ligkhicles are more likely to
be sold and therefore change owners. After chafgevaership vehicles
have to go through roadworthiness tests. This esplblder vehicles are
more likely to be sent for testing and thereforaturally, have the higher
likelihood of showing defects at a test, (Bridesbal., 2001).

Even ifvehicle defects could be ruled out, no conclusiieence has been
found that vehicle defects constitute a major igsuiatal or serious injury
crashes. From evidence and submissions it was fthatdvehicle defects
were not a significant cause or contributor to Ifata serious accidents
(Brideson et al.; 2001)..-The development of a featiside safety test that
can be delivered on a consistent basis by Polideedd and Transport
Safety Services personnel also would be helpfulvduld not necessarily
make the roadworthiness of vehicles any better, ibwtould influence

drivers to do regular maintenance on their vehiclenake them safer; the
objective being to encourage a culture among diverregularly inspect

their vehicles and have possible defects repaBeddson et al., 2001).
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Several causal factors may be present in a crash,ths difficult to
determine how much each factor contributes to adivitual crash,
(Brideson et al., 2001). Motor vehicle crashesddten attributed to driver’'s
error or misjudgment on the part of the driver. §dhare caused usually as a
result of impaired driving, inattention or over sgdeng. Should these be the
only causes, something could /be dane by the dtwerevent a possible
crash. In reality, not all vehicle ‘crashes-are-ssagly caused by the driver.
Some may be due to problems resulting from theedsvinteraction with

design elements of the road or with the vehickfi@nd its components.

2.2 | nfluence of the Interactions between the Road, Driver
and Vehicle

The driver's driving ability, driving experience dirthe conditions under
which he/she drives may not account for all casesashes attributable to
the driver. The driver-interacts with road. desiglenents, vehicle

components and technological gadgets in the velsdme of which pose
challenges to the driver and makes driving unsHiese can also contribute
to road traffic accidents. On the other hand thieicle also may interact

with the road and, in one way or the other, makardy unsafe.
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In the United States, for example, about one-ttofdall fatal traffic

accidents involving motor vehicles, happen at sgetions (DMV, 2006).
The most probable factors that must have been iassdowith the crashes
are due to the drivers’ interaction with the roamhdition. An innovative
design element to improve intersection safety is thse of modern

roundabouts to provide a safer environment foreda\(Lord et al., 2006).

According to Oxley (2006), ten main factors wererded as primary

causes across the crash sites in crashes attibtbaine driver. They are:

Inappropriate free space selections in traffic,

High multi-task complexity,

High approach speeds. of conflicting traffic
Limited and restricted sight distance
Inappropriate response to.traffic signs and signals
Inadequate intersection definition

Inappropriate pavement markings

Poor canalization of water ways interfering witlade

© 0 N o g bk~ 0w D PF

High traffic volumes, and

10.Road width restrictions

The most significant finding of this study for dnaavolving drivers was the
selection of safe and free space in conflictingficawhen crossing at
intersections. It was noted that the problem of gglection as a factor was

the case in over three-quarters (76%) of the ceashias problem manifests
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itself especially at intersections controlled biofs or ‘give-way’ signs, or
at signalized intersections that provided eithercanotrol or partial-control
of left-turn (in a Right-Hand Traffic System). Rested sight distance also
was a major issue. It was also observed that csasbeurred often when
traffic volumes and speeds were high; where thezeewearby upstream
signals, where seeing signals was difficult, an@énvtirivers had to negotiate

wide multi-lane carriageways:

The following recommendations were made from theysiof Oxley et al.,
2006,:

1. The replacing of intersections controlled bipps or ‘give-way’ signs,
with roundabouts could greatly enhance safety foveds of all ages.
Negotiating in.a roundabout is a fundamentally $enpand safer task than
choosing a coincident gap in two streams of traffidhe event of a crash at
the roundabout, the injury consequences will be Evere because of the
greatly reduced impact speeds and more favourablésion angles
experienced under this form of intersection contRbundabouts are less
expensive to iImplement as compared to a fully atled intersection. Some
sites studied have been improved with the instaitabf a roundabout, and
crash records indicated elimination or reductionimtiry crashes after

installation.

2. Introduction of fully controlled turning signale assist drivers to make

safe left-turns at intersections controlled pdstibl traffic signals.
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3. Improvement in sight distances, with those wigss than 2.5 s

perception—reaction time.

4. Designing of roads to suit all categories oets, which indirectly

mean a safer environment for the vulnerable grdupam users as well.

In a study of the reaction of/a driver as he/sheratts with the systems in
the vehicle, three dependent variables .describimg driver's braking
response and two dependent variables describingrdinust in the system
and perception of alarm timing were observed. Tdsellis revealed that if
alarms are presented at the mean value of alare famrelatively early
alarms in short headway driving, then these alamay decrease braking
reaction compared to the no alarm condition. Buttloe other hand, if
alarms are presented at the mean value of alare famrelatively early
alarms in long headway driving these alarms hav@atential to decrease
braking reaction. It was observed that, with resped¢he overall effects of
alarms on driver behaviour, the presentation ainadaat the mean value of
alarm time for relatively early alarms for all drig conditions may lead to
more consistent braking reaction to imminent cwlfis situations as
compared to the situation when no alarms are peovigAbe and
Richardson, 2006). This may be positive and carp hel reduce the
incidence of road crashes. A limitation of the sgtudas the drivers’
anticipation of the need to brake repeatedly whiging in the simulator
which may prompt faster alarm response times thauldvhave been
obtained in a real driving environment. On the othand, operating of

radios, mobile phones and other modern navigatiechriologies like
23



computers and GPS systems, may distract the dawer can impact
negatively on the prevention and reduction of nwaffic crashes.

Concerning the interaction between the Road andciéetpoorly designed
roads and poorly maintained roads can cause detioio in the vehicle and
compromise their safety. That is, interaction. objpmads with vehicles can
cause damage to some vehicleicomponents. On tlee bé#nd, vehicles
interacting with roads can also cause deterioratiomhe road conditions
with time. Research into the interaction betweenwahicle and roads have
revealed that tyre road contact forces, especihtige generated by heavy
vehicles, influence road surface deterioration afamages it to an

appreciable extent.

The vertical force applied by the tyre of vehictas be separated into two
components, namely the static load, and dynamiceiobad or forces. The
static load is due to the weight of the vehicle degends on the geometry
and mass distribution of the vehicle as well as s$ketic load sharing
characteristics of the suspension system. The digname forces on the
other hand are caused by vibration-of the vehidierwit is excited by the
roughness of the road surface. This occurs, noymallfrequencies below
20 Hz. Thus, the interaction of the road with tledicle can cause damage
to the road condition which in turn can cause dastaghe vehicle and thus
render the vehicle unsafe to its occupants and coagequently cause road

traffic accidents.
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2.3 Measures to Reduce Road Traffic Crashes and their

Consequences

Considering the impact of road traffic crashegsitimportant that certain
measures be taken to prevent.road traffic crashdst@ minimize their

eventual consequences. To 'minimize-the-occurreatesashes and their
effects, many measures can be taken to help byftcdrenot completely rule
out crashes. Road design through the use of gebdital design principles
and well marked roads with a good number of rogdssican help reduce
crashes attributed to roads. Even for a well desigroad there could be
damage and even failure of road infrastructure nasedue to many

factors, including the roadway design, the conswacmethods used, the
material properties of each constituent layer, tii@#fic loading and the

environmental conditions throughout the service Idf the road. This
possible damage and failure of road infrastructoa¢erials can compromise

the safety of the roads.

The causes of accidents in which drivers are theecare classified as either
driving errors, general highway violations, or agggive violations (Davey
et al., 2007). Gaining driving experience througluation and training, is
essential to develop safe driving habits, but daa only help reduce the
incidence of crashes due to the first cause ordynealy, driving errors.

General highway violations and aggressive violajdrowever, are human
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behavioural tendencies making it difficult to irdhce them to reduce
vehicle crashes. The focus of attention in reducirgghes should therefore

be on the vehicle.

Concerning the vehicle, improving the safety statslacan help reduce
incidence of crashes. Satisfactory vehicle safegdards may only be met
at the time of the inspection. Roadworthiness maty necessarily make a
vehicle safe. Other causal factors may be presemtcrash but it is difficult
to determine how much each factor. contributes toiralividual crash,
(Brideson et al., 2001). This makes it difficultdome up with any solution

to reducing or eliminating crashes due to the Jehic

Concerning causes due to the interactions of thi®uw& factors, most of
them will be difficult to eliminate completely. Thiimplies that crashes
cannot be eliminated completely. It would therefbeegood to think about
how to reduce the effects of the impact due toehmashes to the barest
minimum to save lives and property. In the lighttiis, it is essential to
focus on safety .components that will help redueedtfect of crashes when
they occur, since eliminating crashes is very dlffi if not impossible.
Crashworthiness of the vehicle therefore becomesvital issue to deal
with.

Most drivers take evasive and counter measures \en realize that a

crash is going to occur. There is often a decetarairior to the impact. As
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a result most impacts occur at medium speeds. Pkedslimit in most
towns and cities is pegged at 50 km/h. A mediunedp& about 50 km/h
has therefore been selected for this researchviestigate into crashes at
high speed (about 70 km/h) that decelerate to medpeeds before impact,
and impacts at a city’s speed limit.

The energy possessed by the vehicle at they50 ke#ts to be attenuated.
Some component(s) of the vehicle should be desigmesdich a way that
they could reduce the impact of crashes when tleeyrp and it should be
possible to use these in older vehicles as weklniptes of such components
in the vehicle are the energy attenuation devicescmmponents discussed

in the next section.

24 Energy Attenuation Devices

Important energy. attenuation devices and componanéstypical vehicle
include airbags, bumpers and collapsible structafese vehicle. Each of
these is discussed here with respect to its ermtgnuation capacities and

possible implementation in a vehicle.

27



2.4.1 The Airbag

Airbags are used in the absorption of impact energlfferent applications.
It was initially used to cushion the landing of sospace vehicles and their
instruments, and recently in automobiles as an angiéenuation device.

The airbag in the automabile is an jinflatable~eashiesigned to protect
occupants of the vehicle from serious injury in tase of a collision. It is
also known as air cushion restraint system (ACR®)an air bag

supplemental restraint system (SRS), designedpplesonent the protection

offered by seat belts.

A typical air bag systemis made up of an air baglue — which consists of
an inflator or gas generator and a sewn, wovenmifdoric air bag — crash
sensors, a diagnostic monitoring unit, a steerihgel connecting coil, and
an indicator lamp. These components are networiet\viiring harness and
powered by the vehicle's battery. Air bag systeresdesigned to store a
reserve charge after the ignition has been turifiedrafter the battery has
been disconnected. To ensure reliability, the aig bircuitry performs an
internal "self-test" during each engine startupialiy indicated by a light on

the instrument panel that glows briefly at eachispa

The driver's-side air bag material is coated witheat shield coating to
protect the woven nylon fabric from scorching, espley near the inflator
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assembly, during deployment. Talcum powder or atanch is also used to
coat the air bag as a form of lubrication. Newesigles with silicone and
urethane coated air bag materials require littlecheat shield coating. The
inflator body or canister is made from either stathgtainless steel or cast
aluminum. Inside the inflator canister is a fill@ssembly, made up of a
stainless steel wire mesh with ceramic materiatisghed in between. The
filter assembly is surrounded gy imetaly foil- seaat tiprevents propellant
contamination. The propellant, in\the form of peslles primarily sodium
azide combined with an oxidizer. It is typicallychied inside the inflator

canister between the filter assembly and the toitiar igniter.

Air bags inflate very rapidly and therefore come ofithe steering wheel
hub or instrument panel with considerable forcenegally at a speed of
about 322 km/h (200 mph). As a result of this aliforce, contact with a
deploying air bag may cause injury. The sound bag deployment is very

loud, in the range of 165 to 175 decibels for 3.4 second.

While airbags can protect a person under the gghumstances, they can
also injure or even Kill. New airbag control umézognize if a belt is used
and set the trigger time accordingly. Newer airbizigger at a lesser speed,;
nonetheless, passengers must remain at least géesxs (10 in) from the

bag to avoid injury from the bag in a crash. Irgsrsuch as abrasion of the
skin, hearing damage (from the sound during depémtimhead injuries, eye

damage for spectacle wearers and breaking the fiogers, hands or arms
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may occur as the airbag deploys. Airbags can detdoag after the initial
crash. It could therefore injure rescue workers wiay be inside the car.

Air bags are usually designed to deploy in froatadl near-frontal collisions.
That is equivalent to approximately hitting a fixedrrier at about 13 to 23
km/h (8 to 14 mph) or roughly, equivalent to_stitdkia parked car of similar
size across the full front of each vehicle at ak&ukm/h (28 mph).

Air bag sensors are triggered when the level okldeation exceeds a set
value. Its sensors are  Micro-electromechanical edyst (MEMS)
accelerometers. MEMS accelerometer is an integreitedit chip that is
usually made with nickel- or silicon-base and in&égd micromechanical

elements.

The microscopic mechanical element moves in respoto rapid
deceleration which causes a change in capacitangsigtance, depending
on the technology used, and prompts the chip td aesignal to trigger the
airbag if the set maximum deceleration value iseeged. Figure 2.3a shows

a diagram of the airbag module and Figure 2.3b shibe deployed airbag.
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Figure 2.3 Deployment. of an airbag a. and b. (Hdwi#SVorks,
2007),

c. (CarPros, 2009)

Most air bags automatically deploy in the eventaof/ehicle fire when
temperatures reach about 150 to 200 °C (300 t’BRdT his safety feature
ensures that such temperatures do not cause avsexpbf the inflator unit

within the air bag module.

The sensor of the airbag is an accelerometer. tbelexometer uses either

capacitance change or resistance change due tteratioa pulse as the
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sensed parameter and depending on whether it igivessensing (as in

piezoelectric type of accelerometers) or capacgemsing (as in capacitance
accelerometers). Unlike the piezoelectric typeciwhiequires a dynamic

input of some minimum frequency to generate a nespothe capacitive

sensing allows for response to DC (steady state¢laations as well as
dynamic vibration (SDI, 2007).

The accelerometer unit is basically made up of peots: the micro-
machined sense element or sensor chip and theratgegelectronics or
Application Specific Integrated Circuit (ASIC) chighey are attached
together using a die attachment and gold wire bantechniques and the

whole package is solder sealed to provide a siaiglece.

In the process of airbag deployment, the expanditiggen gas undergoes a
process that reduces the temperature in the sysai@inalso helps in
removing most of the combustion residue or ash. Aitregen gas inflates
the nylon bag in less than 0.05s, splitting opsmléstic module cover and
inflating in front of the occupant. As the occupaatnes in contact with the
bag, the nitrogen gas is vented through openingiserback of the bag. The
bag is fully inflated for only 0.1s and is nearlgfldted by 0.3s after impact.

Many new vehicles are equipped with side air badgey are designed to
reduce the risk of injury in moderate to severe sidpact crashes and are

generally located in the outboard edge of the ludd¢ke seat, in the door or
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in the roof rail above the door. Seat and door-nedirair bags provide
upper body protection. Some airbags extend upwésdprovide head
protection. Two types of side air bags, calledaitstble tubular structures
and inflatable curtains, are specially designedetuce the risk of head
injury and/or help keep the head and upper bodgeanke vehicle.

Apart from the traditional way of'using airbagsaibenuate impacts inside
the vehicle, one can also think about introducixigmal airbags at the front
of vehicles such that the bags could be deployethglia crash to absorb
part of the impact shock. In this case the bagdiea placed behind the
bumper and inflate to cushion the vehicles and gmeirect contact at
impact, but deflate just after impact as the tradal air bags do. This could

be a new concept to attenuate impact energy atisash.

2.4.2 Collapsible Structures in the Vehicle’'s Body

In a vehicle crashes, the kinetic energy of theickehwill be dissipated.
Energy dissipation ecomes primarily from the defatiiora of the vehicle or
by friction. There are two types of collisions. Thest is the collision
between the vehicle and external objects; be tlaeydss or other vehicles.
The second are the internal collisions such asdmtvoccupant(s) and the
interior of the vehicle. Good vehicle design setekgrotect occupants in the
first' collision, which deforms the vehicle strugt, and changes the velocity

of the vehicle, but also seeks to reduce injurk tg occupants in the
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'second’ collision. The effects of a collision dre toccupants of a vehicle
depends on the crashworthiness of the vehicles.

Crashworthiness is the ability of a structure tdhatiand the effects of a
crash and protect its occupants during an impaetsi@vorthiness design of
a vehicle aims at designing the_vehicle structareoptimum impact energy
absorption, and to design the restraint systenil{sks, airbags, bolsters,
etc.) for optimum occupant protection (Nripen, 199he vehicle's body is
designed to help absorb energy by deforming inrdrotbed manner during
a collision. Vehicle components like front siddgarear rails, door structure
and pillars undergo considerable amounts of deftbomato assist in

mitigating the effects of impact in a crash (Nrip2893).

It is desired that in an impact a major part of fhpact energy is absorbed
by the vehicle structure; the restraint componestisuld then provide

protection of occupants against the remaining cessngy. The deformation

should not intrude in the passenger compartmersiafaty cage is designed
to surround the passenger compartment to_help gegwiotection. Systems
that help protect occupants during the seconddhgion include the safety

belt system, different types of air bags, and skeign including head

restraints. They can also include other restrdontgargo and concepts that
discourage placement of cargo likely to becomegatdes on the cage.
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Engine/suspension cradles are used by designetsetter control this

deformation and to by-pass very rigid componenthsas engine blocks
which are not effective energy absorbers and coaltse greater impulse
force on the occupants (Paine et al., 1998). Sopwt3Jtility Vehicles

(SUVs) and pick-up trucks have high bumpers anchéraails. The trend in
design today is lowering the bumpers and framea,raihich are designed to
deform to protect the passengei cabin. Lowerin@imepers and frame rails
help to align them to meet car bumpers and fraihe daring a crash so that

the vehicles can absorb as much of the energy ateident as possible.

Figure 2.4 shows a car indicating the area of facle that absorbs crash
energy upon impact. This crumple zone has matetias are relatively
weaker in a car's structure to enable the struciork to collapse in a
controlled manner. As a result the collapse is redlet, and energy from
the impact can be directed away from the passeger;, and channeled for
example to the floar, bulkhead, roof, or hood. ffe@ energy from the
impact is used up in deforming the materials in themple zone, often

converting some of it into heat and sound energy.
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Figure 2.4 A crushed car showing the crumple.zone

Crumple zones slow the time it takes for a vehioleome to a complete
stop in the deformation process, and through thagasl the impact of force
over a longer period of time, with less potentii injury. By making the

time of impact longer the deceleration is reducEde deceleration of a
vehicle in a crash can be enormous. At the heifatfmontal crash the front
of the vehicle cames to a halt but the remainde¢hefvehicle may continue
to undergo a high deceleration - typically aroui®d’'d (up to 60g’s with

some four-wheel-drive vehicles. (Paine et al., 2998

The properties of the -material used in the crumpime affect the
crashworthiness of a vehicle. If the vehicle (alamith the other objects
involved) were perfectly rigid- it would stop insthnin a crash, subjecting
its occupants to deceleration loads mitigated afilghtly by their human
response dynamics. Steel is usually used in thssgde but there is the
tendency today to use aluminium for the design hef trumple zone.
Corrosion is another factor that favors the usalofminium. Rust attacks

any exposed steel, but many aluminum alloys areosmn-resistant. The
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energy absorption capacity of longerons of newalehiexceeds that of old
vehicles. This could be linked to corrosion. It Hasen observed that
corrosion of longerons could decrease the valienefgy absorption by 1.6
times (Griskewus and Ziliukas, 2003). Aluminum is also easiereoycle,
since it melts at a much lower temperature thagl.ste

Good vehicle design tends toproduce vehicles thatform well at
protecting their occupants in a crash while apghremaving low
aggressivity towards the occupants of other vebididently this may be
achieved by efficiently absarbing crash energyhie tront structure while

retaining the integrity of the passenger compartr(feaine et al., 1998).

The front rail is the main deformable componensigating energy in a
frontal impact. In a frontal impact these rails @ddlie greatest influence on
vehicle crash performance. The design of the fraiht usually consisting of

a thin walled prismatic column, requires definitiohthe geometry. Dent
initiators are introduced into the front rails tacilitate a controlled

deformation of the structure. Rectangular dent-tgpesh initiator absorbs
more crash energy than the circular dent-type cingtator (Cho et al.,

2006).

Different designs for crash energy absorption tie¢ adaptive concepts
have been proposed. One of them is an adaptiveleedtructure that could

change the stiffness in real time for optimal egesigsorption in different
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crash situations (Witteman, 2005). Figure 2.5 shdlae assembly of a
proposed conceptual design which tends to redueeetulting crash pulse
of the vehicle. In the proposed conceptual designMitteman, the right
amount of energy could be absorbed by means dicinicgenerated by
hydraulic brakes on two rigid backwards moving bgalm case of an offset
or oblique crash, a mounted cable system moves ntiesed beam
backwards. Figure 2.6 shews ihe cable, system Byboong this design
with possible interactive canirolled hydraulic beak by regulating a normal
force), an optimal vehicle deceleration pulse cdagdfound for each crash
velocity independent of the struck vehicle positiGivitteman, 2005).

Figure 2.7 shows a conceptual sketch of the cdetrdiiction device.

Passenger compartment side Brake pistons

\‘ _

Brake eylinder house

Brake shees %,

=
Cablz puidedisks

‘1 Rackwards shiding.

Suppart frame

/ Steel cables

Rigid Usprofiles

WVehicle front side

Figure 2.5 An assembly of the frontal structurevahg the cable and

brake system (Witteman, 2005)
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Figure 2.6 Frontal structure with cable systemmtmive the not

directly loaded beam in an offset crash (Witten2995)
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Figure 2.7 A concept for energy absorption by afiation through an

applied normal force F2 (Witteman, 2005)

Another design concept for crash energy absormen uses an adaptive
concept. A frontal structure consisting of two spkelongitudinal members,
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combine a higher bending resistance with stiffn@gaout increasing the
axial stiffness. The longitudinal members are sugob by a cable
connection system for symmetric force distributioh.only one of the
longitudinal members is loaded during a partial rtage crash, a cable
connection system will force the other longitudimaember also to be
engaged and crumple as well. This results in noenargy absorption by
both members (Witteman and Kriens; 1998)-

This concept proposes a design with almost the sdiffreess for all overlap

percentages and impact angles, resulting in onghqoalse which can be
optimized for minimal injury of the occupants. Tinew concept is based on
the design philosophy that an optimal longitudimaember must be

functionally distinguished into two separate systeffihe first, called the

crushing part, guarantees the desired stable dtert energy absorption.
The other, called the supporting part or envelopinge, guarantees the
desired stiffness in the transverse direction. [akter allows enough energy
absorption during an off-axis collision and givesoegh support with a

sliding wall to protect the crushing part againgiossible bending collapse.
The components’ square tubes are designed.to islideeach other well

(Witteman and Kriens 1998).

Figure 2.8 shows a drawing of the longitudinal memhbnd Figure 2.9
shows its interior view. The dimensions used aaseld on a popular

compact class car and both ends of the longitudmember, the two
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functional components are joined with a rigid plafevo squared rings are
used to support and prevent a bending collaps@eottushing part in the

larger rear parts of the telescope (Witteman anernsy 1998).

100

<l

Figure 2.8 Longitudinal member of the Telescopiu&ure (Witteman

and Kriens, 1998)

L dfe—— crushing part

enveloping tube

Figure 2.9 Interior view of the longitudinal memluéithe Telescopic

Structure (Witteman and Kriens, 1998)

During deformation the first part of the supportistgyucture with the
smallest inner dimensions slides together withfthaing front to the rear.
After a full deformation all the folds would be f&d in the first supporting
part (Witteman and Kriens, 1998).
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A structure consisting of two stiff sliding barsdatwo cables form the cable
connection system. It connects the rear of oneirisade one longitudinal
member to the front of the other longitudinal memle transmit the
crushing force from a loaded to an unloaded lowlyital member (Witteman
and Kriens, 1998). Figure 2.10 and Figure 2.11 stimavcable connection

system while Figure 2.12 shows the cross-sectidheotable and its guide.

Bafore the crash

Figure 2.10 Principle sketch of a cable-supporieagitudinal structure
(Witteman and Kriens, 1998)
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Figure 2.11 Top view of the cable-supported lordjital structure
(Witteman and Kriens, 1998)
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Figure 2.12 Cross-section ofithé cable and theeagiide disk inside the
bar (Wittemamand Kriens; 1.998)

Witteman'’s telescopic design concept could alsaniigemented by fitting
it behind the bumper, such that on an impact, thenger-telescopic
collapsible structure could absorb the impact, timmdugh deformation of
the longitudinal structure, absorb the kinetic ggenvolved to reduce the
impact on the occupant of the vehicle. lts lengtthe only disadvantage in
this proposed application, since the space behned umper is rather

limited.

2.4.3 The Bumper

A bumper of an automobile is designed to absorlelshmads at low speeds
in order to mitigate the effects of the impact. Thuenper is meant to reduce
damage to the vehicle at low speeds. The bumpershifles are required to

pass an impact test at 2.5 mph (4 km/h) with ntbasdamage to the body.
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Bumpers keep safety-related equipment such as igbktdland taillights,
hoods, fenders, exhaust and cooling systems, awaydamage.

When bumpers are poorly designed, these car bodg pastain damage
even in parking-lot collisions and other low-spaetpacts. Replacement
costs of such components are very_high. It is_fbezeessential to equip
passenger vehicles with bumpers that effectivejuce damage in low-

speed collisions.

Passenger vehicles are designed to absorb crasfyenefrontal crashes
through deformation of energy-absorbing structivesard of the occupant
compartment. This is-basically the bumper. In smhs between cars and
light trucks, however, pessible mismatches in hieggim cause the capacity

of energy-absorption structures not be fully uétiZBaker et al., 2007).

There are benefits from enhancing the compatibigyween cars and light
trucks in serious front-to-front crashes. If tharimers of different vehicles
are made compatible, fatality risks for car oceugam front-to-front crashes
with light trucks could be reduced by about 8 petder lighter SUVs and

pickups weighing between 2400 and 2500 poundsbgrabout 28 percent
for car occupants in front-to-front crashes withawier trucks weighing

4,000 Ibs or higher (O’Neill and Kyrychenko, 2003).
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Front and rear bumpers generally consist of a iplasbver over a
reinforcement bar made of steel, aluminum, fibesgleomposite, or plastic.
They are designed as a bumper bar and its atta¢horakets to crush in a
low-speed crash to absorb energy. Polypropylenemfoar plastic
honeycomb, also called "eggcrate," is sometimed usg#tead of crushable
brackets and bar. In some designs both are usetktBoes the foam's main
purpose is to serve as a spacerbetween;the-bén@abdmper cover and not
necessarily as an energy, absorber. Figure 2.13 sshawbumper’'s

reinforcement bar, with the plastic cover removed.

Eeinforcement bar

Figure 2.13 A bumper reinforcement bar, shown withthe plastic

bumper cover

During a collision impact, the bumper-absarbs inipacergy by going
through a sacrificial deformation thereby incregsitne body crush or
deceleration distance in order to minimize the @dkon the vehicle and
passenger compartment during head-on and obliqaetafr and rear
collisions. The bumper distributes kinetic energyroa wide area through
predetermined force transmission paths into trenger and heavier parts of

the vehicle inner body and chassis structure.
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The trend in the design is to make pedestriandhebumpers. Two general
approaches to reducing the severity of pedestoaer limb impacts can be
identified. They are the provision of cushioningdasupport of the lower
limb in the bumper and a new lower stiffener; adl &g the integration of
impact sensors and exterior airbags (Schuster, )20# main method
proposed focushioningthe lower limb in an impact uses an energy absorber
in front of a semi-rigid beam. "Energy-abserbersppsed include plastic
foams (single or multi-density), molded plastic degates’, ‘spring-steel’,

composite steel-foam, and crush-can energy abso(Behuster, 2004).

The most common beams used in the proposed peuegiandly bumper
designs are rolled steel or extruded aluminum. Kdkeigns propose the use
of molded plastic beams or plastic-steel compaditectures. There are also
designs that involve deploying bumpers that eitheve or change stiffness
in response to the impact. The typical design psedoforsupportingthe
lower limb in_an impact is with a secondary lowezan, also called a
‘stiffer’ or ‘spoiler’. Plastic plates or metal bma appear to be the most
recommended types of lower stiffeners (Schustef4R0Exposed steel
bumpers that involve frontal airbags design are alfternative design
concepts that appear to be adaptable to meet tdesip@an’'s safety
requirements but these may be costly and requikeraeéd sensors to

function efficiently (Schuster, 2004).
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For passenger cars in USA, the law specifies 10peuntests, including

pendulum tests and crashes into a fixed flat barfigis is in line with the

bumper standards that stipulates the impact resistaf vehicles in low

speed front and rear collisions. The purpose o #tandard is to reduce
physical damage to the front and rear ends of agp@er motor vehicle
from low speed collisions (NHTSA, 1977).

Bumpers are tested using pendulum and fixed batests. Apart from

pendulum tests at 2.4 km/h (1.5 mph), bumpers mass the fixed barrier
tests. The fronts and rears of the vehicles craisha flat barrier at 4 km/h
(2.5 mph). To pass these barrier and pendulum, testenited damage is
allowed to the bumper, but none is allowed to ofharts of the vehicle.
Hood and trunk doors, propulsion, suspension, isigeand braking systems
must all operate normally after the test. Thereukhdoe no broken

headlights or fuel, cooling, or exhaust leaks anstoctions after the tests.
The bumper should be within the test zone of 40640.8 cm (16-20

inches) from the ground. SUV’s and vans are excdudem such bumper
standards. Even though most pickups and SUV's de lmmpers, their
heights often vary from the USA federally speciitedt zone for cars.

The Insurance Institute for Highway Safety (IIH8)USA uses a series of
four tests to better reflect real vehicle-to-vedicbllisions and the kinds and
amounts of damage they cause. Instead of a flaebait uses a test barrier

shaped like a bumper of a vehicle with a deformaildace. Figure 2.14
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shows a test barrier of the Insurance InstituteHighway Safety (IIHS). It

is a steel barrier with a plastic absorber andilflexcover to simulate a
typical cars' energy absorbers and plastic bumpgers. In these tests,
vehicles strike this barrier in 4 tests — full-ftand full-rear at 6 mph, plus

front and rear corner impacts at 3 mph.

Test Bagrier wath
a defermabl e Surface

Figure 2.14 An IIHS test barrier with a steel barrand a plastic absorber

and flexible cover

The barrier is set at 45.7 cm (18 inches) off tr@ugd in the front and rear
full-width crash tests, and 40.64 cm (16 inchesthi corner impacts. Test
results indicate not only the strength of car bumseit also how well they
engage, and then stay engaged with the bumpersham wehicles with
which they collide. These test configurations peland reflect the kinds
and amounts of damage that commonly result fronuahctow-speed

collisions.

Three major components of good bumper design tleataaking on many

current passenger vehicles are compatible geomestghility during
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impacts, and effective energy absorption (Aylorakt 2005). Compatible
geometry implies bumpers must be located and sspethey engage the
bumper systems on other vehicles with sufficienérap to account for
variations in ride height due to occupant and cémgding and braking. The
stability requirement expects that once engaged)peu systems offer a
stable interface and remain engaged throughoutirtipact. Apart from

meeting the geometry and stability requiremenisners still must have
sufficient energy absorption, capabilities to linddmage to the bumper
system itself. Bumper stability is_mainly influexdcdy bumper cover
geometry, bumper reinforcement bar shape and shrerand energy

absorber design (Aylor et al., 2005).

In economic terms, eighty-one percent of vehiclmalge repair estimates
are for front or rear impacts, and 65 percent eséientail costs less than
$2,500 (Aylor et al., 2005). Vehicle bumpers cobkl expected to play a

major role in preventing or limiting the damage.

In many cases, vehicles involved in front-into-reenashes sustained
significant damage to safety equipment like ligatsl cosmetic parts like
hoods, fenders, and grilles, with only minor damégehe bumper itself.
This is often as a result of underride, either beeathe bumpers failed to
match up or because the bumpers did not remaingedgduring the impact
(Aylor et al., 2005). To reduce the risk of oveeranderride, tall bumper
beams should be designed such that they will balignment with other
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vehicles within a specified zone. Research shows Wampers with deep
bumper beams that are aligned with other vehidas, reduce the risk of
underride/override in low speed crashes and lowssop@ated repair costs
(Avery and Weekes, 2006).

Bumpers could be designed to absorb more energytitey usually do with
some modification of the design, and possibly wiie use of additional
energy absorption devices. Impacts due to vehicedants could be
attenuated by introducing damping control systerhsere are different types
of control systems used to attenuate vibrations assult of an impact.
These include active control, semi-active conterid passive control. A
combination of two or more of these, called a hylrontrol system, also

finds itself in some applications.

The Active Control System consists of active masmpgers, active mass
drivers, active tendon systems, pulse thrustersaatitle variable stiffness
systems (Lametrie, 2001). Active control is eféecthrough the use of an
external energy supply. It uses sensors to_deysters response and send
information to actuators to apply force to damprailons. It requires
substantial power and may have instability problentgeavy impacts due to
possible power fluctuations and activation respotise of the control
signal. Active control systems use computer colgtdoactuators (Lametrie,
2001). The computer processes information accortbngn algorithm and

sends the appropriate signal to the actuator. Tteator then reacts by
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applying inertial control forces to the structu@ reduce the structural

responses in a desired manner.

The Semi Active Control System includes controkeys that use relatively
low input power to attenuate or damp vibrations.usies the system’s
response and a feedback feature to develop. cofuroés and vary the
damping properties. With" lack".of ' powerwit still asts its damping
properties. Examples of semi-active control systear® Magneto-
Rheological Fluid Damper, Variable-Orfice Damped &ontrollable Tuned
Liquid Damper (Lametrie, 2001).

Passive Control Systems are uncontrolled dampershwkquire no input
power to operate. They attenuate or absorb vibratsmutomatically without
the need of an electrical control system. Theysarmle and generally low
in cost, but are unable to adapt to changing nedes installation. The
passive control system was selected for this detsen because of its
stability, simplicity and low cost in its applicati. Passive systems include
base isolation systems,. viscoelastic dampers, rfgagystems and friction
dampers (Lametrie, 2001Base Isolationsystems are used to isolate the
dynamic force transfer from the structure to theeh®iscoelastic dampers
attenuate the force due to external loads using thatural damping
properties;Bracing systemsre usually made up of brace frames and are
usually used to permanently stabilize buildingsrirexternal forces such as

wind loads and earthquakes by stiffening the stirattcomponents; and

51



lastly Friction elementsonsist of dampers that use dry friction to distp
energy. They are also referred to as Coulomb Dagnpystems.

The Friction Element was selected for this dissiertanainly due to the fact
that it does not need external energy, it is rqlarstl low cost. Even though
viscous damping shares maost of these advantagesfridtion damper’s
dryness and therefore no, riskof |leakages duringraipn makes it
preferable. Other advantages of Coulomb dampingpeoed with viscous

damping were observed by (Inman, 1996); they ireliné following:

1. In damping with Coulomb friction the amplitude dgsdinearly while in
that with a viscous damper it is exponential

2. The mation-under Coulomb damping comes to a compitbp at a
different equilibrium" position than when initiallgt rest, whereas in a
viscous damped system, it oscillates around aeseqguilibrium.

3. The frequency of oscillation of a system with Conlo damping is the
same as that of the undamped frequency; unlike@sicous damping where

the frequency of oscillation Is decreased.

2.4.4 Friction Elements

The application of coulomb friction has been usefulifferent technical
products. They are currently used in various appbas such as turbines of
aircraft engines and power plants, in the protectid buildings against

earthquake effects, and generally in applicatiangeduce vibrations. In
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friction dampers, they are generally used to eff@etl enhance energy
dissipation. The purpose of considering them islémtify a friction element
that can withstand impact forces equivalent tocthision force.

In most cases friction elements have been studmedused in a passive
context. Damping performance of friction_elememsy be greatly
improved by controlling the naormal force appliedthe friction damper.
This notion of producing a damping force by coningl a secondary
variable is termed semi-active control (Dupont &t 4997). Friction
dampers have been widely used in turbomachinenjicagpns for a
considerable period of time in order to provide hatcal damping to
reduce resonance stresses (Sanliturk et al., 2B@tdion dampers find their

application also in the attenuation of seismic iotpa

Friction dampers are good at shock and impact w@tem. In this study

friction elements that are available will be coesetl and the ones that
would satisfy some design requirements for implaaten with a bumper

would be considered and modified to be used infribeon damper design

concept. This design concept should make use afsaiye friction element

that makes use of sticking friction to dissipatergy. Among the dampers
that have practical applications and were consdiare:

1. Slotted-Bolted Connections
2. Sumitomo Passive Energy Dissipation Devices

3. Piezoelectric Friction Damper
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Pall Friction Damper

DAMPTECH™ Friction Devices
The Friction Spring Seismic Damper
The Energy Dissipating Restraint (EDR)

Vehicle Suspension Friction Damper, and

Blade-to-Blade and Blade-to-Ground Friction Dampers

These dampers are briefly,described in the.nexiasec

2.4.4.1 Slotted-bolted Connections

Slotted-bolted Connections are one of the simplesins of friction

dampers. They consist basically of slotted conngaplates bolted together

as shown in Figure 2.15. It is designed to alloippsige of the device to

occur before a possible buckle or yield of compédskraces in order to

dissipate energy by friction.
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Figure 2.15 Slotted Bolted Connection Assemblager(iblay and Stiemer,

1993)
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Tremblay and Stiemer (1993) found in their studattihe sliding
connections can exhibit a very high energy disgpatapability under
extreme loading conditions, provided appropriatetemals and bolt
clamping forces are used. This friction damperip&ss energy through the
sliding action of two surfaces. That is, it makes of sliding friction. This
makes it not suitable, since it does not meet #wgnh requirement for the

concept for this study given in section 2.4.4«

2.4.4.2 Sumitomo Passive Energy Dissipation Devigce

The Sumitomo passive energy dissipation devicéna®/s in Figure 2.16 is
made up of a cylindrical steel tube casing fittathviriction pads that slide
against the inner wall. The sliding surface cossedta bronze friction pad
sliding against the steel casing that producesntitenal force The steel
casing also has a graphite coating to ensure am feicéonal force and to
help prevent corrosion. It has a spring conneaetti¢ caps of the tube that
causes the pads to be pressed against the indeandéby so doing dissipate
energy by friction when there is a relative motidhe friction force may be
varied by increasing the stiffness of the cup gprvhich is done during
calibration by the manufacturer. It is used in théway industry and in
seismic applications and are often installed on ¢dbpmodified chevron
braces between adjacent floors in buildings innseisapplications (Ruiz et
al., 2005).
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Figure 2.16 Sumitomo Friction Damper (Ruiz et 2005)

The Sumitomo Friction Damper concept makes useas$ige damping and
the relative movements of the steel tube and tloidin surfaces can be
prevented by selecting a high normal force duringnufacture so that
sticking friction results. This damper meets thsigie requirement for this

study and can therefore be considered.

2.4.4.3 Piezoelectric Friction Damper

The piezoelectric friction damper consists of salveroving and stationary
components. Figure 2.17 shows a schematic diagiatneodamper. It is

made of a shaft fixed to the base. A flex-tendiamechanical amplifier is

attached to the shaft. The outer housing and thé@esring make up the
moving components. As it vibrates, the outer haysiomes into contact
with the friction pads. The normal force providestveen the friction pads
and the outer housing induces a frictional forcecivinetards the motion of
the outer housing; thereby dissipating energy. Withe damper is also a
spring which connects the moving housing to th&éostary base (Unsal et
al., 2002).
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Figure 2.17 Piezoelectric Friction Damper (Unsailet2002)

The piezoelectric friction damper operates by retaimotion of the outer
moving housing with the friction pads on the staéiry central shaft, and
through that dissipates energy by sliding frictidhis concept does not meet
the design requirement for this study. The frictisinould be static or

sticking friction for maximum friction force.

2.4.4.4 Damptech Friction. Damper

The damper is made up of a central (vertical) plat® side (horizontal)
plates, and two circular friction pads placed bemwehe steel plates as
shown in Figure 2.18. The central plate is attadbeitie girder mid-span in

a frame structure by a hinge. The hinge allows soelative rotation
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between the central and side plates, which in tmhances the energy
dissipation in the system. The ends of the two pidées are connected to
the members of inverted V-brace at some distanoen fthe friction
damper’s centre. The bracing makes use of preearedibars in order to
avoid compression stresses which could cause Imgcklihe bracing bars
are pin-connected at both ends to the damper aadtalthe column bases
(Mualla and Belev, 2002).

The two side plates and one central plate are swmid to increase the
frictional surface area and provide the symmetrgdeel for obtaining plane
action of the device. A pre-tightened adjustable tannects the three plates
of the damper to one another. This adjustable isolised to control the

compression force applied on the interfaces offtitotion pad discs and

steel plates. Several discs of the spring washgefie(ille washers) are

used. Hardened washers are placed between thesgsspnd the steel

plates to protect the plate surface from any marks scratches when the
springs are under compression (Mualla and Beled2P0

The device configuration is very simple. It can &reanged in different
bracing configurations to obtain a complete damsggtem. Figure 2.19
shows the mechanism and principle of operationhef friction damper.
When a lateral force excites a frame structure,gihgder tends to displace

horizontally. The bracing system and the forcefiofion developed at the
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interface of the steel plates and friction pads tiesd to resist the horizontal

motion (Mualla and Belev, 2002).

Central Plate

Lrise Spring Warhers Hard Washer

Figure 2.18 Components of the Damptech Friction pe&am
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Figure 2.19 Mechanism and Principle of OperatiothefFriction Damper
The principle of operation of the Damptech frictmemper meets the design
requirement for the damper concept to be used with bumper. |t

dissipates energy by a passive means and the cssmgeforce on the

friction surfaces can be increased to avoid sliding
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2.4.4.5 The Friction Spring Seismic Damper

The SHAPIA seismic damper, also known as the @ictspring damper,
uses ring springs, also called friction springsdissipate seismic-induced
energy. It is based on a self-centering frictionchaism and is used in
seismic applications (Filiatrault et al., 2000)séction through a typical ring
spring assembly, as shown-in Figure 2.20, coneistaiter and inner rings
that have tapered mating surfaces. When-the" smahgmnn is loaded in
compression, the axial displacement induces thingliof the rings on the
conical friction surfaces. The outer rings are sotgd to circumferential
tension (hoop stress), and the inner rings to cesgion. The ring springs
are designed to remain elastic during a seismi@ainpo that no repair or
replacement of parts is required, and the structsr@rotected against
aftershocks and future earthquakes (Filiatraudi.e2000).

F
' : 3 a4 v
1 | | Ja [ ]
== — 4~
% E — | 4
2 | |
I b 4 | -
3 [ ! — 1 B I a
l{(/)/u’lcr’éi’;\g: Z—Inm-!'Rin'_-‘://_i—/[ﬁﬁﬂalrﬂjug / ///// //
After loading

Before loading

Figure 2.20 Friction Spring Details, (Filiatrauttad., 2000).

The principle of operation of the friction springdper meets the design

requirement for the damper concept to be used with bumper. |t
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dissipates energy by a passive means and the ganof operation can
prevent sliding.

2.4.4.6 Energy Dissipating Restraint

The Energy Dissipating Restraint (EDR) was oridinalesigned and
developed as a seismic restraint device for.the@umwf piping systems in
nuclear power plant. Figure 2.21 shows a drawinghef damper. The
mechanism of the EDR consists of sliding frictiorough a range of motion
with a stop at the end of its range of motion. @keice is self-centering and
the frictional force is proportional to the dispacent. Depending on the
spring constani-of the core, the initial slip lotte configuration of the core,

and the gap size, several different types of hgsterbehaviour of the
damper are possible (Aiken et al., 1993).

Steel Compression Vedges

Cylinder wall
3 - Ih|f| __l_‘
Tntermal stop — | — ' T—~Spring
Friction wedge detail Brouze fricion wedges
(tp 6 places)

Spherical end

) rod bearing
Tension gap N

©x I - @)

Figure 2.21 External and internal views of the E(@liken et al., 1993)
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The mode of operation of the EDR consists of sydinction through a
range of motion with a stop at the end of its raafyenotion, as a result it
does not meet the design requirement needed faotheept for this study.

2.4.4.7 Pall Friction Damper

The Pall friction dampers are. made up.of.a-sedespecially treated steel
plates, clamped together with high strength stedésbThey have friction
interfaces at their intersection points. Figure22ghows a schematic
diagram of the friction damper, and Figure 2.23 dgformation
configuration. The Pall friction damper is desigriecddevelop constant and
stable friction. They are designed not to slip doriimpacts like windstorms,
service loads and minor earthquakes. During a negghquake, the friction
dampers slip at a predetermined optimum load bejozkling begins in
other structural members, and they dissipate a gootion of the seismic

energy to protect the buildings (Malhotra et 2002).

Steel bolts

Steel plates

Figure 2.22 Pall Friction Damper
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compression

tansion

Figure 2.23 Deformation‘canfiguration ©f the Rattion Damper

The principle of operation of the pall friction dper meets the design
requirement for the damper concept to be used with bumper. It

dissipates energy by a passive means and canlbaged to avoid sliding.
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2.4.4.8 Vehicle Suspension Friction Damper

Friction dampers can be designed for different ps@g to dissipate energy
by coulomb friction. For their experimental studi€iglielmino and Edge
constructed a single friction damper in such a reaas to be able to replace
a conventional viscous damper in a vehicle. Figu24 shows drawing of
the damper. The design concept was a piston inireddgal housing which
contains two diametrically-opposed pistons” witlction pads bonded to
them such that the pistons are controlled with aytic oil through the
centre of the piston rod with the control valve miaad remotely
(Guglielmino and Edge, 2004).

/ Hydranlic Supply Port

Supply pipe

|
|~ Piston &
~ ) FricionPad

Figure 2.24 Friction damper concept in a cylindricaousing
(Guglielmino and Edge, 2004)
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The principle of operation of the vehicle suspendiaction damper is not
passive. Hydraulic oil will have to be pumped ittte damper to control the
pistons with the friction pads. There could beris& of a leakage and also
external power or energy is needed to pump thedwidroil. Therefore it
does not meet the design requirement of the dangested for this study.

2.4.4.9 Blade-to-Blade and Blade-to-Ground FrictiorDampers

Special friction dampers are used in turbo-mackiragplications to avoid
undesired large vibration amplitudes that couldl léa blade damage and
fracture. Such dampers are designed as either -bdadlede (BB or
underplatform)-or_blade-to-ground (BG) dampers. &iptatform dampers,
are pressed against the platforms of adjacent glame shown in Figure
2.25, at the reference points OL and OR by cemjaifforces (Gieraslu and
Ozgliven, 2006). It is generally designed as a spiaelte of metal with
friction surface, which usually is wedge-like (@mnsetimes other shapes),
and is located underneath the blade platforms.if2igen of vibration
energy into thermal energy starts when blade disph@nts reach a certain
level (Petrov and Ewins, 2007). Relative displaceisidoetween the blade
platforms and the damper generate friction foraeslissipate energy as
desired (Panning et al., 2003).
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The blade-to-ground on the other hand is realizgdplacement of dry
friction dampers between the blades and the colae Cgeraslu and
Ozgiiven, 2006).

Blade

Blade ¢y, —. Blade
o (1) (2)
(n) \ \2) 7
Damper
Damper ' 8
(n) MR ANL ¥ 4p
f':‘ﬁd;a_‘-“\qu;ﬂ _(__]L
\ oL
/-r!'}'/_ﬁ. 77-"_/71/--.
Qg

Figure 2.25 Bladed disk with an underplatform dam(i&geraslu and
Ozguiven, 2006)

Both types of dampers have similar effects in teahsibration damping;
however, low frequency behaviour of the system gkarf BG dampers are
used since the system changes from positive sefnitdeto positive
definite. These dampers dissipate energy in the fof-heat due to the

rubbing motion of the contacting surfaces resulfrogn relative motion.

The blade-to-blade and blade-to-ground friction gdamconcepts dissipate
energy in the form of heat due to the rubbing mmotad the contacting
surfaces resulting from relative motion. This issgible through sliding
friction. This damper therefore does not meet tlesigh requirement
necessary for this study, which should be stickimogion.
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2.5 Summary

In this chapter the capabilities of the traditiot@imper was considered.
Different impact attenuation devices were inveséddo see how they could
be integrated into bumpers to improve their Cafghoif impact attenuation.

Factors that contribute to woad" traffic accidentsrev also discussed.
Generally, road crashes are attributable to three factors, namely the
condition of the vehicle, the performance of theeiror the condition of the

road. It could, however, also be caused by a coatioim of these factors as
well. Roads, depending on their design and conditan contribute to road
traffic accidents. A road could be considered peoaerly designed roadway
if it takes into consideration efficient mobilitye safety.

The effect of Periodic Motor Vehicle InspectionsM¥) programs on
accident rates was found to vary significantlyrirao effect to decreasing
the accident rate up to as.much-as 16%. A USA shomgyd out that PMVI
was associated with a reduction of 2.5%. Some estusliggest that periodic
roadworthiness tests, in other words PMVI, coulduce the number of

crashes caused by vehicle defects by about 509 (Reer et al., 2000).

Bumpers could be designed to absorb more energytiiey usually do with
some modification of the design and, possibly, wite use of additional
energy absorption devices. Impacts due to vehicdegdants could be

attenuated by introducing damping control systefiifse Active Control
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Systems are effected through the use of an extemaigy supply. They
make use of sensors to detect system response eaadirsformation to
actuators to apply force to damp vibrations andiiregsubstantial power.
The actuator then reacts by applying inertial aarforces to the structure to
reduce the structural responses in a desired mafier Semi Active
Control System includes control systems that ulsdively low input power
to attenuate or damp vibrationss It uses the.sysiggsponse and a feedback
feature to develop control forces and vary the dagiproperties. With lack
of power it still retains its damping propertiefielPassive Control Systems
are uncontrolled dampers, which require no inpuweroto operate. They
attenuate or absorbs the vibrations automaticaltyiout the need of an
electrical control system. They are simple and gelyelow in cost, but are

unable to adapt to changing needs after theirliastm.

The passive control system with a friction elemwemis selected for this
dissertation because of its stability, simplicibddow cost in its application.
Among the friction dampers studied, the frictionngeers that meet the
design requirements as far as this study is cordeare the Sumitomo,
Damptech", friction spring. seismic, and the pall frictionrdpers. They use
a passive control concept and can work on the iptsof sticking friction.
These will be considered and modified to get soe®gih concepts for the
friction damper to be used in the Bumper-Dampertéygsto attenuate
impact energy due to crashes. The next chapterdmgtiuss the modeling
and simulation of the attenuation system in ordeevtaluate and select an

appropriate friction element for the design.
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CHAPTER THREE

3.0 Modelling, Simulation and Data Extraction

This chapter deals with modelling a friction damgdée simulation of the
damper response and data extraction frem the siiooldor design
purposes. The chapter presents the Maxwell, Kelaohtwo Hybrid Models

for the bumper. It also presents a visual simoiaoftware and discusses
how it was used to program and simulate the fictamper. It then focuses

on how the simulation software was used to genetht relevant
information. MATLAB™ is also used to post-process the data generated

from the visual simulation.

3.1 Modeling of I mpact Attenuators

The bumpers of most vehicles are made basicallyjsab-elastic materials

(Huang, 2002). Properties of visco-elastic makereciude:

* Creep: increase in strain with time when the &gplstress is kept

constant.

* Relaxation: decrease in stress with time wherapgied strain is kept

constant.
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» Dependence of the effective stiffness on thersnate.
» Loss of energy due to hysteresis and

* Coefficient of restitution that is less than one.

In modelling the bumper, there. is the need.to _addtkese behaviour. The
loss and storage of energy.as well as creep andatedn phenomena are
usually modelled with spring and dashpot elemenit® two main simple
models that can address these are known as the éllaaevd Kelvin Models.
Both models make use of a spring and a viscous éargn the other hand
a hybrid of the two, called the Solid or the HybNtbdel is also used to
model this behaviour. The elements of the model lmararranged in two
different ways, giving two types of Hybrid modetise Hybrid 1 and Hybrid
2 models (Huang, 2002).

3.1.1 The Maxwell Model

The Maxwell Model consists of a spring and a dang@emected in series.
Figure 3.1(a) shows the Maxwell model and Figude(B) and (c) the free
body diagrams of the Maxwell- model. The elementsthf model are

considered to be massless and uni-axial.
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Figure 3.1 Schematic of a Maxwell Model and itsé-Body Diagrams

Equations of maotion for the damper deflection amel total deflection are

derived next:

Let:

Force on the viscous damper at impaéi =
Force on the spring at impacf,=
Deflection of the mass x

the small masMp =0

deflection ofMp = Xp

spring constant k
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damping coefficient of the damperc=
Then consider the mabh
M =—f_ =-c(Xx—Xp) (3.1)
and considering the makt,
2 F =Mpa, =M%,

M, = f.— f, = c(x—%;) —kx, (3.2)
Differentiating (3.1) and (3.2) with respectti@nd settindvip = 0
MX = —o(X— %) (3.3)

M X, =0=c(X—%,) — kX, (3.4)

Substituting (3:3) into (3.4) and rearranging:

. _ M
XD —_?

X (3.5)
substituting (3.5) into (3.1)
N&:—dx+ﬁix)
k
Rearranging gives +%x+ﬁx:o (3.6)
with the characteristic equation:

2 Ko Ko
qs +Cs+M) 0 (3.7)
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d
wheres=—.
dt

For the Maxwell model the mass may or may not haveebound. The

differential equation can be solved for the twaoaiions.

2
Case | : Real roots;(%) >4§. The solution is (Huang, 2002):

with initial conditions:

att=0:x=0,x=v,x=0.

S = 0, and two negative real rootg,= a + bands, = a — b.wherea=_2—:

S$>50rs—-5>0

To simplify the expression of the solution, gt d; andd, be defined such
that:

g, =YB SN Ty L VS g SVE i _gay
ss, Se=Sr——=si{s=5)
x=d,e™ +de™ +d,e™, (3.8)
x=-d,se¥ —-d,se ¥ -d,se*and (3.9)
x=d,ss’e™ +ds’e™ +d,s’e™ (3.10)

2
Case Il : (gj <4ﬁ. The solution is (Huang, 2002):
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s =0, and two complex roots, = a + ib ands, = a — ib.wherea:_z—: and

v—ad, _ |2av
Ford0=—d2, dlz b ,dz—m
x = d,e¥ +e*[d, sin(t) + d, cospt)] (3.11)
x = e*[(ad, - bd,)sin(bt) + (bd, + ad,) cos(bt)] (3.12)

%= e [[(a2 =b?)d, - 2abd,]) sin(bt) +[(a>=b?)d, + 2abd, ] cos(bt)J (3.13)

With the initial conditions: at =0,x=0,x=v,x=0. x could also be solved

using numerical integration.

Typical transient response of the displacemengoisl and acceleration for
the Maxwell model at-an impact velocity of 4.5 mafe shown in Figures
3.2, 3.3 and 3.4 respectively. Each Figure showsréisponse for a given
damping coefficient (c = 52.54 kN-s/m) and threffedent levels of spring
stiffness, referred to as stiff (35,027 kN/m), regu5,254 kN/m) and soft
(525.4 kN/m), (Huang, 2002). Different values fbe tspring constant and
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damping coefficients were used to study the resgmrsr evaluation and

selection of an appropriate model for the studgeation 3.2.
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Figure 3.2 Typical Displacement Response for thdégkerent Spring

Stiffness levels for the Maxwell Model
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Figure 3.3 Typical Velocity Response for three afi#int Spring

Stiffness levels for the Maxwell Model
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Acceleration [G ]

Figure 3.4 Typical Acceleration Response for thd#éerent Spring

Stiffness levels for the Maxwell Model

3.1.2 The Kelvin Model
The Kelvin model (Huang, 2002) consists of two efeis; a spring and a

dashpot connected in parallel. Figure 3.5(a) shawsshematic diagram of
the Kelvin model and. Figure 3.5(b) shows its frae\b diagram. The

differential equation representing the maodel caplitained.
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Figure 3.5Schematic of &elvin Model and its Free Body Diagram

Let:
Force on the viscous damper at impatt =
Force on the spring at impacf=
deflection of the mass x
deflection of the damper = deflection of the spring
spring constant &
damping coefficient of the damperc=
For the masay,
> F =Ma=Mx (3.14)

ThereforeMx=-f_-f, (3.15)
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which implies that:Mx = —cx - kx (3.16)

The equation of motion (3.16) can be re-writtemgsi

a)e:JL;Z: © as
M 2Mw,

X+ 20w X+ w x=0; (3.17)

where( is the damping factor anel is the natural frequency of the system.

. . d e
This can be rewritten as’ + 2{aw,s + W’ =0; wheresza, and with initial
conditionsx(t =0) =0, X(t =0) =,

and x(t =0) =0. The solution of the second order differential egumats
(Huang, 2002):

Underdamped systemd>¢ >0
Roots of the characteristic.equation e8esa+ib ands,=a—ib

wherea=-{w;b=w1-¢°

General solutionx=e"{c sinpt) +c,cosbt)}, where ¢ and ¢ are constants
(3.18)

Critically damped system: ¢ =1
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Roots of the characteristic equation ae=a+ib ands, =a—ib

From the general solution:x=¢"{c sinpt)+c,cosbt)} applying the

conditions:
as:.{ - l'bt:a)et\/ﬁ - Qands =s,=a
Fort << 1; sin(bt) - bt,cos(t)—1 thereforex=ea‘[cl +czt]
but withn repeated rootss =s, =...=s =a; X= e"’“[c1 +Ct+...+ Cnt”‘l]
Overdamped system: >1
General solutionx = ge™ +¢,e”

wherea=w (=¢+./{* D) <0b=w(-¢ -/{*-1)<0

The constants;cand ¢ can be found by using the initial conditions. The
closed form solution for the transient responsearnfinderdamped system

using the initial conditions is as follows:

X(t) = V\/(.al_7$|n(a)tq/l 7%) (3.19)

%(t) = e “[cos(@,t1- *) = \/_sm(a)tw/l 7] (3.20)

X(t) = v,w,e ' [-2¢ cost1- ¢? )+\/75|n(a)tw/1 ) (3.21)

The response can be normalized using factors aindamped system. The

aim is to make the relationship between the nozedliresponses and time
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independent of undamped natural frequensy,and impact velocity,
Factors used are, /w, for displacementy, for the velocity andvom, for
acceleration. The timeis normalized by multiplying it by, (the angular
natural frequency of the system) to obtain the diomensional time

variable .

The normalized transient responses are therefore:

X(:/)Oa)e - ]_e;ﬁgz Siﬂ(]’ﬁ) (322)
X() _ g H=z?y-_ S  &nirfi—e’ (3.23)
V. e“[cos(t/1-{7) Wsm(r - )]

) _ o — _ ;0 3.24
s e[ ZZcos@\/ﬁH\/l__?sm(ml <) ( )

Similarly the critically damped transient responses

X(t) = v te™™ (3.25)
() =V, (L ¢ e (3.26)
R(t) = Voee, (e b= 2)e ™ (3.27)

This can be normalized ‘using the same normalizimciofs as in the

underdamped system, which gives:

XV, _ (3.28)

V,

0

XO - q- e (3.29)

0
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\Z(CZ =(r-2)e” (3.30)
The transient response of the displacement, vglacitl acceleration for a
typical Sedan car of mass 1590 kg, with spring t@orisk = 433280 N/m
and coefficient of damping; = 7303 N-s/m for Kelvin model at an impact
velocity, vo= 14 m/s, are shown in Figure 3.6.
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Figure 3.6 Typical Displacement, Velocity and Aeration Responses

of a Sedan car using.the Kelvin Model (Huang, 2002)

3.1.3 The Hybrid 1 Model

Two types of hybrid models were considered, Hylirichodel and Hybrid 2
model. The Hybrid models combine the Kelvin and Meak models making

use of two springs and a dashpot. Hybrid 1 modeilzoes a sprindg; in
81



parallel with the Maxwell model. Figure 3.7 (a) sisothe model and Figure
3.7 (b) and (c) its free body diagrams.

Damper
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Figure 3.7 Hybrid 1 Model and its Free Body Diagsam

Let:
force on the damperat impact =,
spring constant for spring oneks
spring constant for spring twoks
damping coefficient of the damper c
Then:

f, = kX

f, = KX,

f, = c(X-X,)
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> F =Ma=Mx
Therefore for a mas$), mMx=-f, - f_ = -kx-c(x-%,) and (3.31)
D F=Mgya, =M X,
Thereforem %, = f. - f, = c(x - %, ) — k, X (3.32)
Moo = f, — f, = o(x— %) T ké%,
Setting the small mass to zeMd = 0) givesf, = f, (3.33)
Substituting (3.33) into (3.31) gives:
MX = —k X = K,Xp

- MX -k X

Rearrangingx, = o (3.34)
Differentiating (3.34) with respect taives
Xp = _M+_klx (3.35)
substituting (3.385) into (3.31)
MX = —k X — c>‘<+c[_|\/l%kl—xj
rearranging gives
C'V'-"X+M><+(c+i_kl)s<+k1x:o (3.36)
2 2
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multiplying equation (3.36) by:—l\z/lgives the final differential equation for

the model:

"x‘+ﬁx+(k1+k2jx+ |<1k2x:O (3.37)
¢ M cM

Then substitutingszgt, the characteristic equation of the Hybrid 1 model

becomes:

s® + ws’ + us+ v =0 with the following. definitions fow, u andv:

let w, = \/% undamped (angular) natural frequency

7= ¢ , the.damping.factor, anel= 3
2Mw, k;
- r 3
Thenw:ﬁ: Ra%,u:k1+k2:(1+R)a)ez’vzﬁ:_ Ra)e
C 27 M cM 27
\'
u+

Let g=_ P andg = [j(e? + Xy With B, & ande in radians
2 B

Then the roots of the differential equation ag& +i. ands-i« (one real

and two complex roots); the solution of the diffdral equation is given by

the following equations (Huang, 2002):

_ T2 . B+t

L d = . thenp=px, g=qdXx
(B-€) +d' T W(B-e) + ] P=pX. 9=d

x=-pe” +e(pcosat +qsinat) (3.38)
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X = pBe ™ +e[a(-psinat + gcosat) — £(pcosat + gsinat)

(3.39)

% =-ppie? +e (e - w’)(pcosat + qsin at) + 2£a( pSin at — qcosat)]

(3.40)

A typical transient response of the displacemealpaity and acceleration

against time for the Hybrid 1 model are shown iguire 3.8.
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Figure 3.8
Hybrid 1 Model (Huang, 2002)

3.1.4  The Hybrid 2 Model

. e EEe k9 =T700.5 kN/m
80 — - . 2
. ; i~ c=7.8 kN s/m
{1 7 N M=907kg
w0~ / A
By a N
1 h“‘!ﬂ“"" ’ 5\
0 T T T -‘r"r-.|_._|‘ T T
40 80 TTS-420T 160
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Displacement, Velocity and Accelerat®asponses of the

The second hybrid model, Hybrid 2 model also combitwo springs with a

dash pot. It combines the Kelvin model in seriethwai spring. Figure 3.9 (a)

shows the model and Figure 3.9 (b) and (c) its ey diagrams.

85



Damper
Maeving mass Fixed body

(a)

® )

Figure 3.9 Hybrid 22Model and.its Free Body D&gs

Let:
force on the damperat impact =,
force on the spring; at impact =f,

force on the spring, at impact =

Then: f, =k, (X=X%p)
(3.41)
f.=c(X-X%p) (3.42)
f, = k% (3.43)
f,="1f+f (3.44)

But D F=Ma=Mx
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Thereforemx = —f, - f, = =k, (x = X5 ) = ¢(X = X, )
and

ZF =M,a, =M X,
Therefore

M %, =—f,+f =—f, +f+f

M %o = —KyXp + K, (X = X5 ) + (X< X%, )

Setting the small mass to zeM = 0) gives
0=-k,x, +Kk (Xx—x5)+c(x—Xy)
k,Xp =K (X = Xp) + (X=X )

Substituting (3.45) into (3.46) gives:
K,Xp = —MX

: - Mx
Rearrangingx, =

2
Differentiating (3.47) with respect taives

o LoMX
D k2

substituting (3.47) and (3.48) into (3.45)

M = kg (x ) = o+ &
K, k

2

MK | 1y 4 |\I/|(k1

2 2

)X+ x+kx=0
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) rearranging gives

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)



multiplying equation (3.49) b)é%

'>‘<‘+ﬁ M + M X+ ok, X+ fak, x=0
cM K, cM cM

Which reduces to

X‘+(mjx+kzx+k1k2x=0 (3.50)
C M cM

Then substitutingszgt, the characteristic equation of the Hybrid 2 model

becomes:
s’+qs +us+v=0 (3.51)

with the following definitions for, u andv.:
Let w, = \/% undamped (angular) natural frequency

Cc : Kk
= , the damping factor, and = =2
¢ 2Mw), PINg k,

Then for Hybrid 2 model:

g=latk) _~@+Rw, K R o kik =R

=
c 2 M i cM 27

\
u+—
With g:zﬁﬁ and = ||(g? +";)| with B, e andw in radians.

The roots aref3,e +ia and& —ia (one real and two complex roots)
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The solution of the differential equation is givieyn the following equations
(Huang, 2002):

letp' = ~ 2t o Pt then p= px, g=gx
B-ey+ar " d(Beyra) T P

x=-pe? +e ¥ (pcosat + qsin at) (3.52)

x = pfe? +e[w(-psinat + qcasat) —&(pcosat +$inat)] (3.53)

%= -pB2? +e[(e? - w?)(pcosat + qsinat) + 2ew(psinat — qcosat)]  (3.54)

A typical transient response of the displacemealpacity and acceleration

for the Hybrid 2 model are shown in Figure 3.10.

120
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7 3
' T~ Velocity N
a

:||||||1‘|_r..|,__111||15:--||
40 20~ 456 . 460
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-80

Acceleration [G]; Velocity [m/s]; Displacement [cm]

Figure 3.10 Displacement, Velocity and Accelerat®esponses of the
Hybrid 2 Model (Huang, 2002)
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3.2 Simulation

This section discusses the responses of displacemehocity and
acceleration of the four models in line with degditeehaviour to evaluate
them, and select the most appropriate one fordurdimalysis. These graphs
are compared with a plot of a standard crash tesh dised by U.S.
automobile manufacturers, the New Car Assessmeamr&#n (NCAP) test,
for evaluation. NCAP was’ estahlished by the Unitehtes National
Highway Traffic Safety Administration.(NHTSA), amtegral part of the
United States Department of Transportation (DO®)ehhance occupant
safety by generating market demand for safety featand performance that
go beyond United States Federal requirements. ¥amgle for the barrier
test, NCAP test was conducted at 56 km/h (15.6am&5 mph), rather than
48 km/h (13.3-.m/s or 30 mph) as required by Unittdtes federal
regulations (FMVSS No. 208); (NHTSA, 2007) thisdene to prove to
consumers that the automobile manufacturers usehgfandards than that
required by the law. Figure 3.11 shows typical ftssior a vehicle in a Full
width barrier NCAP test.
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Figure 3.11 Expected Response of a Barrier Crash (Leneman et al.,

2004)

These plots will be compared with the responsenhefuarious models to

help in their evaluation. Some terms that will [sediin the discussion are

defined here. A crash pulse (or acceleration puls#9 a zero initial

acceleration value and ends when the acceleratiors tzero again. The

maximum displacement occurs when the velocity ig.z&8he rebound

velocity is the velocity at the separation timeeafthe crash, that is, when

acceleration is equal to zero. In Figure 3.11 tleximum displacement is
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0.725 m, the impact velocity is 15.5 m/s and th&imam acceleration is -
390 m/s.

A range of material properties was considered is $tudy. The material
properties under consideration here were the spoogstant and the
damping coefficient. The spring constant rangegfeolow stiffness value
of K’y to a high stiffness value &, while thésxdamping coefficient ranges
from a low damping value af; to a high damping value of,. The choice
was made based on practical values of the mafmoglerties of a small car
(Sedan Car) and a relatively bigger car (SUV). Tdeneral material

properties considered were as follows (Huang, 2002)
SUV: k =4339 Ib/inana =83.2 Ib-s/in
Passenger Car: k-=38099 Ib/inana = 65.7 Ib-s/in
Sedan Car: k= 2474 Ib/in anat = 41.7 Ib-s/in

In order to evaluate the models to cover the raxides andc’s, a high value
of k', = 5000 lb/in and low value ¢f; = 2000 Ib/in were selected. Also the
range of damping coefficients selected was fn=40 Ib-s/in toc , = 85
Ib-sfin. In S| units,c'1 = 7005.3 N-s/mg» = 14886 N-s/mk; = 350270
N/m, andk , = 875670 N/m. This range of material propertiengs the
region under study. Figure 3.12 shows the regiorramige of material
properties considered in this study. The behavaiuthe responses of the
four models is evaluated within this spectrum otamal properties. In the
evaluationk ¢ , implies a combination of spring const&nt and damping

coefficientc ,; where n = 1, 2. Thus, the combinatiorc ; corresponds to
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design point 1 at the bottom left corner of theigegunder study. The
combinationk ¢, corresponds to design point 2 at the bottom raginher

of the region under study; whilé;c’, corresponds to design point 3 at the
top left corner andt ,c , corresponds to design point 4 at the top righteor
of the region under study as shown in Figure 3TIfase points are used in
the simulation processes.

A

E u 3 > 4

Z

‘g Region

4z N under /P

S Study

=4

& K 1 —> 2
|
—

* *
Cl Cy

Bamping Coefficient (c), [N-s/m]

Figure 3.12 Range of Material Properties for thel$

Simulations were performed for the various modesnag the design
parameters at the design points. The response®svdiscussed in the next

sections with respect to the displacement, velauity acceleration.
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3.2.1 Displacement Respons

Figures 3.13 to 3.16 give the displacement resmoakthe various model
Equations 3.8, 3.11, 3.19, 3.38 and 3were used in the simulatio
Information from these plots is summarized in Tal#el and 3.Z

4

o

Displacement [m]
= N
1 1 1 I 1 1 1 I | I T | I | I T | I

0 IIIIIIIIIIIIIIIIIIII

0 0.4 0.3 12 1.6
Time [s]

Figure 3.13 Displacements for Maxwell Model at the various da:

points
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Figure 3.16 Displacements for Hybrid 2 Model at the various igie
points

Tables 3.1 and 3.2 contain the respective infoonatn the maximur
displacements and the time they occuiwhile the echange in the maximu
displacement _as a result of changes in materighgrties are shown |
Figure 3.17 for the Maxwell and Kelvin models, afgure 3.18 for thi
Hybrid 1 and Hybrid 2 models. Maximum Displacemeatsiesign point
are given aithe respective corners of the region under sardy the effects

of moving from one design point to the other aregias % on the arrov
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Table 3.1 Maximum Displacement according to theous models

Maximum Displacement (m)
Design Maxwell Kelvin Hybrid 1 Hybrid 2
Point Model Model Model Model
1 3.80 0.84 0.86 1.13
2 1.80 0.70 0.76 1.04
3 3.80 0.58 0.58 0.73
4 1.79 0.49 0.51 0.70

Table 3.2 Time at-Maximum. Displacement accordinthevarious

models
Time at Maximum Displacement (s)
Design Maxwell Kelvin Hybrid 1 Hybrid 2
Point Model Model Model Model
1 1.50 0.11 0.11 0.14
2 0.40 0.10 0.09 0.13
3 1.50 0.06 0.06 0.08
4 0.58 0.06 0.06 0.08

97




(@)

Damping Coefficient (c), [N-s/m)]

f A
Kelvin Model
Maxwell Model

= Z
5 Region :g Region
§2 0.0 %/ under /#0.01% |2 31.0% N under /P-30.0%
8 Study S Study
g 2
2 ki > D kx ~
o 3.00 576% T.80 o 0.84 W 070

L. | o .

C*l (= c§ 5

DampingiCoefficient (c), [N-s/m]

(b)
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The following observation can be made from thelteguresponses:

Vi.

Vii.

The displacement response of the Maxwell modeluffeid.13) rises
to an asymptotic maximum value.

The displacement behaviour of the Maxwell modeb(Feé 3.13) is

different from the NCAP test crash plot in Figur@3 The deviation
Is quite high and therefore the Maxwell model i$ good to be used
to model as far as the/displacement response teooed.

The Kelvin, Hybrid 1 and Hybrid=2 models (Figured4 3.15 and
3.16 respectively) are damped sinusoidal curves. firet half cycle

of the plots (which is the relevant part of thepinrs) are similar to the
behaviour of the NCAP test plot in Figure 3.11.

The Kelvin, and the two Hybrid models show reductio maximum

displacement. with increase.in stiffness.

From Table 3.1 the Kelvin model and Hybrid 1 mod&e very close
values; a difference of between 0.00 m (for degigimt 3) to 0.06 m
(for design point 2).  Hybrid 2 model, however dags quite
remarkably from Kelvin model values; a differendefrom 0.15 m
(for design.poeint 3)o 0.34 m (for design point2).

From Figure 3.17 (a), unlike the other three mqdtie Maxwell
model is less responsive to changes in stiffne3%40and 0.01%)
compared to changes in damping coefficient (-52.686y a given
damping coefficient, a change in stiffness appéardsave very little
or no effect on the maximum displacement for thexiizl model.
From Figures 3.17 (b), 3.18 (a) and 3.18 (b), atstamt damping
coefficient a change in stiffness causes a charigdisplacement
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viii.

between -30.0% (for Kelvin) and -35.4% (for Hyb#gin the Kelvin,
Hybrid 1 and Hybrid 2 models, but only little cha&pg.e. between -
4.1% (for Hybrid 2) and -16.7% (for Kelvin) for &dange in damping
coefficient at constant stiffness. This shows thabhange in stiffness
has a greater effect (about three times more)dharange in damping
coefficient for all three models.

The Maxwell model does not show- any remarkable gbam
maximum displacement 'due to the asymptotic behavmiu the
curves. The model behaves this way because thsittc@ndamping

coefficient €7) is greater than the damping coefficieat éxcept in

7 Mk
2

the case of point 2; i.e. when= >c¢ (Huang, 2002).

The transition damping coefficients§ is the minimum value of
damping coefficient, for which there is a dynamic crush at a finite
time; and then the body rebounds afterwards (HU2002).

Herec values fork*; andk*, are 12898.8 N-s/m and 20394.7 N-s/m

respectively.

Sincec*; = 7005.3 N-s/m anad*, = 14886 N-s/m, there will be no
rebound except at point 2 and the model’s displacgemesponses are
asymptotic as expected. The Maxwell model is tloeeshot good for
this study as far as displacement response is oweate

Comparatively the Kelvin model shows much highespomsiveness
to change inc at a constant spring constdet of the material by a
difference of 5.1 % and 0.0 % for Hybrid 1 modekpting constants
k*, andk*, respectively, and a difference of 8.7 % and 11.40%
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Hybrid 2 model ak*; andk*, respgectively. However, the two hybr
models show slightly better responsiveness to ahaimg spring
constant at constant damping coefficiec*. That is a difference ¢
only 1.6 % and 2.9 % for Hybrid 1 at constec*; and c*,
respectively; and 4.4 % and % for Hybrid 2 model at constac*;

andc*, respectively

3.2.2 Velocity Respons

Figures 3.19 to 3.22 give the velocity responsethef various model
Equations 3.9, 3.12, 3.20, 3.39 and 3.53 were usethe simulation

Information from these plots summarized in Tables 3.3 and <

16 o
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Figure 3.19 Velocity for Maxwell Model at the various designis
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Figure 3.20 Velocity for Kelvin Model at the various design pts
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Figure 3.21  Velocity for Hybrid 1 Model at the various desigoimts
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Figure 3.22  Velocity for Hybrid 2 Model at the various desigoimts

Tables 3.3 and 3.4. contain the respective: infoonatn the reboun
velocity and the time they occurred, while the derin the reboun
velocity as a result of changes in material prdes are shown in Figui
3.23 for the Kelvin model and Figure 3.24 for thgbHd 1 and Hybrid :
models. Rebound velocities at design points arergiat corners of tr
region under study and the effects of moving frame design point to tr

other are give as % on-arrow
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Table 3.3 Rebound Velocity according to the vasimodels
Rebound Velocity (m/s)
Design | Maxwell Kelvin Hybrid 1 Hybrid 2
Point Model Model Model Model
1 - -9.3 -9.6 -11.4
2 -0.1 -6:4 =7.5 -9.5
3 - -10.5 -10.7 -12.0
4 - -8.2 -8.9 -10.5

Table 3.4 Time at Rebound according to the vamaodels

Time at Rebound (s)

Design Maxwell Kelvin Hybrid1 | Hybrid 2
Point Model Model Model Model
1 - 0.21 0.21 0.26

2 0.50 0.19 0.18 0.25

3 - 0.14 0.13 0.17

4 - 0.13 0.13 0.16

104




Kelvin Model

Kt -10.5 JR9% -8.2
2

T

Region
12.9% M under /st.l %
Study

Spring Constant (k), [N/m]

* ~
kl

'9.3 _ 3172 % '?.4
|
|
f

VAN

1

Damping Coefficient (c), [N-s/m]

>
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The

following can be observed from the plots andbles

The velocity response of the Maxwell model (FigBd9) also
deviates drastically from the typical crash respooisthe NCAP test
plots. The velocity starts with the impact veloaity1l4 m/s, as usual
for all the models, but reduces exponentially tmzes the time tends
to infinity.

The Kelvin, Hybrid 1 and Hybrid=2 models (Figure2® 3.21 and
3.22 respectively) are damped sinusoidal curves. firet half cycle
of the plots (which are the relevant part of thapdps) are similar to
the shape of the NCAP test plot in Figure 3.11.

The velocity response of the Maxwell model is natilar to that of
the NCAP crash testplot in Figure 3.11. It doessmow any rebound
except for design point 2. This is expected since tlamping
coefficients used are below the transition dampioefficient €r)
except in the case of design point 2.

From Table 3.3 the Hybrid 1 model has velocitiext @re very close
to those of the Kelvin model; a minimum differeraie0.2 m/s (for
design peint 3)to a maximum difference-of 1.1 (ds design point
2). On the other hand the Hybrid 2 model deviatesmfthe Kelvin
model by a minimum of 1.5-m/s (for design pointt@)a maximum
difference of 3.1 m/s (for design point 2).

From Table 3.4 the Kelvin and Hybrid 1 models halreost the same
times for rebound (with a maximum difference of10%); while the
times for the Hybrid 2 rebound velocities deviabasy slightly from

that of the Kelvin’s model; from a minimum differ@nof 0.03 s (for
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Vi.

Vii.

viii.

3.2.3

design point 3 and design point 4) to a maximur@.06 s (for design
point 2). That is, the differences in the reboumakes for the Kelvin
and Hybrid models are not very significant.

From Figure 3.23, 3.24 (a) and 3.24 (b) the Kelwyprid 1 and
Hybrid 2 models all show an increase in reboundaii for an
increase in stiffness at constant damping; andcaedse in rebound
velocity for an increase.inydamping,coeificientanstant stiffness.
From Figure 3.23, 3.24 (a).and 3.24 (b) the Kelwyprid 1 and
Hybrid 2 models all show a higher responsivenesa tthange in
damping coefficient at low stiffnesk*() than at high stiffnesk>).
The Kelvin, Hybrid 1 and Hybrid 2 models all show hegher
responsiveness to a change in stiffness at higamipohg coefficient
(c*,) than at low damping coefficient¥y).

Comparatively . the Kelvin model shows the highestele of
responsiveness to changes in the damping coeftceerd stiffness of
the material, followed by the Hybrid 1 model anértithe Hybrid 2

model as far as rebound velocity is concerned.

Acceleration-Response

Figures 3.25 to 3.28 give the velocity responsethaf various models.
Equations 3.10, 3.13, 3.21, 3.40 and 3.54 were useithe simulation.
Information from these plots is summarized in Taldé and 3.6.
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Figure 3.25 Acceleration for Maxwell Model at the various despints
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Figure 3.26  Acceleration for Kelvin Model at the various despgpints
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109



Tables 3.5, 3.6 and 3.7 contain the respectivanmtion on the maximum
acceleration, the duration of the crash pulse &ediritial acceleration at
time zero, while the change in the maximum acceteraas a result of
changes in material properties are shown in Fi§uze for the Maxwell and
Kelvin models, and Figure 3.30 for the Hybrid 1 adgbrid 2 models.
Maximum acceleration at design points are giveeaahers of the region

under study and the effects of moving fram-enegiepoint to the other are
given as % on arrows.

Table 3.5 Maximum Acceleration according to theouss Models
Maximum Deceleration (m/s)
Design | Maxwell Kelvin Hybrid 1 Hybrid
Point Model Model Model 2 Model
1 -43.8 -159.1 -168.2 -140.0
2 -76.2 -152.3 -186.4 -136.7
3 -47.3 -259.1 -263.6 -226.7
4 -87.7 -245.5 272.7 -223.3
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Table 3.6 Duration of Crash Pulse according toireous Models

Duration of Crash Pulse (s)
Design | Maxwell Kelvin Hybrid 1 | Hybrid 2
Point Model Model Model Model
1 15 0.21 0.21 0.26
2 0.5 0.19 048 0.25
3 15 0.14 0.13 0.17
4 0.75 0.13 0.13 0.16

Table 3.7 nitial Acceleration According to the iars Models

Initial Deceleration at time zero-(m/sS)

Design | Maxwell Kelvin Hybrid 1 | Hybrid 2
Point Model Model Model Model
1 0 -50.0 0 0
2 0 -109.0 0 0
3 0 -50.0 0 0
4 0 -109.0 0 0

111




1 1
Maxwell Model Kelvin Model
E i -47.3 ke -87.7 T i -259.1 E3% -245.5
Z Z
= =
5 Region g Region
z 8.0% /M under /Pls.l% = 62.9 %/ under /#61‘2%
3 Study 8 Study
o o
[oR I Qe I
e -438 Sron  76.2 o '1ﬁ9'1 3% 1523

e ) |

* * *
ct o3 c €2

Damping Coefficient (c), [N-s/m] Damping Coefficient (c), [N-s/m]

(a) (b)
Figure 3.29 Maximum Acceleration at design poirid affects of moving

from one design point to the other for the Maxvesltl Kelvin Models.

A
4 Hybrid 2 Model
Hybrid 1 Model
= : -1.5 % R
T ok -263.6 355 -272.7 Eiobadl A28 —> 223.3
= 7 =
= =
*g Region E el )
g s6.7%A N Ausx B 61.9 %M under /Pes.a %
g Studly S -y
o e
g a
S, S i Ki [ = >
o -1682 e -186.4 : 1800 agf SEIF6.7

: 1

*
<} (3

Damping Coefficient (c), [N=§/m]

Y
ES

*
C1

Damping Coefficient (), [N-s/m]

(a) (b)
Figure 3.30 Maximum Acceleration at design poirid affects of moving
from one design point to the other for the Hybridntd Hybrid 2 Models.

112



Spring Constant (k). [N/m]

(@)

Figure 3.31 Duration of Pulse at design points effelcts of moving from

13

Maxwell Model

Ty

1.5 -50.0 % 0.75
Cd
Region
0.0%/N under /#50.0 %
Study
~
115 - 66.7% 015
| 4
1 of

Damping Coefficient (c), [N-s/m]

Spring Constant (k), [N/m]

e

0.14

Kelvin Model

7.1%
—_—

0.13

-33.3 %/

Region
under
Study

/P-SI.G %

0.21

T

oy
ES

5
Gy

Damping Coefficient (c), [N-s/m]

(b)

one design point to the other for the Maxwell aredhvih Models.

Spring Constant (k), [N/m]

=
it

(@)

Figure 3.32 Duration of Pulse at design points affielcts of moving from

-38.1% /N

0.13

Hybrid 1 Model

0.0%
>

0.13

Cd

Region
under
Study

MN-27.8%

0.21

t,

*
©1

Damping Coefficient (c), [N-s/m]

Spring Constant (k), [N/m]

==
-

_0.17

Hybrid 2 Model

-5.9%
>

0.16

-34.6 % /N

Region
under
Study

/P-s&o %

*
G

DPamping Coefficient (c), [N-s/m]

(b)

one design point to the other for the Hybrid 1 biytbrid 2 Models.

113



The following can be observed from the plots ardietst

Vi.

Vil.

viii.

The acceleration response of the Maxwell modelyifgd3.25) starts
with a zero initial value, reduces exponentiallyatoninimum value
(the maximum deceleration) and rises again expaibntto an

asymptotic maximum value.

The Maxwell model has relatively less maximum dedlon values
and deviates widely from those of the other thredeis.

The acceleration response of the Kelvin, Hybrid nd adybrid 2

models have relatively very close maximum decalmnatalues.

The Maxwell, Hybrid 1 and Hybrid 2 models have zdexeleration
at time zero, similar to the NCAP test resultsiguire 3.11.

The Kelvin model has a non-zero deceleration aé th@ro, contrary
to the NCAR.test results in Figure 3.11.

From Figure 3.29 and 3.30 all models show an irseréa maximum
deceleration for an increase-in stiffness at consti@mping. They
show higher responsiveness to this change at lagtpohg,c*,.

From Figure 3.29 (b) and 3.30 (b) the Kelvin andoity 2 models
show a decrease in maximum deceleration for ara&ser in damping
coefficient at constant stiffness.

From Figure 3.29 (a) and 3.30 (a) the Maxwell arybriidl 1 models
show an increase in maximum deceleration for arease in damping
coefficient at constant stiffness.

Overall the Kelvin model shows higher responsiverteschanges in

maximum deceleration due to changes in materiglgties.
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3.2.4  Justification of High Speed Impact Attenuatn Model

For the stiffness levels under study, the Maxwetidel does not show
rebound of the body except at design point 2. Tlagwéll model is suitable
for modelling material responses that undergo ceseprelaxation but does
not take into account the bending and torsion n&#§ of the material
(Huang, 2002). In vehicle impact modelling the Makwnodel is suitable

for localized impacts where the vehicle’s effectatgfness is low, and soft
Impacts such as localized pole and offset collsiwhere timing at dynamic
crush is fairly long (Huang, 2002). This study aiatsnvestigating frontal

Impacts at elevated speeds; that is speeds (Umtd &4 m/s, 50 km/h or 31
mph) which are higher than that for which a bumpetesigned (about 2.5
mph; 4.0 km/h-or.1.11 m/s). The Maxwell model isréfore not suitable for

the modelling in this study.

The Kelvin model gives a second order differengguation which is
simpler and easier to solve than the hybrid ones give third order
differential equations or. coupled first .and secoodler differential
equations. The limitation of the Kelvin madel, haige is that it produces a
non-zero deceleration at time zero, a deviatiomfeocrash pulse, which is
typically zero at time zero. However, in spite lo¢ thon-zero initial value in
the acceleration, the Kelvin model’s pulse duratiand rebound velocities
do not deviate much from those of the Hybrid modEl®m Table 3.6 it
deviates by a maximum of 0.01 s from Hybrid 1 maaletlesign points 2
and 3, and a maximum of 0.06 s from Hybrid 2 maatetiesign point 2.

115



Therefore the effect of the non-zero value of tbeeeration at time zero is
not very significant in the range of material prd@gs under consideration.
The Kelvin model shows an overall better respomsgs to changes in
material properties in the material property rangder study with respect to
displacement, velocity and acceleration. It has imapler solution as
compared to those of the Hybrid models. Addingietiim damper to the

Hybrid model would make the resuliing system-maneglicated to solve.

From the discussion above, the Kelvin's model watected for the
modelling of the bumper to simulate and solve crasBnomenon in this
study. By adding a friction damper to the Kelvimsdel the resulting model

becomes quite complicated but it can be solvedsioygunumerical methods.

3.2.5 Modified Kelvin-Model

In an effort to absorb and dissipate as much enasypossible with the
bumper in crash at elevated speed, the use of mbufaction damper is

proposed. The Kelvin model was modified by addinfi@ion element to

aid in more energy dissipation. Figure 3.33 show&gram of the proposed
model. The aim is to greatly improve the dampinggenance. For this
model, this is done by controlling the normal foagaplied on the friction

damper. This notion of producing a damping force dontrolling a

secondary variable as used in this study is tersemii-active control

(Dupont et al., 1997). Figure 3.34 shows the fredybdiagram of the
friction damper model in Figure 3.33.
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Figure 3.33Schematic of the Bumper with Friction"Damper Model
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Figure 3.34 - Free Body Diagram of the Frictiomiper Model

Let:
force on the viscous dampef=
force on the spring k&
force on the friction damperfz
deflection of the massx
deflection of friction damper x
deflection of the damper = deflection of the sprirg

spring constant k
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spring constant of friction damperks

damping coefficient of the viscous damper =

> F =Ma=Mx (3.55)
ThereforeMx=—-f_—f, - f +F(t) (3.56)
f=cx
f, = kx

which implies that:Mx = —cc—kx— f, + F(t) (3.57)

which can be re-arranged as

MK + o+ kx+ f, = F(t) (3.58)

fr =ke (x=X;) (3.59)

this is the force due to the friction damper anal lsa written as
Hi By =Ke (X=X) (3-60)

whereFy is the narmal force on the friction damper aras the coefficient

of friction of the friction surface of the frictiothamper.

In this model the external excitation for€é), which is the impact force, is
the input in the system and the vibration amplitusiehe output of the
system. The aim is to reduce this output respongditde to a minimum

through energy dissipation. The amount of energysigated can be
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controlled by an appropriate choice of the nornmaté or coefficient of
friction acting on the friction surfaces.

Damping in this model occurs when there is no irdatlisplacement and
there is sticking friction. Transition between king and slip is unsteady
(Popp et al., 2003).

As a check to find out whether the modified Kelvimodel would give
expected results, simulation was performed and fiteendisplacement and
velocity response results, coefficients of restitutvere calculated and used
to plot Simulation Results of Coefficient of Restibon and the ratio of
Residual to Dynamic Deformations versus the ResiDeformation. Figure
3.35 show the results. This plot was compared goréisults of a crash test
conducted by a car manufacturer shown in Figuré.3i3is observed that

the plots for both were similar.

119



Ratio of Residual to Dynamic Deformation
o
=S

Coefficient of Restitution/

0 |lll||lll||ll||lll||l|ll|

0 0.1 0.2 0.3 0.4 0.5
Residual Deformation

Figure 3.35 Simulation Results of Coefficient ofsReition and the ratio
of Residual to Dynamic Deformations against theidRed Deformation
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Figure 3.36  Test Results of Coefficient of Restutand the ratio of
Residual Deformation to Dynamic Deformation againke Residual

Deformation from a test data (Ford, 1982)
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Equation 3.58, which is equation of the modified®s model, will have

to be solved to give the displacement, velocity aockeleration information
for further analysis. A closed form solution forstidifferential equation
cannot be found directly. The solution of the diggiment, velocity, and

acceleration responses will therefore have to badaumerically.

3.3 Simulation and Pest Precessing Seftware

There are several different ways. of solving difféei@ equations by
numerical methods. Various software have been dpedl for this purpose
that are available on the market. For this studyg, such software, VisSiti
was selected. VisSili is a programming language and development tool
developed by-Visual Solutions Ine. that uses bld@gram language for
creating complex linear and nonlinear dynamic systéor the modelling
and simulation of simple and complex dynamic systeisSim™ has an
intuitive drag-and-drop block diagram interfacehwa powerful simulation
(mathematical) engine. The use of its visual bld@gram interface offers a
simple method for constructing, modifying and maiming simple to
complex system models. It has an extensive topkkimodel library, and a
good interface capability with a number of programgnsoftware and was

therefore found appropriate for this study.

The programming method of VisSith is drag-and-drop of blocks and
functions followed by the “wiring” of these elemsnb a functioning and
running program. This eliminates the traditionabggamming methods of
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learning programming language with many rules. Haobk of the diagram
performs a mathematical function or an input/outpunction. These
"blocks" may represent complex algorithms, inputialdes, mathematical

operations or various outputs like graphs, chaltds or data files.

MATLAB ™ software was selected for the post processingesimulation
results. The main reason for the choice of MAT'XBor post processing

was its efficiency in numerieal solution of complaroblems.

34 Solving Second Order nonlinear ODE with VisSim

The car bumper can be modelled with the second ditferential equation:

M+ G+ Kt [ o= F (1)

Furthermore, it is assumed thgt) is a pulse function depicting the impact

of a vehicle crashing into a fixed barrier with theial conditions at impact:

%(0) = 0;x(0) =\/,;x(0) = 0. WhereV, is the impact velocity of the vehicle.
The expected solution should be the displacemehcity and acceleration

responses. That igt), x ¢ anc(t)

In VisSim, such equations are best solved by nuwakrintegration.
Numerical Integration using Runge Kutta second iondethod was selected

for this study. The first step in the programmisgte isolate the highest

derivative term on the left-hand side as&ﬁ(p(t)_oz_kx_FDamp). This
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segment can be coded in VisSim using a ‘summingtibhmi, ‘divide’ and
‘multiply’ blocks as shown in Figure 3.37. The mbdaguation of the
program presented in Figure 3.37 is

,_ 1 e Lo
X—M(F(t) X — kx FDamp) 3.61

[x-dnt-dnt = ( F(t) -C=w-dit - Kex- F_Dlarnp )/ M J

Ft 4+
}{dntdn

xdnt +

1“ e 10

Figure 3.37 Expression of a Second Order Diffegiiguation in
VisSim

The second step is to integrate the highest derevaderm a sufficient
number of times to obtain the solution. Since. tighést derivative is of
second order, got-dotmust be integrated twice to obtainlt is important

to maintain consistent variable names (i>edot-dot, x-dot, xetc.)

throughout. Furthermore, the initial conditions mbe added. The initial
conditions on any state (or variable) must be r#etrmally on the integrator
block that is generating that state. It is setigitrclicking on the integrator
block and filling in the dialog box that pops up asresult with the
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appropriate initial condition. By default, all igg@tors have zero initial
condition. On the other hand, the initial conditican also be set externally
with a ‘summing Junction’ block, as shown in Fig@&8. This method is
better when setting the initial condition as a a&hle since it facilitates
making changes in the initial condition to simuladéferent impact

scenarios easier and more transparent; as in e afathis study. The

mathematical equations for the program in Figués-aue:
[xdt=x x©=V; gng 3.62

j xdt =x; X(0) =0, 3.63

¥-dot{d) =4

| #() =0
is set here {Default)

> \;’:15 (—w[-dot 1/8 o —

Lx-dot-dot [+

Figure 3.38 Setting the Integrator Initial CondigoExternally

To complete the code, the variables should be ééfiiihe variables include
the external forcek(t), damping coefficientc, spring constantk, friction
force from the friction dampeFpamp and mass of vehicl®). For example,
In one such scenario, the variables were set svi&lF(t) = Step inputg =
11500,k = 542700,
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Foamp = 0, andM = 1900. The program and its solution is as giveRigure
3.39. In the studyf(t) is a pulse input. The solution of the equatdrx(t)
only is shown in Figure 3.39. Solution for the @ty and acceleration
responses can also be obtained by drawing an droomvanx-dotbox and

an x-dot-dotbox respectively to a graph box, as was donexftr obtain
their responses. The corresponding Model Equationd-igure 3.39 are
equations 3.61, 3.62y ~and ;, 3.63 ~~put— together. That, is

1 _ S INLL
XZW(F(t)—cx—kx—FDamp),_[th—X, X(O0=V g g

[ xdt =x; x(0) = 0.

C—sFa- YN o s (1508] (1]
Vv +
+ o LE) ==t *,

« Plot of Displacement vis. Tie
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Figure 3.39 Variable Deceleration and DisplaceniRasponse of the
Model
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The values of variables used in the simulationgaren in Table 3.8

Table 3.8 Values of Variables used

Set Variables Value
Mass 1,900 kg
Stopping Time 0.2s
Initial Velocity 0«t0 12 m/s
Final Velocity 0 m/s
Initial 0 m/s

Acceleration

Damping 6.0, 6.5, 11.5, 13.5 and 14.0
Coefficients KN-s/m
Stiffness 300, 400, 542.7, 750, and
850 kKN/m
Number of Oand 1
Dampers
Eriction 0.5
Coefficient
Damping Force 010,228,000 N
Normal Force 0 to 456,000 N

VisSim™ allows the use of different ‘layers’ in programmirThat is, some
parts of the program and sub-programs can be progeal elsewhere as a

different ‘layer’ and then integrated in the manmogram. Figure 3.39 can be
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‘re-wired’ differently and rearranged as in Fig&dO0 for better integration
of additional functions. The plot has been moved tdifferent ‘layer’ to
provide enough space for a better overview of thes@and data.
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Figure 3.40 Main Program for the complete Model

The corresponding Model Equations for Figure 3.4 Bamping Effect
nFDamp, X:ﬁ(l:(t) — O(_ kX_ FDam;)' I th :X, X(O) :Vl andj th :X, X(O) = 0

wheren = number of dampers.

Separate programs were written to provide the isgubrce F(t) and
friction force. These were integrated into the kldExternal Force” and
“Friction Damper” respectively. Figure 3.41 shows program to effect the

impulse forceF(t). The impulse force was assumed to work for alyery
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short time, specified with the variable ‘Stoppingn&’. 0.2 seconds was
selected for the initial simulation. Mathematicallyis given by; MY, —
)/Stopping Time, wher®l is mass of vehicley;is the impact velocity and;

is the final velocity Y=0). The model equations of the program for the
Impact force as given in Figure 3.41 are therefore:

_ M@i-Vp)
Fnax = Stopping Time 3.64
F(t) = Fmax 0<t < Stopping Time 3.65
F(t) = 0,t > Stopping Time 3.66
Time elapsed :
W - _r‘ ARIGE >
] + 12 5 : -]
Y »TT)
‘v . Flot of Iiopact Force vis. Time
200000
- % 150000
5 E
£ 100000
N ; 000g
% 0 15 2 25

Figure 3.41 Program for Impact Force
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Figure 3.42 shows a program to introduce the @wctorce from the friction
damper. It is also programmed separately and iatedrinto the “Friction
Damper” block. Mathematically it iar{u x F,,), wheremu s the coefficient
of friction of the damper anB,is the normal force applied to the damper. It
was assumed that it works for a very short timeteeit slips. The variable

“Stopping Friction Time”, gives the duration of tfrection force.

The corresponding model 'lequations of the progranthie friction force as

given in Figure 3.42 are therefore:
Foamp= HFn, O <t < Stopping Time 3.67
Fpamp= 0, t > Stopping Time 3.68

Where p = coefficient of friction.

Time.elapsed

'
= w

e [T

Stopping Time

merge Dampers value

lil Friction BampREEENaIUS
-b-| Damper's Value

B T Plot of Darogpme Force vis. Tiine
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175000

P Friction Damper's Max Vale |———m
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Figure 3.42 Program for the Damping Force
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VisSim™ allows the direct exchange of data with other i@pfibns.

However, to make use of its generated simulatida,dhe data was written
to file before post processing it. To save datdiley the data should be
plotted in a plot block. The plot block can handfeto eight different plots
per plot block insert. Multiple insertions of plbtocks for one system are
possible. The data is presented.as a functionnté or frequency; on the
other hand they could be presented as‘the-logadthaiues of the time or
the frequency. The amount of data generated fdn pbat depends on the
simulation properties selected; especially thet dtare, end time and the
time step values used. The number of points oregatienerated for a plot is
given by Time Interval divided by Time Step pluseoror example, for
Figure 3.39 with start time-= 0 s, end time = 31d a Time Step of 0.01 s, it

gives:

1+ (3 - 0)/0.01 = 301 data points. That meansther displacemenk(t),
presented in Figure 3.39, data for 301 differanetsteps were generated.

After plotting the results.in a plot block, the alas saved as ASCII data in
columns. The number of columns corresponds to eifsgrk order. A lot of
data was generated and saved to file from Vis$iny changing the impact
velocity (V;) from 1.0 m/s to 13.8889 m/s (3.6 to 50 km/h @42mph to 31
mph) in 12 steps, data are saved for each of tleévénimpact velocities.
The damping force is also changed from 0 to 228/A00n 10 steps) to
generate ten different data for each impact velaged. This is done for all

130



12 impact velocities to generate in all 120 différdata. Each data contains
the Time {), Acceleration X-dot-do}, Velocity (x-dof), and Displacement

(x) information at every simulation step. With an Efiche = 0.25 s and a

Time Step of 0.00025 s it generates: 1 + (0.25/6.@)025 = 1001 data

points. This gives data of 1001 x 4 Matrix; for eadf the 120 data. Thus
MATLAB ™ receives 120 pieces of data as 1001 x 4 matricepdst

processing.

3.5 Post Processing of Data

The data generated from VisSifis transferred to MATLAB" for data
reduction and analysis. A MATLAB' code was developed to read the 120
data files from file after the appropriate correntin the first lines have been
made. The data is re-arranged or transformed IntO@1x12 Matrices
giving Acceleration only, Velocity only and DispEment only data for all
12 impact velocity simulations and for every dangpiorce value used. That
is, for example, for the re-arranged Acceleratioy alata for a particular
damping force; each of the 12 columns contain tloelaration for the 1001
Time Steps generated for-a particular impact vatosay forV; = 12 m/s.

The necessary plots and.analysis were made.

3.6 Summary

In this chapter the methods used in the modellindpe friction damper, the
simulation of the damper responses, and data dixinatom the simulation

for design purposes were described. The chapteepred the Maxwell,
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Kelvin and two Hybrid models for the bumper. Is@lpresented a visual
simulation software, VisSiff and discussed how it was used to program
and simulate the friction damper. It then focusedhow the simulation
software was used to generate the relevant infeomaMATLAB™ was

also mentioned. MATLAB" was used to post process the data generated

from the visual simulation.

Four models were discussed. They are the MaxwellyiK, Hybrid 1, and
Hybrid 2 models. The Maxwell Model consists of airsp and a damper or
dashpot connected in series. The Kelvin model alsosists of two
elements; a spring and a dashpot, however, thegarmeected in parallel.
The Hybrid models are a modification of the Maxwastid Kelvin models.
Hybrid 1 model combines a sprimmyparallel with the Maxwell model while
the second hybrid-model, Hybrid 2 model also combitwo springs with a

dash pot, however it combines the Kelvin modelenes with a spring.

The four models were used to simulate the bumpethi® responses of the
displacement, velocity and acceleration. The respoasults were compared
with the results of a standard crash test, the N@S® This is a standard
crash test for a vehicle in a Full width barriestteThe responses of
displacement, velocity and acceleration of the foodels were discussed in
line with desired behaviour to evaluate them, agldct the most appropriate

one for further analysis. The following observasarere made:
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The behaviour of the displacement, velocity and ebsration
responses of the Maxwell model is different from NiCAP test crash
plot in Figure 3.11. The deviation is quiet highdatiherefore the
Maxwell model is not good to be used for the stuebpecially, as far
as the displacement and velocity responses areouost

In the Maxwell model, for a given damping coeffitiea change in
stiffness has very litile-of no effect on the- maxmm displacement.
With respect to acceleration ‘however, the Maxwebtdel show
relatively higher responsiveness than the otheethmodels.

The Kelvin, Hybrid 1 and Hybrid 2 models showed téet
responsiveness to change in response due to chamgesterial
properties. The three models are damped sinusoidaks for both
the displacement and velocity responses. The liatt cycle of the
plots (which is the relevant part of the graphs)sisilar to the
behaviour of the NCAP test plot.in Figure 3.11:

For all the three models, a change in stiffnessoaistant damping
coefficient (i.e. from design point 1 to 3 and froiesign point 2 to 4),
has a greater effect (about three times more) dh@range in damping
coefficient at.a constant stiffness (i.e. from daspoint 1 to 2, and
from design-point 3 to.4).

As far as the velocity responses are concerned K#étein model
showed higher responsiveness to changes in rebeeiodity from
one design point to the other in all four scenagosasidered. The
Kelvin model showed a minimum of 1.12 times morerage in

rebound velocity than Hybrid 1 (i.e. a change froesign point 1 to
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design point 3); and a maximum of 2.68 times ma&sponsiveness
than Hybrid 2 for a change from design point 2ésign point 4.

With respect to change in maximum displacement Kibkein model
was more responsive than the two hybrid modelshanges from
design points 3 to 4, and design point 1 to 2.

For maximum change in displacement from designtpdinto 3 and
from design point 2 io 4 ,the, hybrid models weréy @iightly more
responsive (a differenee of 1.6 % to a maximum.df% more) than
the Kelvin model.

Concerning the change in maximum acceleration,Kiélein model
was more responsive than the two hybrid models. dlochanges
from one design point to the other, the Kelvin moslmwed more
responsiveness, except for change from point 1wbere the Hybrid
1 had 2.51 times more change in the maximum aetearthan that
for the Kelvin-model; and a change from design paito 4 where the
Hybrid 2 model had slightly more (1.04 times mattegn the Kelvin
model.

Comparatively the Kelvin® model shows the  highestele of
responsiveness to changes in responses due to regecha the
damping coefficients-and stiffness of the.material.

The Maxwell, Hybrid 1 and Hybrid 2 models have zdexeleration
at time zero, similar to the NCAP test results iguiFe 3.11. However,
the Kelvin model gave a non-zero initial accelenmati

Overall the Kelvin model shows higher responsiverteschanges in

maximum deceleration due to changes in materiglgties.

134



Justification for Selection of Kelvin Model

The Maxwell model was ruled out as being not sigtétr the modelling in

this study. For the three remaining models, thevikainodel gives a second
order differential equation which is simpler andsiea to solve than the
hybrid ones that give third order differential etiolas. The limitation of the

Kelvin model, however, is that it produces a norezgeceleration at time
zero, a deviation from a crash pulse, which isdglly zero at time zero.
However, in spite of the non-zero initialvaluethe ‘acceleration, the Kelvin
model’s pulse duration, and rebound velocities db deviate much from
those of the Hybrid models. From Table 3.6 it degaby a maximum of
0.01 s from Hybrid 1 model at design points 2 andrdl a maximum of
0.06 s from Hybrid 2 model at design point 2. Tiene the effect of the
non-zero value of.the acceleration at time zenwoisvery significant in the
range of material properties under consideratidre Kelvin model shows
an overall better responsiveness to changes inriaafgoperties in the

material property range under study with respedisplacement, velocity
and acceleration. It has a simpler solution as @etp to those of the
Hybrid models. Adding a friction damper to the Kialmodel will give a

relatively simpler model equation than adding iatblybrid model.

Kelvin’s model was therefore selected for the minuglof the bumper to

simulate and solve crash phenomenon in this sflidg.use of a coulomb
friction damper was proposed to absorb and dissipat much energy as
possible when combined with the bumper in craskletated speed. The

Kelvin model was therefore modified by adding &tfan element to aid in
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more energy dissipation. This model’s friction gmment was effected by
controlling the normal force applied on the frictidamper. The notion of
producing a damping force by controlling a secopdariable as used in
this study is termed semi-active control (Duponglet 1997). By adding a
friction damper to the Kelvin’'s model the resultingpdel can be solved by

using numerical methods.

The resulting modified Kelvin model was mathemalycéormulated and
the resulting differential equation solved througimerical methods. The
VisSim™ software was selected for the numerical solutibthe problem.
VisSim™ is a programming language for solving simple aothmlicated
problems numerically through simulation. MATLAB software was

selected for the post processing of the simulatisuilts.

The modified Kelvin model can be represented maéteally by the
following differential equation.Mx+ex+Kx+ =F(t). It was assumed
thatF(t) is a pulse function depicting the impact of aigkhcrashing into a
fixed barrier with the initial conditions at impac{(0) = 0;x(0) =\/;x(0) = 0.
WhereV; is the impact velocity of the vehicle. The expdctelution should

be the displacement, velocity and acceleration amesgs. That s,
X(t), X ¢ pnok(t)
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CHAPTER FOUR

4.0 Results and Discussion

This chapter presents and discusses the resulte atudy. The definitions
of some terminologies used are also given in thagpter. Finally, the results
from experiments are also presented to validatesitineilation results. The

results are mainly presentéd.as plots/of grapks aftst processing.

The duration of a collision in a vehicle crash tstaat the time of impact
(time = 0) till the time of separation (time thecaleration turns zero). The
crash pulse resulting from such a crash is defasthe time history of the
response of a vehicle system subjected to an ingraekcitation (Huang,

2002). VisSim" software was used to simulate such pulses ancépense

data was used to produce the plots presentedsicliajpter.

Figure 4.1 shows a simulated crash pulse from tleiiks model. This will
be used to explain some terminologies used in theussion. The input
information for the simulation were as_follows: ffsiess constantk of
542,700 N/m, damping coefficieatof 11,500 N.s/m, for a vehicle of mass,
m = 1900 kg. This represents an underdamped respatiseamping factor

{ = 0.18; { = C/2V(MK) .The pulse starts at time 0 s and ends at 02 s.
time t,, the time of dynamic crush, which corresponds.iod) the velocity
Is zero. At {, the time of rebound (or time of separation), theresponding

deceleration is zero. Rebound titheorresponds to 0.2 s.
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The response was normalized using factors of aampdd system. The aim
Is to make the relationship between the normaliesgonses independent of
undamped natural frequenay, and impact velocity, Factors used ang
lwe for displacementy, for the velocity andvywe for acceleration. The
displacement at the rebound time is the staticlaligment or permanent
deformation which corresponds to the value of 0.Z8e normalized
dynamic crush at timg, is Q.75. ;T he coefiicient-ei-restitutior)(is defined

as the ratio of the relative separation velocit$3) to the relative approach
velocity (1.0) (Huang, 2002). Heee= 0.63/1.0 = 0.63, which is the same as
the normalized separation velocity (with respectthie relative approach

velocity of one).
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Figure 4.1 Normalized Response of a car to a Gratte
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The work done and coefficient of restitution of th@ving mass are
calculated from the output data after post-proogssFrom the results,
information concerning threshold forces (impact andtional forces),
stiffness, and damping coefficients for the desigthe friction damper can
be extracted.

4.1 Acceleration Change

The acceleration can be expressed as a factaoreofidbeleration due to
gravity (g = 9.81 mA called G’s. In terms of G’s, an acceleration o1
equivalent to 9.81 nfs Simulation of the bumper-damper system with
material stiffnessk of 542.7 kN/m, and damping coefficient of 11.5
kKN.s/m, was performed to study the acceleratiopaese of the 1900 kg
moving mass after the introduction of a frictiorereknt. Starting with
friction force of O kN, -simulation was performeding different impact
velocities and the acceleration responses. Thet imppact velocity was
increased from 1 m/s through 13.9 m/s (in 12 steéps)s simulation was
repeated for different friction elements (with diént friction forces). The
maximum deceleration from the acceleration respongas recorded for
each impact velocity used. Figure 4.2 shows thet b maximum
deceleration for different.impact velocities foreh friction forces; that is, O
KN (no friction elementused), 152 kN and 228 kkpetively.
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Figure 4.2 Relationship between Impact Velocity aiMbximum

Deceleration

The plot for the deceleration of the moving masshaiat any friction

element as illustrated in Figure 4.2 is linear amdeases with increasing
impact veloeity.-However, with the introduction affriction element, the
trend changes. By applying a friction damper, ocae change the dynamic
behaviour of the impact attenuation system. Instefdhe increase in
maximum deceleration monotonously, the maximum léeaion decreases
to a threshold value and then begins to increakes Behaviour is more
desirable since the G value decreases, causinglésaging effect on the
passengers. The threshold value of the impact wglean be used as a

design criterion.
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Humans, otherwise in good health, can tolerate 2§ t6& 27 G’'s of
instantaneous deceleration without sustaining @rgtle injuries. Higher
G’s may lead to internal organ damage, especiallthé arteries (NASA,
20009).

4.2 Deformation

The effect of a friction element on.the displacetrethe 1900 kg moving
mass was studied. Different friction elements wen&oduced, and
simulations performed using a bumper-damper systeith material
stiffness k of 542.7 kN/m, and damping coefficiesct of 11.5 kN.s/m.
Starting with friction force of O kN, simulation waerformed to record the
displacement-responses using different impact itedsc The results of the

simulation are shown in Figure 4.3.

Deformation [m]

I T T I I I T I I T T T ]
0 4 8 12 16
Impact velocity [m/s]

Figure 4.3 Deformation for different Friction Elente
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It was observed that the deformation reduced withihtroduction of the
friction element. For example an impact velocityloi1l m/s results in a
displacement of nearly 68 mm without a frictionneét, but 15 mm for an
element supplying friction force of 76 kN, and nepdlacement at 228 kN or
higher. For a friction damper to function properlyjs desirable for it to
have no displacement. The displacement responsepicaiuce a design

threshold criterion which, in this case, is228kN.

The impact forcedr; for the moving mass were calculated using the itnpac
velocities,V;. That isF; = m.d\{/dt. The plot of the impact force against the
deformation is-shown in Figure 4.4. In the pléi,is the friction force from
the friction damper. It is observed that the higiherimpact force the higher
the deformation, which must be the case. Howewar tlie same impact
force used, the higher the friction force from thetion element the lower

the deformation.
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Figure 4.4 Deformation of Bumper for different Ingpd-orces using

Different Friction Elements

The plot shows that without the friction damper #ienuation system will
experience a deformation of 0.06 m (60 mm) at apaich force of 10 kN.
With the introduction of a friction damper, the iagb force that would cause
the same deformation increases. This plot alsoirrosifa-threshold friction
force of 228 kN at which no deformation resultsisidesirable to obtain a
relationship between the impact force and the dedition as a means to

obtain the threshold impact force for a given $etystem characteristics.

The threshold friction force of 228 kN was obtaineihg system parameter
of k =542.7 KN/m ana@ = 11.5 kN-s/m. It is of interest to study the effef
k andc (bumper properties) on the threshold impact vakxiand how the
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threshold friction force improves the thresholdta# impact velocity. Figure
4.5 shows the effect of the impact velocity on theeshold friction force.
The plot shows that for a given set of materialrabgeristics, the impact
velocity greater than 4.13 m/s will cause the iloictdamper to fail. It is also
observed that the threshold friction force of 228 kntroduced could
improve the performance of the design matdRilom an impact velocity of
1.11 m/s (4 km/h) to 4.13 m/s-(24.9km/h).
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1 2 3 4" 5

Impact Velocity [m/s]
Figure 4.5 Impact velocity and cerresponding kaitiForce necessary

to produce a deformation.of 68 mm for the MatdRal

Simulations were performed for each of the remairiour design materials
and the threshold impact velocities at the threkHiottion force 228 kN
recorded. Similar trend of results were obtained the different design
materials. Table 4.1 shows the threshold impacbo#ets and other

information for different bumper material propestigeferred to as new
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design material D1 through D4. The table gives speng constantg,
damping coefficientsc, damping ratios used and the threshold impact

velocitiesv;; (C = ¢ , whereM is the massM = 1900 kg). The results in
2/kM

Table 4.1 are plotted in the 3-D diagram in Figu@

Table 4.1 Bumper Design Material Parameters (mas308 kg)

Spring Damping | Damping Threshold
Constantk | Coefficient, | Factor,( Impact
Bumper
[KN/m| C [KN-s/m Velocity, v
[m/s]
Design 542.7 11.5 0.1791 4.13
Material R
Design 750.0 13§ 0.1788 3.80
Material D1
Design 850.0 14.0 0.1742 3.68
Material D2
Design 400.0 6.5 0.1179 4.59
Material D3
Design 300.0 6.0 0.125 4.97
Material D4 7
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Damping 10>
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Figure 4.6 Threshold Impact Velocities for varioBsimper Material

Characteristics

Intuitively, one would believe that the thresholipact velocity would
increase as the bumper material stiffndgsafid damping coefficientc)
increase for the same mass. The design materialarfd1 D2 represent
increases irk andc. The simulation results shown in Fugure 4.6 andldla
4.1 indicate that the threshold impact velocitheastdecreases from 4.13 m/s
to 3.80 m/s and 3.68 m/s respectively. The desigtenals D3 and D4 were
selected to study the effects of decreagimgdc. The responses show that
the threshold impact velocity increases from 4.18 ta 4.59 and 4.97 m/s
respectively, which is the desirable result. Theults indicate that the
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friction element is more effective for materialsthwilower viscoelastic

properties.

4.3 Work Done

The work done by bumpers of different design materistudied were
deduced from plots of impactfarceagainsttheldszment for the bumpers
for different friction elements. Figures.4.7 to 49w plots of impact force
against the displacement responses for the fivigesaterials for different
threshold friction forces. Figure 4.7 shows theldisement responses using
no friction element, Figure 4.8 shows the respomisasy a friction element
with 152 kN friction force and Figure 4.9 shows tiesponses using a 228
KN friction element. The work done by the bumpertarials for the same
amount of deformation was calculated for each case.common
deformation was used for all cases to compare tive done. A deformation
of 0.3 m was used. The work done was found by Giog the relevant
areas in the plot. For example, the work done leybilimper material D4 is

given by the shaded area in Figure 4.7 and similarFigures 4.8 and 4.9.
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Figure 4.9 Maximum deformation of five Bumper maiks at different
Impact Forces with 228 kN Friction Force from ackan Element

The results of the calculations of the work doreegaven in Table 4.2.

150



Table 4.2 Work Done by different Bumper Design NMials

Friction Work Done by Materials [Joules]
Force from
Friction
[kN]
0.0 7050 8640 9260 5310 4430
152.0 14800 15750 16140 13680 13360
228.0 17410 18270 18610 16370 161Q0

The work done by materials D1, D2, D3 and D4 weympgared with that

done by material R. The work done by material Rhaut a friction element

was subtracted from those by all the other matet@determine how much
more work was done by the other materials abovedbiae by the material
R with no friction element. The results of the camgon are given in Tables
4.3 and 4.4.
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Table 4.3 Extra Work done by different Bumper [QasiMaterials
compared with that done by the Design Material Rthout a Friction

Element
Friction Force Extra Work done by Bumper Design
from Friction Materials [Joules]

Element [kN]

0.0 0 1590 2210 -1740 -2620

152.0 7750 8700 9090 6630 6310

228.0 10360 11220 11560 9320 9050
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Table 4.4 Percentage Extra Work done by differ@amper Design
Materials compared with that done by the Designeviat R without a
Friction Element

Friction Extra Work done by Bumper Design Materials
Force from [%]
Friction
Element
[KN] R D1 D2 D3 D4
0.0 0.00 22.85 31.35 -24.68 -37.16
152.0 109.93 123.40| 128.94 94.04 89.50
228.0 146.95 169/15 163.97 132.20 128,37

Another comparison with work done by the materiaigh and without a
friction element was made. The work done by theenms without a
friction element was compared with that done by dghme material with a
152 kN and 228 friction elements respectively. Thsults are given in
Tables 4.5 and 4.6. Table 4.5 gives the differanciules while Table 4.6
gives the difference as a percentage of the worke dweithout a friction

element.
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Table 4.5 Extra Work done by different Bumper [QasMaterials as result
of the introduction of Friction Element

Friction Extra Work done by Bumper Design Materials
Force from [Joules]

Friction

Element
[KN] R D1 D2 D3 D4

152.0 7750.0 | 7110.0 6880.0 8370.0 8930.0

228.0 10360.0| 9630.0 9350.0 11060.0 116700

Table 4.6 Extra Work done by different Bumper @asMaterials as result

of the introduction of Friction Element as a petege

Friction Extra Work done by Bumper Design
Force from Materials [%0]
Friction
Element
[KN] R D1 D2 D3 D4

152.0 109.93 8229 7430 157.63 201.58

228.0 146.95 111.46 100.97208.29 263.43
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It is desirable for the attenuation system to &s work during its operation.
From the results, the amount of work done by D4reased the most,
followed by D3, R, D1 and D2, in that order. D4'sork done, the
maximum, was increased by 201.58% and 263.43%tivgthntroduction of
152 kN and 228 kN friction elements respectivelytiler D2’s work done,
the minimum, increased hy74.30% and 100.97% wnéintroduction of
152 kN and 228 kN friction elements-respectivetycdn be observed that
the lower the stiffness and damping coefficiers, dineater the influence of a
friction element on the work done. This confirme tonclusions from the

discussions from the deflection analysis in Secdfidh

It was observed that the addition of a 228 kN ifictelement to a bumper-
damper system with the new design parameters (B2)rcan improve the
work done by nearly 164 %, and the addition of ietibn element to an
ordinary bumper-damper system with the traditiaiesdign parameters (as in

R) can improve the work done by nearly 147 %.

4.4 Design Deductionsfrom the Simulation

Different information were extracted from the siafidn results.
Observation from the simulations indicates thatiti@r selected set of system
characteristicsk( and c), the threshold friction damping force is 228 kN.
Friction forces below this value would cause slidito occur. From the

information obtained from the deceleration, theulissn Figure 4.2 suggests
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that if a damping frictional force of 228 kN is dsehe impact velocity

should not be more than 12.2 m/s (44 km/h) in ordgrto exceed a 20 G
limit. This gives a ceiling on the amount of impémtce that can be tolerated
in the scope of this study. That is for a movingssnaf 1900 kg as used in

this study, the ceiling impact forc{eij, is 115.9 kN, assuming the

impact timet; —t, = 0.2 s and velocity change-0i-12.2 m/s.

From the discussions in section 4.2 under defoonatt was observed that
design D2 suffered the least deformation followgddi, R, D3 and D4 in
that order. Among the five bumper materials studiedterial D2 recorded
the highest work done after impact for the same uarhof deformation,
followed by designs D1, R, D3 and D4 in that orders observed that the
higher the stiffness constakit and coefficient of damping c, the better the
bumper would be in terms of its capacity to do warid the resistance to

deformation. However, the threshold impact veloditcreases.

Overall the design material D2 can be considerest among all the five
materials in terms of its ability to do more workhe design parameters
selected are therefore those of D2, which are &&nkfor k and 14.0 kN-
s/m for c. On the other hand in terms of high thoés impact velocity, D4
Is better. The design parameters selected (forad@ 00 kN/m fok and 6.0

kN-s/m for c.
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4.5 Friction Damper Design Concepts

Four different friction damper concepts were putwird and one was
selected for an in-depth study. Figures 4.10 — 4&h8w the concepts
considered. Concept 1 is shown in Figures 4.104fd. It consists of a
split stationary outer hollow cone with a matingneocarrying friction
lining. The impact force is transmitted to the tino surfaces via the inner
cone bar. Energy is dissipated by friction’ acti@ntlze inner cone moves
relative to the stationary outer hollow cone:

Outer cone Friction lining

Inner cone

iner cone bar

Impact Force

Figure'4.10 Caoncept 1
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Section A-A

Figure 4.11 Orthographic Views of Concept 1

Concept 2 is shown in Figure 4.12. It is in theriaf a box in the shape of a
rectangular prism made with steel plates. It casgitfour friction pads that
are pressed against the inner walls of the outs bg means of two pairs of
compressive springs. The compressive springs aeepl at the central
position of the damper and are held in place byspaf spring guides made

up of male and female parts.
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Figure 4.12 Concept 2

One pair of springs is vertically positioned todsthe top and bottom pads
in place, while another pair that is horizontalbyspioned holds the left and
right pads. A sectional view of the damper conegpdso shown in the same
figure. The impact force is transferred to thetioie pads through the piston
rod. This causes a relative maotion between thaidricpads and the outer
case and dissipates the impact energy as a résaltreturn spring should

return the piston after the initial impact, if nssary.

Concept 3 is similar-to concept 2 and it is showrfrigures 4.13, 4.14 and
4.15. Figure 4.14 shows a sectional view and Figut® the exploded view
of the damper. Unlike the concept 2, the impactdas transmitted to the
frictional pads through a system of levers thatedw® the direction of the
impact force by 90° and pushes a rectangular pwtoch further pushes the
friction pads to cause a relative motion between ftiction pads and the
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outer case to dissipate energy. A return sprinthatend of the damper
should return the piston after an impact, if neasss

Lever ayins

Eriction box

Figure 4.13 Concept 3

Impact Force

Springs Long lever Jriink

Quter case Fi:

ficie

PR
Spril{g cuide \ SECTION A-A

Friction pad

Short lever

Lever support

J——Base plate

Friction pad support

Figure 4.14 Sectional View of Concept 3
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Figure 4.15 Exploded View of Concept 3

Concept 4 is cylindrical in shape. It is a slighodification of concept 3.
Figure 4.16 shows an isometric view of conceptigufes 4.17 and 4.18
give the sectional and the exploded views of condepespectively. The
transmission of the impact force is through thesievas in concept 3. The
difference is a cylindrical outer case, a cylindripiston and the arc-shaped
friction pads. A return spring similar to that abncepts 2 and 3 should

return the piston afterimpact, if necessary.
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Sectional View of Concept 4
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Figure 4.18 EXxploded-View of Concept 4

The advantages and disadvantages of the four desigrepts were weighed
based on the criteria given in Table 4.7. The eptsewere evaluated using
four objectives,. namely, low cost, shock reductibimgh friction contact
areas, and low space occupied by damper. The olgsctvere given
different weights, depending on their importancel anfluence in the
selection process. High friction contact area waerg 40%, the highest
weight; followed by shock reduction/deflection, 308#en low production
cost, 20%; and lastly the space occupied by thepdani0%. The scoring
was done on a scale from 1 as the worst to 5 alsetbie For example, in the

case of cost, a very expensive design is giverdiaarery cheap one 5.

During the evaluation, the score of a particulgective was multiplied by
the weight to give the value for an objective. Bhen of the values gives the
overall utility value for a concept. The conceptthwihe highest overall

utility value was selected as the most suitableepn
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Table 4.7 Production Cost Evaluation Scores

Low costof | 1.00to | 40.01 | 80.01to| 120.01| Above
Production 40.00 to 120.00 to 160
[GHC] 80.00 160.00
Score 5 4 3 2 1
Table 4.8 Shock Deflection Evaluation Scores
Deflection of Shock | O to| 20 to]l 40 to|/60 to,80 to
[degrees] 19 39 59 79 90
Score i 2 <! 4 5
Table 4.9 Friction Surface Area Evaluation Scores
Surface 0 to 1001101 to'}"r201 to 301 to Above
Area [cnd] 200 300 400 400
Score 1 2 3 4 5
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Table 4.10 Space Occupied by Damper EvaluationeScor

Space Oto 8.1to 16.1to| 24.1to | Above
Occupied [cm] 8.0 16.0 24.0 32.0 32.0
Score 5 4 3 2 1

Table 4.11a  Evaluation Tablefor Concept.One

Design Concept
Objective | Weight | Parametel Concept 1
Magnitude | Score  Value
Low cost of 0.2 Cost 70.00 4 0.8
Production [GHC]
Deflection 0.3 Angle [ ] 0 1 0.3
of shock
High 0.4 Surface 198.0 2 0.8
Friction Area
Contact [cm?]
Area
Space 0.1 Length 20.0 3 0.3
Occupied [cm]
Overall Utility 2.2
Value
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Table 4.11b  Evaluation Table for Concept Two
Design Concept
Objective | Weight | Parametel Concept 2
Magnitude| Score Value
Low costof| 0.2 Cost 118.50 3 0.6
Production [GHC]
Deflection 0.3 Angle [ °] 0] 1 0.3
of shock
High 0.4 Surface 448.0 5 2.0
Friction Area
Contact [cm?]
Area
Space 0.1 Length 30.0 2 0.2
Occupied [cm]
Overall 3.1
Utility Value
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Table 4.11c

Evaluation Table for Concept Three

Design Concept

Objective | Weight | Parameter Concept 3
Magnitude| Score Value
Low cost of| 0.2 Cost 168.00 1 0.2
Production [GHC]
Deflection 0.3 Angle [ 9] 90 5 15
of shock
High 0.4 Surface 448.0 5 2.0
Friction Area
Contact [em?]
Area
Space 0.1 Length 15.0 4 0.4
Occupied [cm]
Overall 4.1
Utility Value
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Table 4.11d

Evaluation Table for Concept Four

Design Concept

Objective | Weight | Parameter Concept 4
Magnitude| Score Value
Low costof| 0.2 Cost 181.00 1 0.2
Production [GHC]
Deflection 0.3 Angle [°] 90 5 1.5
of shock
High 0.4 Surface 352.0 4 1.6
Friction Area
Contact [cm?]
Area
Space 0:1 Length 15.0 4 0.4
Occupied fem]
Overall 3.7
Utility Value
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From the information in Tables 4.11 a to 4.11 dyaept 3 had 4.1 as the
overall utility value, which is the highest; theye¢ concept 3 was selected

over the other three concepts.

Using the concept 3 as the selected model, calontatvere made using
impact velocity of 12 m/s (43.2 km/h) to compute ifopact force and used
to calculate for the dimensiens of the lever of thedel, using steel as the
material. The calculations are given in appendixTAe results from the

calculations are given in Table 4.12.

Table 4.12 Link Diameter, Width and Thickness ofettplate for the

Damper

Impact | Impact | - Plate Plate Link Length of
Velocity | Force | thickness = width | diameter| Longer

[m/s] [kN] [mm] [mm] [mm] Lever
[mm]
12 114 39 80 42 300

Using a lever arm of 0.1 m and 0.15 m for the slaod long arms

respectively, an optimization code written in MATBA" was used to find
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the appropriate plate dimensions of steel plagrécuce the damper model
for the experiment. The following optimization pleim was solved:

Design variables used were the plate thicknedise tgiameter of link, D; the

length of lever, L; and height of plate, h.

The cost function for the optimization problem was:
Minimize the total volume of material: ftth
Linear Inequality constraints:
Length’s constraint: 0.1€ L < 0.15 and
Height's constraint: 0.08 h<0.07
That is:
0.10-L<0;
L-0.15<0;
0.03 -h<0;
h—-0.07< 0;
Non-linear inequality constraints:
Tensile strength constraint; 9123.5 - 71.4288 th + 71.428&10%D < 0.

Johnson’s Equation; Buckling constraint: 31832 250x10° th* +
90262.0724.< 0.
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Link’s shear constraint: 5.80820° — 41.428&1(° D*< 0.

The optimization program is given in appendix BheTever arms selected
was to allow four dampers to be conveniently modirde a bumper. The
results of the diameter for the link, as well adtwwiand thicknesses of plate

obtained are given in Table 4.13.

Table 4.13 Link Diameter, Width" and’ Thickness ofettplate for the

Damper Model

Impact Plate Plate Link Length of
Force | thickness| width diameter| Longer
[KN] [mm] [mm] [mm] Lever [mm]

9.1235 6 40 10 100

Figure 4.19 shows an isometric view of a modehefdelected concept with

the directions of impact force, normal force andtional force indicated.
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Figure 4.19 Conceptual Model of a Friction Dampleovging direction

of Forces

The friction pads, as shown in Figure 4.20 aregg@sgainst the four inner
walls of the box by means of compression sprin@eseé springs provide the
normal forces for the friction pads. The frictioorde can be changed by
changing the normal force, in this case by chantfiegcompression on the
springs, sincé&, = kx, whereF;is the normal forcel is the stiffness of the
spring andk is the eompression in the spring. The next secteals with the

experiment.
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Friction pad support

Friction pad

Figure 4.20 Friction Pads with Compression Spring&le Friction Box

4.6 Experimental Validation of Model

An experiment was performed using an impact testhineg to test a model
of the selected proposed friction damper to ingesti the validity of the
work. A schematic diagram of the impact test maehs given in Figure
4.21. The impaect test machine was not designedrf@il specimen and not
for bumper specimen, therefore two special fixturad to be made to adapt
the machine to do the test. The hammer’s fixture wmade with a 30 mm
thick plate of size, 160 mm x 170 mm. The hammgxire was bolted to
the hammer to give a flat surface for the impadte Tmpact fixture was
made in the shape of an L, with webs to strengthenwelded joints. The

thickness of the plate used was 30 mm and the diimes were: 240 mm x

173



105 mm for the longer leg and 110 mm x 105 mm li@r $horter leg. The
web used had a thickness of 13 mm. It was clammedhe impact machine

as shown in Figure 4.21.

Figure 4.21  Impact Test Machine with impact upe (R) and hammer
fixture (O)

During the experiment, the bumper specimen and damyhere applicable,
were arranged together and the hammer of the impachine allowed to
fall freely to impact on it. The hammer of the imp&est machine is raised
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to a height and allowed to fall under gravity to thie bumper specimen in
the experimental setup. During the experiments thiferent heights were
used to give four impact forces. The deformationtlos bumper specimen
was then measured with a veneer caliper and ndteel.impact force is
calculated using the angke,that the hammer swings through before impact,

as indicated in Figure 4.22. A sample calculatggiven in appendix C.

Impact Force mg

Figure 4.22 Schematic of a simplified Pendulum Hamof an Impact

Test Machine

Destructive impact tests were performed on pie¢éseobumper specimen.
In all, 24 different specimen were tested. The spec were taken from
four types of bumpers. The four types of bumpeosnfifour types of cars

were named A, AA, B and C. For bumper type A and AAe bumper each
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was used, however, for types B and C two bumperh asere used. Each
bumper was divided into four pieces. Only the medstction of the bumper
was used. That is the curved parts at the endsedbumper were not used.
The average length of the specimen was 35 cm. péeirmen and damper
were put together as shown in the schematic set-Bgures 4.23 and 4.24.
Figure 4.23 shows the set-up without a friction damand Figure 4.24

shows the set-up with a frietion,damper.

Figure 4.23 Schematic_of .theExperimental Setughaut a Friction
Damper: showing-Impact Fixture (R) and.Bumper Speai (Q)
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Figure 4.24 Schematic of the Experimental Setuph wdt Friction
Damper: showing Impact Fixture (R) and Bumper Speai (Q)

Two models of the friction damper were made forékperiment. Model 1
was made with springs of stiffness 44 kN/m and Mdtevith springs of
stiffness 37 kN/m. For the four specimens of bumpér two were tested
on the impact machine without the damper and theameng two were
tested with damper Model 1. The results are givehable 4.14. Out of the
eight specimen from bumper B, four were testedouiinr different impact
forces without the introduction of the friction dper. The remaining four
were tested using four different impact forces widhmper Model 2.
Similarly, for bumper C, four specimens were testethout the damper,
and four tested with damper Model 1. The resultghef tests are also
presented in Table 4.14. Table 4.14 shows the ohefiions measured in the

experiments for the four bumpers: namely AA, A, gl &, without friction
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damper. Table 4.15 shows the deformations measutée experiments for
three bumpers: namely AA, B and C, with frictiomygzer.

Table 4.14 Deformation of Bumper specimen in thpdexment without

a Friction Damper.

Impact Lead without a Friction Element [N]
Impact Load 3662.80| 5856.50 7491.70| 9122.80
AA-without a
iction El
Friction Element ) 11.00 ) 14.40
[mm]
A- without a
Friction Element
a0 7.00 7.00 10.00
[mm]
B- without a
Friction Element
2.00 3.00 11.50 20.00
[mm]
C- without a
Friction Element
It 7.0 13.0 20.5 40.0
[mm]
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Table 4.15 Deformation of Bumper specimen in thedfxnent with a

Friction Damper.

Impact Load with a Friction Element [N]
Impact Load 3552.26| 5788.10 7438.27 9078.95
AA-with a
Friction / 530 ) 810
Element [mm]
B- with a
Friction
6.00 3.30 16.50 10.00
Element [mm]
C-with.a
Frictiay 4.0 8.0 9.0 27.0
Element [mm]

Using a similar-curve-fitting method used for theudation results, the
equations of the curves fitted to the experimergablts were also obtained.
It was similar to that for the simulation.resulf$e general form of the
equation, wasy = Ax + B'iIn x + C; wherey is the displacement ands the
impact force x 10. That is Displacement A(Impact force x 18) + B(In
(Impact force x 18)) + C. the coefficients A, B, and C in the equation were
found as presented in Table 4.16. Equations ottimees are also given in
Table 4.16.
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Table 4.16 Curve-fitted Equations of the Deformmatifor different
Impact Forces for different Bumper Specimen
Bumper Equation Coefficients Curve-fitted Equatio
Specimen A B C y=Ax+BInx+C
A- without| 7.0809 | 0.2292 0.8625 Displacement = 7.0809
a Friction (Impact force x 18) +
Element 0.2292 (In (Impact
force x 10°)) + 0.8625
B- without | 158.5881 8.3006 | 21.8150 Displacement =
a Friction 158.588(Impact force X
Element 10°) + 8.3006(In
(Impact force x 10)) +
21.8150
C- without| 93.5685| -2.1561.  -10.0969Displacement =
a Friction 93.5685 (Impact force
Element X 10°)=2:14561 (In
(Impact force x 18)) —
10.0969
C-witha | 143.3301 -6.21707| -25.4479 Displacement =
Friction 143.330(Impact force X
Element 10°) — 6.2170 (In

(Impact force x 10))
—25.4479
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Figures 4.25 — 4.30 show the experimental resutts tve curve-fitted plots.

Deformationcm]
-
L

0 ITITIII—T_II'I_IIi]'I‘FFI']

2 4 6 8 10
Impact Force [kN]

Figures 4.25 Results for Bumper A without a FrictBlement

The results of Bumper A without a friction dampenows a linear
relationship for the displacement response. Refuwlts simulations gave a
perfectly linear relationship for responses withautfriction element,

however Figure 4.25 does not give a perfect sttdiigg.
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Figures 4.26  Results for Bumper B without a FrictiElement

The results of Bumper B without a friction dampsrs&own in Figure 4.26
Is also linear. As observed with the experimergallts of Bumper A, the
linear relationship is not a perfect one. Therdddave been an error in the
test using the 5.857 kN force. The deformation.6frf8m deviates the most

from the fitted curve.
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Figures 4.27 Results for Bumper B with Frictiderent Model 2

It was observed that no equation could be obtafnedhe test results of
Bumper B with damper as shown in Figure 4.27. Tésults showed a
scatter and did not follow any trend and couldlfitted to the equation of
the form:y = Ax + B In X + C; wherey is the deformation anxlis the impact
force x 10°.. Damper model 2 was used for this test. There avaliding
action during the test, but tests with damper mddsiuck during the tests.
This confirms the use of sticking friction rath@an sliding friction in the
mathematical model. As a result of the sliding, éxperiments did not give
the expected results, i.e. results that could tedfto the functiony = Ax +

B In x + C as obtained for the simulation results. The resak inconclusive

as a result of the sliding of damper model 2 dutirgexperiment.
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Figures 4.28 Results for Bumper C without a Dampe

Figure 4.28 shows results of Bumper C with Damped®l 1. The results
show a curve-fitted relationship that is very cltse linear one. There was
a slight deviation from linearity. This may be due experimental

imperfections.
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Figures 4.29 Results for test of Bumper C withmipar Model 1.

The Results of Bumper C with a damper gives an egpial curve as was
obtained in the simulation of bumper with frictielements. During the test,
the damper moadel 1 stuck and did not slide. Thigficms that sticking
friction used for the simulation was right. Bothldov the same trend and
the results could be curve-fitted and obeyed thaiomshipy = Ax+ B In x

+ C; wherey is the deformation arxis the impact force x 10
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Figures 4.30-. Results for Bumper C with and withreamper

The strain energy absorbed as a result of the metorn of the bumper is
given by the areas under the respective curves.résdts of the tests for
bumper C with.and without a friction damper wereti@dd together in Figure
4.30 to calculate for the strain energies absobyeithe bumper in both tests.
The same amount of deformation was used. A defeomatf 2.5 cm was
used for the calculation. That is the amount ofgyeabsorbed in each case

for a deformation of 2.5 cm.

From Figure 4.30, for a deformation of 2.5 cm, émergy absorbed by the
bumper without the friction damper is given by tdreaABIH. The energy
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absorbed as a result of the same amount of defamuathen the friction
damper is used is given by a&lH. Calculation of the energy is given in
Appendix C. From the calculations, energy absotibethe bumper without
a friction damper was 119.42 J, and that absorlyeth® bumper C with
friction damper was 158.22 J. This implies that boenper absorbed 38.8 J
more than that without the friction damper. Thipresent 32.5 % more
energy for the one with the friction damper.thaédme without the friction

damper.
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CHAPTER FIVE

5.0 Conclusion and Future Work

The focus of this dissertation has been to studg propose design
parameters for a damper to attenuate impact enefggolliding road

vehicles. The sedan or saloon car of a gross weigh®00 kg was used for
the study. The bumper [oi"the vehicle s/as “a crashrggnattenuation
component was selected and la mathematical modelaped for it. The
mathematical model was used to simulate impactarnena up to relatively
medium speeds of 50 km/h (13.9 m/s).

Investigation of the dynamics of the model revedled with the addition of
a friction damper, the energy absorption capacityth® bumper was
enhanced by about 26% for the experiment withifmcforce of 1.14 kN
and 146% for the simulation of the bumper mateRalith a damper
supplying a frictional force of 228 kN. The vehicldth a crash impact
velocity of about 3 m/s could suffer the same anmadimeformation as that
experienced by a bumper without the proposed dam@pérll m/s. It was
also observed that the deformation on the bumpttowi a damper caused
by impact velocities up to 1.5 m/s was the saméhat caused by about
three times the impact velocity, about 4.5 m/sthenbumper with a damper
with friction force 228 kN.

188



Design parameters were derived for bumpers thatdcattenuate more
energy. With the bumper design parameters proposachely stiffness,
coefficient of damping and the friction necessanythe damper to be
attached, the energy absorption capacity of thepeunmwas improved.

A friction damper was proposed and_design paramdtem the simulation
used to build a physical model."The model, was desigh a bumper to
check for its effectiveness to validate the simatatresults. The
experimental results revealed that the additiotheffriction damper to an
old bumper to give a bumper-damper system coukhatte about 26 %

more energy than with the bumper alone.

It was also observed that with the introductiorihaf damper the coefficient
of restitution of the system was increased frong9.to 0.663 (for 228 kN
frictional force) giving an increase of about 17.3%d thus could help to

reduce the shock level of the impact.

It can be concluded that the operation range obraabile bumpers to
withstand impact of vehicles traveling at abouteértimes the speed
bumpers have been designed for has been achiemedinifial target of

attenuating impact of road vehicles traveling aesfs of up to 19.4 m/s (70
km/h), however, could not be achieved. Impactsrdy ap to 12 m/s (43.2
km/h) could be achieved.
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51 Challenges and Sources of Error

The method used for the experiment was a desteuciie. Therefore each
specimen could be used only once. Since materiaufaaturing methods
cannot guarantee that the material strictly hadsdme properties, deviation
of material property in the same bumper could diswe affected the
experimental results. This' could also have infleeh¢he experimental

results.

5.2 Future Work

For further research the following are recommended:

1. Use of friction elements with higher coefficient foiction in

future damper designs.

2. Find the stiffness of bumpers experimentally, amsthg the
values to simulate impact phenomena to comparerébalts for better
comparison.

3. Find material ‘properties and characteristics trat operate

within a wider impact velocity range.
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Appendix A Calculations of Damper’s

Dimensions

Calculations based on an Impact Velocity of 12 @&2 km/h)

Mass of vehicleM = 1900 kg
Acceleration due to gravitg = 9.81 m/$é
Initial Velocity, vi = 12 m/s

Final Velocity,vi = 0 m/s

Time, t;=0.2 s

m(vi—vf) _1900x12

Force,F = =114000N

S

Length,L = 0.3 m;
E =210 GPa
§ =250 MPa

1, = 145 MPa
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Factor of safety, N = 3.5; (For Impact forces with uncertain
stresses)(Deutschman et al., 1975)

Allowable Working normal stress
Siow = S/N =71.43 MPa

Breadth = 0.08

thickness of plate based on normal allowable stress

_ 114000
7143x10 x008

=00199%=2C mm

Let D be the diameter of pin, then:

=0.0418m =41.85mm
27T 2x71x41.428810°

allow

D= \/ 4F \/ 4x114000

Diameter selected: 42 mm

Calculation of thickness based on.the bearingsuiesg diameter of 0.042

m:

Thickness = 114000 =0.037999=38mm

7143x10°x0.042

Radius of gyrationp = 0.289 xh = 0.289 x 0.08 = 0.02312
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Slenderness ratio £ =93
0 002312

=12.9758

Using Johnson’s equation, since the slenderness isatow (Juvinall and
Marshek, 2000):

As P, _ 399000 =1.60414410° m?

g 2 2 612 2
Sy Dy L 250x10° — (250%x10°) ! ( 03 j
AITE P 47F x 210x102% | 0:02312

3
t= Ao 100414407 _ ) 5o008m= 200mm

Results:
Thickness = 38 mm
Height = 80 mm

Length = 300 mm
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Appendix B Optimization Program in MATLAB ™

Main Program
clc,clear,; (clears memory and workspace/screen)

% This is the main program for optimisation; to irmize the cost

% Linearity constraint Matrix: A.x =B

% Variables x = [t; D; L; hJ;

% Variables : x(1) = thickness =t
% : X(2) = Diameter of Link- =D
% : X(3) = Length-of Lever =L

% : X(4) = Height of Plate...=h

% Linear Inequality constraints:

% 0.1<L<0.15and 0.08h<.0.07
% i.e:
-X(3) < -0.10;

x(3) < 0.15;
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-X(4) < -0.03;

X(4) < 0.07;
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Beqg =[O0
0
0
0.04];

x0 = [0.003, 0.010, 0.010, 0.03]; % Set a startyuegess values for the
variables: t, D, L, and h respectfully

Options = optimset('LargeScale’,'off','Displaéri;

%
X=FMINCON(FUN,X0,A,B,Aeq,Beq,LB,UB,NONLCON,OPTIONS

% minimizes with the

% default optimization parameters replacedddyes in the structure
% OPTIONS, an argument created with.the OPTHV&inction.
[x,fval] = fmincon(@costfun,x0,A,B,Aeq,Beq,0.006)a5,

...ConstraintsFunction,Options)
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Sub-Programs

Cost function Sub-program

function f = costfun(x)

f = x(1)*x(4)*x(3);

Constraints function Sub-Program

function [c,ceq] = ConstraintsFunction(x)

% c is non-linear inequality constraits’ vector

c =[9123.5 - 71.4286€6*x(1)*x(4) + 71.4286e6*x(%(2)
31932*x(4)--(250e6*x(1)*x(4)"2) +(90262.072%(1)*x(3)"2)];

ceq=[]; % Ne Nenlinear equality constraints
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Results after running the program

X = 0.0060 0.0100 0.1000 0.0400

i.e.

Variables : X(1) = ThicKsN U S:r: 6 mm
X(2) = Diameter of =D =10 mm
X(3) = Lengt =L =100 mm
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Appendix C Experimental Data — Equipment

Calculations of First Moment of Area, Qx, the Centoid, Y

The design calculations for the model of the preposiction damper were
based on the maximum impact force that the teshmaaised could exert.

Calculations were as follows:

Using the First Moment of Area, QX, to find the @eid, Y

¥ -
107 —
25 x ! 3 &

85 2 115 4
s T —y . -
v k/_,) R 1065

Figure A-1 Schematic Diagram of Hammer of Impacttireachine

199



Figure A-2 Rectangular Area

Using the rectangle with an aréa in Figure A-2 as a reference the first
moment of areaQ), —was calculated with the pivot as the referencatpoi
Similarly the moment of Inertidy at the support of the hammer was
calculated. With these values the centroid of themer was found and the
impact force of the hammer computed. The impaaefavas further used in

stress analysis of the friction damper model td fime right dimensions:

b, = 023m;hl = 001m;d, ='0905m
A =hxh =0.0023m"
Q, = Ad, =0.0021m*

b, = 006m; h, = 0085m;d, = 0.9525m
A, = bxh, =0.0051m*
Q, = Ad, =0.0049m°

200



b, = 0115m; h, = 0025m; d, = 0.9525m
A, = bxh, =0.0029m?

Q, = Ad, =0.0027m®

Q, =Q, =0.0049m’ - (Symmetry

A, = A, =0.0051m* - (Symmetry

6=0127¥ad, R, = 1065M

_2Rsind
=S
A =R’6=0.1442m?
Q, = Ad, =0.1021m°

d, =0.7081m

R, = 1005M

_2R;sind
==
A, =R.°0=0.1284m"
Q, = Ad, =0.0858m?

d, = 0.6682m

A, =A+A+A+A +A -A = 00023+ 00051+ 0.0029+ 0.1442 - 0.1284 = 0.03116
2
m

Q,=0Q,+Q, +Q, +Q, +Q, —Q; =0.0021+ 0.0049+0.0027+ 0.0049+ 0.1021- 0.0858= 0.030748

m3

Q, _0.030748_  ooro where Y. is the distance of the centroid from
= =0. m
A, 003116

<

the axis of rotation

Calculating Second Moment of Ardg,
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b, = 023m;hy = 001m;d, = 0905m; A = hxh = 0.0023m”

3
X, = bﬂ + Ad/? %+ 0.0023x 0905’ = 0.0019m"*

b, = 006m; h, = 0085m; d, = 0.9525m; A, = bxh, = 0.0051Im’

3
x, = bzhz £ A 00613085 0.0051x 0,952 = 0.0046m"

b, = 0115m; h, = 0025m; d, = 0.9225m; A, = byxh, = 0.0029m?
x, = b3r13 0115x 0025’

+ Ad,’ T +0.0029% 0.9225 = 0.0024m*
b,h,°
Ix, = 5 +A, d Ix, = 0.0046(Symmetry
= 0.0046 M

But 6=0.127Xad,

r, = 1065m;d. gr ¥_o7081m A =@&.% =0.1442m"

r, = 1005m;d, 2 5'29 0.6682m; A =&, =0.1284m”

IX, :%r54(9+%sin26?) +Ad,’ :%><1.065<(O.lZ?lk%sin(ZXOiZ?l)}r 0.1442x0.708% =

0.1536m*

IX, :%r64(6+%sin20) + Ad, :%x1.005< (0.1273%sin(2x0.1271))+ 0.1284x0.6683 =

0.1218m*
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IX = Ix; +1IX, + X3 +1x, +IX; = IXg
= 0.0019+ 0.0046+ 0.0024+ 0.0046+ 0.1536- 0.1218
=0.0453
= 0.0453

Calculating the impact force of hammer,

-

]
D A ..,:r..m..'.'M‘#_.._
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DM =l
mgY cosf = | ,a
a:ngcosé?
IA
_df, _dw, df_dw.

w=—;d=—,>—=—;=>adf = adw
dt dt w a

o ™ mgY cosd
R

WP = 2mgY = /ngY
IA IA

—m?a)+J'th:0

—m?w+j;th:o

_mYw _ nY [2mgY _ n¥Y |2mgY

OF
t t I, t I,

But:

m =20Kkg; Y = 0.9868-mt =0.2s; g = 9.81 m/§ 1,=0.0453 m

0F =29% 0'9868\/ 220> 981x0.9868 _ g 1 5345029006314¢+ 003= 9123.5N
0.2 0.0453
F=91235N

The maximum impact force from the pendulunfis 9123.5 N

Checking for buckling using steel as design madteria
Let L be the length of the lever arm:

UsingL = 0.15 m for the longer arm and 0.1 m for the shrashe.
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LetE =210 GPa

Yield Strength, $= 250 MPa

Factor of SafetylN = 3.5 (Deutschman et al., 1975)
Height of cross-sectiom, = 0.04 m

Let the thickness of cross-section =

Radius of gyrationp = 0.289 xh = 0:289 x.0.04 = 0.01156

Slenderness ratio = = 915

o 001156

=12.9758

Using Johnson’s equation, since the slenderness isatow (Juvinall and
Marshek, 2000):

P 31BsP

A= Sg = = —-=1.2838<10* m’

s_ S (L 5010 % 250%10°) 9( 015 j

Y ar’El p 4 x 210%x10° ( 0.01156
-4

1= A 1292840 _ 4 5a354m= 30mm

h 0.04
F=91235N
m = 20 kg
g=9.81m/5

time =t;=0.2 s
Moment of Inertia, J = 0.0453 rfA

Yield Strength,Tension,S 250 MPaBeer et al., 2006)
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Yield Strength, Sheat,= 145 MPa  (Beer et al., 2006)

Calculation of the thickness of plate based on gesgion of plate:

250

Sallow = > 25 - 71.4286 MPa(Beer et al., 2006)

-
N

But breadth of cross-sectidms 0.04 'm

Cross sectional Areay=_ = 9123 ~=1.277%10*m?
Suow 71428610
-4
= A_L1277310° _ ) ho310m
h 0.04
t=3.2mm

Calculation of the diameter of pin based on dogbkear:

T
Ly 2195 41 4086 MPa
N 35

Tallow —

Let D be the diameter of pin, then:

p= | 4F :\/ Ax9123:5 o118 m = 11.84mm
27T 2% %X 41.428610°

allow

Diameter selected: 12 mm

Calculation of the thickness of plate based ommdiar of pin in double

shear:

UsingD = 12 mm
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Thicknesg, of plate:

(= F _ 9123.5 = 0.005322m
2S. D 2x71.428&1CF x0.01184

allow

Thickness selected: 6 mmK N l l ST
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Appendix D Experimental Data — Components

The calculations for the spring stiffness constaktsvere calculated from
Figures D-1 and D-2. To determine the spring s88k, of the springs used
in the experimental model of the friction dampéatis loads were applied to
the springs and the corresponding. compressed despknts measured.

Table D-1 shows the loads andithelcarrespondirpiadisments.

Table D-1 Loads and corresponding Displacemenpah§

Load [kN] 0.9967 | 1.9935] 2.9902

Displacement._ forf 3.0 Q.5 8.0
Spring. A [mmj

Displacement forf 2.5 5.0 6.5
Spring B [mm]
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Load [N]
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Displacement [mm]

Figures D-1 Displacement of Spring A for Applieddds

300 -+
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Z\_
o
[x:] =
o
_I -
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0 1 1 1 1 I 1 1 1 T I 1 1 1 1 I 1 1 1 1 I
0 2 4 6 8
Displacement [mm]

Figures D-2  Displacement of Spring B for Appliedads
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Spring Constant for Spring A 299.022699.6742 36.72188 N/mm
8.14292.7143

=36721.88 N/m

Spring Constant for Spring B £99.022699.6742_ 43.60774 N/mm
6.85712.2857

= 4360%.74 N/m

Frictional Force Supplied by the Damper with Spsing and B were

calculated using the coefficient of static frictiand normal forces on the

pads.

An experiment was carried out to measure the aeffi of static friction of

the friction pad on steel-plate. Two pads of thmeanaterial were used. For

each pad seven measurements of angle of inclinatiomhich sliding of

pads just begin were taken and tangents of theearmgimputed to find the

coefficients of friction. The average of the sevatues was found for each

pad, and subsequently the average of the coeffscieihthe two pads was

found and used as the coefficient of static frictfor the pads. Table D-2

shows the angle ofinclination of plate at whiddisly just started. Table D-

3 shows the tangents of the angles for the two.pads
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Table D-2 Inclined angle of plate

Friction Pad| Angle of Inclination of Platé,[°]
Pad 1 21| 28 26/ 22| 21 3 19
Pad 2 34| 26 28, 26| 31 6 1V

Table D-3 Tangent of Angle of Inclination

Friction Pad | Coefficient of Static Friction; Tangeof
Angle of Inclination, [tar?]

Pad 1 0.3839 0.5317|  0.4877 0.4040

Pad 1 0.3839 0.4245, 0.3443

Pad 2 0.6745 0.4877 LESR 7 0.4877

Pad 2 0.6009 0.4877) 0.3057

Average Coefficient of Static-Friction.for-Pad 1

_ 0.3839+0.53140.487 4 0.4040+ 0.3839+ 0.4245+ 0.3443

= 0.422857

7

Average Coefficient of Static Friction for Pad 2
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_ 0.6745+0.487#0.531 /4 0.487# 0.6009+ 0.487 7+ 0.3057
7

=0.510843

Average Coefficient of Static Friction for the Padg '422857;0'510843

= 0.4668500.467

Let:

Coefficient of static friction of pad on steel @at u = 0.467
Spring Constant for Spring Aka = 36721.88 N/m
Uncompressed height of Spring A 5 44.5 mm
Compressed height-of Spring A <439 mm

Displacement of Spring A == Hya- Hea = 44.5 — 39 = 5.5 mm = 0.0055

m

Normal force frem two pieces of Spring ANz = kaxa = 36721.88 x 0.0055
X2

=403.94 N
Frictional Force Supplied by one pad in the damy#r Spring A = UNa
=0.467 x 403.94 N =118.64 N

Frictional Force Supplied by the 4 pads in the damwath Spring A =
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118.64 x4 =754.56 N

There friction force on Damper model 2 = 754N\66

Spring Constant for Spring BKks = 43607.74 N/m

Uncompressed height of Spring B ggH 52 mm

Compressed height of Spring B zgt 45mm

Displacement of Spring B =x%= Hyg- Heg = 52 — 39 =7 mm = 0.00%

Normal force from two pieces of Spring BNg = Kgxg = 43607.74 x 0.007
X2

=610.51-N
Frictional Force Supplied by one pad in the Dangién Spring B = pUNg
=0.467 x 610.51 = 285.11 N
Frictional Force Supplied by the 4 pads in the damth Spring B =
285.11 x4 =1140.43 N

The friction force on-Damper.model 1 = 1140.43 N
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Appendix E Experimental Data — Work Done

To find the work done by Bumper C with and withautiction element, the

areas under the curves in Figure C-1 were calailate
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Figure E-1 Experimental results of Bumper C

The strain work done as a result of the deformatibthe bumper is given
by the areas under the respective curves. Fronré-igid, for a deformation
of 2.5 cm, the work done by the bumper withoutftietion element is given
by the areaABIH. The work done as a result of the same amount of

deformation when the friction element is used \®giby areaACIH.

areaABIH = areaABEG —areaHIFG —arealBEF
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areaACIH = areaACDG —areaHIFG — aredCDF

arealBEF = | '(93.5685-2.1561n x~10.096}ix

00744

_ [93.5685)(2 -2.1561(xIn x - X) —10.0969X}

00352

= 0.0525

arealCDF = j;’fj:;(143.3301—6.2171n X+ 25,44 70X

00912

= {143'23301% -6.217(xIn x = X) — 25.4479)(}

00352

= 0.0557
areaABIH =areaABEG —areaHIFG —arealBEF
= ((2.5 x 0.0744)- (0.4 x0.0352)- 0.0525) x.100.Joules
= (0.186—-0.01408-0.0525) x 1000 J
=0.11942 x-1000 J
=119.42 ]
areaACIH = areaACDG —areaHIFG — area CDF
= (2.5 x0.0912) (0.4 x 0.0352) 0.0557
= (0.228-0.01408-0.0557) x 1000 J
=0.15822 x 1000 J

=158.22 J
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Extra Work Done = 158.22 — 119.42 = 38.8 J.
Percentage Extra Work Done = 100 x 38.8/119.42.438%.

That implies the extra work done as a result of ititeoduction of the

friction element for Bumper C was about 32.5 %.
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