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PREFACE

Thisresearch project was funded by the Kansas Department of Transportation K-TRAN
research program and the Mid-America Transportation Center (MATC). The Kansas
Trangportation Research and New-Developments (K-TRAN) Research Program is an
ongoing, cooperative and comprehensive research program addressing transportation needs
of the State of Kansas utilizing academic and research resources from the Kansas
Department of Transportation, Kansas State University and the University of Kansas. The
projects included in the research program are jointly developed by trangportation
professionalsin KDOT and the universities

NOTICE

The authors and the State of Kansas do not endorse products or manufacturers. Trade
and manufacturers names appear herein solely because they are considered essential to the
object of thisreport.

Thisinformation is availablein alternative accessible formats. To obtain an alternative
format, contact the Kansas Department of Trangportation, Office of Public Information, 7th
Floor, Docking State Office Building Topeka, Kansas, 66612-1568 or phone (785)296-3585
(Voice) (TDD).

DISCLAIMER

The contents of thisreport reflect the views of the authors who are responsible for the
facts and accuracy of the data presented herein. The contents do not necessarily reflect the
views or the policies of the State of Kansas. Thisreport does not constitute a sandard,
specification or regulation.



ABSTRACT

Approximately 30 percent of al vehicle related fatalities that occur each year are
caused by a single vehicle leaving the road and striking a fixed object; the most common
objects struck being trees, guardrails, and utility poles. In many cases current crash cushion
systemsarenot cost effectiveto beinstalled on such obstacles. Inadditionto highinitial costs
many crash cushions require extensive maintenance or require expensive replacement parts
driving costs up even more. This makes the development of a more cost-effective crash
cushion a necessity.

The objective of this study wasto propose an initial design for alow-cost, reusable
crash cushion using recycled materials. Used tires and tire-derived materials weretested in
both static and dynamic modesto evaluate their application in acrash cushion. Boththetires
and the tire-derived materials proved to be able to sustain high loads and proved to be
durable, making them good candidates for use in acrash cushion. However, the tire-derived
pads had excessively high loads per unit deflection which would prohibit their usein acrash
cushion. This problem could be eiminated if voids were added to alow material to deflect
more under loading. The whole used tires could be used effectively as energy absorbing
elementsin crash cushions or truck mounted attenuators (TM A’ s) if compressed horizontally

or vertically.
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Chapter 1

INTRODUCTION

1.1 Problem Statement

The volume of solid waste in this country continues to grow at an astonishing rate
of 4.6 billiontons (4.2 x 10° kg ) every year. This problem is exacerbated by the increasing
difficulty in finding areas to dispose of waste, leading to an increased interest in the
manufacturing industry and in government to use recycled materials. This recent focus has
been demonstrated by the Executive Order signed by President Bushin 1991, which required
federal agencies to use recycled materials whenever possible. This trend is expected to
continuewithlegidation requiring acertain percentage of roadside safety devicesto be made
from recycled materials (Bligh et al. 1995).

One of the most promising materials which can be recycled for use in roadside saf ety
appurtenances are used tires. Each year approximately 242 million used tires are added to
the already staggering stockpile of 2 to 3 billion used tires strewn throughout the United
States (Epps 1994). Thisvast quantity of tires providesanearly unlimited supply of material
that can be used whole or used to produce recycled rubber which can then be used in crash
cushions. Unfortunately, solid waste is not the only problem in this country. Over the past
decade an average of more than 40,000 people were killed annudly in automobile accidents.
In 1996, 41,907 people died in motor vehicle accidents, 3,511,000 people wereinjured, and
4,548,000 crashesinvolved property damage only. Infact, the number of fatalitiesin traffic

crashes has steadily increased each year since 1992, although the rate decreased dueto higher



Chapter 1 Introduction

mileage being traveled. Not only do these statics relate the tremendous loss of life on our
nation’ sroads, but they also represent economic costs exceeding $150 billion annually based
on crashesin 1994 (NHTSA 1997). Approximately 30 percent of the fatalities that occur
each year aretheresult of asingle vehicle running off the road and striking afixed object, thus
making roadside safety an area where there is great potential to save lives and reduce
economic losses (AASHTO 1996).

Roadsides are designed to provide a safe recoverable area (clear zone) for vehicles
that depart from the traveled way. Clear zone widths are based upon traffic volume, road
speeds, and roadside geometry. The ideal roadside design strategy would be to provide an
adequate recovery areafreefromal obstacles and non-traversable features. This, however,
isnot dways feasible. Costs associated with removal and relocation of obstacles may not be
economically sound. In such cases crash cushions are a viable aternative to increasing the
safety performance of the roadway. A crash cushion, aso known as an impact attenuator, is
defined asa device that prevents an errant vehicle from impacting fixed object hazards by
gradually decelerating the vehicle to a safe stop or by redirecting the vehicle away from the
hazard (AASHTO 1996). Crash cushions are most frequently used in gore areas on exit
ramps, around bridge piers, and on the ends of roadside and median barriers. In these
applications crash cushions have proven to be quite effective, reducing fatalities by an
estimated 78 percent and reducing al injuries by an estimated 20 percent (Griffin 1984).
Seriousinjurieswerereduced by 67 percent, moderate by 8 percent, and minor injuriesby 12

percent (Griffin 1984).



Chapter 1 Introduction

However, the high cost of current impact attenuati on devices makestheir installation
inmany locations prohibitive. Even sand barrels, the most widely used impact attenuator, can
cost anywherefrom$7,000 to $11,000 to emplace (AASHTO 1996). However, the costs of
sand barrels in Kansas may vary anywhere from $3,000 to $4,500 depending upon the size
of array (Seitz 1998). In addition to being expensive to ingtal, the sand barrels are also
difficult and expensive to maintain. The lids of the barrels may come off and barrels may
“break open” exposing the sand to the weather and causing the sand to leach out, thus
reducing the effectiveness of the cushion (Figure 1.1). For sand barrels and for many other
types of crash cushions, maintenance costs may exceed installation costs. Still, one of the
most serious problems with many types of crash cushionsistheir ability to be used only once.
This not only makes replacement of the crash cushion expensive, it also leaves the obstacle

unprotected until the impact attenuator can be replaced (Carney 1994).
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FIGURE 1.1 Poorly Maintained Sand Barrels (Fitch System)
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1.2 Objective of the Study

The primary objective of this study wasto determine whether tiresand recycled tire-
derived rubber materials could be used as energy-absorbing elements in impact attenuator
devices. The tire-derived materials used for testing were composed of shredded tires with
different coarseness. The secondary objective was to develop some preliminary designs of
crash cushions using the materials tested.

The crash cushionswill be designed for applications such asroadside safety hardware
and truck-mounted attenuators (TMAS). Roadside safety applications will emphasize
dissipating a vehicle' s energy and momentum by applying the conservation of kinetic energy
principle and the conservation of momentum principle whichwill bediscussed later. Thistype
of crash cushion requires arigid, fixed support and isideal for protecting concrete barriers,
bridge piers (Figure 1.2), or other permanent objects in the clear zone of the roadway.
However, Kansasaways protectsthe bridge pierswith some kind of roads de safety hardware
(Seitz 1998).

The basic ideabehind this study isthat by making a crash cushion from used tires and
tire-derived materials, a low-cost, low-maintenance, reusable crash cushion could be
developed. The potential benefits of this type of crash cushion are tremendous. Not only
would it be less expensive to install and maintain due to the low cost of its attenuating or
energy absorbing elements, but it would also provide continuous protection of obstacles.

Also, reusable crash cushions would take shorter time to restore thereby reducing risk to the
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workers and traveling public while repairs are being done.

FIGURE 1.2 Unprotected Bridge Pier in the Median of 1-64 in Illinois

1.3 Scope of the Work
Tests were conducted to evaluate the following properties of the used tires and
tire-derived recycled specimens (pads):
1. Strength
2. Durability
3. Energy Absorbing Ability
Static tests were conducted on each tire and tire-derived pad repeatedly to
determine the strength and durability of each test material. Dynamic tests were conducted
to evaluate the energy absorbing ability of the test materials.

6
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The impacts of temperature and environment on the performance of the
tires or tire-derived pads were not included in this study. This datais available from the tire
manufacturers and the problem was studied previoudly by Sicking and Ross (1985). Their
findings showed that for the rubber samples, stiffnessincreased anywherefrom 25 percent to
100 percent at temperatures well below freezing (Sicking and Ross 1985). This study
wasinitiated to determine the feasibility of using used tires and tire-derived rubber materials
as energy absorbing elements in impact attenuators. If this could be proven feasible by
conducting static and dynamic tests, a preliminary crash cushion design could be devel oped.
Further study would be necessary to conduct reduced-scale or full-scaleimpact testing onthe

proposed design and to evaluate environmental effects.

1.4 Synopsis

This report is divided into six chapters. Chapter One is an introduction to the
problem. Chapter Two reviewsexisting knowledge of crash cushions. The chapter discusses
the principles upon which crash cushions are designed and discusses afew of the most widely
used crash cushions. The chapter concludes with some examples of experimental, low-cost
crash cushionsand previouswork done on crash cushionsusing tires. Chapter Threedescribes
the materials selected for the study. Chapter Four discussesthe test set up and procedures
for the static and dynamictests. Chapter Fiveisthe anaysisof theresultsof thisstudy which

includes a statistical andysis of the data and the development of proposed designsfor crash
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cushions using the materiastested. The conclusionsand recommendationsfor further study
areincluded in Chapter Six. Appendix A summarizesthe characteristics of the materials and
listsdl test results. Appendix B shows sample output for selected static and dynamic tests.

Appendix C contains sample output fromthe Statistical Analysis System (SAS) software used

for the statistical analysis of datafor this project.



Chapter 2

LITERATURE REVIEW

2.1 The Principles of Crash Cushion Design
The primary purpose of a crash cushion isto sow avehicleto a safe stop when hit
head-on so that injury to the occupant of the vehicle isminimized. To accomplish this task
crash cushions are usually designed on one or both of the following two principles: (i) the
conservation of energy or kinetic energy principle and (ii) the conservation of momentum

principle (AASHTO 1996).

2.1.1 The Conservation of Energy Principle
The conservation of energy principle operates on the rule that when a vehicle
impacts a crash cushion al of its kinetic energy is dissipated through the crash cushion
(Figure2.1). Inother words, no energy islost inthe process, it issimply transferred from the
vehicleto the crash cushion. Thekinetic energy (KE) of the vehicle may be determined from

the following equation:

where mis the mass of the vehicle and v is the speed of the vehicle just before impact. The
work done by the crash cushion in deforming is defined as follows:

W= Fd
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where F is the stopping force of the cushion and d is the length of deformation of the

cushion. By the conservation of energy principle the following expresson can be

obtained (AASHTO 1996):
1 2
KE=W=—nmv" = Fd
2

Thisrelationship can be used for designing crash cushions which need arigid fixed object for

supporting the deforming cushion (Carney 1994).

V = SPEED

DEFORMABLE
HATERIAL

VEMICLE

OBJECT
F = STOPPNG FORCE G e
B:gl-w D
STRUCTURE LENGTH
l}Eronun?;N KINECTIC ENERGY v

OF VEMICLE = "‘T

BEFORE IMPACT

ENERGY ABSORBED
BY CRASH CUSHMION = FD

AFTER WMPACT T
—_— D = !2!_

FIGURE 2.1 The Kinetic Energy Principle (after AASHTO 1996)
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2.1.2 The Conservation of Momentum Principle
The conservation of momentum principle works on the principle of transferring
the vehicle’'s momentum to an expendable mass, normally sand barrels (Figure 2.2). The
momentum of the vehicle before impact must be equal to the combined momentum of the
vehicle and the sandbarrel when impacted. This collision can be expressed as follows:
MV, = My, + my,
where
m, is the mass of the vehicle,
V, is the original impact velocity,
m, is the mass of the sand, and
v, isthe velocity after first impact.
Solving this equation for v, and generalizing the formula resultsin an equation

for the speed of the vehicle after the nth impact :
= Vn— 1m/
(m +m,)

where m, is the mass of sand in the nth container(s). This equation is solved for a velocity

n

(v,) of about 9 mph (15 km/h), but many manufacturers recommend placement of an
additional container (or arow of containers) as an extra safety measure. The advantage of

this type of system isthat it does not require arigid support (AASHTO 1996).

11
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0 Vo= INITIAL SPEED
HAZARD ! TOTAL LENGTH OF BARRIER 1 —_—

.// 4

,/// @ @ @ MOMENTUM OF VEMICLE

o A AND Ist MASS IMPACTED = MV,
BEFORE IMPACT

M, ASSUMES VEH. SPEED V.

?/,’7/ @ ® MOMENTUM OF VEMICLE
v AND 15t MASS IMPACTED = (MeM )V,

AFTER WPACT

MOMENTUM BEFORE WPACT = MOMENTUM AFTER WPACT

MV, = (MeM,) V,

FIGURE 2.2 The Conservation of Momentum Principle (after AASHTO 1996)

2.1.3 The Conservation of Kinetic Energy and M omentum

Many crash cushions are designed based on both the principles of conservation of
energy and conservation of momentum. Sicking et a. (1982) have devel oped amethodology
for evauating a crash cushion which uses both of these principles on a crash cushion
consisting of sand-filled 55-gallon stedl drums (Figure 2.3). For this type of crash cushion,
the conservation of kinetic energy principle can be applied to the crushing of the drums and
the conservation of momentum principle can be applied to the effects of the weight of the

sand. This methodology can be expressed in general terms and applied to crash cushions

12
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withsmilar design. First, the conservation of kinetic energy can be applied to find the change
in velocity of the vehicle dueto crushing the first component of the crash cushion when the
energy required to crush the first component, KE , is known. This can be expressed by the
following equations:

KE, - KE, = KE,

where
KE ; = kinetic energy of vehicle prior to crash,
KE ; = kinetic energy of vehicle after crash,
KE . = kinetic energy required to crush crash cushion component,
v ;= velocity of vehicle before impact,
Vv ;= velocity of vehicle after impact and
m = mass of the vehicle
Next, the change in velocity due to the mass of the component of the crash cushion can be

found using the conservation of momentum principle (Sicking et a. 1982).

13
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2.1.4 Estimating Occupant Risk

One of the most important aspects of designing a crash cushion is estimating the
movement of the occupant relative to the vehicle. Crash cushions are designed to protect
people, therefore, this anaysis should dways be conducted. The movement of the occupant

can be found from the initial and final velocities of the vehicle and the travel distance of the

vehicle asfollows (Sicking et a. 1982):
2 2
_ Vi - Vi
aavg - 2d

Vi = 8yt TV,

Vi -V,
aavg

t=
1 2
S/:Vit- Eaavgt

$ = Vot

S

wn
11

where

a .= average acceleration (deceleration) of the vehicle,

t=time,

15
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s, = distance traveled by the vehicle,

S, = movement of occupant,

Vv, = velocity of occupant (vehicle velocity upon initial impact),

S, = movement of occupant relative to the vehicle, and

d = distance component of cushion is crushed.
When the movement of the occupant relative to the vehicle (s,) reaches 2 ft (0.6 m) for each
impact, the impact velocity of the occupant is equa to the differencein theinitial and final
velocities of the vehicle (Sicking et a. 1982).

The National Cooperative Highway Research Program (NCHRP) Report 350,
Recommended Procedures for the Safety Performance Evaluation of Highway Features,
contains the current recommendations for testing and evaluating the performance of crash
cushions and barrier end terminals. The evaluation criteria by which the success of each test
isjudged requires that the impacting vehicle be gradually stopped or redirected by the crash
cushion or end termina when impact end-on. In addition to end-on impacts, barrier end
terminals and redirective crash cushions must be capable of safely redirecting a vehicle
impacting the side of the device. No debris may penetrate the passenger compartment or
encroach on other traffic. Generally, the vehicle must remain upright during and after the
collison and not be redirected into adjacent traffic lanes. Finally, the velocity with which an

unrestrained passenger strikes the interior of the vehicle should not exceed12m/s and the

16
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subsequent vehicle deceleration should not exceed 20 g's ( highest 10 millisecond average).
Preferred valuesare9 m/sand 15 g's. The occupant risk criteriadiffer fromearlier guidelines.
These criteria specify ride-down accelerations and are not directly comparable with the
average acceleration for the entire crash event which is often associated with crash cushion
design. However, the acceptance levels of safety performance are approximately the same,
and the variousdesign chartsprepared by the manufacturersof proprietary crash cushionsand
terminals may be used to select an appropriate unit. If these charts are used, the maximum
average deceleration level should not exceed approximately 7.0 g's (AASHTO 1996).

The NCHRP Report 350 also specifies the criteriafor evaluating the risk of acrash
cushion to the occupant of the striking vehicle (AASHTO 1996). The model for evaluating
occupant risk considers the worst case scenario for a vehicle collision: the occupant is
assumed to beunrestrained. The occupant movesforward during the collision until he strikes
the dashboard or some other interior surface of the car (assumed to be 2 ft or 0.6 min the
methodol ogy previoudy discussed). Once the occupant strikes the surface he is assumed to
remain in contact with the surface and therefore experiences the deceleration of the vehicle
during the last phase of the collision. The severity of theimpact is evaluated in terms of the
velocity at which the occupant strikesthe interior of the automobile and the decel eration that
the occupant experiences during the fina phase of deceleration or ?ride down? phase. The

preferred and maximum values for impact velocity of the occupant are 30 ft/s (9 m/s) and 40

17
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ft/s (12 m/s) and the preferred and maximum values for deceleration are 15 g'sand 20 g's,
respectively (Michie and Bronstad 1992 and Ross et al. 1993). However, the design would
be based on the highest average deceleration which is usualy limited to about 7 g's .

2.1.5 Truck Mounted Attenuators (TMA’S)

TMASs are designed on the kinetic energy principle and are evaluated on the basis of
the risk to the occupant of the errant vehicle in the same manner asisdone for the stationary
crash cushions. Thisisbecause the occupantsin the errant vehicle are at greater risk than the
occupantsin the protective vehicle, and again, the systemisdesigned so that the ?worst case?
occupant is protected. However, an additional factor must be considered when designing a
TMA: the roll-ahead or skid distance of the protective vehicle to which the TMA is
attenuated. Thisisimportant since the roll-ahead distance of the protective vehicle affects
that amount of energy dissipated by the crash cushion and thus, the occupant risk factors. In
addition, thisisimportant in determining the necessary space between the protective vehicle
and the work vehicle or workers. For astationary protective vehicle, theroll ahead distance

may be found as follows (Michie and Bronstad 1994):
M 2
Seve M)
2Mp(M, + Mp)gD
where

S =roll ahead distance,

M , = mass of impacting vehicle,
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M, = mass of protective vehicle,
g = gravitational constant, (32.2 ft/s?),
D = drag factor of protective vehicle, and

v, = impact speed of impacting vehicle.

The drag factor is simply the ratio of the force required for acceleration or
decelerationin the direction of accel eration or decel eration over the vehicle sweight. It also
can be described as the ratio of the acceleration or deceleration of the vehicle over the
acceleration due to gravity. This can be written as follows:

D =ag
From thisit isclear that the drag factor is also a decimal percentage of the acceleration due
to gravity or “g-force.” Dragfactor is maximum and equal to the coefficient of friction when
all whedls are locked and skidding (Fricke 1990).
The roll-ahead distance for a moving vehicle can be determined from the following

eguation (Michie and Bronstad 1992):

o M- vp)l?
~ 2Mp(M, + Mp)gD

wherev,, = velocity of the protective vehicleand v,-v,, representsthe closing velocity of the

protective vehicle and impacting vehicle (Michie and Bronstad 1992).
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2.2 Crash Test Guidelines

Although the basic design principles of a crash cushion are quite smple, the actual
crash testing requirementsare quite rigorous and are the determining factor in evaluating the
effectiveness of the crash cushion. NCHRP Report 350 contains the guidelines for
conducting full-scale crash testing on crash cushions and specifies the requirements which
must be met (AASHTO 1996). The crash cushion’s performance is evaluated on the basis
of its structural adequacy, the risk to the occupant, and the vehicle's trgectory after the
collison. The structural adequacy of an impact attenuator isevaluated on how it holdsup in
collisons with vehicles of different sizes traveling at different speeds and approaching from
different angles. An important quality of the attenuator is whether it scatters debris which
could strike other vehicles or land in the driving lanes. Therisk to the occupant is evaluated
by the crash cushion’s ability to keep an impacting vehicle upright and maintain the integrity
of the impacting vehicle' s passenger compartment. The vehicletrgectory isevaluated onthe
bas's of whether the attenuation system deflects an impacting vehicle back into traffic or not
(Rosset d. 1993 and Carney 1994). NCHRP Report 350 also defines several types of crash
cushions by their performance characteristics. Crash cushions can be termed “gating” or
“non-gating,” the former is a crash cushion which allows controlled penetration along part
of itslength and the latter isacrash cushion which hasredirection capabilitiesalong itswhole

length. A redirective crash cushionisonewhich canredirect avehicleimpactingitssidewhile

20



Chapter 2 Literature Review

anonredirective crash cushion brings a vehicle to a stop when impacted from the side (Ross

et al. 1993).

2.3 Analysis of Current Systems
2.3.1 Sand Barrels

There are over adozen crash cushion systems that are widely used today. The most
common types are the sand-filled barrels (Figure 2.4). In 1992, there were approximately
3,992 sand-filled barrel crash cushion systems in place in the United States (Carney 1994).
A system of over adozen barrelswould cost from $3,000 to $4,500 in Kansas (Seitz 1998).
Asaready mentioned, sand barrels work by dissipating avehicle smomentum, however, the
array of barrels performs best when hit head-on. It is a non-redirective system. This should
be carefully considered when determining the type of crash cushion for a particular location.
Significant maintenance problems may includesand within the barrel sfreezing (this, however,
can be avoided by mixing CaCl, with sand and most cold weather states do practice this) and
becoming an obstacle, the long set up time due to having to fill the barrels with sand,
measuring the amount of sand needed in each barrel in the field, barrels moving out of place
dueto vibrations on the road, the cracking of the barrels, minor hitsrequiring replacement of
the system, and the clean up required after a collision (Carney 1994). In fact cleanup takes

some agencies up to 22 man-hours even with special equipment (Kircher 1985). Thisis a
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problemin that the obstacle isleft unshielded for an extended period of time, repair crewsare

exposed to traffic while repairing or replacing the cushion, and the traffic may be delayed.

FIGURE 2.4 Sand Barrels Protecting a Concrete Barrier
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2.3.2 The GREAT System

The GREAT System is used to shield narrow hazards and costs anywhere from
$15,000 to $30,000 (Figure 2.5). It operates by dissipating the kinetic energy of acolliding
vehicle by crushing cartridges held in place by triple-corrugated stedl rails; during acollision
usually only the cartridgesand the nose are expended. The attenuator iscapable of redirecting
vehiclesthat impact it from the side with little damage to the system (AASHTO 1996). The
main problems encountered withthe 1,877 unitsin placein the United States are the high cost
of the replacement parts and the large amount of time required to repair the system. The
latter problem is especially critical because these systems may be located in narrow median
areas making the exposure of the repair crew to traffic and causing long traffic delays. The
GREAT Systemalso requiresasubstantial amount of maintenance; cartridges deteriorateand
need replacement, the nose needs replacement due to sideswipes, and the hardware rusts
easly (Carney 1994). Kansas experienced no excessive rust problems, but the anchor cables
need to be checked and may need tightening time to time (Seitz 1998). However, GREAT
does not meet the NCHRP 350 requirements and has been replaced with QuadGuard (Seitz
1998).

Although there are high maintenance costs associated with these widely used crash
cushions, their benefitsare indisputable. However, the high initial costs, maintenance costs,

and replacement costs of these systems merit further research and development of a more
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economical crash cushion. Theability to makeacrash cushion that would reduce any of these
costshasthe potential to create savingsto the highway agencies. Theresulting savingscould

be used for other needed highway improvements.

FIGURE 2.5 The GREAT System Protecting Bridge Piersin a Narrow Median

2.4 Low Cost Crash Cushion Studies
2.4.1 Aluminum Can Crash Cushion
The high-cost and non-reusability of most commercial crash cushions hasled to the
testing and development of less expensive crash cushions, some of which contain non-
expendable elements. One low-cost system made use of empty auminum cans by enclosing

the cansin a bag which was held together by a steel frame. This system was designed to be
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used on trees and utility poles, both of which have been found to be obstacles to the
motorists. The crash cushion tested was made of fiverowsof cans placed with their long axis
facing the front of the cushion and a bay with cans placed randomly (Figure 2.6). Thiscrash
cushionwasfound to beeffectivein head-on and off angle collisions of automobilesat speeds
up to 40 mph (64 km/h). Naturally, once struck the cushion could not be reused; its primary
advantage liesin its cost, approximately $500 in 1983, dollars including installation (Public

Works 1983).

Backstop

Sheet Matal
Facing

L-Front Panel

-1

FIGURE 2.6 A Low-Cost Cushion Made from Aluminum Cans (after Public Works 1983)

25



Chapter 2 Literature Review

2.4.2 The Low Maintenance Attenuator (LMA)

LMA isaproprietary crash cushion marketed by Energy Absorption, Inc., whichis
designed to protect narrow obstacles in locations where a high frequency of impacts is
anticipated (AASHTO 1996). Repair costsfor end-on impacts of this system are low dueto
the use of highly reusable parts. For most design impacts the main structural elements and
energy absorbing materials do not require replacement and can be placed back into service
in a short time. Figure 2.7 shows an LMA. The LMA shown is composed of 12 modular
bays, which consist of elastomeric cylinders surrounded by aframework of triple corrugated
steel digphragms and three-beam guardrail. A flexible, reusable nose sectionisfastened to the
end. When impacted head-on, the kinetic energy is absorbed by the telescoping movements
of the guardrail and compression of the elastomeric cylinders. Longitudinal stiffnessfor side
impact resistance is attained by use of restraining chains and a restraining cable (AASHTO
1996). TheLMA hasbeenfully tested and found to stop passenger carsin the 1,800 to 4,400
Ib (820 to 2000 kg) range at speeds up to 62 mph (100 km/h) within the guidelines of
NCHRP Report 350. Side angle impact can result in damage to the unit, which canresult in

high-maintenance cost (AASHTO 1996).
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FIGURE 2.7 Low Maintenance Attenuator (LMA) (after AASHTO 1996)

2.4.3 HMW/HDPE Crash Cushion

The materials which show the most promise in developing low-cost, non-
expendable crash cushions are high molecular weight/high density polyethylene
(HMW/HDPE), rubber, and other rubber-based materials such astires. The characteristics
of HMW/HDPE which makesit useful in a crash cushionareits high stiffness, high ductility,
high toughness, high tensle strength, and high impact resistance. Carney and Faramawl
(1995) developed a crash cushion usng HMW/HDPE cylinders. The device contained nine

HMW/HDPE cylinders which varied in thickness from 0.796 in. (20.2 mm) for the front
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cylinder to 1.39 in. (35.2 mm) for the back or last cylinder. The cushion was aso designed
to redirect vehiclesimpacting the side of the cushion by ingtalling two 1 in. (25.4 mm) thick
cableson each side of the cushion. Theresultsof full scaletesting of thisexperimental device
in accordance with NCHRP 350 with a 4,500 |b (2,000 kg) pickup truck showed that the
crash cushion was capable of bringing the vehicle to a stable, controlled stop. Furthermore,
when the load was removed fromthe cushion, it restored itsdlf to itsoriginal shapeand could
continue to serve its designed purpose (Carney and Faramawl| 1995).

Carney (1997) also used HMW/HDPE cylindersto develop a TMA. ThisTMA,
caled Vanderbilt Truck Mounted Attenuator (VTMA), demonstrated that it was capabl e of
safely decelerating a vehicle traveling 62 mph (100 km/h) and restoring itself to itsorigina
shape upon removal of theload. The VTMA also met the testing requirementsin NCHRP
Report 350 with an 1,800 Ib (820 kg) Ford Festiva and a 4,500 Ib (1,000 kg) Chevy pickup
truck and was approved for use by the Federal Highway Administration (FHWA). The
attenuator (Figure 2.8) is made of four HMW/HDPE cylinders, the largest of which is 10 ft
(3.048 m) long and has a 1 in. (25 mm) gavanized steel cable threaded inside to pull the
width to 7.08 ft (2.16 m). The three remaining cylinders are fastened to the inside of this

cylinder to provide additiona cushioning (Carney 1997).
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FIGURE 2.8 Details of the VTMA (after Carney 1997)
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2.4.4 Rubber Crash Cushion

Sicking and Ross (1985) tested several materialsfor usein alow-cost, reusable crash
cushion. Their testing concluded that polyurethane and polyethylene foamswere not suitable
due to the extensive damage they sustained in a single compression test. Rubber, however,
was found to be a good candidate material for use in a reusable crash cushion. They aso
found that cylindrical shapesof rubber seem to be the most efficient of many different shapes
tested. The cylinders have the ability to absorb the highest amount of energy per pound of
rubber (Sicking and Ross 1985).

Sicking and Ross (1985) designed a crash cushion using datafromthe initial material
testsby using the principles of conservation of energy and momentumdiscussed earlier inthis
report. Thefina designincluded 13 rubber cylinders. One cylinder was placed verticaly at
the front of the crash cushionto “capture’” an impacting vehicle while the remaining 12 were
al placed horizontally (Figure 2.9). The first six cylinders were thin-walled to reduce the
weight of the front of the crash cushion thereby reducing the momentum transfer when the
vehicle first impacts the attenuator. Heavier elements would transfer more weight in the
impact and, therefore, decelerate the vehicle too quickly. The cylinders were supported by
steel digphragms that were connected to three beam fender panels which would help provide
redirectional capabilities dong with four 5/8 in. (1.59 cm) cables. All components of the

crash cushion were intended to be reusable (Sicking and Ross 1985).
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Crashtestsrevealed that this crash cushion meetsNCHRP 230 standardsusing 1,800
Ib (820 kg) and 4,500 Ib (2,000 kg) vehicles. However, the crash cushionisnot self-restoring
but can be restored in less than one hour for under $100 (estimated). The total cost for the
crash cushion was initidly $20,000 but could be reduced to $13,000 for subsequent systems

(Sicking and Ross 1985).
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FIGURE 2.9 Rubber Cylinder Crash Cushion (after Sicking and Ross 1985)
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2.4.5 Crash Cushion From Tires

Marquis et d. (1975) werethe first to study used tires in crash cushion applications.
They developed a tire-sand inertial crash cushion by using the conservation of momentum
principle. The system consisted of tiresfilled with sand placed on collapsible bases and placed
inrows very smilar to the sand barrel systems used today. The sand filled tires were placed
on bases so that the center of gravity of the tire-sand moduleswould beraised to help prevent
vehicleramping. Each module was covered with a4 mil thick polyethylene deeveto protect
it from environmental effects and to make the system appear more aesthetically pleasing.
Figure 2.9 shows how the modules would be arranged typicaly to protect motoristsfroma
potential hazard. Full scale crash testing demonstrated that the system could stop a 4,000 Ib
(1,810 kg) vehicle (1968 Chevrolet) traveling 60 mph (96.6 km/h) within tolerable limitsfor
unrestrained occupants. The primary disadvantage of the system is the possibility of the
scattering of debris (i.e., sand and tires) when impacted. Therefore, this system should be
used in areas where debris would not cause a secondary obstacle. Still, after impact al of
the tires and most of the sand was reusable, thus virtually eliminating replacement costs of
materials. The estimated installation cost of the system was $850 in 1975 dollars (Marquis
et al. 1975).

Marquis and Hirsch (1973) also tested used tiresin a crash cushion based on adesign

created by the Goodyear Tire and Rubber Company. The Goodyear design was 70 ft (21.3

32



Chapter 2 Literature Review

m) long and used 250 tires. Marquis and Hirsch (1973) deemed that this length was not
practical for use at most roadside locations and therefore reduced the crash cushionto 35 ft
(10.7 m) long while keeping the same modular design (see Figure 2.11) used by Goodyear.
Two 0.75in. (1.91 cm) cableswerethreaded through the outside row of thetiresoneach side
and fishscaleswerelater added to work with the cablesin providing redirectional capabilities
(Figure2.11). Thecrash cushion proved to be effectivein decel erating vehiclesto asafe stop
and resulted in average decelerations of under 12 g's. Once impacted, the crash cushion
amost rebounded to its origina shape so that it could still provide most of its attenuation
capabilities. It was estimated that the cushion could be restored to its original shapein a

matter of minutes (Marquis and Hirsch 1973).
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FIGURE 2.10 Typical Layout for the Tire-Sand Crash Cushion (after Marquiset al. 1975)
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Another problem discovered during crash testing was that the vehicle rebound was
sgnificant for vehiclesnot in gear. Therefore, this cushion should not be used in areas with
high traffic or when vehicle rebound may have high potential for secondary crashes. Findly,
the front of the crash cushion caused high deceleration rates especially in smal vehicles.
Therefore, the front should be reduced in weight or stiffness to lessen initial deceleration of
the impacting vehicle. Still, this crash cushion showed much promise for application on
roadsides. One of the greatest aspects about it was that it was totally reusable and its total

cost ranged from $2,100 to $4,100 in 1973 dollars (Marquis and Hirsch 1973).
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FIGURE 2.11 Modular Design of the Goodyear Crash Cushion (after Marquis and Hirsch
1973) '
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FIGURE 2.12 Goodyear Crash Cushion as Modified by Marquis and Hirsch (1973)
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31Tires

Morethan 30 used tireswere used for this study. Tireswere obtained fromtire sales
stores located in Manhattan and Topeka, Kansas. The only criteria for selecting atire was
that it had to have an outside diameter of 24 in. (60.96 cm) or less so that it would fit in the
testing apparatus and the tire had to be an automobile (pickup trucks and mini-vansincluded)
tire. Tireswere not selected on a bass of weight, thickness, apparent wear, manufacturer,
brand, function, or style. Thetires sampled were probably relatively new due to the fact that
they weredtill inthe tire sales shop and had not been sent to alandfill, junkyard, or other type
of disposal facility. Some tires exhibited significant tread while others had little tread |eft.
Only two tires were worn to the point where the steel belts were visible.

Two tireswere used to test the experimental set-up. Theremaining 30tireswereused
as the experimental unitsof thisstudy. The type and manufacturer, size, height (or width of
thetiremeasured fromsidewall to sidewall), inner diameter, outer diameter, and sdewall area
(outer diameter-inner diameter) weredl recorded and shownin Table 3.1. Thewidthsof the
tires ranged from 6.3 in. (16.0 cm) to 8.8 in. (22.35 cm). Weights ranged from 12.20 Ibs

(5.53 kg) to 21.76 Ibs (9.87 kg).
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Table 3.1 Whole tire characteristics

TIRE TYPE SIZE WIDTH | WEIGHT | OUT.DIA IN.DIA AREA
(in) (Ibs) (in) (in) (in?)

1 Firestone FR22 |P195/75 R14 7.35 17.08 23.75 15.50 254.32

2 | Dayton Quadra XT2 |P195/75 R14 6.30 16.83 24.00 15.50 263.70

3 Copper Lifeliner |P185/70 R14 6.92 17.50 22.50 15.50 208.92

4 Toyo 800 Plus P185/70 R13 6.60 15.54 21.75 14.50 206.41

Touring Radial

5 Ultra Supreme 770 |P185/70 R14 6.50 16.17 22.50 15.50 208.92

6 Firestone FR480 |P175/70 R14 6.50 14.60 22.25 15.50 200.13

7 Classic Premium |P175/70 R13 6.56 13.13 20.50 14.50 164.93

Steel Belted Radial

8 Dean Celestial P195/65 R14 7.92 16.76 21.50 15.50 174.36
Metric

9 Goodyear F32-S |P195/70 R14 7.55 14.35 22.50 15.50 208.92

10 | Supreme 700 Ultra |P185/70 R14 6.84 17.34 23.00 15.50 226.78
Patriot

11 Pirelli Response |P195/60 R14 7.70 16.33 22.00 15.00 203.42

12 Firestone FR22 |P195/75 R14 7.41 16.33 24.00 15.50 263.70

13 | Ultra Supreme 770 |P195/70 R14 7.50 16.75 23.00 15.50 226.78
Patriot

14 Falken Fk-06U P195/60 R14 8.55 17.20 21.00 15.50 157.67

15 |Goodyear Aquatread |P175/70 R13 6.65 15.22 20.50 14.50 164.93

16 Michelin X Metric |P175/70 R13 7.00 14.38 21.25 14.25 195.17

17 American Turbo |P175/70 R13 6.87 12.20 20.50 14.50 164.93
Metric

18 | Goodyear Conquest |P195/70 R14 7.40 15.28 23.00 15.50 226.78

19 Michelin Radial X |P175/70 R14 6.95 14.10 22.25 15.50 200.13

20 Michelin Radial X |P175/70 R14 6.90 13.27 22.00 15.50 191.44

21 Defender HRX P205/55 R15 8.80 21.66 23.25 17.50 184.03
Radial

22 | Goodyear Regatta |P205/65 R15 7.78 18.28 24.00 16.50 238.57

23 | General Ameri* G45 |P195/70 R14 7.64 15.64 22.75 15.50 217.80

24 Ultra STRSport  |P185/70 R14 6.92 14.38 22.25 15.50 200.13

25 | General Ameri* G45 |P195/70 R14 7.55 15.25 22.50 15.50 208.92

26 | Goodyear Invicta GI |P175/70 R13 6.86 13.32 21.00 14.50 181.23

27 Michelin Radial X |P175/70 R14 6.85 14.04 22.50 15.50 208.92

28 | Goodyear Conquest |P195/70 R14 7.22 15.04 23.00 15.50 226.78

29 Michelin X Metric |P175/70 R13 6.85 14.24 21.25 14.25 195.17

30 |Defender HRX Radia |P205/55 R16 8.80 21.76 23.00 17.50 174.95

Average 7.24 15.80 22.31 15.40 204.96

Std. Deviation |0.655011|2.186732| 1.03325 |0.767329|28.12808
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3.2 Tire-Derived Rubber Samples

Thetire-derived rubber sasmpleswere provided by Dodge-Regupol, Inc. in Lancaster,
Pennsylvania. The sampleswere made from shredded used tiresand aresinoushbinder. There
are two methods of shredding used tires: tires can be cryogenically frozen to atemperature
where the rubber can be easily removed from the steel beltsand chords inside the tire or the
tires can be shredded whole and the stedl is removed by passing magnets over the shredded
product. Since the maor component of these samples are shredded used tires, they can be
produced at a reasonable cost.

Three different types (four samples of eachtype) of the shredded tire-derived material
weretested for thisproject asshowninFigures3.1and 3.2. Table 3.2 liststhe characteristics
of each sampletype. The SPAV paver tile is composed of finely shredded, densely-packed
used tiresand will be referred to asthe “fing” pad for the purposes of thisstudy. The second
sample is a SPX50 tile which does not contain the dense component. It is composed of
shredded tire pieces larger than those in the fine pad and the shreddings are more loosely
packed. This pad will be referred to asthe “coarse” pad in thisstudy. The last sampleisa
SPX50 tile. One of its square facesis composed of fine tire shreddings similar to that of the
fine sample pad and measuring 0.5 inch (1.27 cm) in thickness. The remainder of the pad is
composed of a coarse material smilar to the coarse sample pad. In this study this pad will
be referred to as the “composite” pad because it is made from both fine and coarse tire

shreddings.
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Table 3.2 Recycled Tire-Derived Pad Characteristics

Type

in

mm

SPAV Paver tile (Fine)

12x12x 1 3/4

305 x 305 x 44.5

SPX50 Tile Minus
(Coarse)

12x12x 2

305 x 305 x 50.8

12x12x 31/4

305 x 305 x 82.6
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FIGURE 3.1 Tire-Derived Pads (from left to right: coarse, fine, and composite)

FIGURE 3.2 Tire-Derived Pads (from top to bottom: fine, coarse, and composite)
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SAMPLE TESTING

4.1 Introduction

Thetires and the tire-derived pads were tested both statically and dynamically to
determine whether they could be used in alow-cogt, reusable crash cushion. The effect
of temperature and environment on the samples were beyond the scope of this study. As
discussed earlier in this report much of this data can be obtained from the manufacturer
and these effects have been the subject of other studies. All materials were tested indoors

at temperatures ranging from 68°F to 78°F (20°C to 26°C).

4.2 Static Tests

Static Compression tests were conducted on all materials to determine durability,
load versus deflection relationship, and maximum loads. Testing was conducted at the
Kansas Department of Transportation (KDOT) Materials Testing Lab on a 120,000-1b
capacity SATEC Systems Universal Testing Machine (Figure 4.1) and a 440,000-I1b
capacity SATEC Systems Universal Testing Machine. Each machine was controlled by a
486-computer using the MATS-II Universal Materials Automated Test System Program.

This program also stored test results on computer disks and printed the specified output.
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FIGURE 4.1 SATEC Systems 120,000-1b Capacity Universal Testing Machine with 486-
Computer Crushing Tire in Horizontal Compression
4.2.1WholeTires
All whole, singletire tests were conducted on the 120,000-1b capacity Universa
Testing Machine. Tireswere placed on their side (longitudinal axes oriented horizontally)
onal/4in. (6.4 mm) steel sheet placed on steel I-beams to bring them up to where they
could be compressed under the head of the testing machine. A one-inch (25 mm) thick
steel plate with a diameter of 24 in. (610 mm) was fixed to the head to compress the
entire sidewall area of the tire as shown in Figure 4.2. Three of these tests, hereafter
called horizontal tests, were conducted on each tire to determine the durability and peak
load of thetire. Theinitial loading for these tests was 500 |bs/min, which was determined

to be an adequate loading rate from the two initial set-up tires. However, subsequent tires
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proved to be much tougher and the loading rate was increased to 2,500 |bs/min. Tests on
earlier samples were repeated so that correlation could be drawn between the tire tests at

the samerate. A total of 112 single-tire horizontal compression tests were performed.

FIGURE 4.2 Setup for Horizontal Tire Static Compression Test
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FIGURE 4.3 Setup for Horizontal Multiple-Tire Static Compression Test

Horizontal compression tests on multiple tires were conducted on the 440,000-1b
capacity Universal Testing Machine. The set-up for the test was similar to that of the
singletiretests. Tireswere stacked horizontally so that their sidewalls were in contact as
depicted in Figure 4.3. Thirteen tests using two tires, 12 tests using three tires, and 12
tests using five tires were conducted for atotal of 37 multiple-tire horizontal compression

tests.
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FIGURE 4.4 Setup for Vertical Tire Static Compression Test
Individual tires were also tested vertically (longitudinal axes vertical) on the
120,000-1b testing machine shown in Figure 4.4. Tirestested in this manner had aready
been tested horizontally. Tires were damaged when tested in this manner, therefore, only
11 single-tire vertical compression tests were conducted.
Output data of the tests was stored by the MATS-II program on computer disk.

The output specified for these tests was a plot of the load verses deflection.
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4.2.2 Recycled Tire-Derived Pads

Each of the three different types of tire-derived pads were marked as samples one
through four. Thefirst sample for each type of pad was used to determine the loading rate
for the static compression tests. Since pads were solid it was concluded that they would be
ableto takealarger load per unit of deflection. Therefore, thefirst four tests were conducted
at loading rates ranging from 2,500 Ibs/min to 5,000 Ibs/min on the 120,000-Ib capacity
testing machine. It wasquickly discovered that the padswould be capabl e of sustaining much
higher compressive loads than thetires. Therefore, all subsequent testing was conducted on
the 440,000-1b capacity testing machine. A rangeof loading ratesweretested for each sample
type until aloading rate of 60,000 Ibs/min was decided upon for the remainder of the tests.

Theinitia 27 testswere conducted by placing asteel cylindrical pedestal onthetesting
machine. A one inch (25 mm) thick steel plate the same size as the pads (one square foot)
was placed on top of the cylindrical pedestal asillustrated in Figure4.5. This portion of the
setup was designed to move the specimen closer to the head of the testing machine so it could
be compressed. A 3/8in. (9.5 mm) thick reinforced steel plate was attached to the head of
the testing machine. Each pad was placed between these plates and tested in compression.
During compression tests, the pads would deform lateraly in al directions so that when the
load was released and the pads returned to their origina shape, they would snag on the
cornersof the plate. These plates werethen placed with oneinch (25 mm) thick circular plates

with a24 in. (610 mm) diameter and the tests were compl eted.
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A total of 59 static compression tests were performed on the tire derived samples.
Tests were repeated on single pads and tests were conducted stacking two and three pads
on top of each other. A complete record of the tests conducted can be found in Appendix

A.

FIGURE 4.5 Initial Setup for Static Compression Tests on Tire Derived Pads.
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4.3 Dynamic Tests

Dynamic tests were conducted on a high response, closed loop, eectrohydraulic
Minnesota Testing System (MTS) with a 5,500 Ib (25 kN) load cdll (Figure 4.6) at Kansas
State University. Materialswereloaded using a haversine function since this seemed to most
closaly model loading during animpact. Thedataoutput for thesetestswereload-deflection
curves showing both the loading and the unloading phases of the test.
4.3.1WholeTires
Tests on whole tires were performed by placing the tires horizontally between two one
inch (25 mm) thick steel plates 24 in. (610 mm) in diameter. A total of ten tires were

tested, each at two different frequencies (0.1 Hz and 0.08 Hz) and three different loads

FIGURE 4.6 Dynamic Test on Tires using the MTS Machine at Kansas State University
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(1,000 lbs, 2,500 Ibs, and 5,000 Ibs) for atotal of 60 tests. Tires were tested at different
frequencies and loads to determine the effects of each factor. The 5,000 Ib (22.3 kN) load
was amost to the point on the load-deflection curve where the slope changes from
horizontal to vertical. Thispoint isacritical point because it is the point where the tire
begins taking on load quickly while deforming very little. The work done in crushing each
specimen and in returning each specimen to its unloaded state was found by measuring the
areas under the load-deflection curves with a planimeter. A complete listing of the

dynamic tire tests conducted can be found in Appendix A.

4.3.2 Recycled Tire-Derived Pads
Testing of the pads utilized the same set-up as the wholetires. Each of the three
pads was tested at the same frequencies and loads as the tires for atotal of 18 tests. Data

for each dynamic test on the pads can be found in Appendix A.

49



CHAPTER 5

CALCULATIONSAND RESULTS

5.1 Results and Discussions

Tiresinthe horizontal static testswereloaded until theload versus displacement curve
was nearly vertical (or, ope of infinity). In other words, sampleswere loaded until theload
was increasing rapidly but deflection was increasing very little. This usudly occurred after
the tires had been compressed to about 75% of their width. Since this criterion for
terminating the test is somewhat subjective, testswere conducted for the same length of time
as frequently as possible to minimize any variationin the results. The resultant loads for the
500 Ibg/min tests had a mean load of 8,415 Ibs (37.4 kN) and a standard deviation of 2,442
Ibs(10.9kN). Figure5.1 showstheaverageloadsfor each tire under the 500 Ibs/min loading

along with the quartile ranges.
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FIGURE 5.1 Average Peak Loads for Each Tire Under 500 Ibs/min Loading
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FIGURE 5.2 Average Peak Loads for Each Tire Under 2,500 Ibs/min Loading

It is to be noted that there are five outliers, two lower and three upper or higher
outliers presumably dueto the variabilities of the used tires studied. The 2,500 Ibs/min tests
had an average load of 14,786 Ibs (65.8 kN) and astandard deviation of 2,236 1bs (9.95 kN).
Figure 5.2 shows the average loads for each tire for these tests. For this set of tests there
were fewer outliers, there is one lower and two upper outliers.

The tires proved to be extremely durable. After the first compression test, the tires
rebounded to an average 97% of their original width and after the second test, rebounded to
an average 99.6% of their previous width. The peak loads for the tires al'so support their
durability. Loads from the first to the second test decreased by approximately two percent
while loads from second to third tests decreased by less than two percent. To summarize,

tires nearly returned to their original shape and retained most of their strength after multiple
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horizontal compression tests.

The shape of the load-deflection curve for the horizontal state tests shows that these two
parameters have an exponential relationship (Figure 5.3). This is desirable, but not optimal.
According to Sicking (1997), an optimal design would be characterized by the cushion=s ahility to
deflect (or crush) reasonabl e distanceswhile experiencing several small increasesinload (seeFigure
5.4). The problem with the exponential curveisthat whileinitially the cushion (or tirein this case)
experiencesalarge degree of deflection compared to increaseinload, thisrelationship iseventually
reversed, load increases rapidly while deflection issmall. Interms of a crash cushion, this would
cause a vehicle striking the crash cushion to experience high decelerations during the fina phase
of stopping the vehicle. While this does not prohibit the use of tiresin a crash cushion, it is an
important factor which must be considered when designing a crash cushion with tires. A crash
cushion should be designed so that only the flat or horizontal portion of the curveis used.

Tiressubjectedto vertical compressiontesting had asmilar |oad-deflectionrel ationship. Peak
loads for tiresin vertical compression testing were only dightly lower than they were for horizontal
testing. The most important difference is that tires in vertical compression (again, in compression
along their longitudinal axes) experienced greater deflections. Therefore, in terms of crash cushion
design, thiswould allow the impacting vehicle to decelerate over agreater distance before reaching
the point where the load-deflection curve turns upward sharply. From this standpoint it seems that

acrash cushion
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FIGURE 5.3 Typical Load-Deflection Curve for Static Tire

FIGURE 5.4 Ideal Load-Deflection Curve for Crash Cushions (after Sicking 1997)
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design would favor tires oriented for compression on their long axes over tires oriented for
sidewall compression. However, there was one problem with the vertical compression tests
Tires in vertical compression were subject to loads over five minutes in duration and were
compressed until they were three to four inches thick as shown in Figure 5.5. This produced a
large amount of strain onthetirecausing it to tear in placeswhich were bent or folded. Sincethis
occurred on dl fivetires tested in this manner, the vertical compression tests were discontinued.
It is reasonable to conclude that tires during impact loading would not be subjected to the same
type of compressiveforce and that they would have morefreedomto move or rebound, in essence,
preventing or reducing the likelihood of this type of damage from occurring. This hypothesisis
supported by the research conducted by Marquis et d. (1975) on the tire-sand inertial barrier. In
that study, the tires were struck by a vehicle aong their longitudina axis and all tires were
reusable.

Thetire-derived pads proved to be equally durable under static testing. Furthermore, the
fine and coarse samples exhibited almost no reduction in their peak loads after three tests while
the composite sample exhibited asix percent reduction of peak loading capacity fromfirst to third
loadings. The loads sustained by the individual pads were about seven times greater than that of
the tires under the same loading rate of 2,500 Ibs/min and were over 13 times greater at their
tested loading rate of 60,000 Ilbs/min. Figure 5.6 shows the resultant loads of three different

samples for each type of pad.
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FIGURE 5.5 Static Test with Tirein Vertical Compression

The load-deflection curvesfor the pads followed the basic exponentia curve that thetires
did with the primary differences being that the |oads were much greater and the deflections were
much smaller. The reason for this significant difference is that when atire is crushed in either
direction, part of the deflectionis due to collapsing the tire during which time the load increases
very gradually. However, since the tire-derived pads are solid there are no “void” spaces, which
would alow the material to undergo large deflections while only gradually increasing the load.
As a result the pads have a much greater load per unit length. In terms of crash cushion
performance, the tire-derived pads would cause a striking vehicle to come to an abrupt stop asiif

it had struck awall. Therefore, use of these materialsin acrash cushionmust include“void” space
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that would increase the deflection of the material upon impact so asto cause decelerations within

tolerable limits. Thiswill be discussed further later in this chapter.

280
Ry —
240
220 |
200 —E'

o
S
.|._

160 (—
140 —
120

Load (x1000 Ibs)

Sample No.

FIGURE 5.6 Peak Loads for Pads for 60,000 Ib/min Static Tests

Although al the padshad higher loadsthan thetires, therewerea so significant differences
among the pads. The fine pad carried much higher loads per unit length when compared to the
coarse and composite samples (see Appendix B for sample load-deflection curves). The most
important difference between the whole tire dynamic tests and the pad dynamic tests is the work
done in crushing the pads. The work done in crushing the pads was much lower than that of the

wholetires..
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The output for the dynamic testson the tireswas al oad-defl ection curve showing both the loading
and unloading phases of the test. This allowed the area under the loading and unloading curves,
or work, to be compared to each other in the form of atire rebound/tire crush (R/C) ratio. R/C
ratios for the 10 tires tested ranged from 0.37 to 0.57 with one extreme outlier at 0.74 (Figure
5.9). Therefore, when atireis crushed to a certain degree, about half of the energy that was used
to crushit isregained asthetirereturnsto itsoriginal shape. Whilethesevauesare not extremely
high, they are high enough that the possibility of atire crash cushion pushing a striking vehicle
back into traffic should be considered.

Thework donein crushing thetiresfor the 5,000 Ib (22.3 kN) loads ranged from 476 ft-lbs
(645 joules) to 738 ft-1bs (1,000 joules). Figure5.10 showsthework donein crushing thetirefor
eachtest. The higher loads produced higher deflections which increased the area under the load-

deflection curve and thus, resulted in more work.

Table 5.1 Tire and Pad Dynamic Test Comparison’

Deflection (in.) | Work (ft-lbs) | R/C Ratio
Tire 4.07 603 0.46
Fine Pad 0.28 49.4 0.63
Coarse Pad 0.70 118 0.61
Composite Pad 1.24 193 0.54

! Test data for load of 5000 Ibs (22.3 kN) and frequency of 0.1 Hz
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FIGURE 5.9 Rebound/Crush Ratios for Tires

R/C ratios for the tire-derived pads ranged from 0.48 to 0.63 (Figure 5.11). Thiswas
generaly higher thanthe R/C ratiosfor the whole tireswhichisan undesirable characteristic. The
pads were significantly most important difference between the whole tire dynamic tests and the
pad dynamic tests is the work done in crushing the pads. ( The work done in crushing the ower
than that of the tires.)) Thisis because of the fact that for the specified loads, the sample pads
experienced much smaller deflections. Table 5.1 compares the differences in the deflections and
the work between the whole tires and the pads. Since the loads for the specific tests were the
same, the difference in the work done is due only to the deflection. The area under the load-
deflection curve for the pads was smaller because they deflected less under the same load. This
property was especially evident in the fine pad which resulted in peak work values of 49.4 ft-Ibs
(67.0joules) and 44.91t-1bs (60.9 joules). This characteristic reaffirmsthefact that thetire-derived

pads would be unsuitable for use in a crash cushion in any solid form. To make them practical,
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“void” space must be added whichwould allow the material to deflect moreasthey take on greater
loads, thus resulting in smaller vehicle decel erations when impacted by a vehicle.

Figures 5.12 and 5.13 summarize the results of the dynamic tests conducted on the pads.
Notethat for changesinload, the resulting changesin deflectionand work aresignificant, whereas,
for the changes in frequency, the resulting changes in deflection and work appear insignificant.
Also, the composite sample had the highest deflection and work, much as it had the highest peak
load for the static tests. In fact, the order of magnitude for the test results of the dynamic tests
seemsto parallel the resultsof the static tests. This observation strongly suggests that the output
for the static and dynamic tests is influenced by a common factor. This factor appears to be
thickness. It seemsthat asthethicknessof the pad increases, the magnitude of the output, whether
it ispeak load or work, also increases. Thisrelationshipwill bediscussed inmoredetail inthe next

section.
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FIGURE 5.11 Rebound/Crush Ratios for Tire-Derived Pads
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FIGURE 5.13 Frequency vs. Load vs. Work for Dynamic Tests on Tire-Derived Pads
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5.2 Statistical Analysis

Theresultsof acorrelation anaysis of the characteristics of eachtireand the resultant peak
load during horizonta static tests are tabulated in Table 5.2. From these calculations, it can be
concluded that thereislittle correlation between atire=sweight, area, deflection at peak load, or
resultant peak load. In other words, the weight and area of a tire are not linearly related to
deflection or peak load and are poor predictors of the |oad-deflection relationship. Deflection and
load may be related to some other characteristic of thetire, such aschord strength, cross-sectional
area, or age of the tire. Although a linear relationship does not exist between any of the
parameters under consideration, severa basic trends can be identified, but with very little

confidence. For example, the heavier the tire, the less it deflects, but the more load it can take.

Table 5.2 Correlation Coefficients and p-values of Tire Properties

Tire Weight Area | Deflection | Load

Tire 1.000 | -0.0367 | -0.2366 0.2352 0.1087
0.0 0.847 0.208 0.211 0.597

Weight 1.000 | 0.1541 -0.1170 | 0.2729
0.0 0.416 0.538 0.178

Area 1.000 0.1531 -0.4181
0.0 0.419 0.0335

Deflection 1.000 -0.1545
0.0 0.451
Load 1.000

0.0
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A relationship can be drawn between the number of tiresin horizontal static compression
and the peak load and likewise, the total deflection due to static compression and the peak load.
The equation for the relationship between the number of tires and the resultant peak static load is
asfollows:

P=12,437+891t* (R?=0.951, MSE = 6,670 |bs)
where

P = peak static load (Ibs) and

t = number of tires.
Figure 5.14 shows the plot of this equation along with the observed values used to develop the
equation. This equation can be used to predict the peak load for any number of tires. Appendix
C shows the peak load values predicted by the equation aong with the 95% confidence interval
onthe mean (the range of where the mean of al observationswould lie) and onthe predicted value

(the range of where the next observation may lie).
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FIGURE 5.14 Number of Tiresvs. Peak Load Curve for Static Tire Tests
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Another useful and very similar relationship which can be modeled is the relationship
between peak load and deflection as shown in Equation (5.2). Peak load and deflection cubed
have avery high correlation coefficient (0.98) with avery highlevel of significanceindicating that
they would be easy to model. The equation for thisrelationshipis:

P=13,333+3.93d® (R*=0.961, MSE = 6.048 |bs)

where

P = peak loads (Ibs) and

d = deflection or distance compressed (in.)
A plot of Equation (5.2) along with the observed values can be found in Figure 5.15. This model
isespeciadly useful since for any given peak load and deflection the curve can be predicted fairly
accurately, which is important in developing a crash cushion. The major disadvantage of this
model is that it isonly good for aload rate of 2,500 Ib/min which makesit difficult to correlate
with impact loading. These issues will be discussed further later. Appendix C contains the SAS
output specifying the details of this model.

An analysis of variance of the dynamic tire tests revealed that the interaction between load
and frequency was not significant in determining the deflection or work donein crushing thetires,
the andysis for each yielding p-values of 0.7492 and 0.9867, respectively. In addition, the
frequency was found to be not significant, resulting in a p-value of 0.7215 for deflection and
0.8328 for work. Only the tires and load were significant in determining the deflection and the

work done. This seems reasonable since the differences caused by the tires can be attributed to
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the random variation among the tires and the differences caused by the loads can be explained by

the increased area under the curve (more work) for higher loads.
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FIGURE 5.15 Deflection vs. Peak Load Curve for Static Tire Tests
The relationship between the loading rate and the peak |oad was explored further with the
tire-derived pads. Analysis of this relationship using SAS revealed that all models of peak load
versusloading ratefor each type of sample had acommon intercept, but the composite sample had
a much steeper sope than the fine and coarse samples. This is probably due to its greater
thickness since thisis the only factor that is different from the other two samples.
The relationship between peak load and loading rate for each type of sample is shown

below:
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Fine Pad:

P=146650 + 946.2r (R?=0.9446, MSE = 6034 Ibs)
Course Pad:

P =143810+ 1170r (R*=0.9745, MSE = 4988 |bs)
Composite:

P = 1315610 + 2143r (R?=0.9942, MSE = 4308 Ibs)
where

P = peak load (Ibs) and
r=loading rate (Ibs/min).
Figure 5.16 shows the plots of the relationships described. These plots show that higher loading

rates produced higher peak loads in the tire-derived pads much asit did with the whole tires.
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FIGURE 5.16 Load vs. Load Rate Data with Predicted Relationships for Tire-Derived Pads
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As dready discussed, whole tires were tested at a loading rate of 2,500 Ibs/min which is
at the lower end of the graph in Figure 5.16 and the tire-derived pads were tested at aloading rate
of 60,000 Ibs/min which is at the higher end of the graph. Therefore, whole tire tests will yield
lower peak loads per unit deflection when compared to the tests conducted on the pads. The
difficulty in having peak load so dependent upon loading rateisthat it makes selection of aloading
rate to conduct the tests at a critical factor.

Therefore, since 60,000 Ibs/min loading rate seemed to best approximate impact loading,
thiswas used to conduct the pad tests. Therelationship devel oped between peak |oad and loading
rate can be used to make inferences on the whole tire tests.

An equation can be devel oped to show the relationship between deflection and peak |oads

by pad type. The equations may be expressed as follows:

Fine:

P = 149192 + 42980d (R?>=0.9949 , MSE + 7,261 |bs)
Coarse:

P= 185464 + 18922d (R?=0.8580, MSE = 6,275 |bs)
Composite:

P =214186+15957d (R?=0.8205, MSE = 10,713 |bs)

Sngle Line for all pads:
P = 174413 + 27844d (R?=0.8022 ,MSE = 17,208 |bs)

where P = peak load (Ibs) and
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d = deflection or height compressed (in.).
Figure 5.17 shows a plot of the equations for each type of pad along with the recorded
observations. A notable trend can be seen on the load-deflection curve in Figure 5.17 and from
Equation (5.9). Although the pads can be modeled more accurately when modeled by type, an
equation for dl pads can represent this relationship with a fair degree of accuracy. This
relationship is made clearer by inspection of the data pointsand supports hypothesis made earlier
in this report: the thickness of the pad has an effect on the peak load. The fact that these points
can be modeled by one line shows that although the composite pad had the highest peak loadsthis

can be accounted for by its greater thickness.
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FIGURE 5.17 Load vs. Deflection Data and Lines for Tire-Derived Pads
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Ananadysisof variance of the dynamic pad testsreveal ed the same basic conclusions found
for the whole tires. Firgt, interaction between the load and the frequency was not significant in
determining deflection or work, and frequency, by itself, was not significant. Only load and pad
type were found to be significant. Thisis reaffirmed by the study of the load versus deflection
curves (see Appendix B).

5.3 Crash Cushion Design

Thereare several approacheswhich can betaken in designing acrash cushionas mentioned
earlier inthisreport. The most useful method for many crash cushionswith afixed, rigid support
isthe design based on both the conservation of energy and the conservation of momentum. First,
however, certain design criteria and guidelines must be established and defined. Crash cushion
performance standards are published in NCHRP 350 (Ross et a. 1993). Table 5.3 lists the
standard test vehicle types, the required mass for each (with the value converted to pounds for
purposesof calculation), the required impact speed for eachtest, and the cal culated energy for that
giventest. The 2000P pickup truck test vehicle impacting the crash cushion head-on at a speed
of 62 mph (100 km/h) will be used as the design vehicle for a crash cushion. Thisisthe highest
energy test set by NCHRP 350 for head-on impacts. Guidelines for conducting tests with the
8000S, 36000V, and 36000T vehiclesare established only if ahigher performance crash cushion

isdesired. The 2000P pickup truck is usually the standard test vehicle (Ross et al. 1993).
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Table 5.3 NCHRP 350 Test Requirements and Resulting Energy

Vehicle Type Max. Weight | Impact Speed | Impact Speed| Energy Energy

(kg) (Lbs) (km/h) (mph) (ft/Ibs) (Joules)

700C Small Car 800 | 1764 100 62 226,330 | 306,900

820C Small Car 920 | 2028 100 62 260,200 | 352,830

2000P Pickup 2200 | 4508 100 62 578,400 | 784,310

Truck

80008 Single-Unit 8200 | 18080

Van Truck

36000V Tractor/van] 26500( 80470

Trailer

36000T Tractor -26500( 80470

/Tank Trailer

Sinceused tiresare not uniform, the datain Table 3.1 describing the average characteristics of the
tireswill be needed to describe the average tire used in designing the crash cushion. The average
work done in crushing the tiresfor the 5000 |b (22.3 kN) testsis 579.28 ft-1bs (785.5 joules) with
a standard deviation of 73.3 ft-lbs (99.4 joules).

Another requirement which must be established is the minimum length of a crash cushion
to ensurethat the decel eration forces experienced by the occupant iswithin prescribed tolerances.
Marquis and Hirsch (1975) used an average deceleration force of six g=s based on Federa
Highway Administration (FHWA) guidelines. Thisiswell below half of the preferred maximum
deceleration of 15 g=s as established by NCHRP 350 (Ross et al. 1993).

Recalling the following equations of accel eration and accel erationing=s, arelationship for

finding the minimum decel eration distance can be found: G=4aJg
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Converting mph to fi/s yields 62 mph (1.47) = 90.2&/5 and replacing in the above equation
gives us:
(909)* - (0)*
T 2(322)6

= 21387

Converting mphto ft/syields 62 mph (1.47) = 90.9 ft/sand replacing in the above equation gives

us:

7 (9097 O

21.38f
2(32.2)6

This number represents the deformation length, therefore, the actual length of the crash
cushionmust be greater than thislength. Assuming that the crash cushion deforms 75% of itstotal
length as was found during static testing, we will have atotal crash cushionlength of 28.5ft (8.69
m).

Sincethe weight and speed of the test vehicle for the crash cushion developed by Marquis
and Hirsch (1975) are almost the same as our test vehicle, their test can be used to check and
calibratethe datacollected for this study using the principles of the conservation of energy and the
conservation of momentum.

The number of tiresin the Marquis and Hirsch (1975) cushion can be verified as follows:
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29.67 ft = 356 in.

356

T24 = 49.170r50 tires long

50(5 tires/module) = 250 tires in whole crash cushion

Therefore, the mass of the crash cushion is:

e —es———_ 100 Tsluoy
g 322

The kinetic energy absorbed by the crash cushion as predicted by dynamic testing is:
KE_ = (250)(579.28) = 144,820 f1 - Ibs

The reduction in speed of the vehicle due to momentum transfer can be found as

follows:
v, m, (90.0)(140)
Y m+m, (140+122.7)
The kinetic energy required to stop the vehicle can be found by:

= 484 /s

1 1
KE, = (140)(484)" - — (140)(0)” = 164,250t - Ibs

By using the energy datacollected for the dynamic tests, it isclear that the kinetic energy absorbed

by the crash cushionis 19,430 ft-lbs greater than that determined by dynamic testing. Thisequates
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to an additional 77.7 ft-lbs of energy absorbed per tire which is just outside of the standard
deviation for the observed values. This agrees with what was suspected earlier. The work
resulting from the 5,000 |b dynamic loads was low because 5,000 Ibs was not enough load to
adequately compress the tire. This can be confirmed graphically on the load versus deflection
curve. The maximum dynamic load of 5,000 |bs was selected based on the limitations of the
testing machine.
From these observations and calculations, we can find the adjusted average for work
required to crush atire as follows:
579.28 + 77.7 = 657 ft-lbs
Thisvaue can be used in devel oping prototype crash cushions. One possible useful design
would be a tire crash cushion that is narrower than the Marquis and Hirsch design. A crash
cushionwithathree-tireform (Figure5.18, itema) would be able to be used in narrower locations.
By designing the crash cushion on the principles of conservation of energy and conservation of
momentum as was done for the calibrated cushion, we should have a crash cushion with the same
or greater number of tiresto adequately stop the design vehicle. Thiswould requirethat the crash
cushion contain the following number of tires:
250/3 = 83.3 tires or 84(3) = 252 total tires or be
84(7.24) = 608.2 in. = 50.7 ft (15.46 m) in length.
The performance of this crash cushion can be checked by performing the following

caculations;
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FIGURE 5.18 Prototype Crash Cushions
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Chapter 5 Calculations and Results

m = wig = (252)(15.8)/32.2 = 124 dugs

KE = (252)(657) = 165.564 ft-Ibs

B s w'g = 25N 5. 8)32.2 = 124 slags

KE = (252637} = 165,504 fi-[bs

¥, M, TR

S w140+ 124)

4821 ia

[mi-2KE, (4004827 -3065564) o
‘i e ¥ 140

Therefore, the crash cushion will stop the vehicle.

The collison mechanics of a TMA are more complicated than that of a stationary crash
cushion. However, if severa assumptions are made, a TMA made from used tires can aso be
designed using the principles of the conservation of energy and the conservation of momentum.
First, however, the design criterianeed to be established. Most TMAsare designed for a capacity
of 305,000 ft-Ibs instead of the 578,397 ft-lbs used for afixed, stationary crash cushion (Michie
and Bronstad 1992). Thisisequivaent to the 2000P pickup truck traveling at an impact speed of
66 ft/s or 45 mph (72 km/h).

The protective vehicle carrying the TMA also helps “cushion”the impact of an errant
vehicle by rolling forward. Therefore, the TMA does not typically absorb all of the energy in a
collision nor isit intended to do so. If the roll-ahead distance is known, then the velocity of the

protective vehicle and the impacting vehicle, which will be assumed to move off together in the
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same direction and at the same vel ocity after impact, can be found. To determinethiswewill also
have to assume adrag factor for the truck. Michie uses adrag factor of 0.30 for calculating roll-
ahead distance (Michie and Bronstad 1992). Thisvalue is obtained when the truck isin gear and
thereisonly partial braking. Assuming aroll-ahead distance of 25 ft, the velocity after impact can

be found as follows:

a=fz=(0.30)(32.2) = -9.66 fUs*

v, = v - 2ad = {07 - 2(-9.66)(25) = 220/ /5

Therefore, the truck and the impacting vehicle can be moving together at avelocity of 22.0/1.47
=15 mph. From this point on the problem becomes more complicated. The interaction between
the energy dissipating characteristics of the truck and the TMA are quite complex. However, the
conservation of kinetic energy and the conservation of momentum principleswill be used to make
ajudgement asto whether aTMA designwill work. Figure5.18, item b depicts aused-tire crash
cushionwhichwill beused inthisanalysis. The crash cushionisthreetiresinwidth and 25 ft long.
Performing the same methodology as before we arrive at afind velocity of 30 ft/s for the design
vehicle. Whereas this does not meet the 22.0 ft/s requirement, it is feasible that the additional
energy will be dissipated through the TMA. This design merits further testing.

Another design which should be considered isthe TMA depicted in Figure 5.18, item c.
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This TMA usestiresin compression along their longitudinal axes. The disadvantage of used tire

TMAs s that the weights are excessive and may make the crash cushion impractical.
As already discussed, the tire-derived pads proved to have load per unit length valuestoo

highfor usein acrash cushion. If thismateria isto be used in acrash cushion, collapsible spaces
need to be added. Figure5.18 items d, e, and f show some possible designs which would allow
greater deflections of the tire-derived material. I1tem d (the cylinder) would be the most efficient,
that is, would providethe greatest force per unit pound of material (Sicking and Ross 1985). This
shape, however, would probably not work for the tire-derived material tested in this study. The
cylinder, when compressed laterally, would experience a high amount of tension around it’s
circumference. The tire-derived material in this study, while strong in compression, would
probably not be able to withstand the tension forces caused by a significant impact. Therefore, a

morerigid design likeitemseand f may bein order.
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CONCLUSIONS

6.1 Overview

In this study static and dynamic testswere conducted on used tires and recycled tire-
derived materials to determine whether these materials could be used in alow cost, low-
maintenance crash cushion. The load versus deflection characteristics, peak loads, energy
absorbed in compression (or crushing) were observed and recorded to make this
determination. Also correlation analyses, regression analyses, and analyses of variance were
conducted on datacollected to better understand the behavior of the materials. Thefollowing
conclusions and recommendati ons were made based on the data collected, statistical anaysis,
and the review of previous studies, analyses, regression analyses, and analyses of variance

were conducted on data collected to better understand the behavior of the materials.

6.2 Conclusions

Both used tiresand tire-derived pads are durable materials which retain most of their
load-absorbing capacity and retain their shape after successive loading. In addition, they are
fairly inexpensive and the raw materials (used tires) are readily available. These properties
makethem good candidatesfor usein alow-cost, |ow-maintenance crash cushion. However,
thetiresand thetire-derived pads exhibited properties which merit special attention or were

deemed to be unacceptable for use in a crash cushion. These properties are:
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. R/C ratios for the tires and the tire derived pads were fairly high, each having an
average valueof 0.48 and 0.57, respectively. By themselvesthesevauesare
not high enough to preclude either materia from being used in a crash
cushion, but do aert us to the possibility of excessive vehicle rebound for
which specia design considerations must be made.

. The load-deflection curve for the tires and the tire-derived samples resembles an
exponential curve. Although this is not an idea relationship it can be effective if
incorporated properly into the design of acrash cushion. Only the horizontal portion
of the curve should be used when considering the deflection or distance of crush for
a crash. A crash cushion that deflects beyond the horizontal portion of the load
deflection curve will cause excessive decelerations to an impacting vehicle.

. The tire-derived pads had excessively high loads per unit deflection. This
characteristic does prohibit the use of padsin acrash cushion. This materia could
possibly be used in acrash cushionif “voids’ were added to make the material more
“crush able” or alow it to deflect more under loading. Severa possible designsthat
would alow thisto occur were presented. The problem that may be encountered in
devel oping acrash cushion component fromthe pad materia isthe materia’ sinability

to take very high tension loads.

Considering the factors mentioned above, used tiresin horizontal compression make
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effective low-cost, reusable crash cushions. This study determined that approximately 657
ft-1bs (891 joules) of energy is needed to crush atypical automobiletire. Thisvalue can be
used to design many different types of crash cushions including TMAs. Thelimiting factors
for atirecrash cushionor TMA isthe excessive number of tiresrequired (or, size of the crash
cushion) and the resulting heavy weight.

Tiresin vertica compression may also make effective crash cushions. The peak load
for tirescrushed vertically isvery closeto the valuesrecorded during horizontal compression.
In addition, the load would be distributed over agreater distance whichwould result inlower
deceleration rates for an impacting vehicle. Tires did, however, deform permanently and
showed significant damage when statically tested in this manner. This damage would not be

expected under impact testing.

6.3 Recommendations

The environmental effects on the tire-derived blocks should be studied in detail.
Impact tests should be conducted on tires in both the horizontal and vertical orientation as
well as on the proposed shapesfor the tire-derived materials. Thiswouldyield valuesfor the
energy required to crush each material and could be used to design a crash cushion by the
principles of conservation of energy and conservation of momentum. Full-scale prototypes
of the crash cushions should then be constructed and tested for compliance withthe NCHRP

Report 350 guidelines.
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Table A.1 Tire Characteristics and Test Data

TIRE HEIGHT (in.) WEIGHT[OUT. DIA] IN. DIA. | AREA
NO. |TYPE SIZE TEST1|TEST 2| TEST 3| {Ibs) {in.} {in.) {in.) AYL | AYZ | WAl | %Az
1 |Firesicne FRZ2Z PIOSTSRI4| 795 | 7145 | 715 | 1708 | 2375 | 1550 | 254.32 | 020 | 000 | 272 | 0.00
2 |Dayton Quadra XT2 |P19575R14] 630 | 625 | WA | 1883 | 2400 | 1550 | 253.70 | 005 | NA | 079 | NA
3 |Cooper Lifeliner P1BSTORI4 | 682 | 660 | 655 | 1750 | 2250 | 1550 | 20802 | D32 | 005 | 462 | 0.78
Teyo 800 Plus Touring
4 |Radial __ IPMBS/TORIG| 660 | 650 | 650 | 1554 | #.75 | 1450 | 20841 | 010 [ 000 | 152 | omo
S |UktraSupreme 770 |PIBSTORI4| 650 | 635 | 635 | 1617 2250 | 1550 | 20882 [ 015 | 000 | 231 | 000
& |Firestone FR480 PITSTOR1I4| 650 | 632 | 635 | 1480 | 29925 | 1550 | 20043 | 018 | 003 | 277 | 047
Clazsle Premium Steal
7 |Belted Radial PI7SFORI3| 658 | 650 | 650 | 1393 | 2050 | 1450 | 18483 | ooe | ooo | om | ooo
8 |Dean Celestial Metle |P195%85R14| 792 | 770 | 7.70 | 16. 2150 | 1550 | 17436 | 0.22 | 000 | 278 | oo0
9 |Goodyear F32-5 PIOSTOR1I4]| 765 | 738 | V40 | 1435 | 2250 | 1550 | 20882 | 047 | 002 | 225 | 027
Supreme 700 Ulra .
10 |Patriot PIBS/TOR14 | BB4 | B48 | 640 | 1734 | 2300 | 1550 | 20676 | 096 | oos | 528 | 1.3
11 |Pirelll Response PI13G/BORT4 [ 7.70 | 765 | 770 | 1833 | 2200 | 1500 | 20342 | 0.05 | 005 | 065 | 065
12 |Fireslone FR22 PIOS/TSR14| 741 | 730 | 725 | 1633 | 2400 | 1550 | 263.70 | 011 | 005 | 148 | 068
Ultra Supreme 770 ! ] _
13 |Patrict PISSTOR14| 750 | 705 | 705 | 1675 | 2300 | 1550 | 2678 | 045 | 000 | 600 | ooo
14 [Falken FK-06U PI19S/E0R14]| 855 | B55 | B45 | 1720 | 2100 | 1550 | 15767 | 000 | 0.10 | 0.00 | 1.7
15 _|Goodyear Aguatread |P175/T0R13| 665 | 645 | 645 | 1522 | 2050 | 1450 | 16493 | 020 | 0.00 | 301 | 0.00
168 |Michefin X Melric PI78TOR13| 700 | 650 | 645 | 1438 | 2125 | 1425 | 195,17 | 050 | 0.05 | 7.14 | 077
17 |American Turbo Metric|P7570R13 | 687 | 6687 | 680 | 1220 | 2050 | 1450 | 16493 .| 020 | <013 281 | 185
18 |Goodyear Conquest [P1SG70R14| 740 | 700 | 700 | 1528 | 23.00 | 1550 | 22678 | P40 | 000 | 541 | 0.00
18 [Michelin Radial X PITRT0R14]| 695 | 655 | 655 | 1410 | 2225 | 1550 | #0012 | 040 | ‘000 | 578 | 000
20 _[Michelin Radial X PI7S/TOR14] €90 | 670 | 665 | 1327 | 2200 | 1550 | 191.44/| b20 | 0.05 | 260 | 075
21 |Defender HRX Radial |P205/55R16 | 880 | 664 | B62 | 2166 | 2325 | 1750 | 18403 | 018 | 002 .82 | 023
22 |Coodyear Ragatia PIOSESRIS) 778 | 750 | 740 | 1828 | 2400 | 1650 | 23857 | D28 | D0 | 360 | 1.33
23 JGeneral Amen" G45 |P195/70R14| 7684 | 726 | 728 | 1564 | 2275 | 1550 | 21780 | D38 | -0.02 | 457 0.28 |
24 |UMra STRSport  |P1BSTORI4 | 692 | 675 | 675 | 14.98 | 2225 | 1550 | 20043|| 017 | 000 | 248 | 0.00
25 |General Amer” G45 |P19670R14 | 755 | 730 | 735 | 1535 | 2550 | 1580 | 20892 | 025 | -005] 331 | 068
26 InvictaGL _|PITS/7O0R13 | 686 | 660 | 660 | 1332 | Z1.00 | 14 Bz 026 [lomo | 37| ooo
27 |Michelin Radial X PI75/70R14 | 685 | 660 | 660 | 1404 | 2250 | 1550 | 20892 | 0.25 | 000 | 365 | 0.00
28 |Goodyesr Conquest [P19570R14| 722 | 705 | 702 | 1504 | 2300 | 1550 2678 | 047 [ o3 | 235 043
20 [Michelin X Metric PITS70R13 | 685 | 660 | 860 | 1424 | 2125 | 1425 | 19517 | D25 | 000 | 365 | 0.00
| 30 |Defender HRX Radial |Fa0weuRi6 | BB0 | BE&S | & 2176 | 2300 | 1750 7495 | 045 | 000 | 1.70 | 0.00
AVG | 1580 | 2231 1540 0496 | 0.22 | 001 | 3.08 | 0.40
ST DEV| 2.186732| 1.03%248| 0.757329] 28.12808[ 0.1234] 0.0451] 17238 0.5167

v xrpuaddy
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Appendix A Material and Test Data

Table A.2 Tire Static Test Resulis

TEST|TEST|COUNTER| TIRE |PEAK LOAD|INIT, HT.] DISPL. | COMP.

NO. | NO. |TYPE| READING| NO. (Ibs) (in.) {in.) (%)
EBEETE 81 1 3652 7.35 5.52 75.10
2 T8 A 82 1 3621 7.15 5.63 78.74
3a | 13| A 83 1 363 | 7.15 564 | 78.88
4 |14 A 84 1 3625 7.15 564 78 68
5 | 1-a| B 205 1 14550 7.15 5.87 82.10
8 | 21 | A 85 2 2504 .30 467 74.13
7 | 2a| B 206 2 9710 6.25 577 82.32
8 | 31| A ) 3 7690 6.02 4.43 64.02
9 | 32| A B7 3 7834 6.60 4.32 65.45
10 | 33| A B8 3 7232 6.55 | 4.21 85.80
1 | 3a| B 207 3 14960 6.55 5.08 77.56
12 141 ] A B9 4 7783 6.60 466 70.61
13 | 42 | A 80 4 7920 B.50 450 69.23
14 | 43 ] A a1 4 7798 6.55 4.50 68.70
15 | 42 | B 208 4 14300 B.55 513 78.32
16 |51 A 82 5 | 7944 6.50 493 | 7585
17 | 52 | A 83 5 7824 B.35 468 73.70
18 | 53| A o4 5 7863 6.35 4.92 77.48
18 | 5-a | B 209 5 12960 6.35 516 81.26
20 | 81 | A 87 ] 9588 .50 467 71.85
21 | 62| A o8 6 7828 6.32 4.54 71.84
2 |sa| A 89 3 7806 .35 4.50 70.87
23 | 6a | B 16182 6 13770 B.35 4.85 76.54
24 | 71| A 101 7 7827 6.56 492 | 7500
25 | 72 | A 102 7 7724 .50 4.04 76.00
26 | 73 | A 103 7 7826 6.50 476 73.23
27 | 7a | B 16183 7 13780 6.50 514 79.08
28 |81 A 104 B 13510 792 | 579 | 73.11
28 | B2 | A 105 8 12590 7.70 557 7234
0 |83 A 106 8 13080 7.70 5.64 73.25
M | Bal| B 16164 8 14130 7.70 6.01 78.05
2 [e1 ] A 107 9 6096 7.55 5.08 79.21
33 [ 92| A 108 g 6118 7.38 5.94 80.49
34 | 93| A 109 g 5622 _7.40 6.07 82.03
35 | 9-a| B 16185 g 13680 7.40 6.35 85.81
[ 36 [101] A 113 10 13260 B.84 447 B5.35
37 |10-2| A 114 10 13120 .48 4.30 B6.36
38 | 103] A 115 10 11270 6.40 457 71.41
39 |10-a| B 16186 10 13880 6.40 4.77 74 53
40 [111] A 116 11 7873 7.70 557 72.34
41 [11-2] A 117 11 7439 7.65 5.51 72.03
42 |11-3] A 118 1 7420 7.70 5.58 72.60
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Table A.2 (cont.) Tire Static Test Results

TEST|TEST|COUNTER| TIRE |PEAK LOAD|INIT.HT.| DISPL. | COMP,
NO. | NO. |TYPE| READING| NO. (Ibs) @in.) {in.) (%)
43 [1i-a| B 269 11 19230 7.70 583 | 75.71 |
4 [129] A 119 12 5830 7 41 6.00 80.97
45 | 122] A 120 12 5738 7.20 591 80.96
46 [123] A | 121 12 5762 7.25 5.80 81.38
47 [12-a| B 270 12 16240 7.25 582 81.66
48 [ 131 A 122 13 12890 7.50 544 | 7253
48 [132] A 123 13 12590 —7.05 5.18 73.48
50 [133] A 124 13 12500 7.05 5.18 73.48
51 |13-a| B 271 13 16570 7.08 519 73.62
52 [14-1] A 125 14 7920 B.56 8.16 71.96
55 [14-2] A 128 14 7635 B.55 6.16 72.05
54 [143] A 127 14 7602 B.45 6.06 71.72
55 [14-a| B 272 14 17100 845 6.30 74.56
56 [ 151 A 128 15 12260 6.65 4.79 72.03
57 [152] A 129 15 11980 6.45 4.69 72.71
58 [153] A 130 15 11840 6.45 468 | 7256
50 [15-a] B 273 15 16200 6.45 4.74 73.48
60 [186-1] A 131 16 11050 7.00 5.06 72.28
61 |162] A 132 16 7852 6.50 4.59 70.62
62 |16-2a] A 133 16 7842 6.45 4.58 71.01
63 [16-a| B 274 16 15350 6.45 5.03 77.98
64 [17-1] A 134 17 7904 8.87 5.34 77.73
85 | 17-2| A 135 17 7645 6.67 5.18 77.66

[ 66 [173] A 136 17 7826 6.80 535 7868
67 [17-a| B 275 17 14680 6.80 5.44 80.00
68 [181] A 137 18 7852 7.40 5.60 76.89
60 (182 A 138 18 7786 7.00 5.48 78.29
70 [183] A 130 18 7793 7.00 5.43 77.57
71 |18a| B 16082 18 11730 7.00 565 | 80.71
72 (181 A 140 18 12480 6.95 5.20 76.12
73 [ 18-2] A 141 19 7834 6.55 4.81 73.44
74 [18-3] A 142 19 7845 6.55 4.67 71.30

| 75 [18-a| B 276 18 15630 6.55 5.06 77.25
76 | 20-1] A 143 20 7845 6.90 4.76 68.99

77 | 20-2| A 144 20 7192 6.70 4.87 74.18

| 78 [203] A 145 20 7788 6.65 4.90 73.68
78 | 20-a| B 277 20 14710 6.65 5.06 76.09
80 [211] A 146 21 10050 8.80 6.43 73.07
81 [212] A 147 21 0584 8.64 6.25 72.34
82 [21-3] A 148 21 9708 862 6.37 73.80
83 [ 231 A 148 22 7158 7.8 6.08 78.15
84 [ 22.2] A 150 22 7385 7.50 593 | 79.07
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Table A.2 (cont.) Tire Static Test Results

TEST[TEST|COUNTER] TIRE |PEAK LOAD|INIT. HT.] DISPL. | COMP.
NO. | NO. |TYPE| READING| NO. (Ibs) (in.) (in.) (%)
85 | 22-3| A 152 22 7380 7.40 558 | 7541
86 | 22-4| A 153 22 7373 7.45 589 | 79.06
87 |22a| B | 16090 22 12090 7.45 6.06 | 81.34
88 | 23-1] A 154 23 7880 7.64 581 76.05
80 [23-2| A 155 23 7838 7.26 5,57 76.72
90 |233| A 156 | 23 7856 728 | 551 | 7569
91 [23a]| B | 16091 23 11730 7.28 588 | 80.77
92 [ 241 A 157 24 11790 6.92 544 | 7861
93 |242| A 158 24 11370 6.75 520 | 77.04

94 [243| A | 159 24 11360 | 6.75 543 | B0.44
95 | 251 | A 160 25 7792 7.55 578 | 76.56
96 | 252 | A 161 25 7692 7.30 575 | 78.77
97 [253| A 162 25 7671 7.35 566 | 77.01
98 | 261 A 163 26 7734 6.86 521 75.95
99 [ 262 A 164 _|_ 26 7669 | 6.60 5.14 77.88
100 | 26-3 | A 165 26 7667 6.60 508 | 76.97
101 | 271] B 166 27 15460 6.85 504 | 73.58
102 | 27-2| B 167 27 14400 6.60 4.91 74.39
103 | 27-3| B 168 27 14350 6.60 499 | 7561
104 | 28-1| B 169 28 14140 7.22 569 | 78.81
105 | 28-2 | B 170 28 13550 7.05 560 | 79.43
106 | 28-3| B 171 28 13480 7.02 556 | 79.20
107 | 20-1| B 172 29 14670 6.85 533 | 77.81
108 | 29-2 | B 173 29 13240 6.60 4.93 74.70
109 | 293 | B 174 29 13160 6.60 5.31 80.45
110 | 30-1] B 175 30 19750 8.80 6.64 | 7545
111 | 30-2| B 176 30 19490 8.65 6.48 | 74.91

B 177 30 19030 8.65

.

79.59
79.6

7777

//////////

////////
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Table A.2 {cont.) Tire Static Test Results

TEST|TEST|COUNTER| TIRE |PEAK LOAD][INIT. HT.| DISPL.
NO. | NO, |TYPE| READING| NO. {Ibs) {in.) (in.)
121 | b | © 186 18/20 14850 8.00 B.66
13.26 | 10.02
122 [ l-2a| C 187 18/20 743 13.10 4.04
123 | -2b | C 188 18/20 14280 9.00 65.48
13.10 | 10.58
124 | l-3a | C 189 18/20 600 13.10 4.07
125 | I3b | C 180 18/20 14780 9.00 6.52
= 1310 | 10.62
126 | lilk-1a| C 181 29/19/20 B75 19,60 6.10
127 | l-ib| © 182 29/19/20 13.50 4.55
128 |ll-1e| C 193 20/19/20 31160 9.00 5.87
19.60 | 16.47
129 |lk2a| C 184 28/19/20 BA1 198.50 5.73
130 | lI-2b| C 185 29/19/20 13.50 4.56
131 |lik2c| C 186 29/19/20 30450 9.00 5.B85
18,50 | 16.35
132 | ll-3a| C 16082 | 18/22/23 970 21.50 6.29
133 |3b| C 16083 | 18/22/23 15.25 7.68
134 |l3c| C 16084 | 18/22/23 25110 B.10 477
2150 | 1817
135 |ll-4a| C 16085 | 18/22/23 BG3 21.50 7.94
136 | lllkdb| C 16086 | 18/22/23 13.25 B.15
137 | lll-4c| C 16087 | 18/22/23 50550 8.10 5.27
21.50 | 1B.67
24726115/
138 | V-1a| C 197 1817 33.75 9.08
24/26/15/
139 | v-ib| © 198 1617 24.00 6.94
2412615/
140 | vie| © 189 1617 17.00 B.78
24/26/15/
141 |v1d| © 200 1617 116500 8.30 4.97
33.75 | 30.42
24/28/15/
142 |v-2a| ¢© 218 16017 33.75 0.06
24/28/15/
143 |v-2n| ¢ 219 1617 24.00 7.74
24/26/15/
144 | v-2e| c© 220 1617 17.00 B.54
24/26/15/
145 | v-zd| © 222 1617 105100 8.30 506 F
33.75 | 30.51 90.4
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Appendix A Material and Test Data

Table A.2 (cont.) Tire Static Test Results

TEST|TEST|COUNTER| TIRE |PEAKLOAD[INIT. HT.|] DISPL. | COMP. |

NO. | NO. |TYPE| READING| NO. {Ibs) {in.) in.)
| 146 |v-2-a| C 18167 _| 6/7/8/9/10 34.00 9.14
147 [v-2-b] C 16188 | 6/7/8/9/10 25.00 8.32
148 |v-2.c| C 161688 | B8/7/8/9/10 17.00 8.23
149 [v-2d| C 18170 | 6/7/8/910] 151400 9.00 5.88
3400 | 3068 | ©0.18
150 [ L-1a| L 210 1 23.75 0.05
151 [ L1b| L 211 1 23.75 £.06
152 [ L-1c | L 212 1 7411 23.75 4.54
[ 153 [L-1d| L 213 1 T4T3 23.75 4.92
154 [L-3a| L 214 3 22.50 6,08
155 | L-3b| L 215 3 22.50 9.08
156 | L3¢ | L 218 3 13400 22.50 4.00
157 [L-3d | L 217 3 13430 22.50 3.95
158 [ L11| L 278 1 15220 22.00 7.20
150 [ L15] L 279 15 15110 20.50 6.92
160 | L-16 | L 280 18 14040 21.25 B.91

Test A - 500lbsmin

Test B - 2500/bs/min

Test C - 2500ibs/min, muitiple tires

Test L - 2500ibs/min, longitudinal compression
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Table A.3 Tire-Derived Sample Static Test Results

NO. [TESTNOJ COUNT.|[ LOAD |SAMPLE| SAMPLE | PEAK LOAD | INIT.HT.| DISPL | CONP.
READ. | RATE | NO. TYPE (Ibs) (in.) (in) @) |
1 1-F-A | 223 |05Kmin| 1 FINE 19670 1.75 058 | 3207
2 1-FB | 224 |25Kmin| 1 FINE 106900 1.75 1.01 | 57.71
3 1-CA | 225 |25wmin]| 1 COARSE 110000 2.00 158 | 79.00
4 1CP-A | 228 |25Kmin| 1 COMP | 110000 | 32§ | 255 | 7846
5 1-CP-A | 227 |25Kmin| 1 ComP 110000 3.25 251 || 7703
6 2-F-A | 15282 | Skimin 1 FINE 150200 | .75 | 120 | 73.11
7 2C-A | 15283 | Swmin 1 COARSE 150100 | | 2.00 165 | 8250
8 2-CP-A | 15209 | Sk/min 1 COMP 150600 325 | 281 | 8031
9 3F-A | 15300 | 10k/min 1 FINE _ 151600 1.75 126 | 72.00
10 3CA | 15301 | 10k/min | 1 COARSE 150800 2.00 163 | B1.50
11| 3CP-A | 15302 | 10k/min | 1 COMP 152900 3.18 260 | B254
12 4F-A | 15548 | 20k/min | 1 FINE _ 174400 1.78 127 | 7257
13 4C-A_| 15549 | 200min | 1 COARSE 173800 2.00 1.61 | 80.50
14 | 4CP-A | 15550 | 20kmin | 1 COMP 179600 3.10 257 | 8290
15 5-F-A_| 15551 | 40kimin 1 FINE _ 181400 1.75 122 | 69.71
16 5C-A_| 15552 | 40Kimin | 1 COARSE 187900 2.00 163 | 8150
17__| 5CP-A | 15553 | 40kimin | 1 COMP 217700 3.10 276 | B80.03
18 6F-A | 15554 | 60kimin i FINE _ 205400 1.75 133 | 76.00
18 8-C-A | 15655 | 60k/min 1 COARSE 225500 2.00 170 | 85.00
20 | 6.CP-A | 15556 | 60kimin 1 COMP 244200 3.10 279 | 9000
21 1F-B | 15557 | 60kimin | 2 FINE 210700 1.75 165 | 0420
22 | 1F-B2 | 15558 | 60kimin | 2 FINE 204500 1.75 120 | 73.71
23 1-CB | 15550 | BOkimin | 2 COARSE 227800 | 200 | 1.75 | 87.50
24 | 1.CP-B | 15560 | 60kimin | 2 COMP 275800 310 | 2.81 | 9065
25 | 1-2F-A | 15561 | 60kimin | 273 2 FINE 251200 335 31| 9284
26 | 1-2C-A | 15562 | 60kmin | 23 | 2 COARSE 250100 4.00 345 | 8625
27 | 1-2CP-A | 15563 | 60K/min | 273 2 COMP 302800 | 6.30 585 | 9286
28 TF-A | 1565 | 60kmin | 4 FINE 203400 1.70 1.30 | 76.47
29 7-F-B_| 15657 | 60K/min |__4 FINE 202600 || 170 | 119 | 70.00

v xipuaddy

BIE(] 1S3 L, PUE [ELSIE]
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Table A.3 (cont.) Tire-Derived Sample Static Test Results

NO. |TESTNO.| COUNT.| LOAD |SAMPLE| SAMPLE | PEAKLOAD [ INIT.HT.] DISPL. | COMP.
30 7-F-C_| 15658 | 60k/min 4 FINE 204000 1.70 1.25 73.53
31 7-C-A | 15659 | 60K/min [] COARSE 214400 2.00 1.78 89.00
32 7-C-B | 15660 | 60K/min 4 COARSE 212200 2.00 1.78 89.00
33 7-C-C_| 15661 | 60k/min 4 COARSE 214000 2.00 1.66 83.00
34 7-CP-A_| 15662 | 60k/min 4 COMP 266600 3.15 2.75 87.30
35 7-CP-B | 15663 | 60k/min 4 COMP 250600 3.15 2.63 83.49
38 7-CP-C | 15664 | 60k/min 4 COMP 249400 3.15 2.62 83.17
a7 1-3F-A | 15685 | 60kimin | 1/2/4 3 FINE 318100 5.25 4.00 76.19
38 1-3F-B | 15666 | 6Ok/min | 1/2/4 3 FINE 312500 5.25 4.00 76.19
38 1-3C-A | 15667 | 60kmin | 1/2/4 | 3 COARSE 226100 5.90 4.88 82.71
40 1-3C-B | 15668 | 60k/min | 1/2/4 | 3 COARSE 219600 5.90 4.78 81.02
41 1-3CP-A | 15689 | BOKmin | 1/2/4 3 COMP 26650 NIA N/A NJA
42 1-3CP-A | 15670 | 60kimin | 1/2/4 3 COMP 101000 9.50 7.10 74.74
43 [ 1-3CP-B| 15671 | 60k/min | 1/2/4 3 COMP 140600 9.50 7.33 77.18
44 | 1-2FC-A| 15672 | 60k/min 2 [1FINE1CRSE| 217900 3.65 287 | 7863
45 | 1-2FC-B| 15673 | 60K/min 2 |1FINE1CRSE| 216600 3.65 283 77.53
46 |1-2FCP-A| 15674 | 80k/min 2 |[1FINE 1 COMP| 262200 4.75 3.83 80.63
47 |1-2FCP-B| 15675 | 60k/min 2 |[1FINE 1 COMP| 258600 475 377 79.37
48 [1-2CCP-A| 15676 | 80k/min 2 1CRSE1CP | 227100 5.05 4.15 82.18
49 |1-2CCP-B| 15677 | 60K/min 2 1CRSE1CP | 222300 5.05 4.19 82.97
50 [1-3FCC-A| 15678 | 60k/min | 2/2/4 |1FINE 2CRSE| 244800 5.55 4.53 81.62
51 |1-3FCC-B| 15679 | 60k/min | 2/2/4 |1 FINE 2CRSE| 243200 5.55 4.44 80.00
52 [1-3FCPCP| 15680 [ 60k/min | 2/2/4 |1 FINE 2 COMP| 250100 8.15 6.38 78.28
53 |1-3FCPCP| 15681 [ 60k/min | 2/2/4 |1 FINE 2 COMP| 213700 8.15 6.30 77.30
54 1-1-F_| 16171 | 80k/min 4 FINE 201600 1.75 1.28 73.14
55 1-1-C_| 16172 | 80K/min 4 COARSE 216000 2.00 1.77 88.50
56 1-1-CP_| 16173 | 60k/min 4 COMP 257100 3.10 263 B4.84
57 1-2-2F | 16174 | 60kimin | 1/4 FINE 277800 3.50 265 7571
58 1-2-2C | 16175 | 60k/min | 1/4 COARSE 248800 4.00 3.28 82.00
59 | 1-22CP | 18176 | 60k/min | 1/4 COMP 303100 8.25 5.25 B4.00

v xipuaddy

2IE(] 1S9, PUE [BUIRA



Appendix A

Material and Test Data

Table A.4 Dynamic Tire Test Results

TEST| TIRE [FREQJNOM LD[ACT LD| DEF |__AREA (cm?) | WORK (i.ibs) | RIC
NO. | MO, (Ibs) (Ibs) (in) | Crush |Rebound] Crush |Rebound| RATIO
1 [ 20 1 [1000 [ 979 | 153 | 1350 | 54.2 | 681 | 273 | 040
2 | 20 | 1 | 2500 | 2572 | 267 | 1186 | 54.7 | 2200 | 1476 | 046
3 | 20 | 1 | 5000 | 5000 | 407 | 90.0 | 41.5 | 6034 | 2762 | 046
4 | 20 | 2 [ 1000 | 950 | 148 | 1288 | 552 | €50 | 278 | 043
5 | 20 | 2 | 2500 | 2467 | 3.02 | 118.8 | 54.8 | 3206 | 147.0 | 046
6 | 20 | 2 | 5000 | 4887 | 318 | 748 | 350 | 5015 | 2346 | 047
7 1 6 | 1 | 1000 [ 886 | 083 | 766 | 373 | 397 | 188 | 0.47
8 | 6 | 1 | 2500 [ 2587 | 223 | 897 | 415 | 2420 | 1120 | 0.46
9 | 6 | 1 | 5000 | 5075 | 314 | 819 | 327 | 5481 | 2192 | 040
10 | 6 [ 2 | 1000 | 1014 | 097 | 754 | 40.0 | 380 | 202 | 053
11 | 6 | 2 | 2500 | 2542 | 225 | ©2.2 | 437 | 2488 | 117.6 | 047
12 | 6 | 2 | 5000 | 4962 | 3.10 | 798 | 33.0 | 5350 | 2212 | 0.41
131 28] 1 [ 1000 | 979 | 147 | 112.8 | 536 | 569 | 27.0 | 0.48
14 1 23 | 1 | 2500 [ 2527 | 407 | 1727 | 76.0 | 486.0 | 207.5 | 0.45
15 ] 23 | 1 | 5000 | 4850 | 490 | 940 | 437 | 6302 | 293.0 | 0.46

| 16 | 23 | 2 | {000 | 950 | 163 | 1209 | 634 | 655 | 320 | 0.49
17 | 23 | 2 | 2500 | 2572 | 454 | 1796 | 824 | 48468 | 2223 | 046
18 | 23 | 2 | 5000 | 5000 | 468 | ©3.3 | 43.6 | 625.5 | 292.3 | 0.47
19 | 17 | 1 [ 1000 | 943 | 221 | 2078 | 026 | 1048 | 467 | 045
20 | 17 | 1 ] 2500 [ 2466 | 4.07 | 1306 | 62.4 | 352.4 | 168.4 | 0.48
21 | 17 [ 1 | 5000 | 4887 | 464 | 716 | 37.2 | 480.0 | 2494 | 052
22 | 17 [ 2 [ 1000 | 850 | 214 | 1561 | 1154 | 787 | 582 | 074
23 | 17 | 2 | 2500 | 2542 | 424 | 130.8 | 61.3 | 3528 | 1654 | 047
24 | 17 | 2 | 5000 | 5075 | 445 | 781 | 35.7 | 5236 | 239.32 | 0.46
25 | 4 | 1 | 1000 | 893 | 087 | 758 | 433 | 382 | 218 | 057
26 | 4 | 1 | 2500 | 2602 | 225 | B7.7 | 39.8 | 2386 | 1074 | 045
27 | 4 | 1 | 5000 | 5000 | 355 | ©4.2 | 446 | 631.5 | 2000 | 0.47
28 | 4 | 2 | 1000 | 978 | 1.06 | 3.3 | 452 | 42.0 | 228 | 0.54
29 | 4 | 2 | 2500 | 2527 | 233 | 848 | 352 | 2283 | 950 | 042
30 | 4 | 2 | 5000 | 4812 | 242 | 903 | 403 | 6054 | 2702 | 045
31 | 19 | 1 ] 1000 | 979 | 1.06 | 846 | 406 | 427 | 206 | 048
32 | 19 | 1 | 2500 | 2572 | 287 | 118.0 | 572 | 3184 | 154.3 | 0.48
33 | 19 | 1 | 5000 [ 5038 | 381 | 90.7 | 456 | 6081 | 3057 | 0.50
34 | 19 [ 2 | 1000 | 9021 | 122 | 995 | 453 | 50.2 | 229 | 048
35 | 19 [ 2 | 2500 [ 2572 | 265 | 97.1 | 45.7 | 2620 | 1233 | 0.47
3 [ 19 [ 2 | 5000 | 5038 | 394 | 826 | 47.0 | 6208 | 3151 | 0.51
37 | 18 [ 1 | 1000 | 850 | 227 | 1855 | 856 | 936 | 432 | 046
38 | 18 [ 1 | 2500 | 2633 | 4.47 | 1525 | 789 | 4115 | 2129 | 052
39 | 18 [ 1 | 5000 | 5038 | 4.24 | 711 | 354 | 476.7 | 2373 | 050
40 | 18 | 2 | 1000 | 1000 | 217 | 1735 | 80.8 | 87.5 | 408 | 0.47
41 | 18 | 2 | 2500 | 2739 | 366 | 138.2 | 56.8 | 3720 | 1533 | 0.1
42 | 18 | 2 | 5000 | 5113 | 432 | 818 | 401 | 5484 | 2688 | 040
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Appendix A

Material and Test Data

Table A.4 (cont.) Dynamic Tire Test Results

[TEST| TIRE [FREQ|NOM LD[ACT LD| DEF | AREA (om) | WORK (iibs) | RIC
NO. | NO (Ibs) {Ibs) {in.) Crush |Rebound| Crush |Rebound| RATIO
43 | 5 [ 1 ] 1000 | 964 | 103 | 784 | 40.3 | 3886 | 20.3 | 051
44 | 5 | 1] 2500 | 2542 | 220 | 815 | 306 | 219.9 | 826 | 0.38
45 | S | 1 | 5000 | 5038 | 3.89 | 108.6 | 40.5 | 7281 | 271.5 | 0.37
46 3 2 1000 837 1.16 96.9 44.3 48.9 223 0.46
47 | S5 | 2 | 2500 | 2527 | 257 | 952 | 441 | 256.9 | 119.0 | 0.46
48 | 5 | 2 | 5000 | 5038 | 3.84 | 1101 | 43.7 | 7381 | 293.0 | 0.40
49 | 10 | 1 | 1000 | 979 | 0.86 | 829 | 425 | 418 | 214 | 0.51
50 | 10 | 1 | 2500 | 2542 | 208 | 788 | 37.8 | 212.6 | 1020 | 0.48
51 ] 10 | 1 | 5000 | 5038 | 3.00 | 760 | 376 | 522.8 | 2521 | 0.48
52 | 10 | 2 | 1000 | 964 | 0.80 | 733 | 364 | 370 | 164 | 050
53 10 2 2500 | 2802 2.03 76.5 37.8 | 206.4 | 102.0 | 0.49
54 | 10 | 2 | 5000 | 5038 | 261 | 746 | 37.5 | 5001 | 251.4 | 050
95 | 7 ] 1 | 1000 | 993 | 1.55 | 1180 | 54.5 | 595 | 27.5 | 0.46
56 | 7 | 1 | 2500 | 2572 | 3.06 | 1117 | 56.7 | 301.4 | 153.0 | 0.51
S7 | 7 | 1 | 5000 | 5075 | 415 | 894 | 44.7 | 597.4 | 289.7 | 0.50
58 | v | 2 ] 1000 | 986 | 138 | 1036 | 520 | 503 | 262 | 0.50
56 | 7 | 2 | 2500 | 2572 | 317 | 1247 | 63.0 | 336.5 | 170.0 | 0.51
60 | 7 | 2 | 5000 | 5075 | 388 | 855 | 445 | 550.8 | 2914 | 0.52

Frequency 1 - 0.1 Hz
Frequency 2 - 0.08 Hz
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Appendix A Material and Test Data

Table A.5 Dynamic Tire-Derived Sample Test Results

TEST|SAMP|FREQ|NOM LD|ACT LD| DEF | AREA(cm’ | WORK (fi-ibs) | RIC
NO. |TYPE {lbs) {Ibs) (in.) | Crush [Rebound] Crush |Rebound| RATIO
1 _|FINE| 1 | 1000 | 1000 | 0.08 | 50 2.8 25 14 | 0.56
2 |FINE| 1 2500 2618 0.14 116 7.0 12.4 7.5 0.60
3 |FINE] 1 | 5000 | 5038 | 0.28 | 186 | 11.7 | 494 | 31.1 | 063
4 [FINE| 2 | 1000 | 1000 | 008 | 4.9 28 2.5 14 | 057
5 |[FINE[ 2 | 2500 | 2618 | 014 | 11.2 | 7.1 120 [ 76 | 083
€ |FINE| 2 | 5000 | 5038 | 026 | 169 | 10.4 | 449 | 276 | 0862
7 |CRSE| 1 | 1000 | 1000 | 022 | 186 | 90 | 04 4.5 | 0.48
8 [CRSE| 1 | 2500 | 2587 | 047 | 477 | 258 | 510 | 276 | 0.54
9 |CRSE| 1 | 5000 | 5038 | 0.70 | 445 | 27.0 | 1184 | 71.7 | 0.1
10 ICRSE| 2 | 1000 | 1007 [ 025 | 210 | 121 | 106 | 61 | 0.58
11 |CRSE|] 2 | 2500 | 2618 | 0.50 | 474 | 28.3 | 50.7 | 302 | 0.60
12 |CRSE| 2 | 5000 | 5038 | 0.70 | 444 | 258 | 117.9 | 68.5 | 0.58
13 [CMP] 1 | 1000 | 983 | 044 | 396 | 216 | 200 | 108 | 0.55
14 |CMP| 1 | 2500 | 2618 | 0.87 | B48 | 448 | 807 | 479 | 0.53
15 |CMP| 1 | 5000 | 5038 | 124 | 727 | 395 | 163.0 | 104.8 | 0.54
16 JCMP| 2 | 1000 | 993 | 047 | 435 | 216 | 218 | 109 | 0.50
17 |CMP] 2 | 2500 | 2633 | 087 | 815 | 467 | 671 | 499 | 0.57
18 |CMP| 2 | 5000 | 5038 | 122 | 711 | 41.2 | 188.8 | 100.4 | 0.58

Frequency 1-0.1 Hz
Frequency 2 - 0.08 Hz
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Appendix B

Sample Output from Tests
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Appendix B

Sample Output from Tests

TEST WNUMBER 1=g
Test Compression Tect
Fraocedure TIRES |
Test Date NI—Cp= 1957 Tested fv
Tesl Time DI 0827 P Test Couritar
lzosed Time QO Gh0l Ares
Feak Losd 15720 Lbs wompr Strgin
HMedulu= 4. .5202 F&I
Load vz Position
£ e ]
dm183|
e ':I! =-1997
| 1eeee
H 19888 l i
12888 /
P !
= 1 G330 f H
A
il ] f
B / ﬂ
//
zage ]
L= !
--ll"-"".
— -
TEITI' HUMBER 1-
8 _In== . j
8.2 @.85 1.7@ 2.3 2.48 4.25 5.18 5.95 6.B@ 7.65 8.52
(Imn) H
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Sample Qutput from Test

TEST MO
Test

Test Date
Test Time

Elapsed Time

Peak Load
Hodulus

Ob-20-19%7
DZ:&) =048 FPH
Q0 g 200 00

I1I-4c

Compression Test
Frocedure TIRES 1

80550 Lbs
33.80 P5I

Lload vz Pozition

Tested By
Test Counter
Area

Compr Strgpth

LAaRRY CHEEK
OO0 ] 087
226.78 In}

Z222.90 P51

atptisen

o eag

(Lb=)
E

1800p

/

12008

o

.88 @.60

1.'*1 Mo |111-4c

i1.29

1.88

2.48 3J.894

(In)

L]
3.6 4.20 4.8 3.48 6.84
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Sample Output from Tests

Appendix B
TEST NUMEBER L=-15
Test Compression Test

Frocedure TIRES L

iest Date
Test Time
Elapsed Time

0GOS 00

15110 Lbs
430.9 FPSI

Feak Load
Modulus

Load

Tested Bv
Test Counter
Area

Compr Strath

LARRY CZHEE!
DOONnE7e
&.2BTZ

Ins

Z24046.0 FSI

vs Position

28080

18666

160880

14860

i2e60

100688

(Lbs)

8068

6800

20ea

TEST|

3.28 4.00 4.80

(In)
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Appendix B Sample Output from Tests
TEST NO 1-F-R (2)
PAD DESCRIPTION FINE
MFG DODGE REGUFOL
PAD HT 1.75
FINAL HT 1.70
Test Compression Test

Procedure 12 x 12 PAD

05-22-1997
01:20:49 FM
00:03:00

Test Date
Test Time
Elapsed Time

204500 Lbs
1414£.00 PSI

Peak. Load
Strgth at Fail
Modulus

Tested By
Test Counter
Area

Compr Strgth
Load at Fail

LARRY CHEEK
00015558
144.00 In}

1420.00 P51
203700 Lbs

{oad vs Position

225800

175888

156860

125880

(Lbs)

12080

75888

25000

——"'—

1.?%

L]
0.000 8.150 0.368 @.45¢ 0.600 ©.750 ©.900 1.@58 1.200 1.350 1

(In)

L)

-588
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TEST WD 1-2F=p

Falk DESCRIFTION TWO FINE 2,3
MFE DODGE REGUFOL
PAD HT 3. 55

FINAL HT i 4

Test Compression Test

Procedure 12 x 12 PAD

Test Date O5=22=-1997 Tested By LARFRY CHEEK
Test Time Ol:44:18 PH Test Counter Lol §- 113 |
Elapsed Time Q003100 area 144,00 In}
Feak Load 291200 Lbs Compr Stroth Z0ZZ.00 FSI
Strgth at Fail 2017.00 PSI Load at Fail 290400 Lbs
Modulus

===lp0ad vz Position

F5ERE
*.1.!1‘.‘[
B-g2-1997
315 e St
26 DEE0 jffr
245008 /
219068
3 J
par 175004
L™
1 ASe0s /
1@5208 /
T e
TEST MO 1-2F-R
5000 E F
b HT 3.35]
e al FINGL WT 3.35]
.-.|-—= T 1
.98 8.35 8.78 1.85 1.40 1.95 2.i8 2. .45 2.88 3.15% 3.5

(In)
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Appendix B Sample Output from Tests

TEST MO F—CF=&

a0 DESCRIFTION COMPOSITE

HFG DODGE REGLFOL
FaD HT B

FINAL HT LS
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Frocedure L2 v 12 FPAD

Teet Date OS= e | 507 Tested Ey LOREY CHEEZE
Te=t Time B0 Se:ls FR Tezt Counter LEDC AR T ¥,
Elapsed Tame Cbg 3 2 010 bLrea 144,00 T
Feal Losad Zassol Lbs Compr Stroth LELS . o0 FR]
Stroth at Fail leds, 0 FSI Load at Fail Ta BB L bs
Macu lus
Lload vs Position
3 A I
K
270282 RS
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Zle@a8 / ﬂ
188888 ;
-
]
' 150388 ff
S
1z@88ae f
10 fxf
£ AL
pan WEscRIgTION PoEITE
TSR mWFC EGUFOL
it i e
L b
n 'ﬁ 1
8.8 8.35 .78 1.85 1.48 1.5 2.180 2.45 2.8@ 3.15 3.58
Cin)
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Sample Output from Tests
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107




Appendix B

Sample Output from Tests
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Appendix C

Sample SAS Output

The SAS System

1

22:39 Friday, April 3, 1998

Correlation Analysis

3 'VAR' Variables: DEF

LOAD DEF3

Simple Statistics

Variable N Mean Std Dev Sum Minimom Maximum
DEF 46 3545783 TR 19463 1631 4. 74000 36000000
LOAD 40 24603 30051 GR4130 9710 151400
DEF3 46 2073278 BOT76B2 95370806  06.49642 46656000

Pearson Correlation Coefficients / Prob > [R| under Ho: Rho=0

¢ Number of Observations
DEF LOAD DEF3
DEF 1.00000 091768 091845
0.0 00001 0.0001
46 40 46
LOAD 091768 1.00000 0. 98006
0.0001 0.0 0.0001
40 40 40
DEF3 091845 0. 98006 100000
0.0001 0.0001 0.0
46 40 46
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Appendix C

Sample SAS Output
The SAS System 2
22:39 Friday, April 3, 1998
Model: MODEL1
Dependent Variable: LOAD
Analysis of Variance
Sum of Mean
Source DF Squares Square F Value Prob>F
Model 1 33828669234 33828669234 924.573 0.0001

Error 38 1390359443.8 16588406.417

CTotal 139 35219028678

RootMSE  6048.83513 R-square
Dep Mean 24603.25000  Adj R-sq

cCVv. 24 58551
Parameter Estimates
Parameter  Standard
Variahle DF Estimate Error
INTERCEP 1 13333 1025, 7099956
DEF3 1 3.926567 0.12913449
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0.9605
0.2595

T for HO:

Parameter=0  Prob > [T

12.999
30.407

0.0001
0.0001




Appendix C Sample SAS Output
The SAS System 3
22:39 Friday, April 3, 1998
Dep Var  Predict Std Err Lower95% Upper95% Lower95% Upper9$
Obs LOAD  Value Predict Mean Mean Predict  Predict
1 14350.0 14127.6 1016564 12069.7 161855 17106 265445
2 97100 14087.7 1017.009 120289 161465 16706 265048
3 14960.0 13848.2 1019715 117839 159125 14302 26266.2
4 143000 138563.5 1019.540 117996 1592735 14456 262815
5 13960.0 138729 1019.433 11809.1 159366 14550 26290.8
6 137700 13784.1 1020.447 117184 158499 13659 262024
T 137200 13866.6 1019505 118027 159305 14487 2628456
8 14130.0 141858 1015917 121292 162424 17691 266025
9 13680.0 143388 1014231 122856 163920 19226 267550
10 138800 13759.6 1020729 116932 158259 13412 261779
11 192300 14111.5 1016.744 120532 161698 16945 265285
12 162400 14148.1 1016336 120906 162055 17312 26564.9
13 16570.0 13882.3 1019326 118188 150458 14645 263002
14 171000 143152 1014.489 122615 163690 18990 267315
15 162000 137516 1020821 116850 158181 13332 261700
16 153500 13833.1 1019.887 117685 158978 14150 262512
17 14690.0 139655 1018382 119039 16027.1 15480 26383.1
18 117300 140416 1017526 1192817 161015 16243 2645890
19 156300 13842.1 1019784 11777.7 159066 14241 262601
20 147100 138421 1019784 117777 159066 14241 262601
21 120900 142072 1015679 121511 162634 17906 266239
22 117300 141317 1016518 120738 161895 17147 265486
23 143500 138213 1020022 117564 158862 14032 262394
24 134800 140083 1017.900 11%47.7 160689 15909 264257
25 131600 139213 1018883 118587 159839 15036 263390
26 190300 14488.1 1012607 124382 165380 20725 260038
27 156500 178659 981736 158785 198533 54605 302714
28 132700 178789 981.639 158917 198661 54735 302843
29 154800 178780 UB1.630 158017 198661 54735 302843
30 157200 179573 981062 159712 199433 55520 303525
31 147100 185597 976839 165822 205372 61553 309635
32 149500 18446.5 977603 164674 204255 60423 308506
33 142900 179836 980860 159979 199693 557B.4 303888
34 147800 180365 9BO.484 160516 200214 56315 304416
35 31160.0 30B76.0 9785.400 288953 32B56.7 184716 432804
36 304500 304953 975838 285199 324708 180918 428989
37 505500 388866 1065537 6T29.6 410437 264529 513204
38 116500 123866 3401710 116980 130752 109817 137915
39 105100 124850 3432777 117901 131799 110770 138930
40 151400 126503 3485016 119448 133558 112371 140635
4] 861472 27539.03 805722 917221 BO4393 918551
42 GT98441 2227758 GI4T455 T249427 G34TIRR 7240503
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The SAS System 1
22:37 Friday, April 3, 1998
Correlation Analysis

3 'VAR' Variables: TIRE_NO LOAD T3

Simple Statiti
Variable N Mean  Sid Dev Sum Minimum — Maximom
TIRE_ WO 50 606000 1104612 30300000 LOOO00 5000000
LOAD 40 24603 30051 984130 9710 151400
T3 50 5760 20677 287997 1.00000 125000
Model: MODEL1
Dependent Variable: LOAD
Analyzis of Variance
Sum of Mean

Source DF  Squares Square F Value ProbF

Model I 33482059533  334B2059533 732493  0.0001

Error 38 17369691447  45709714.334

C Total 39 35219028678

RootMSE  6760.89597 R-square  0.9507
Dep Mean 24603.25000 AdjR-sq  0.9494

C.V, 2747969
Parameter Estimates
Parameter  Standard T for HO:
Variable DF  Estimae Error Parameter=0  Prob > [T)
INTERCEF 1 12437 11596615220 10,725 0.0001
T3 1 391296566 3293217426 27.065 0.0001
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Appendix C Sample SAS Output
The SAS System 3
22:37 Friday, April 3, 1998
Dep Var Predict Std Err Lower95% Upperd5% Lower9S% Upperd5%
Obs LOAD  Value Predict Mean Mean  Predict Predict
1 14550.0 133283 1147298 110058 156509 -554.0 272107
2 97100 133283 1147298 110058 156509 -554.0 27210.7
3 149600 133283 1147298 110058 156509 -S540 27210.7
4 143000 133283 1147.298 110058 156509 -554.0 272107
5 13900 133283 1147298 110058 156509 -5540 272107
6 137700 133283 1147298 110058 1563509 -5540 272107
7 137900 133283 1147298 110058 156509 -554.0 272107
& 141300 133283 1147.298 110058 156509 -554.0 g
9 136800 133283 1147.298 110058 156509 -554.0 272107
10 13880.0 133283 1147298 110058 156509 -354.0 272107
11 19230.0 133283 1147298 110058 156509 -554.0 212107
12 16240.0 133283 1147298 110058 156509 -554.0 27210.7
13 16570.0 133283 1147298 110058 156509 -554.0 o7
14 17100.0 133283 1147.298 110058 156509 -554.0 272107
15 16200.0 133283 1147298 110058 1563509 -554.0 27210.7
16 153500 133283 1147298 110058 156509 -554.0 271210.7
17 14690.0 133283 1147.298 110058 156509 -554.0 27210.7
18 117300 133283 1147298 110058 156509 -554.0 272107
19 15630,0 13328.3 1147.298 110058 156509 -554.0 27210.7
20 147100 133283 1147298 110058 156509 -554.0 272107
21 120900 133283 1147298 110058 156509 -554.0 27210.9
22 117300 133283 1147.298 110058 156509 -554.0 272109
23 14350.0 133283 1147.298 110058 156509 -354.0 272109
24 134800 133283 1147.298 110058 156509 -554.0 272107
25 13160.0 133283 1147.298 110058 156509 -554.0 27210.7
26 190300 1332873 1147298 110058 156509 -554.0 27210.7
27 15690.00 195674 1085064 173708 217640 57056 334293
18 152700 193674 1085064 173708 217640 ST056 334293
29 15480.0 195674 1083.064 17370.8 217640 57056 334293
30 157200 193674 1085064 173708 217640 57056 33429 3
31 147700 195674 1085064 173708 217640 57056 134203
32 149500 195674 1085064 173708 217640 57056 334293
33 142900 195674 1085064 173708 217640 S5T056 334293
34 147800 195674 1085064 173708 217640 57056 334293
35 311600 36502.1 1155868 34162.1 388420 22616.8 303874
36 304500 36502.1 1155868 341621 38B42.0 226168 503874
37 505500 36502.1 1155868 341621 38B42.0 226163 30387 4
38 ; 69480.0 1972854 6354862 734739 55271215 837376
39 116300 123349 3819.635 116117 131582 108129 139569
40 105100 123849 3819.635 116117 131582 108129 139569
41 151400 123849 3819635 116117 131582 108129 1303569
42 468781 1644653 435487 502075 432783 504779
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903734 32500.24 837940 969527 836532 970935
3020563 1107017 2796459 3244667 2796041 3245084
7142810 2630100 6610374 7675246 6610198 7675421
13938946 5141168 12898171 14979721 12898081 14979811
24077444 888719.8 22278325 25876564 22278273 215876616
IZ226777 1411518 35369309 41084246 35369776 41084279
57055417 2107210 52789594 61321241 52789572 61321263
1.1142E8 4116072 1.0309E8 1.1976E8 1.0309E8 1,1976E8
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The SAS System 1
01:25 Monday, March 16, 1998

General Linear Models Procedure
Class Level Information

Class Levels WValues
NO 10 12345678910
FREQ 2 12

LOAD 3 1000 2500 5000

Number of ohservations in data set = 60

General Linear Models Procedure
Dependent Variable: DEF
Sum of Mean
Source DF Squares Square FValue Pr>F
Model 14 B4.23339000 601667071 6138 0.0001
Error 45 441089500  0.09801989

Corrected Total 59 88.64428500

R-Square C.V. Root MSE DEF Mean

0.950241 11.28424 03130813 2.7745000
Source DF Type 188 Mean Square FValue Pr>F
MO 9 2055393500 2.28377056 2330 00001
FREQ 1 0.01261500 001261500  0.13 0.7215
LOAD 2 63.60987000 31.80493500 32447 0.000]
FREQP*LOAD 2 0.05697000  (0.02848500 029 0.7492
Source DF Typelll S8 Mean Square FValue Pr>F
NO 20.55393500 228377056 2330 0.0001

9
FREQ 1 0.01261500 0.01261500  0.13 (.7215
LOAD 2 6360987000 31.80493500 32447 0.000]
FREQ*LOAD 2 005607000  0.02848500 029 07492
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Sample SAS Output

The SAS System 1
10:51 Wednesday, March 18, 1998
TYPE=1
Model: MODELI1
Dependent Vaniable: LOAD
Analysis of Variance
Sum of Mean

Source DF Squares Squarc  F Value Prob=F

Model 1 1B62030769.2 18620307692 51.132 0.0056

Eror 3 109249230.77 36416410.256

C Tedtal 4 1971280000
Root MSE 603460109 R-square  (.9446
Dep Mean 17220000000 AdiR-sq 09261
cV. 3.50441
Parameter Estimates

Parameter Standard T for HO:
Variable DF Estimste Emmor Parameter=0 Prob > [T

INTERCEP | 146654 44773355392 32755  0.0001
RATE 1 946.153846 132.31738188 7.151 0.0056
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The SAS System 2
10:51 Wednesday, March 18, 1998
TYPE=2
Model: MODELI
Dependent Varisble: LOAD
Analysis of Variance
Sum of Mean

Source DF Squares Square  F Value ProbeF
Model 1 28501206923 28501206923 114574 00017
Emmor 3 74627307692 24875769.231
C Total 4 2924748000

Root MSE 498756145 R-square 09745

Dep Mean 17542000000 AdjR-sq  0.9660

cv. 2.8432]

Parameter Estimates

Parameter Standard T for HO;
Variahle DF Estimate Error Parameter=0 Prob = [T|

INTERCEP 1 143814 37004908568  38.864 0.0001
RATE 1 1170.576923. 109.35951919 10.704 Q.0017
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Appendix C Sample SAS Output
The SAS System 3
10:51 Wednesday, March 18, 1998
TYPE=3

Model: MODELI

Dependent Variable: LOAD

Analysis of Variance
Sum of Mean

Source DF Squares Square  F Value  Prob>F

Model 1 9555551557.7 95555515577 514.879  0.0002
Error 3 55676442308 18558814.103
C Total 4 9611228000

RootMSE  4307.99421 R-square  0.9942
Dep Mean 193480.00000 AdjR-sq  0.9923

C.V. 2.22658
Parameter Estimates
Parameter Standard T for HO:
Variable DF  Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 135609 3196.2900781 42.427 0.0001
RATE 1 2143.365385 94.45902170 22.691 0.0002
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