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Effects of Cord Angle on In-Plane Bending of a Tire Ply

Abstract

By
George Oren Metzger

As a rubber tire rolls down its path it is subjected to many different forces. To limit the 

deformation of the tire as it is subjected to these forces, cords of a more rigid material are 

aligned in the rubber to provide a stiffening effect. This stiffening of the composite 

material depends on the angle at which the cords are aligned in the rubber material. This 

research focuses on the specific case of in-plane bending of a tire ply through the 

application of a bending moment to the ply. The cord forces and the resultant stresses of 

the rubber membrane are studied as a function of the cord angle.
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1. INTRODUCTION

As a vehicle travels along a road, the only points of contact between the vehicle and

driving surface occur at the tires. Understanding the behavior of the tire is therefore 

critical in obtaining desirable vehicle performance. However, studying tire behavior is a

difficult problem to approach for several reasons. First, the forces acting on a tire depend

on many factors, so the total resultant force encountered in actual driving conditions is 

impossible to predict (Dixon 1996). Also, a tire consists of several composite plies, each 

of which is comprised of a rubber matrix surrounding stiff cords at some defined angle.

When combined with the fact that a tire is curved in both the circumferential and radial

directions, the whole tire is difficult to model. The situation thus involves a non-

predictable resultant force acting on a complex geometry.

To study tire behavior this thesis simplifies the complex geometry. This thesis is limited 

to investigating the footprint of the tire, the flat area where the tire contacts the driving 

surface. The footprint is the region where the greatest outside forces work to deform the 

composite (Dixon 1996). Furthermore, only a single ply is considered because the 

interaction of multiple ply resultants is beyond the scope of this work.

The purpose of this thesis is to examine the behavior of a tire ply during in-plane bending 

for various cord angles; therefore, instead of trying to simulate all of the external forces 

acting on a ply, a uniform bending moment will be applied to the composite material. 

Desirable cord angles can then be determined through an understanding of the ply’s
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behavior. These angles can be compared with advantageous angles found in other cases, 

such as for out-of-plane bending (Scharf 2000).

If a manufacturer knows more about the internal working of composite plies, tires can be 

designed to meet specific needs. High-performance racing tires can be designed to 

withstand large cornering forces in intense driving conditions, while commercial tires can 

be designed with less stiffness for a smoother ride. One key factor that determines this 

stiffness is the cord bias angle, which is the focus of this thesis.

The goals of the thesis are to determine the effect of cords in a composite tire ply during 

in-plane bending and to discover cord angles where critical changes in ply behavior occur. 

The background section provides key preliminary information and discusses the 

composite material being studied. The methods section explains the geometry being 

studied and how the individual ply components react to outside stresses. The results 

section investigates the ply behavior when the individual components are combined. The 

behavior is then explored across the full range of cord angles. The conclusions section 

summarizes key results and recommends areas of future research.

2. BACKGROUND

In this section I explain some basic terminology that will be used throughout the thesis, 

discuss the composite material of a composite ply, and state the problem.
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2.1 Terminology

The first important terms to understand relate to the material being studied. The rubber

comprising the tire material is referred to as the membrane, matrix, or interply material. 

The cords are solely called cords. The terms ply and composite refer to the combination

of these two materials in the circumferential belt of the tire unless otherwise noted.

The circumferential belt is flattened as it rolls through the footprint of a moving tire. 

Consequently, the plies in the composite belt lie in the plane of the footprint with 

reference directions selected as shown in Figure 2.1. The vehicle travels in the

x-direction.
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In-plane bending is described by the curvature, kz, which is defined as the reciprocal of 

the radius of curvature in the y-direction, py. For a positive curvature, py is measured 

from the neutral axis along the positive y-direction, as Figure 2.2 shows.

Figure 2.2. Definition of py.

Also, the short-hand notation s = sin# and c = cos# are used to conserve space in 

equations. A glossary is provided at the end of the thesis with a list of variables and

terms.

2.2 Material

The tire ply being studied is a composite consisting of two different materials. The 

membrane of the composite is rubber, which is used to provide the cushioning desired in 

a tire for a smooth ride while maintaining the durability necessary for tire longevity. 

Rubber is also nearly incompressible; even if large compressive forces are applied to 

rubber its volume will not decrease because the rubber will elongate in a latitudinal 

direction when compressed in a longitudinal direction, and vice versa.
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The link between these two deformations is Poisson’s ratio, v, which is defined as

where ex and sy are the strains associated with the deformations in the two orthogonal 

directions. Because rubber is nearly incompressible, its Poisson’s ratio is equal to the 

maximum possible value of 0.5. This value determines the resultant behavior of the

composite.

The other material comprising the composite is cords made of steel, nylon, or another 

solid with a large elastic modulus. Strategically aligned cords in the membrane give the 

rubber a greater rigidity. Similar, although not identical, to the use of steel rebar in 

reinforced concrete, cords give the tire the strength to withstand forces that arise during 

driving conditions.

According to Dixon, multiple-ply tires are constructed in two different fashions (1996). 

In radial tires the body cords run along the y-axis, perpendicular to the direction of 

motion. Cornering stiffness is provided by a circumferential belt with two or more plies 

having reinforcing cords at equal and opposite bias angles. The other type of tire is bias 

ply, where alternating plies have body cords aligned at equal and opposite angles to 

provide cornering stiffness. Both constructions can lead to in-plane shearing in the 

footprint that results in ply-steer, an undesirable effect that causes a tire to drift to one 

side rather than roll straight down its path. This thesis examines a single ply with cords 

aligned in all possible angles.
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2.3 Statement of Problem

To characterize the stiffness of the composite, the effect of the cords on the modulus of 

elasticity, E, is examined. This thesis considers only outside stresses that are small 

enough to result in strains that remain in the linear elastic region of the stress-strain curve; 

therefore, Hooke’s law applies, which describes stress, cr, as

cr = Es (2.2)

Hooke’s law reveals the slope of a stress-strain relation to be E, as shown in Figure 2.3. 

This elastic modulus will increase with the addition of cords to the rubber, and the change 

will be a function of the angle at which the cords are aligned. The new elastic modulus, 

Eeff, indicates that a greater stress must be applied to the composite than to the rubber 

alone to result in the same strain in the ply.

Figure 2.3. Increase in elastic modulus due to the addition of cords to the rubber.
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In most composite analyses, a volumetric transformation is applied. With this method a 

transformation factor is found using the properties of the individual composite elements, 

and one material is completely replaced by a volume of the other material that will 

behave equivalently. The composite can then be analyzed as a single material. However, 

in a tire the rubber and cords exhibit disparate behavior, with mechanical properties 

differing by orders of magnitude, so a volumetric approach is not reasonable.

To study the added rigidity due to the cords, this thesis considers them to be inextensible. 

Inextensibility requires the cord length to remain constant regardless of the applied 

stresses. Because the forces considered in this thesis are relatively small, failure at the 

cord-membrane interface will not occur. Inextensibility also then requires the length of 

the rubber in the cord direction to remain constant. Because the composite has a constant 

length in the cord direction, the strain in the cords must be zero. Equation 2.3 is an in

plane axis rotation that gives strain in the cord direction with respect to strains in the x-y 

coordinate system (Hibbeler 2005).

Sc = 3 * S Xs2 + 7xySC + Syc2 = 0 (2.3)

The cord angle, 9, for the s and c terms is measured clockwise from the positive y- 

direction. This equation provides the starting point in determining the final resultants in

the cords and rubber.

3. METHODS

When examining the in-plane bending I focus on a single ply that lies flat in the x-y plane.

While the ply has some defined thickness in the z-direction, the depth is taken to be small
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enough that the cord force is constant throughout. To clearly reveal the behavior of the 

composite, I explain the geometry of a single ply and the mechanics being applied.

3.1 Geometry

Figure 3.1 shows the general features of a cord ply comprised of a rubber matrix 

surrounding a row of parallel cords.

Figure 3.1. Basic geometry of a single ply, side and end views.

t

W

The same geometry is used for all calculations in the thesis. The x-axis defines the tire’s 

direction of motion, or circumferential direction. The y-direction is the orthogonal axis 

in the plane of the footprint. In the y-direction the tire has a defined width, w, with the 

center of the ply located at y - 0. If the whole tire were examined, the ply would curve 

up in the +z-direction to form the sidewalls beyond w. The small thickness of the ply 

perpendicular to the x-y plane is referred to as t. The thesis refers to the right-hand view 

in Figure 3.1 as the face of the ply.
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In order to examine this material, the stress resultants developed in the two components 

of the ply are examined separately. The first resultant is the forces developed in the

inextensible cords, and the second is the stress resultant of the rubber matrix. The two

are combined as a single resultant for the ply using linear superposition.

Because the resultants from the two components are summed, they must be in equivalent 

terms. Three force resultants are derived for each component. Of these resultants two 

are normal, Nx and Ny, and one is shear, TV^. Each of these is depicted in Figure 3.2.

Figure 3.2. Resultants to be found in each ply component.

The notation to separate the resultants for the two composite components is N for the

cords and N for the rubber.

3.2 Cord Forces

First, the forces developed in the cords are considered. Because the cords constrain the 

deformation of the ply, understanding their behavior is crucial. If the cords are 

considered individual entities, the stress distribution across the ply face varies with each 

cord, and a resultant must be determined for each. Rather than calculating a single
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resultant for each individual cord, the cords are taken to be “smeared out” evenly across

the entire width of the ply. To clearly see the effect of smearing the cords, consider 

applying a net force, F, in the case when 6 = 90°, as shown in Figure 3.3.

Figure 3.3. 6 = 90° geometry.

F

The cord force per unit width is therefore

(3-1)

By distributing this force evenly across the face of the ply, this model considers the 

composite to be a homogeneous material. Thus, if a bending moment is applied, the 

result is a linear stress distribution along the width of the ply with the neutral axis located 

aty = 0, as shown in Figure 3.4.

Figure 3.4. Linear stress distribution across ply width.
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A general case with the cords at angle 3 is considered next. It is necessary to find the

no.mal forces, Nx and Ny, and the shear force, Nxy, that are present in the general case.

Again, the total cord force is initially distributed across a width perpendicular to the force,

so the x- and y-components of the force must be found and the width “rotated” from the

cord direction. Figure 3.5 illustrates the situation.

Figure 3.5. Resolving cord force into components.

As before, F is the total force applied to the cords, so the cord force per unit width is

z=4- <3-2>
w

From Figure 3.5 it is apparent Nx = fc sin6 and w= w'sin#. Substituting these back

into equation 3.2 yields

Nx=fcs2. (3-3)

Analogously,
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The shear force is also derived geometrically. To find the shear force, the y-component 

of F is taken over w. Therefore Nv = fc cos 6 and w=w'sin# are substituted into

equation 3.2 to find

Nxy=fcsc. (3.5)

3.3 Plane Stress

After developing the system of equations for cord forces, the next step is to derive the 

stress resultants for the rubber matrix. The derivation used to examine the in-plane 

bending behavior of the composite utilizes the stress-strain relations for plane stress. 

These equations rely on the fact that the stress in the z-direction is zero and are given as 

equations 3.6 through 3.8 (Wang 1953).

cr = (3-6)
(1-v2)

0-vz)

7

(3-7)

2(1+ v) xy (3-8)

Summing the stress over the ply thickness, t, results in a force per unit width. The stress

resultants in the rubber are thus

Nx =<Jt = Et (3-9)
(1-v2)

(3.10)

, — _ Et _and N„ = T„,t =--------- y . (3-11)2(1 + v)
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Equation 3.12 sums the cord and rubber resultants and thus reveals the set of equations 

that will be applied to the composite in order to understand the moment developed in

each of its components.

(3-12)

3.4 Moment Relationships

To relate the stress resultants of equation 3.12 to a given moment, the flexure formula is 

applied. This formula can be written as

(3.13)

where S is the section modulus.

Applying equation 3.13 to the composite elements yields

M = -(<t + ct)5. (3.14)

The in-plane bending moment is about the z-axis, so equation 3.14 is modified to

NMz =-(^+orx)‘^ = • + cr S. (3.15)
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By combining Hooke’s law and the flexure formula, another relationship that is important 

in demonstrating the effect of the cords is obtained. This relationship is

M7 = E,„IkZ eff z (3.16)

where kz is the in-plane curvature, E^is the composite’s elastic modulus, and I is the 

moment of inertia. Separating the rubber and cord contributions reveals

(3-17)

where the EIkz term is the rubber contribution. The minus sign for the cord contribution 

comes from equation 3.15.

4. RESULTS

Equipped with the relationships established thus far, I then put these pieces together to 

observe the ply behavior. First I apply the moment relationships in the two extreme cases 

of 6 = 0° and 0 = 90°. Understanding these two basic geometries leads to an initial 

awareness of the effects of the cords in the composite. I continue by establishing a 

relationship for a general case and conclude with the results for the entire range of cord 

angles.

4.1 Extreme Cases

First the 0 = 0° case is explored. In this situation the cords align with the y-axis, so 

inextensibility requires the composite’s width to remain unchanged. Because the ply 

width must remain constant, £ must equal zero so the composite undergoes no strain
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deformation in this direction. As a result, in this case no shearing occurs in the ply and it

deforms is as shown in Figure 4.1.

Figure 4.1. Ply undergoing pure bending.

The stress-strain relations for plane stress (Wang 1953) yield:

(4.1)

(4.2)

Setting equation 4.2 equal to zero, since fis zero in the cord direction, requires ay = vax. 

Substituting this into equation 4.1 and inserting Poisson’s ratio for rubber, 0.5, the 

equation becomes

£(.4 ’)

Equation 4.3 can be rearranged to show ax = 4/3Eex. In this case Eeffis 4/3E, so the 

inclusion of cords in the rubber stiffens the ply.

Referring to equation 3.3 reveals another result. When 9 = 0°, sin<9 = 0 so the Nx term

in equation 3.17 disappears and leaves the entire moment to be carried by the rubber 

membrane as shown in equation 4.4.

(4-4)
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Next the 6 = 90° case is explored. Here the cords are aligned with the x-axis, so 

inextensibility requires the composite’s length in this direction to remain unchanged. 

Since bending requires the cords to vary in length, the composite cannot deform, as 

shown in Figure 4.2.

Figure 4.2. Undeformed ply with cords at 90°.

Because the ply undergoes no deformation in this case, it must have an infinite radius of 

curvature. An infinite radius of curvature implies kz is zero for any applied Mz. Solving 

equation 3.16 for curvature reveals

M,K =■ (4-5)

so Eeff approaches infinity in this case to maintain a curvature of zero.

Since inextensibility requires ex = 0, Hooke’s law requires ax= 0 as well. Therefore, in

this case the moment must be completely carried by the cords and equation 3.15

simplifies to

M= —NS
(4-6)
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4.2 Establishing the General Case

In order to explore anything beyond the simplified extreme cases, the system of equations

developed in the methods section is applied. Equation 3.12 is combined with equation

3.17 and written in matrix notation as

Ny

Mz

Et
(1-v2)

Etv
(1-v2)

0

0

Etv
(1-v2)

Et
(1-v2)

0

0

0

0

Et
2(1+ v) 

0

0

0

0

El

sc

t

(4.7)
(4.8) 
(4-9) 
(4-10)

However, these equations should be applied cautiously. As modeled, the face of the ply 

is a cut surface, so unknown internal forces act across the ply face. The value of Nx is 

thus indeterminable, and equation 4.7 is not used in the analysis.

Equations 4.8 and 4.9 are applied at the outer edge of the ply. At an outer edge, as 

opposed to a cut surface, the external forces must sum to zero to satisfy static equilibrium. 

Because the only force acting on the outer edge in the x-direction is it must equal 

zero. Ny is thus the only force acting in the y-direction, so it is zero as well. Also, the 

cord force varies across the face of the ply with maximum values occurring aty = w/2 

and -w/2, so fc should be interpreted as fc,max at the top surface in all subsequent equations.
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Another correlation that is used to analyze the ply behavior is the relationship between

strain and curvature. To find this relationship, moment equations 3.13 and 3.16 are set 

equal to one another. Substituting I = Sy and ax = Eex into this equation yields

£x=-y^^ (4.11)

and the y value is taken as w/2 at the top surface. The negative sign in equation 4.11 

arises because the bending moment applied to the ply is positive and results in a positive 

curvature, while the compressive strain that results at the top surface is negative in sign. 

This equation is used as the final piece of the puzzle to discover how the moment is 

distributed between the rubber matrix and the cords; the last step is to eliminate several 

variables algebraically.

Because the cords constrain the composite by their inextensibility, equation 2.3 is the 

starting point for analysis. First, equation 4.8 can be solved for sy and substituted into 

equation 2.3, giving

0 = £xs2 + ysc + (v2-l)
Et

(4-12)

Similarly, equation 4.9 can be solved for yxy and another substitution yields

(v2-l)o=£y-/yc2 f2(l + v)^
I Et J Et

-fcC ~V£x (4-13)

A third substitution, using equation 4.11, brings the inextensibility constraint to

.2^2[ 2(1 + V)
Et

(v2-l)
Et

fc<?
c \~1w— — fC
V 2

(4.14)
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At this point the kz and fc terms can be grouped, and the equation can be solved for fc, 

revealing

(4.15)

Finally, substituting this term into equation 4.10 provides the moment-curvature 

relationship

Mz = EIkz-Ss2 (4-16)

By substituting in Poisson’s ratio for rubber and factoring out an EIkz term, the moment- 

curvature equation simplifies to

Mz = EIkz

V 4

= Ehca. (4.17)

When an angle is substituted into equation 4.17, the term in brackets will have a value of 

a. This coefficient is the factor by which E will be multiplied to determine Eeff. An 

initial check of this equation is to compare it to the previously explored extreme cases.

At 6 = 90° the cosine terms go to zero, forcing a to approach infinity, as expected. At 

6 = 0° the sine terms go to zero, leaving Eeff-E, which differs from the result found 

earlier for the extreme case. The difference arises because at 0 = 0°, equation 4.10 

simplifies to

Mz = EIkz . (4.18)

Since equation 4.18 is independent of cord force, the inextensibility constraint provides 

no information in the analysis. On the other hand, the extreme case does rely on 

inextensibility to determine Sy = 0.
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4.3 Exploring All Angles

Equation 4.17 can now be applied over the entire range of cord angles. The two

important values that will be investigated are a and fc, which equation 4.16 reveals as 

(\-a)/s2. Here fc has an EtKzw/2 term factored out so that numerical values can be plotted. 

Figures 4.3a and 4.3b show a and fc over the range of possible cord angles, and a 

complete table of a and fc values can be found in Table A.l on page 26.

Figure 4.3a. E coefficient for all cord angles.
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fc vs Cord Angle

Figure 4.3b. Cord force for all cord angles.

Figure 4.3a reveals that a asymptotically approaches infinity near cord angles of 90°, as 

expected. In Figure 4.3b the cord force approaches negative infinity because the cords 

are in compression when the cord angle is near 90°. These figures also show a are 

symmetric about 90°. Because of this symmetry, the remainder of the results will focus 

only on the 0° through 90° cases.

The points of interest of a and fc are the minimums and maximums, and Figures 4.3a and 

4.3b reveal that the largest magnitudes occur as 6 nears 90°. Figures 4.4a and 4.4b focus 

on a and fc for cord bias angles between 0° and 60°.
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Figure 4.4a. E coefficient for smaller cord angles.

fc vs Cord Angle

Figure 4.4b. Cord force for smaller cord angles.
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First the cord forces in Figure 4.4b are considered. At 6 = 35° fc is zero, meaning the 

cords carry no load. Between 0° and 35° fc is positive and thus in tension. Beyond 35° 

the cords are in compression. The angle where the cords switch from tension to 

compression is in fact a property of the rubber material. At this angle the term s2 - vc2 

from equation 4.15 goes to zero. Thus for any interply material the cord force will switch 

from tension to compression at an angle of 60 = tan1 (Vvj. Inserting a Poisson’s ratio of 

0.5 reveals 90 = 35.2° for rubber. At 90 the bending moment causes no strain in the

matrix, whether cords are present or not. Consequently, at 35.2° the cords are completely

ineffective.

In Figure 4.4a, a dips below a value of 1 between 9 = 0° and 35°, so the cords appear to 

make the composite more flexible than rubber alone for these cord angles. However, the 

apparent decrease in ply stiffness is a result of simplifications applied in this model. In 

reality the cords couple the bending curvature with other deformations so that the ply 

stiffness must increase for the cord angles between 0° and 35°.

5. CONCLUSIONS

The intention of this thesis was to examine the effects of cord bias angle on ply stiffness 

during in-plane bending. I have provided an analysis of that problem for a single ply. I 

was able to find varying degrees of stiffness, from a cord angle of 35.2° that provides no

stiffening to a cord angle of 90° that provides infinite in-plane stiffness.
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However, a peculiar behavior arose for angles that resulted in tensile cord forces. The 

next step in this analysis would be to gain a better understanding of why a drops below a 

value of 1 when cord bias angle is less than 80. In a further study, total elastic potential 

energy for the ply could be investigated. While the Ee/f was found to be less than E for 

rubber alone when the cords are in tension, the total elastic potential energy would 

decrease with the addition of cords. The ply would thus have greater in-plane stiffness in

those cases.

In addition, by not analyzing deformations other than bending, one piece of tire behavior 

is missed. The net shear stress for the ply is zero, but shear straining does occur and it 

can be significant at the outer edges of the ply. A more complete understanding of this 

model would be obtained by considering shear and other deformations that are coupled 

with bending. A two-dimensional analysis is insufficient to resolve the coupling issues, 

but a three-dimensional analysis might accomplish this.

Further study could also entail considering a more complex tire geometry. In reality the 

footprint of the tire continues out to the sidewall along the y-axis and also curves up 

along the tire circumference. Considering this doubly-curved geometry would introduce 

new issues into the problem.

As a continuation of this study a tire footprint consisting of multiple plies could be 

analyzed using my results for a single ply. Angle combinations for multiple-ply tires that 

eliminate undesirable in-plane shearing due to out-of-plane bending have been found
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(Scharf 2000). Applying the results of this paper to multiple-ply tires implementing these 

angle combinations would reveal which combinations would provide the greatest and 

least in-plane bending stiffness. This knowledge could help manufacturers produce 

everything from more flexible, smooth-riding tires to stiff racing tires, all with in-plane 

shearing eliminated.
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APPENDIX

Table A.l. Full range offc and a values.

Q (degrees) fc a 0(degrees) fc a
0 0.6667 1.0000 45 -0.2667 1.1333
1 0.6657 0.9998 46 -0.2990 1.1547
2 0.6626 0.9992 47 -0.3327 1.1780
3 0.6576 0.9982 48 -0.3681 1.2033
4 0.6506 0.9968 49 -0.4053 1.2308
5 0.6418 0.9951 50 -0.4445 1.2608
6 0.6312 0.9931 51 -0.4860 1.2935
7 0.6190 0.9908 52 -0.5301 1.3292
8 0.6052 0.9883 53 -0.5771 1.3681
9 0.5899 0.9856 54 -0.6274 1.4106
10 0.5733 0.9827 55 -0.6813 1.4572
11 0.5556 0.9798 56 -0.7394 1.5082
12 0.5368 0.9768 57 -0.8022 1.5642
13 0.5171 0.9738 58 -0.8703 1.6259
14 0.4966 0.9709 59 -0.9445 1.6940
15 0.4754 0.9682 60 -1.0256 1.7692
16 0.4536 0.9655 61 -1.1147 1.8527
17 0.4314 0.9631 62 -1.2129 1.9455
18 0.4088 0.9610 63 -1.3216 2.0492
19 0.3859 0.9591 64 -1.4425 2.1653
20 0.3627 0.9576 65 -1.5776 2.2959
21 0.3394 0.9564 66 -1.7295 2.4434
22 0.3160 0.9557 67 -1.9010 2.6108
23 0.2925 0.9553 68 -2.0959 2.8018
24 0.2689 0.9555 69 -2.3188 3.0210
25 0.2453 0.9562 70 -2.5755 3.2742
26 0.2217 0.9574 71 -2.8732 3.5687
27 0.1981 0.9592 72 -3.2214 3.9138
28 0.1744 0.9616 73 -3.6324 4.3219
29 0.1507 0.9646 74 -4.1222 4.8091
30 0.1270 0.9683 75 -4.7128 5.3971
31 0.1032 0.9726 76 -5.4340 6.1159
32 0.0793 0.9777 77 -6.3274 7.0072
33 0.0552 0.9836 78 -7.4528 8.1306
34 0.0310 0.9903 79 -8.8985 9.5745
35 0.0065 0.9979 80 -10.7987 11.4731
36 -0.0182 1.0063 81 -13.3665 14.0394
37 -0.0434 1.0157 82 -16.9558 17.6274
38 -0.0689 1.0261 83 -22.1906 22.8611
39 -0.0949 1.0376 84 -30.2556 30.9251
40 -0.1215 1.0502 85 -43.6306 44.2992
41 -0.1488 1.0640 86 -68.2521 68.9200
42 -0.1768 1.0792 87 -121.4461 122.1134
43 -0.2057 1.0957 88 -273.4281 274.0951
44 -0.2356 1.1137 89 -1094.1298 1094.7966
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Table A.1 (cont.). Full range offc and a values.

9 (degrees) fc a 9 (degrees) fc a
90 -00 00 135 -0.2667 1.1333
91 -1094.1298 1094.7966 136 -0.2356 1.1137
92 -273.4281 274.0951 137 -0.2057 1.0957
93 -121.4461 122.1134 138 -0.1768 1.0792
94 -68.2521 68.9200 139 -0.1488 1.0640
95 -43.6306 44.2992 140 -0.1215 1.0502
96 -30.2556 30.9251 141 -0.0949 1.0376
97 -22.1906 22.8611 142 -0.0689 1.0261
98 -16.9558 17.6274 143 -0.0434 1.0157
99 -13.3665 14.0394 144 -0.0182 1.0063
100 -10.7987 11.4731 145 0.0065 0.9979
101 -8.8985 9.5745 146 0.0310 0.9903
102 -7.4528 8.1306 147 0.0552 0.9836
103 -6.3274 7.0072 148 0.0793 0.9777
104 -5.4340 6.1159 149 0.1032 0.9726
105 -4.7128 5.3971 150 0.1270 0.9683
106 -4.1222 4.8091 151 0.1507 0.9646
107 -3.6324 4.3219 152 0.1744 0.9616
108 -3.2214 3.9138 153 0.1981 0.9592
109 -2.8732 3.5687 154 0.2217 0.9574
110 -2.5755 3.2742 155 0.2453 0.9562
111 -2.3188 3.0210 156 0.2689 0.9555
112 -2.0959 2.8018 157 0.2925 0.9553
113 -1.9010 2.6108 158 0.3160 0.9557
114 -1.7295 2.4434 159 0.3394 0.9564
115 -1.5776 2.2959 160 0.3627 0.9576
116 -1.4425 2.1653 161 0.3859 0.9591
117 -1.3216 2.0492 162 0.4088 0.9610
118 -1.2129 1.9455 163 0.4314 0.9631
119 -1.1147 1.8527 164 0.4536 0.9655
120 -1.0256 1.7692 165 0.4754 0.9682
121 -0.9445 1.6940 166 0.4966 0.9709
122 -0.8703 1.6259 167 0.5171 0.9738
123 -0.8022 1.5642 168 0.5368 0.9768
124 -0.7394 1.5082 169 0.5556 0.9798
125 -0.6813 1.4572 170 0.5733 0.9827
126 -0.6274 1.4106 171 0.5899 0.9856
127 -0.5771 1.3681 172 0.6052 0.9883
128 -0.5301 1.3292 173 0.6190 0.9908
129 -0.4860 1.2935 174 0.6312 0.9931
130 -0.4445 1.2608 175 0.6418 0.9951
131 -0.4053 1.2308 176 0.6506 0.9968
132 -0.3681 1.2033 177 0.6576 0.9982
133 -0.3327 1.1780 178 0.6626 0.9992
134 -0.2990 1.1547 179 0.6657 0.9998

180 0.6667 1.0000
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GLOSSARY

List of Variables

E = modulus of elasticity

Eeff= modulus of elasticity with addition of cords

fc - cord force per unit width

VP
I = moment of inertia; I = Sy = S—

Mz = bending moment about +z axis

N - resultant for cord

N = resultant for rubber

o • j , o bh2 tw2 
S = section modulus; 5 =---- =-----

6 6

t = thickness of ply in z-direction

w = width of ply in y-direction

x = direction of motion

y = radial direction

z = out-of-plane direction

a - coefficient for composite modulus of elasticity; Eeff = aE

e = strain

9 - cord angle, measured clockwise from +y axis 

kz- in-plane curvature; l/py

v = Poisson’s ratio; 0.5 for incompressible materials

a = stress
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List of General Terms

footprint - flat area of the tire that contacts the driving surface

incompressible - volume will not decrease, even under large compressive forces

inextensibility - constraint that forces a length to remain constant

normal - force or stress acting perpendicular to a surface

plane stress - condition where stress acts only in a single plane

ply - single composite layer in a tire

ply face - the cut surface of the ply, having a width t and height w

shear - force or stress acting tangent to a surface

strain - change in length per unit length

stress - force per unit area
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