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molding, compressicn molding, and autoclave molding do &
offer some potential for economical manufacture and
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FOREWORD

This final report was prepared by Fiber Materials,
Inc., Biddeford, Maine, for the U.S. Army Materials
and Mechanics Research Center, Watertown, Massachusetts
under contract DAAG46-83-C-0026. Mr. Keith BuiTess
was the Program Manager and performed the manufacturing
analysis while Mr. John Pepin and Mr. Stephen Biddle
conducted the design and analysis work. Mr. Michael
Edwards assisted with computer code set-up and
Mr. Ted Grethe with graphics. The AMMRC COTR was
Mr. Peter G. Dehmer. This work was done during the
period of 20 May, 1983 to 20 October, 1983.
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1.0 INTRODUCTION

This report presents the design and analysis to
establish feasibility and design criteria for .einforced
plastic (RP} roadwheels for the LVTP7 and M113Al armored
personnel carriers. The study includes the redesign of
existing metal roadwheels using RP materials.

Additional goals of reducing weight and lowering
production cost while retaining or increasing service
life as compared to the current metal construction, were
examined.

An analysis of the existing metal wheels was first
undertaken to establish areas of high stress and deflection.
The finite element analysis was used to evaluate these
critical areas for the LVTP7 roadwheel. Because of the
geometric similarities between the two roadwheels, know-
ledge of high stress reqgions for the LVTP7 roadwheel was
used to infer critical areas of the M113Al1 wheel. Stress
in these areas was then bounded by analyzing discrete
ring and disc segments. The data acquired from this step
were used to select materials, fiber architecture and
geometry for the design of the composite roadwheels. A
feasibility analysis was undertaken to determine whether
or not reinforced composite materials could be used for
this application. Various design alternatives were

investigated along with manufacturing schemes. The composite

roadwheels were designed and analyzed with respect to mecha-
nical integrity, reliability, and environmental aging. A
detailed manufacturing and cost analysis was undertaken to
determine manufacturing methods, material costs, labor and
tooling costs, and available volume for production. The
report also makes recommendations concerning the practical
feasibility of producing the composite roadwheels.




2.0 Analysis of Existing Roadwheels

2.1 LVTP7 Roadwheel

2.1.1 Finite Element Analysis Description

The static analysis of the LVTP7 roadwheel was
performed using a finite element computer program called
NISA (Numerically Integrated Elements for System Analysis)
developed at the Engineering Mechanics Research Corporation.

The purpose of this analysis was to investigate the
internal stresses and deformations of the wheel for two
different loading conditions. These stresses were then
used in the design of a composite roadwheel.

Note that a finite element analysis was conducted
only on the LVTP7 roadwheel and not on the M113Al roadwheel.
The design team felt that because of the similarities in
the geometry and loading directions of ths two wheels,
only the LVTP7 roadwheel needed the fini’ 2lement analysis.
Critical areas of the M113Al were inferre. from the results
of the LVTP7 analysis and were investigated by solving
loaded ring and disc problems to obtain stress upper bounds.

The following is a brief description of the process
undertaken in construction of the finite element model.
The geometry of the wheel had to be established in a form
tihat could be easily coded into the program. From the
engineering drawings, one repeatable sector or arc of the
wheel, was broken up into 3-D finite elemente, each contain-
ing 20 nodes as shown in Figure 2.1. The coordinates of
cach node of every element of the repeatable sector were
determined from the drawings (in cylindrical coordinates),
and listed as data in the input file of the program. Then
the connectivities, or lines between nodes were established,
thus defining each element. The result was a sector of the
wheel containing 12 elements as shown in Figure 2.2. Using
a system subprogram, this sector was reproduced in such a
way as to generate the remainder of the model shown in
Figure 2.3. Note that only half of the wheel needed to be
mcdeled because of symmetry with respect to the vertical
axis of both the geometry and loading boundary conditions.
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It was intended that the elements be broken into more
subelements, but difficulties with the mesh generating
routine prevented this. At this point, the model has
been generated but additional information was required
before the program was executed. Since the wheel is
mounted to an immovable hub, the displacements and
rotations of the nodes at the mounting holes are zerc.
Also, because only half the wheel is present in our model,
all the nodes along the interface between the existing
model and the unmodeled half, had to be constrained to
translate only along the wheel plane of symmetry. At
this point, loading information was provided for two
different load cases. The first load case, Figure 2.4,
involved a uniform line load equivalent to 15,000 lbs;
however, because only half the wheel was present in our
model, only half of this load or 7,500 lbs was required
for our analysis.

The second load case, Figure 2.5, involved a uniform
line load equivalent to 1,901 lbs, as well as a uniform
line load applied to the side of the wheel of 1,098 lbs
located along the wear ring. As in the previous case,
only half of these loads were used in the analysis because
only half of the actual wheel was used as the model. This
combination side and vertical loading was used to simulate

the loads applied as the vehicle is traversing a 30° side
slope. )

At this point, the model was ready for execution.
Stress plots were obtained for different views of the model.
Contour plots of front, back and plane of symmetry cross-
section views of maximum principle stress, minimum prrinciple
stress, Von Mises equivalent stress and maximum shear stress,
were made and are given in Appendix 1. The results of
these plots indicated areas of high stress. In the design
of the composite wheel we used this information to
minimize these areas of high stress and to develop a reliable
lightweight composite replacement.
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2.1.2 Analysis Results

Some unexpected results were obtained using the
finite element analysis. In comparing the combined side
and vertical load case with the vertical load case, the
locations of the high stress levels occurred in the
same areas. The side loading did not contribute to the
bending stresses at the bolt hole areas as expected.
The stress magnitudes were of course different because
the applied loads were different. The vertical load
case of 15,000 lbs imposed the highest stresses in the
wheel, and as a result the investigation was focused on
stresses and displacements of this loading case.

The most critical stresses imposed on the wheel
occur in the outer ring area near the load application
point (refer to Figures 2.6 and 2.7). These stresses
are in the order of 60,000 psi compression on the lower
portion of the outer ring area, and 30,000 psi tension
on the upper portion. These are hoop stresses that act
normal to radial planes. In the transition area high
bending stresses had been expected due to the cantilever
effect of the applied load acting along the inside and
outside rim. The hoop stiffness was sufficient to
minimize this cantilever effect, and the bending stresses
in this region were not critical. Shear stress exists in
the outer ring area, and oriented in the hoop direction.
The magnitude of these stresses are 30,000 psi. As with
the high normal stresses previously described, the shear
stresses are caused primarily by tha bending of the hoop
or inner and outer ring portions of the wheel.

The deflections caused by the 15,000 lb vertical load
were found to be high. As shown in the scale drawings of
Figures 2.9 and 2.10, the tip of the outer rim area is
displaced to the right and up about 0.2 inches. It should
be emphasized that this deformed geometry is from a very
severe, worst case type, loading condition. A deformed
geometry,probably more representative of actual service

conditions, is shown as circled dots on the end of the outer

ring area of Figure 2.9. This corresponds to the combined
vertical and horizontal load case.
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2.1.3 Alternative Analytical Approach

Ir order to establish an analytical approach to
be used for the M113Al roadwheel, each of the major
strese areas on the LVTP7 was evaluated manually and
compared to the results of the Finite Element Method
(FEM). The intent of this approach was to establish
reasonable upper bounds for the predicted stresses in
order to allow feasibility studies to be completed.

The approach used to establish the analytical
methods was to first examine the output of the FEM
analyses to observe the nature of the stresses and
deformation of the wheel, and then to develop analytical
models that incorporated these observations and yielded
comparable results.

Stresses in the Disk Near the Bolt Circle The
results of the FEM indicated that the curvature in the
disks area did not contribute significantly to the
strength of the digsk. This was verified by calculating
the stresses by assuming that the disk was flat and fixed
at the edges by the rim. Case #21 from page #368 of
Roark'sd'rormulas for Stress and Strain®" (5th Edition)
was used.

Based on the FEM, the stresses were

Compression 20,000 psi
Tension 14,000 psi

Notation:

calculated stress

effective outer radius of the disk = 11.75"
restrained inner radius of the disk = 6.12"
factor per Roark

applied moment

force on bottom of wheel = 15,0004 .
thickness at radius location “b* = .531
moment arm = 3.06"

BrMmXoooma
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.
.

b/a

0.521

] = 1.06 (per Roark)
M = Fm = 45,900 in 1lb
o = BM

at (per Roark)

o = 15,000 psi (versus an average of 17,000 by FEM)

Compressive stresses due to radial support loads in
the disk were estimated by assuming that, at the point in
question, the effective width of the disk was equal to
two-thirds of the restrained inner diameter of the disk.
This resulted in a compressive stress.

0 = 15,000/(2/3 x 2 b x ¢ = 3100 psi

The total of the stresses was then found by adding the
above values

¢ = 15,000 - 3000 = 12,000 in tension
¢ = 15,000 + 3000 = 18,000 in compression

These values are comparable to the FEM values of 14,000 ‘and
20,000 respectively.

15
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Stresses in the Outer Rim The FEM results indicated
that the principal stresses in the outer rim were circum-
ferential and caused by deflecting the outer rim section
into a non-circular shape. This result is reasonable in
that the bending stiffness of the rim (in the hoop direction)
is substantial compared to the bending restraint of the disk,
The result of this is a deflection of the outer edge of the
rim both towards the axis and towards the disk (the disk
behaves like a simple support to the rim). The above condi-
tion was approximated by calculating the bending stress in a
rim of 1/2 of full width, i.e., the outer half of the rim.
Half of the load was assumed to be carried by the Aisk and
the other half by the rim.

In order to account for the interaction between the
disk and the rim, the disk was assumed to be providing
distributed support to the rim. This support was applied
over 90° of rim which coincided with the deflection nodes
as shown in Figure 2.10.

Based on the FEM, the stresses were
Compression 60,000 psi
Tension 30,000 psi

Roark's Sth edition, page 226, case #8 was used for the

following calculations:
Notation: '
i 6 = 135°
! rr s PForce on the rim = 7,5004
; R = Radius of the rim = 11.4"
] I = MNoment of inertia through the section centoid =
0.081 in

I C = Distance to extreme fiber = 0.45°"
: K = Constant per Roark (Kg.)

w = EBffective loading of the rim

O Calculated stress
{
! F = 2wRsiné

w = 466 #/in
4 K = <=0.149 for ¢ = 135°
E M o= K (wR?)
' M = 9000 in. 1b. at 0 = 180°

¢ = 50,000 psi (verses an average of 45,000 psi
per FEM)




2.2 M113A1 Roadwheel

2.2.1 Analysis Method

From the finite element method (FEM) of the LVTR7 road-
vwheel, specific areas and values of high stress were located.
Since the basic geometry of the two wheels is similar, critical
areas of the M113Al can be identified from the previous analysis.
These areas were:

1. Hoop stress in the outer rim.

2. Radical bending stresses in the disk near the bolt
circle.

3. Circumferential shear stresses in the outer rim.

By applying the methods used in section 2.1.3, the
stresses can be calculated for the M113A1l roadwheel. All
notation corresponds to section 2.1.3.

Stresses in the Disk Near the Bolt Circle

a =:°10.8" F = 42458
* b .= 4.1" m ‘= 1.87"

b/a= 0.38
| . B =-:1.92 *
| . M = 8,450 in. 1lb.

¢ = 50,000 psi (bending stresses)

Compression Stresses:
o = 4525/(2/3 x 2 x 4.1 x 0.31)
0 = 2700 psi = approximately 3000

Combined Stresses:

6 = 50,000 + 3,000 = 53,000 compressive
¢ = 50,000 - 3,000 = 48,000 tensile

17




Stresses in the Outer Rim

I = 0.0832

c = 0.86 (inside)

¢ = 0.384 (outside)
w = 305#/in.

M = K (sz)

Mc
I

o = 49,000 psi tension on inside edge
g = 23,000 psi compression on outside edge

Bearing Stresses at Bolt Holes Bearing stresses at the
bolt holes were conservatively estimated by assuming all the
load on two bolts.

' bolt diameter
laminate thickness

(F/2)/(d/t)
(4525/2)/(0.685 x 0.31) = 11,000 psi v

o
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Q
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3.0 Feasibility Analysis

Based on the analyses of the metal roadwheels and on
factors peculiar to composites, the feasibility of using
composites was reviewed prior to developing the design of
the laminates.

Strength The character of the stresses and strains
devleloped in a wheel very quickly eliminatc thermoplastics and
short fiber composites. High modulus composites are reguired
to limit the rim deflections and to provide resistance to
fatigue. A composite consisting of primarily carbon/epoxy
will be considered in more detail due to the combination of
light weight, high strength and high stiffness.

Wear Ring Attachment Holes subjected to bending or
axial loading in a composite material are subject to high
stress concentrations in the vicinity of the hole area.

The wear righ on both of the existing wheels is rivited in
place. On the composite wheel design however, the wear rings
would be held in place using an adhesive. The first major
consideration in the selection of an adhesive for the composite
wheels was s3trength. The required adhesive strength was
determined by calculating the rivet shear strength, and
comparing this value to the adhesive shear strength assuming
the entire mating surface of the wear ring is bonded to the

wheel. b

Adhesives that easily posses3 the required shear strength
characteristics when bonded to steel are: cyanoacrylate, and
epoxy. If a thermoset adhesive is used, the softening point
temperature must be lower than the softening voint of the
araphite epoxy wheel. To renove the wear ring for routine
replacement, it must be heated carefully and stripped off.

The surface of the wheel must be abraded and cleaned, and the
new wear ring abraded and degreased before replacement. Ad-
hesive must be applied to the matino surface of the vear ring
and pressed into place. It would then be cured for a specific
time and temperature depending on the adhesive used.

It was assumed that the main mode of failure for the
existing rivets that fasten the wear ring to the wheel is
shear. The method of analysis for the replacing these
rivets with an epoxy based adhesive is to determine the
maximum shear forces the existing rivets can support, and
then calculate the shear requirements for the adhesive.




For this analysis, the ultimate shear stress for the
rivets is assumed to be 49,000 psi as per Mil-HDBK-5C. This
is based on Monel rivets per Table 8.1.2(b).

LVTP7 roadwheel-

for the rivets D = 0.385 inches 15 rivets per wheel
2
7D 2
A, = =2~ = 0.116 in

Maximum load supported per rivet (F/r) -5 A

F/r - 49,000 x 0.116 - 5,684 lbs.

Di = 19.375 inches (inside diameter of wear ring)
Do = 22.875 inches (outside diameter)
Area of wear ring; Aw = % (Doz-Diz)

= 116.1 in2 s
Theoretical wear ring area supported by each rivet

A/t = Aw
¥ of rIvets

116.1 in2
15

A

A/lr = 7.7 inz

the required shea: strength of the adhesive is F/x

A7r

F/r

= T = 5,684 lbs
Alx T3¢ InT

T = 734 psi (required shear strength
of adhesive)
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M113A1 roadwheel-

for the rivets D = 0.25 inches 18 rivets per wheel
2
Ar = T2 = 0,049 in?
F/r = SsuA
= 49,000 x 0.049
F/r = 2401 1lbs.
Di = 16.69 in.
Do = 21.81 in.
Aw = % (Do2 - Diz)
Aw = 154.8 in2
A/lr = Aw
¥ of rivets
= 154.8 in°
18
2
A/r = 8.6 in
F/r _ 2401 1bs. .
A/x 8.61in% o
T = 279 psi(required shear strength
of adhesive)
21




Based on this review, it is concluded that the wear -
plates can be bonded due to the low strengths required. 1In
the event that riveting is desired, then this option may
be available depending on the actual strength requirements.
The primary consideration against rivets is that close
tolerances are required to avoid fatigue damage to the
composite. Shock and impact loads were not evaluated and
may affect these conclusions.

Fatique Considerations - Requirements given for the
wheel show a cyclic environment to about .5 x 105 cycles.
High strength unidirectional graphite/epoxy can be cycled
in tension to up to 130 ksi for a half million cycles
(from reference 3, Figure 1.2.5-17). This cyclic stress
level corresponds to about .6% strain in tension. Since
these composite wheel designs attempt to align fibers with
principle stress directions, effects of cyclic loading on
in-plane properties will be small. However, the inter-
laminar shear strength drops to 55% of its static value
after a half million cycles while the stiffness remains
close to 90% (Figure 1.2.5-25, reference 3). Given this
fact, the resin systems used, a working level interlaminar
shear strength of 4 ksi must be obtained.

Reliability and Environmental Effects - Reliability and
maintalnabIlity of the composite wheels is a function of
several factors such as preventing damage from heavy impact.
A glass reinforced plastic (GRP) outer protective covering
will sacrificially protect the wheel from abrasion and small

scale impact.

The titanium sleeve in the holes was chosen to protect
the graphite laminate holes from wear and corrosive contact
with bolts.

Environmental effects such as heat, moisture, and high
strain rate change the mechanical properties of graphite
epoxy composites. Heat and moisture studies that have been
conducted show that these environmental effects are matrix
dependent. The graphite fibers are affected little by
temperature or humidity increases while the epoxy matrix is

22
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susceptible to these environmental influences; hence,

the longitudinal properties (those in the direction of

the fibers) for a unidirectional composite remain

fairly constant. The tensile strength is, in fact,

found to be slighly higher in the longitudinal direction
after being subjected to a heat and moisture environment

as shown by Figure 3.9. This is presumably due to uneven
tension on the fibers and the behavior of the matrix
material near broken fibers. Properties for the trans-
verse direction (perpendicular to the longitudinal
direction) are degraded by heat and moisture as shown in
Figure 3.10. The transverse strength decreases with an
increase of either temperature of humidity, caused by a
weakening of the epoxy matrix material. The transverse
modulus becomes less temperature dependent with an increase
in moisture content. Figure 3.11 shows that the axial
shear modulus is the property most affected by humidity,
temperature, and strain rate. 1In addition, the shear
modulus is dependent on the level of the applied shear
stress. As expected with polymeric materials, the
stiffness decreases with increasing temperature and moisture
content. Also, the stiffness increases with increasing
applied strain rate. Figs 3.1, 3.2 & 3.3 are based on Ref (8).

For this particular application, environmental etfzcts
will be minimal. The operating temperatures are moderate
enough for thermal degradation effects to be insignificant.
For thermal cycling between room temperature and 270°F for
500 cycles, (much more demanding than this application),
the data shows only a slight decrease in interlaminar shear
strength with other physical properties unaffected.

Physical aging effects are also slight. Aging is
primarily a matrix bound phenomena. The graphite fibers
are unaffected by aging, and so for a unidirectional
composite, the properties in the longitudinal direction are
unaffected. Available data suggests that a 108 decrease of
interlaminar shear strength and transverse strength can be
expected in 10 years.
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4.0 Design of Composite Wheels
4.1 LVTP7 Roadwheel Design

4.1.1 Design Criteria

The design of the composite roadwheel was based on
the maximum wheel load of 15,000 lbs. in the vertical
direction. The finite element analysis showed that
this condition was. the worse loading case causing high
stresses in the wheel rim and bolt hole areas. A
margin of safety of 1.25 was established for the composite
roadwheel design. To" allow.for design ‘uncer- .
tainty in composite degradation due to moisture, envir-
onmental factors, and damage tolerance, the ultimate
composite stress shall be 1.25 times that stress
encountered at the 15,000 1lb. vertical load in any area
of the wheel.

- b o 6 BTN

The basic structural material selected for this
design is a high strength, intermediate modulus graphite
fiber such as T-300 in an epoxy resin matrix.

Several factors were considered in the selection. .

l. Graphite/epoxy is lightweight over glass and
has better compressive properties than Kevlar.
Many areas of this wheel experience high
compressive stresses.

2. High stiffness.
3. Good data base from which to design.

E 4. Good fatigue properties compared to glass.

Glass and Kevlar composites will be used as secondary
materials to protect the graphite laminate from impact,
abrasion and contact with metals.

........
................................
................................
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....................
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The strain at selected areas of the wheel will be
compared to the aircraft industry standard of .6%
allowable for a graphite/epoxy laminate. Typically,
the maximum tensile strain of a T-300 unidirectional
composite is .8% while for a t45 angle ply laminate it
is 2.2%8. The .6% allownble reflects, again, the
general lack of firm knowledge about the onset of
delamination and the tolerance of the structure to
delamination growth.

The thickness of the laminate in the bolt hole area
was kept the same as the aluminum to preserve the symmetry
and alignment of the wheels when mounted. This is required
in order to maintain the same center line between a set of
roadwheels without resorting to two different designs.

4.1.2 Composite Design Considerations Resulting
from Alumunim Wheel Analysis

First, the deformation and stress state of the aluminum
wheel are reviewed to determine how the selective reinforce-
ment of a structural composite can best be used. Figures
2.9 and 2.10 show a cross section and end view of the wheel
with the deformed shape at maximum wheel load shown in
dotted lines. Several deformation mechanisms are evident.

l. Rim distortion out-of-round leading to beam
loading type stresses in radial planes of the
rim. A hoop compression of the rim is also

taking place leading to 4 hoop compressive
stress.

2. Out-of-plane bending of the wheel disc causing

flexural stresses through the thickness of the
disc.

3. Cantilever type bending of the rim .iong *he
line of high pressure contact wiia the ID of
the rubber tire.

Each type of deformation results in a stress state
within all points of the wheel. By limiting the magnitudle
of certain types of deformation using selective orientation
of the reinforcing fibers, stress magnitudes can be reduced
in critical areas. For example, the flexural stiffness of
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of the rim cross sections (EI) offer resistance to
out-of-round deformation of the rim. Using preferential
reinforcement of the hoop direction in the rim, the rim
flexura) stiffness will be increased over that of the
aluminum. This will both lower the hoop stresses in the
rim and flexural stresses in the corner joint between the
rim and disc.

4.1.3 Composite Design Conc ypt for LVTP7 Roadwheel

To design the composite wheel as a laminate with much
the same envelope as the aluminum wheel, it is important
to reduce deformations of the rim as much as possible to
avoid high interlaminar shear stresses in the rim itself
and in the transition corner between the rim and disc.
Also, since the primary loading of the wheel disc is
compression and tension in the radial direction and
flexure out-of-plane, the primary reinforcement of the
vheel disc is radial. Figure 4.3 shows the lamina orien-
tations selected for each area of the wheel. They exhibit
the preferential radial and hoop reinforcement as well as
multi-axial reinfurcement around the bolt holes. Dimensions
of the wheel are shown in drawing $#740-0008 found in

Appendix 3.

4.1.4 LVTP7 Composite Design Analysis

The analysis of the composite wheel is performed by
checking the strain and laminate stress in critical areas
of the wheel. Thi, is done by making upper bound assumptions
on the internal loading in these areas.

The laminate rim shown in Figure 4.3 is strongly
reinforced in the hoop direction with a 2:1 ratio of hoop
to ¢t 15° fibers in the ID of the rim and 1l:1 ratio at the
OD. To prevent possible shear failure on a 45° plane f-om
the horizontal plane, ¢t 15° fiber reinforcement of 508 was
maintained and the rim outer corner was rounded to a radius
of .25 inches. The hoop flexural stiffness of this composite
laminate rim is 1.72 times that of the aluminuam rim at the
outer edge as shown by the calculation of Appendix 2. This
reduces the change in diameter of the rim by the same factor
and will more effectively transmit the bearing load into
the wvheel disc. This load is transmitted through shear
at the rim/disc interface, and, if transmitted uniformly,
would result in a shear stress of 470 psi. The actual
gradient of interlsminar shear stress from the contact
point along the wheel disc should be established by subscale

test.




FIGURE 4.3
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