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A nonlinear static analysis was discussed. The ANSYS finite element analysis 

computer program was used to build stress analysis models, simulate the loading 
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application. Polyurethane impregnated Kevlar showed the best strength properties 
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Fiber-Reinforced Composite Materials for 
Coal Transportation Railcar Bed 

1. Introduction 

This thesis work is mainly based on the United States Patent: Railway Gondola 

Car Incorporating Flexible Panels of Composite Sheet Material (Inventors: James D. 

Pileggi, Beaverton; Ernest G. Wolff, Corvallis, both of Oregon. Assignees: 

Gunderson, Inc., Portland; The State of Oregon, Eugene, both of Oregon. Patent 

Number: 5,373,792. Date of Patent: December 20, 1994). 

The objective of the patent is to replace the current steel bed of the coal 

transportation railcar by a composite sheet material, resulting in weight savings, cost 

savings, good mechanical properties and good chemical properties. According to the 

patent specifications: 

A gondola railway car with a structural frame of metal has panels of 
lightweight composite tension-bearing sheet material attached to the frame by clamps, 
which grip the margins of the panels. The panels thus are structural components of the 
car body, while also acting to contain bulk cargo such as coal. The panels may be of 
aramid fiber cloth coated with a wear-resistant polymeric material, and particles of 
hard material may be embedded in the polymeric material to enhance resistance to 
mechanical erosion [1]. 

A conventional coal transportation railcar has steel construction, and is 

employed to carry bulk cargoes of coal under different working environments. 

Aluminum has been considered to replace some steel portions of the railcar since it 

has good erosion resistance to sulfur, which is commonly found in coal. In addition, 

its lighter weight can increase the carrying capacity of the railcar. The high cost of the 

aluminum construction limits this application. A new type of material is desired to 

provide coal transportation railcars with adequate strength, light weight, low cost and 

long durability. 
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The flexible fiber composites (textile-based fabrics coated with the flexible 

protective materials) were chosen as the target materials because of their well-known 

advantageous mechanical properties. In addition, the tension-bearing panels can be 

easily fabricated from such composites. 

In Chapter 2, material selection and fabrication processes to develop fiber 

composites are introduced. Since polyurethane impregnated Kevlar is the primary 

material of concern, its optimal fabrication process is discussed in detail. According 

to the prototype test design and conditions, the majority of the test samples were 

developed successfully by hand lay-up process and a few samples were developed by 

vacuum bagging process by Dr. Ernest G. Wolff and his students during the early 

research work [refer to Reference 2]. 

In Chapter 3, mechanical properties of fiber composite materials are discussed 

and related theories are presented. These are very closely related to the fabrication 

process and computer simulation models. 

In Chapter 4, the nonlinear static analysis theory for the thin plate is presented. 

The ANSYS computer program was used to build models, simulate loading conditions 

and perform nonlinear static analysis. Both prototype and lab loading conditions were 

simulated and results were compared. The equivalent point load to the prototype load 

under lab test conditions was obtained. Loading proof tests under lab conditions were 

designed and completed. It is concluded that all the candidate fiber composite samples 

can meet the strength requirements for the design. Polyurethane impregnated Kevlar 

showed the best strength properties among the fiber composites, which were 

fabricated and tested. 

In Chapter 5, the wear and abrasion properties of different types of fiber 

composite materials and related test results are discussed. 

In Chapter 6, additional research work is discussed. 

In Chapter 7, the various conclusions are discussed. 

In Chapter 8, the recommendations and the research work needed to be done in 

the future are discussed. 
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The figures in this chapter are the general VIew of a gondola type coal 

transportation railcar. Figure 1.1 shows photos of a railcar (top, side and bottom 

views). Figure 1.2 shows the schematic of a railcar with major dimensions. Figure 1.3 

shows an isometric view of a coal-carrying unit. Figure 1.4 shows the side view of a 

coal carrying unit with relevant dimensions. 
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Figure 1.1 Top, Side and Bottom Views of a Coal Transportation Railcar. 
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Figure 1.2 Schematic of a Coal Transportation Railcar [2]. 
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Figure 1.3 Isometric View of a Coal Carrying Unit [3]. 
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Figure 1.4 Side View of a Coal-Carrying Unit [3]. 
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2. Fabrication Process 

2.1. Materials and Properties 

Continuous-fiber-reinforced composite materials were chosen as the primary 

candidate materials since they have good mechanical properties. The first step in this 

design focuses on the selection of matrix and reinforcement. Obviously, the 

mechanical properties are the most important factors that should be considered; In 

addition, compatibility, processability and cost should be given equal attention. 

In almost all cases of structural application, the fiber acts as the primary load

bearing constituent and the matrix serves as a medium of load transfer onto the fibers. 

Modem composite materials typically utilize a reinforcement phase and a binder 

phase. The more rigid and higher-strength fibers in a more compliant matrix is 

desirable. 

The plain weave fabric (refer to Figure 2.1), which is the simplest form of 

orthogonal woven fabric, is considered in this application. In the plain weave, yams 

are interlaced over and under each other in an alternating fashion. The plain weave 

gives the most stability and firmness to the fabric and the least yam slippage [4]. In 

Figure 2.1, the longitudinal yams are known as the warp, and the widthwise yams are 

known as the filling. 

Warp 

Figure 2.1 Plain Weave (Kevlar) [4]. 
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Considering all the factors above, Kevlar 29, Twaron and E-glass were 

selected as the candidate fibers and Polyurethane, Epoxy and Polyester were selected 

as the candidate resins. Their properties are discussed in what follows: 

2.1.1. Fibers 

Compared to glass fibers, aramid fibers (sold under the trade names Kevlar and 

Twaron) have higher stiffness, but lower compressive strength due to buckling. In 

addition, they have light weight and high tensile strength (refer to Table 2.1). Both 

glass-fiber and aramid-fiber composites show good toughness in impact environments. 

Aramid tends to respond under impact in a ductile manner while glass fiber tends to 

fail in a more brittle manner. Aramid fiber is usually used as a higher-performance 

replacement for glass fiber in industrial applications, and also in sporting goods and 

protective clothing [5]. 

Glass fiber with polymeric matrices has been widely used in many different 

kinds of commercial products such as piping, tanks, boats, and sporting goods. 

Because of its good properties such as low cost, corrosion resistance, and efficient 

manufacturing potential, glass is by far the most widely used fiber. It has lower 

stiffness, lower cost and higher elongation compared to other composites and its 

strength and weight are moderate (refer to Table 2.1). It has been used extensively in 

working environments where corrosion resistance is important, such as in piping for 

the chemical industry and in marine applications. The are several types of glass fiber. 

For example, E (electrical) is the cheaper fiber and S (high strength) has higher 

strength properties. Although glass fiber is widely used in marine applications, glass 

fiber is still subject to strength loss under moisture and load [5]. 
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Properties Kevlar 29 Kevlar 49 E glass S glass 

Density Mglm
j 1.44 1.479 2.49 2.49 

Ib/in. J 0.052 0.534 0.090 0.090 

Tensile Mpa 2760 2760 3450 4590 

Strength Ksi 400 400 500 665 

Tensile Gpa 62 131 72.4 86.9 

Modulus 106 psi 9 19 10.5 12.6 

Use Limit Uc 425 425 425 425 

uF 800 800 800 800 

Brittleness Tough Tough Brittle Brittle 

Abrasiveness No No Yes Yes 

Price/lb (1985) $16 $16 $0.80-$1.20 $4 

Table 2.1 Fiber Properties [4,6]. 

2.1.2 Matrices 

The polymeric matrices are classified as two general categories: thermosets 

and thermoplastics. The thermosets cure by chemical reaction which is a one-time 

irreversible process, while thermoplastics can be formed repeatedly by heating to an 

elevated temperature at which softening occurs [5]. 

Polyurethane thermoset systems are widely used in composite applications that 

require high strength and resiliency. The products provide excellent properties in 

abrasion resistance, flexibility, hardness, chemical resistance and solvent resistance as 

well as light sensitivity and weatherability [5]. In this design, polyurethane based 

resin mixture was the matrix material used to impregnate the fabric. Uralite 3177, a 

white, low viscosity, two component casting Polyurethane elastomer manufactured by 

the Hexce1 Corporation, CA, U.S.A, was used as one of the matrix materials. 
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Polyester is a lower-cost material. The epoxy reSinS are widely used 

thermosets that offer superior performance compared to the polyester, but are more 

costly than the polyester [5]. 

The thermoplastic resins such as polypropylene and nylon were not considered 

in this design since there is a general lack of experience in using thermoplastics in 

combination with continuous-fiber systems, and material costs are high in some cases. 

2.1.3 Coating 

In order to improve the abrasion characteristics of the fiber composite, coating 

was applied on the top of the laminate. The general hypothesis is that hard particles 

cast in an external coating should shield the underlying load bearing fiber from 

abrasive as well as environmental degradation (refer to Figure 2.2). 

Matrix/Hard particles 

Fiber/Matrix 

Figure 2.2 External Hard Particle Coating. 

Several kinds of powders were chosen as the hard particle additives, and are 

listed in Table 2.2. 
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Powder Size Range (/-lm) 

>850 425-850 180-425 125-180 106-125 90-106 75-90 53-75 <53 

Alumina 0 0 0 0 0 0 0 0.01 99.99 

P.C. 0 0 0 0.07 0.03 0.08 0.33 2.06 97.43 

Ca-AI 0 0 0 0.08 0.1 0.17 0.82 5.42 93.41 

SC0186 0 83.24 16.66 0.1 0 0 0 0 0 

#36 
SC0386 0 0 0.02 69.04 28.96 1.86 0.07 0.05 0 

#100 
SC0290 0 0 99.4 0.53 0.04 0 0 0 0 

#60 
AOO258 0 0.03 99.7 0.25 0.02 0 0 0 0 

#60 
AOO152 0 91.85 7.53 0.3 0.09 0.04 0.08 0.04 0.07 

#36 
AOO365 0 0 0.02 61.88 25.61 6.16 3.84 1.71 0.7 

#100 
AOO446 0 0 0.02 7.7 22.1 23.8 28.8 12.3 5.25 

#150 
Alumina = Buehler Polishing Compound 
P.c. = Ordinary Portland Cement 
Ca-AI = Calcium Aluminate Cement (Lafarge Secor 71) 
SCO = Silicon Carbide 
AOO = Alumina 
A00365 and A00446 are called "FUSCOBLAST" Fusco Abrasive Systems, 17899 S. 
Susana Rd., Compton, CA 90221 

Table 2.2 Details of the Ceramic Powder Particle Size Analysis. 
(by weight percentage in each micron size range) 

2.2 Sample Development 

There are two principal steps in the manufacture of laminated fiber-reinforced 

composite materials. The first step is arranging prepregs in laminations. The second 

step is curing, which is drying or polymerization of the matrix material to form a 

permanent bond between fibers and between lamina. Curing may occur by applying 

heat and/or pressure to speed polymerization [6]. 
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Although many processes which produce fiber composites with different 

desired performances are available, the basic processes can be considered broadly in 

two classes: open-mold and closed-mold processes [6] 

Open molds are single-cavity molds. They can be male or female, and are 

used in processes requiring little or no pressure. The principle characteristics of this 

process are that the molded object is only finished on one side and complex shapes 

and large objects can be formed [6]. Hand lay-up, vacuum-bag molding, pressure-bag 

molding and continuous pultrusion are the typical open-mold processes. 

Hand lay-up is the oldest and simplest process for forming fiber-reinforced 

composites. Prepregs are placed in or on the mold, and entrapped air is removed with 

squeegees or rollers. Layers of fibers and resin are added to build up to the design 

thickness. A gel coat (pigmented surfacing resin) is applied to the mold before lay-up 

to produce a high quality surface. The lay-up normally cures at room temperature 

while heat may speed curing. The exposed side is generally rough. To make it 

smoother, a suitable releasing film such as Mylar may be applied (refer to Figure 2.3) 

[6]. 

reinforcements 

Gel 

Figure 2.3 Hand Lay-up Process [7]. 
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Vacuum bagging is principally suited for those cases in which higher pressure 

molding cannot be used. A flexible plastic membrane is molded over the surface of 

the lay-up to form a vacuum-tight bag. The bag is evacuated, and atmospheric 

pressure consolidates the lay-up against the surface of the mold (refer to Figure 2.4). 

Bleeder cloth is a porous fabric used to absorb excess resin when the consolidation 

occurs; release layers are porous release fabrics; and breather cloth is a perforated 

nylon used to allow escape of volatiles [7]. 

Dam 

Porous .Non-SlIck Loyer 

Mould 

Bose Plate 

Rubber or Plastic Cover 

Vacuum Line 

__ -Bleeder 

Cloths 

Figure 2.4 Vacuum-Bag Molding Assembly [7]. 

Pressure-bag molding is a process in which a tailored bag, usually a rubber 

bag, is placed over the lay-up, and air or steam pressure is used to eliminate voids, 

force out entrapped air, and drive out excess resin (refer to Figure 2.5). This process is 

suited for molding integrally stiffened structures having complex shapes [6]. 
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Figure 2.5 Pressure-Bag Molding [6]. 

In the continuous pultrusion process, the fiber and matrix are pulled through a 

die (refer to Figure 2.6). It can provide the functions of assembling the fibers , 

impregnating the resin , shaping the product and curing the resin. The pultruded 

products can have solid and hollow shapes in standard SIzes. Fishing rods and 

electrical insulator are typical examples which are manufactured by pultrusion [5] . 

SPOOLS OF 
FIBER 

Figure 2.6 Continuous Pultrusion [6]. 
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Closed-mold processes can control surface finishing, finish on two sides and 

provide excellent reproduction detail from part to part. Usually, closed molds are two

piece male and female metal molds. Matched-die molding, injection molding and 

continuous laminating are typical closed-mold processes [6]. 

2.2.1 Small Sample Preparation 

The open-mold, hand lay-up technique was chosen as the fabrication method 

since it is applicable to on-site fabrication on railcar. In addition, it is easily realized 

under lab environment and conditions. Since the large samples will be made and 

tested under prototype conditions, it is necessary to optimize the hand lay-up 

fabrication procedure to achieve different fiber-reinforced composite materials with 

good properties. 

A number of different kinds of samples of size 3x 3 inches were made by a 

common hand lay-up method as described before (the mold is a flat steel plate). The 

following samples showed good properties, such as full infiltration, high strength, high 

toughness, smooth surface and no trapped air. They are: 

1) Epoxy or polyester impregnated Kevlar 29. 

2) Polyurethane, epoxy or polyester impregnated Twaron. 

3) Polyurethane, epoxy or polyester impregnated E-glass. 

For the polyurethane impregnated Kevlar 29 sample (not one of the above 

samples), a problem occurred in that the polyurethane infiltrated the Kevlar 29 

insufficiently. Several methods were used to improve the infiltration since this 

composite is one of the desirable materials. Heating was applied during the process. 

Xylene was introduced since it reduces the viscosity of polyurethane and allows better 

wet-out of the individual Kevlar fibers. Also, xylene is quite volatile and should 

evaporate almost completely, thus it has little or no effect on the cured composite 

(refer to Table 2.3). 
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Uralite 3177 was used as polyurethane matrix since it has good abrasion and 

wear resistance and resilience. It has two parts: part A and part B. Uralite 3177 

contains urethane prepolymer (Diisocyanate and Silicon Dioxide as chief constituents) 

in part A and urethane curative (Ethyl glycols and mixed Aromatic Alkyl Esters as 

chief constituents) in part B. Part A and part B are usually mixed in equal parts. To 

reduce the viscosity, the weight percentage of part B was increased, resulting in better 

toughness, but less strength. 

The procedure and experimental results are listed in Table 2.3. 

From Table 2.3, the sample made according to procedure #24 showed very 

good properties (powders were mixed in the last step). 

For the samples of epoxy or polyester impregnated Kevlar 29, epoxy was 

mixed in equal part A and part B ( EA 9412 epoxy based resin system was used, EA 

9412 contains epoxy resins in part A and polyglycoldiamine in part B), and polyester 

was painted on the Kevlar 29 directly. No heating or xylene was used in these two 

processes. 

From the above, the optimal approach for fabricating small composite samples 

of polyurethane impregnated Kevlar 29 is as follows: 

1) Presoak the Kevlar 29 in xylene for 5 minutes. 

2) Mix 1/3 part A and 2/3 part B in weight percentage at room temperature ( 

Uralite 3177 polyurethane should have been stored under dry nitrogen, 

inert blanketing gas and below 82 OF). 

3) Stir, cast the mixture on Kevlar cloth, squeegee and smooth with flat edge. 

4) Spray powders (approximately 15 - 25 % by weight) uniformly on the 

polyurethane surface (refer Table 2.1 for powder details). 

5) Let it cure at room temperature. Curing time is about 1 hour and gel time 

is about 15 minutes, longer with higher percentages of powder additives. 

When the powders are sprayed on the resin, the fibers act as a filter for the 

particles, so the powders are mixed with the resin and remain on the top coating; only 

the resin infiltrates the fibers. 
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No. Weight Percentage Procedure Results 
of Part A and Part B 

1 112 A + 112 B Mixed together at room temperature before rough surface 
painting 

2 2/3 A + 113 B Same as #1 Cracked 
3 113 A + 2/3 B Same as #1 ~ood ~~erties 
4 112 A + 112 B Mixed first, then heated at 115 ~ for 10 min ~ood ~~erties 
5 2/3 A + 113 B Same as #4 brittle 
6 113 A + 2/3 B Same as #4 good ~operties 
7 112 A + 112 B Preheated part A and part B separately at 115 

Dp for 10min and mixed them t~ether 
Cracked 

8 112 A + 112 B Preheated A and B separately at 115 up for Cracked 
10 min, then added 20 v% xylene to the A 
and B mixture 

9 112 A + 112 B Same as # 8, but 20 v% xy lene was not hard 
substituted by 20 v% alcohol 

10 112 A + 112 B Mixed first and the heated at 115 up for 10 not hard 
minutes; at last, 120 v% xylene was added to 
this mixture 

11 1/2 A + 112 B Same as #10,20 v% xylene was substituted Cracked 
by 20v% alcohol 

12 112 A + 112 B + Mixed together at room temperature not cured 
20 v% alcohol 

13 112 A + 112 B + Mixed together at room temperature not cured 
20 v% xylene 

14 1/3 A + 2/3 B + Mixed together at room temperature not cured 
20 v% alcohol 

15 113 A + 2/3 B + Mixed together at room temperature not cured 
20 v% xylene 

16 112 A + 112 B Preheated 112 A ( 10 min, 115UP), then brittle, cracked 
poured 112 B into A before ~aintiIl& 

17 112 A + 1/2 B Preheated 1/2 A ( 10 min, 115UP), painted it Brittle 
on Kevlar, then dipped B into A 

18 112 A + 112 B Preheated Kevlar on hot plate (10 min, 115 ductile, slightly 
Dp), then dipped into mixed 112 A + 112 B adherent, very little 

~enetration 

19 113 A + 2/3 B + Preheated together, then painted some adherent, slight 
20 v% xylene ~enetration, ductile 

20 112 A + 112 B Mixed 112 A + 112B, painted on heated partially adherent, 
Kevlar over vacuum penetration, partially 

ductile 
21 1/2 A + 112 B Preheated 112 A + 112 B (IOmin, 115 uF), similar to #20 

painted on heated Kev1ar over vacuum 
22 1/2 A + 11 2 B Presoaked Kevlar in xylene, then painted 112 good properties 

A + 1/2 B on Kevlar, no vacuum 
23 1/2 A + 11 2 B Painted on Kevlar, cured at 115 up porous, brittle 
24 1/3 A + 2/3 B Presoaked Kevlar in xylene, then add 113 A + very good properties, 

2/3B at room temperature ductile, adherent, 
j)enetration 

Table 2.3 Itemized List of Fabrication Development of the Test Samples. 
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2.2.2 Large Sample Development 

When developing large samples, the first consideration is the large size of the 

samples and the second consideration is that the large samples will be tested under 

both laboratory and real working environments. 

Gunderson Incorporated (Portland, OR) designed a steel frame that is suitable 

for the prototype test, and is also easily manufactured (refer to Figure 2.7 and Figure 

2.8). 

For testing, the steel frame will be welded onto the railcar bed, and samples 

will be mounted on the fixture. The advantage of using this fixture is that impact, 

loading and wearing tests can be done at the same time. 

The 12 x 12 inch panels are supported by steel rods, which hold the panels off 

the railcar floor. This allows the panels to support the coal impact and weight during 

the test period, and the wear resistance of the samples can also be examined. To 

prevent coal from getting under the panels, a steel box surrounding the panel was 

designed. Furthermore, the steel box allows the panels to support the full weight of 

the coal [8]. The holes are located very close to the top surface of the frame to keep a 

very small gap between panel surface and the bottom of the frame surface [refer to 

Figure 2.9]. The small gaps also prevent coal from getting under the panels. 

Frame Surface 

Very Small Gap 

Figure 2.9 Cross Section of the Fixture with Mounted Sample. 



Jrigure 2.7 Steel Fixture. 
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Figure 2.8 Prototype Design of Steel Fixture for Mounting Samples into Railcar. 
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The samples were fabricated to fit the fixture design. The hand lay-up 

procedure for the polyurethane impregnated Kevlar 29 samples is as follows (refer to 

Figure 2.10): 

1) Cut the Kevlar 29 in a 12" by 24" - 32" rectangular shape (depending on 

the width of folded lays needed). 

2) Presoak the Kevlar sheet in xylene for 5 minutes. 

3) Lay a nylon sheet as the releasing film on a flat steel plate. 

4) Lay the Kevlar sheet on the nylon sheet. 

5) Use the tape sealant to create a 12" x 12" square mold. 

6) Mix 113 part A and 2/3 part B in weight percentage. 

7) Stir the mixture fully and cast it into the tape sealant mold. 

8) Use a paintbrush to squeegee the resin to make a smooth surface. 

9) Spray the powders (approximately 15-25% by weight, refer to Table 2.2 for 

powder details) uniformly on the resin surface. 

10) Let it cure at room temperature. Curing time is about 1 hour and gel time 

is about 15 minutes, longer with higher percentages of powder additives. 

11) When the resin is totally cured, take out the tape sealant from the steel 

plate; flip the sample and take out the nylon sheet; fold the two 6" - 10" 

edges to the backside of the sample, then paint polyurethane mixture to 

make two 2" - 6" wide double layers and two edge loops. Let it cure at 

room temperature again. 

12) Insert two I" diameter steel rods wrapped with nylon sheets into the two 

edge loops, paint a layer of polyurethane mixture around out surfaces the 

loops. When polyurethane is cured, take out the steel rods and nylon 

sheets. This step is to make protection layers for the loops, which prevents 

the loops from wear caused by the coal. 

The samples were photographed and numbered (refer to Figure 2.11). The 

sample properties such as weight, thickness and double layer length were measured 

and listed in Table 2.4 (samples No. 57 to No.64 were fabricated by vacuum bagging 

process by Dr. Ernest G. Wolff and his students). Before being mounted to the 



23 

fixture, three samples were placed in a group and a 3 x 12 inch glass fiber patch was 

put on the backside of each connecting edge of two adjacent panels, and polyurethane 

mixture was painted on the patch. This prevents coal from getting under the panels. 

There are a total of thirty-six samples that will be tested (twelve groups of 

samples with three in each group). Two identical fixtures were made for the prototype 

test. The sample groups were photographed, and the total weight of each group was 

also measured in order to do the analysis and evaluation after the test. (refer to Figure 

2.12 and Table 2.5). 

. .. , .. ... ... .. . . : ... :::.: .. . 
•• • • • • Powders 

t t t t 

Paint Brush 

Resin 

Nylon Sheet 

12" 

Steel Plate 

/+4--+~/.4------------+~/+4--~~1 
6" 12" 6" 

Figure 2.10 Sample Fabrication Process (Hand lay-up). 
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Figure 2.11 Photographs of the Samples Fabricated by the Hand Lay-up Process. 
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Sample Cloth Resin Coating Weight Thickness L(in.) 
No. (I!) (in.) 

39 Kevlar Polyurethane None 290.295 0.0435 9.00 
40 Kevlar Polyurethane None 490.939 0.1758 0 
41 Kevlar Polyurethane 400 SIC 350.171 0.0781 10.00 
42 Kevlar Polyurethane 400 SIC 510.352 0.1314 0 
43 Kevlar Polyurethane 150 SIC 530.610 0.1190 8.75 
44 Kevlar Polyurethane 150 SIC 590.072 0.2352 0 
45 Kevlar Polyurethane AOO 15236# 651.800 0.1537 9.00 
46 Kevlar Polyurethane AOO 15236# 846.900 0.2691 0 
47 Kevlar Polyurethane SCO 386 #100 560.020 0.1653 10.25 
48 Kevlar Polyurethane SCO 386 #100 731.900 0.3054 0 
49 Kevlar Polyurethane AOO446#150 709.200 0.1456 10.70 
50 Kevlar Polyurethane AOO 446#150 863.400 0.2073 0 
51 Kevlar Polyurethane 180 NO 522.250 0.1238 9.00 
52 Kevlar Polyurethane 180NO 687.300 0.2643 0 
53 Kevlar Polyurethane Portland Cement 320.775 0.0981 2.50 
54 Kevlar Polyurethane Portland Cement 580.173 0.1680 0 
55 Kevlar Polyurethane 320/400 AI 974.400 0.2014 0 
56 Kevlar Polyurethane 320/400 AI 700.200 0.1953 0 
57 Kevlar Epoxy None 100.530 0.1132 9.00 
58 Kevlar Epoxy None 180.263 0.1689 9.00 
59 Kevlar Epoxy None 150.779 0.0784 9.00 
60 Kevlar Epoxy None 240.680 0.1527 9.00 
61 Kevlar Epoxy None 200.948 0.1073 3.00 
62 Kevlar Epoxy None 90.732 0.0742 3.00 
63 Kevlar Epoxy None 160.462 0.1136 3.00 
64 Kevlar Epoxy None 50.051 0.0294 3.00 
65 Glass Fiber Polyurethane 180NO 450.472 0.1125 9.00 
66 Glass Fiber Polyurethane 180NO 688.400 0.2512 0 
67 Glass Fiber Po I yurethane Portland Cement 280.694 0.0921 9.00 
68 Glass Fiber Polyurethane Portland Cement 390.822 0.1719 0 
69 Glass Fiber Polyurethane 320/400 AI 410.867 0.1395 10.25 
70 Glass Fiber Polyurethane 320/400 AI 590.900 0.2832 0 
73 Kevlar Epoxy None 167.325 0.1053 9.00 
74 Kevlar Epoxy None 210.847 0.1594 0 
75 Glass Fiber Epoxy SCO 186 356.532 0.1274 9.00 
88 Twaron Po I yurethane SCO 386 #100 397.645 0.2473 0 
89 Glass Fiber Polyurethane None 284.653 0.1389 9.00 
90 Twaron Polyurethane None 306.475 0.1646 9.00 
91 Glass Fiber Polyester SCO 386 #100 298.367 0.2791 0 
92 Twaron Polyester SCO 386 #100 325.931 0.1756 9.00 
93 Glass Fiber Polyester None 149.344 0.2176 0 
129 Glass Fiber Polyurethane SCO 386 #100 423.583 0.2947 0 
130 Glass Fiber Polyurethane 180NO 389.947 0.2468 0 
131 Glass Fiber Polyurethane 3201400 NO 366.826 0.2743 0 

Table 2.4 List of 12" x 12" Samples Fabricated for Testing on Railcar. 
(L represents the distance between the double layers on the underside of the sample.) 
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Figure 2.12 Photographs of 10 of the 12 Group Samples. 
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Sample Sample Fiber Resin Coating Total 
Group No. Weight (Ib) 

No. 
55 Kevlar Polyurethane AOO446 

I 45 Kevlar Polyurethane AOO 15236# 4.75 
54 Kevlar Polyurethane Portland Cement 
56 Kevlar Polyurethane SCO 186 

2 50 Kevlar Polyurethane AOO 446 #150 5.00 
44 Kevlar Polyurethane 150 SIC 
52 Kevlar Polyurethane 180NO 

3 39 Kevlar Polyurethane None 4.90 
48 Kevlar Polyurethane SCO 386 #100 
49 Kevlar Polyurethane AOO 446 #150 

4 40 Kevlar Polyurethane None 4.80 
47 Kevlar Polyurethane SCO 386 #100 
74 Kevlar Epoxy None 

5 53 Kevlar Polyurethane Portland Cement 3.00 
75 Glass Fiber Epoxy SCO 186 
43 Kevlar Polyurethane 150 SIC 

6 45 Kevlar Polyurethane AOO 15236# 3.50 
61 Kevlar Epoxy None 
41 Kevlar Polyurethane 400 SIC 

7 58 Kevlar Epoxy None 2.50 
57 Kevlar Epoxy None 
60 Kevlar EpoxL None 

8 46 Kevlar Polyurethane AOO 15236# 4.00 
73 Kevlar Epoxy None 
63 Kevlar Epoxy None 

9 62 Kevlar Epoxy None 2.00 
59 Kevlar Epoxy None 
88 Twaron Polyurethane SCO 386 #100 

10 89 Glass Fiber Polyurethane None 4.20 
90 Twaron Polyurethane None 
91 Glass Fiber Polyester SCO 386 #100 

11 92 Twaron Polyester SCO 386 #100 2.35 
93 Glass Fiber Polyester None 
129 Glass Fiber Polyurethane SCO 386 #100 

12 130 Glass Fiber Polyurethane 180NO 4.50 
131 Glass Fiber Polyurethane 320/400 NO 

Table 2.5 List of 12 Sample Groups for Testing on Railcar. 
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2.2.3 Further Discussion 

The problems that might occur in the hand lay-up process, the reasons that 

cause the problems and the solutions to the problems are outlined in Table 2.6. 

Problem 
Cure in thickened 
rods or strings 

Cracking and 
fissuring 

Lay-up draining on 
vertical surfaces 

Bubbles 

Thin areas 

Cracked or resin-rich 
areas usually at 
bottom or well-point 

Cracking next to 
stiffening members 
Low impact strength 

Roller picks up fibers 
when working on mat 

Cause 
Pre gelation 

Larger cracks caused by too thick 
areas of gel coat or excessive 
exotherm or thin point in lay-up; 
fissuring because of front or reverse 
impact blow 
Resin too low in viscosity; resin with 
insufficient thixotropic agent; mold or 
room too warm 
Air entrained in reinforcement after 
combination with resin 

Gaps in lapping reinforcement caused 
by improper placement or 
shortcutting, etc. 

Drainage of resin in large lay-up to a 
low point and, because of high 
exotherm, results in cracking; possibly 
too high a resin-to-fiber ratio 

Hard spot 

Insufficient fiber; too much flexing 

Too close to gel time; styrene 
evaporation; rolling too fast 

Solution 
Keep mixing containers clean and 
free of previously catalyzed gel 
coat. Use throw-away mixing 
containers. 
More uniform application of gel 
coat and better mixing with catalyst. 
Prevent accidental or injuring 
blows. 

Most probable correction is to 
increase thixotropic agent content of 
resin. 
Add 0.2% green pigment to lay-up 
resin to see voids. Work lay-up 
more freely with brushes, 
squeegees, or serrated rollers. If 
possible, apply a liberal quantity of 
resin onto work before applying 
reinforcement, so that the resin 
forces air out from the bottom. 
Correct placement and cutting 
errors. Lay in patches to correct 
thin spots prior to removal from 
mold. Try pre-wetting of 
reinforcement by resin prior to 
placement in mold. 
Introduce more thixotropic agent 
into resin. Continue to squeegee 
excess resin out of collection points 
until gelation occurs. Add 
additional reinforcement. 
Use fillet in corner where stiffener 
meets laminate. 
Use bag molding, more woven 
roving, roving; use stiffener or 
sandwich construction. 
Adjust gel time, adjust fans; dip 
roller in styrene or fresh resin; more 
deliberate rolling. 

Table 2.6 Troubleshooting Guide for Hand Lay-up Process [4]. 
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3. Mechanical Properties of Fiber-Reinforced 
Composite Materials 

3.1 Micromechanics of Stiffness 
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Rule-of-mixtures models are usually used as simple models for the prediction 

of stiffness properties. The models are of two types: series and parallel. Parallel 

models are used for Ell and VlI, and series models are used for E22 and G/2. These 

models are introduced in Reference 3 and illustrated as follows [5]: 

... Matrix _ ~~-----------i __ A_X_ia_l...,d ~~iS_Placement 

Fiber ~ 

Figure 3.1 Parallel Layers of Fiber and Matrix (Used for the rule-of-mixtures 
micromechanics rule for Ell and Vll) [5]. 

Model/or Ell: The total force is the sum of the force in the fibers and the force 

in the matrix given by 

(3.1 ) 

The average stress is the force divided by the total area, and the composite modulus in 

the fiber direction is 

Since the area ratio is the same as the volume ratio, then 

Ell = VfEf + VmEm 

(3.2) 

(3.3) 

where Vf and V m are the fiber and matrix volume fractions, and Ef and Em are the fiber 

and matrix moduli. 
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Model for V12: The displacement of each layer depends on the thickness, h, of 

the layer and Poisson's ratio for the layer. The average lateral strain is obtained by 

dividing the total lateral displacement by the total thickness. 

Of + Om vJ2J h f c I + VJ2
m 

hmcI 
VJ2 = = = V f V I2 + V mV I2 (3.4) 

hc hc I m 
I I 

Matrix 

I----------I( Jrl----.... ------II t 
, Fiber 

(a) (b) 

Figure 3.2 Loading for Simplified Micromechanics Models for E22 and G12 [5]. 
(a) Transverse Normal Loading for En. 
(b) In-Plane Shear Loading for GJ2. 

Model for E22 : The average modulus in the transverse direction is given by 

v V 
=_f +_m 

E E 
21 2m 

(3.5) 

Model for G12 : Applying a shear stress to the layers of fiber and matrix, 

computing the total shear displacement, and then taking the average strain as the total 

displacement divided by the total thickness, 

_1_ = YJ2 = Of + Om = YI21
h f + YI2J

hm = TJ2hf / GI21 + TJ2hm / GI2J = V f + Vm 

GI2 TJ2 hTI2 hTI2 hTI2 GI2 GI2 J m 

(3.6) 

A comparison with experiments suggests that the parallel models are 

sufficiently accurate to be used, while the series models are less accurate. 



31 

3.2 The Strength of Fiber-Reinforced Composite Materials 

Fiber Matrix 

Figure 3.3 Fiber-Reinforced Composite Material. 

Figure 3.3 shows a fiber reinforced composite material. The fibers are aligned 

in the direction of tensile force. The strength theory is introduced in Reference 9 and 

illustrated as follows [9]. 

Assume that the bonding between the fibers and the matrix is satisfactory, and 

the strain of the composite, ~" is identical to that in the fiber, Ej, and in the matrix, Cm. 

Cc = tj = Cm (3.7) 

For O'c, OJ and O'm representing the engineering stresses for composite, fiber and 

matrix respectively, 

O'cA = 0'p4! + O'rnAm 

O'c = OjVf + O'rn( 1-Vf) 

(3.8) 

(3.9) 

A typical set of stress-strain curves for composite materials composed of brittle 

fibers and a ductile matrix is shown in Figure 3.4. 

The ultimate tensile strength of the composite is 

(3.10) 

where O'ju represents the ultimate tensile strength of the fiber, O'~u is the stress in the 

matrix at the failure strain of the composite, and O'mu is the ultimate tensile strength of 

the bulk matrix. The difference between O'mu and O'~u represents the capability of 

strain hardening of the matrix. 



32 

0' tu 

/'---1--- Fil>t~ 

..",..---'---- Com_it • 

...-~------.--------;-- Metfi. 

Figure 3.4 Stress-Strain Curves of Fiber, Matrix and Composite [9]. 

If Vf is very low, then the fibers fail to strengthen the ductile matrix material 

significantly. The small amount of fibers can not effectively constrain the deformation 

of the matrix, and can be rapidly stretched to their fracture strain. The composite 

strength is then given by 

(3.11) 

The minimum fiber volume fractton necessary to realize the strengthening effect is 

determined by equation 

a mu - a'mu 
V min = ----'='-----"'''---

a fu + a mu - a' mu 

(3.12) 

The ultimate tensile strength is give by equation 3.10, for Vf ~ Vmin , and by 

equation 3.11 for Vf < Vmin . These two equations are indicated in Figure 3.5 by the line 

segments AO and OB respectively. The failure mechanism was proposed by Kelly et 

al. It assumes that for Vf > Vmin , the fibers and the matrix fail at the same time by a 

single fracture process, and for Vf < Vmin , multiple fracture of the fibers and plastic 

flow of the matrix happen at the same time. Failure of the composite then occurs due 

to the fracture of the matrix at its ultimate tensile strain [9]. 
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Figure 3.5 Schematic Diagram for Strength-Volume Fraction Dependence [9]. 

From the practical view, composites consisting of ductile fibers and a ductile 

matrix are rarely used. 

The above strength theory is still applied for the ductile fibers and ductile 

matrix system, but has been modified by Mileiko [9]. The stress-strain curve in this 

case is shown in Figure 3.6. 
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Figure 3.6 Stress-Strain Curves for a Composite with Ductile Fibers 
and Ductile Matrix [9]. 



34 

The ultimate tensile strength of the composite with ductile fibers and ductile 

matrix is give as 

acu = Vf Oju ( £cui ctu) cfu exp( Btu - £Cu} 

+ (1 - VI) ami eculemu} DnUexp( emu - £Cu} (3.13) 

For the special case Btu = emu, equation 3.13 can be written in a simple form 

(3.14) 

This relation is shown by line AB in Figure 3.5. For ctu < Emu, the tensile 

strength at different volume fraction lies in the triangular region AOB (Figure 3.5). 

3.3 Characterization of Fiber Composite Materials 

This section discusses several categories of fiber composite characterization. 

Fiber length: In a given composite material, the fibers can be continuous, 

discontinuous, or both. The fiber length or the fiber aspect ratio (length-to-diameter 

ratio, lid) have a significant effect on the properties and on the failure models of the 

composite material. The relationship of composite tensile strength to fiber aspect 

ratio, and to fiber volume fraction is shown in Figure 3.7 [10]. 
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Figure 3.7 Relationship of Composite Tensile Strength to Fiber Aspect Ratio, 

and to Fiber Volume Fraction [10]. 
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Fiber Concentration: In order to achieve fiber reinforcement, the fibers must 

exceed a critical volume fraction Vcril (Vrnin ) as discussed in section 3.2. With high 

fiber concentrations, the strength of composites is more likely to be predicted by the 

simple rule of mixtures. Fracture toughness, fatigue and creep and some other 

complex properties are also dependent on fiber concentration [10]. 

Fiber Diameter: Smaller-diameter fibers are generally stronger than larger 

ones. The size of the fiber also controls the inter-fiber spacing at a given fiber volume 

fraction. When the fiber spacing becomes smaller, it is more difficult for the matrix to 

deform [10]. 

Fiber Orientation: Maximum loading of the fibers and maximum composite 

strength occurs when all the fibers are aligned parallel to a uniaxial tensile load. The 

effect of fiber orientation on the strength of a composite loaded in uniaxial tension is 

shown in Figure 3.8. From the figure, it can be seen that the strength is reduced 

significantl yonce the fibers exceed a small critical angle [10]. 
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Figure 3.8 Effect of Fiber Orientation on the Uniaxial Tensile Strength 
of a Fiber Composite Material [10]. 
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Constituent Behavior: If the fibers are brittle, the composite will tend to 

fracture in the linear portion of a stress-strain curve, even when the matrix is ductile. 

If the composite consists of ductile fibers and a ductile matrix, it will show plastic 

deformation prior to fracture. In actual fabrication, brittle fibers are more difficult to 

incorporate into matrix. Also, fiber damage and breakage should be minimized during 

the fabrication process [10]. 

Constituent Composition: This is main characterization of fiber composite 

materials (refer to Chapter 2 for discussion). 

3.4 Discussions and Conclusions 

The above discussions are mainly for fiber, reSIn, and unidirectional plies. 

Since impregnated fabrics (plain weaves) are used in this design, their stiffness 

properties and mechanical properties can be predicted based on the stiffness properties 

and mechanical properties of fiber, resin, and unidirectional plies. 

The three theoretical models, the mosaic model, the crimp (fiber undulation) 

model and the bridging model developed by Chou and Ishikawa [11], can predict the 

thermomechanical properties of fabric composites. Perumal Sarangabany [2] has 

applied the crimp model, which is better than both the mosaic and the bridging models 

in predicting the elastic properties of plain weaves [12], to determine the stiffness 

properties of the polyurethane impregnated Kevlar 29 fabric. 

For a single layer of the weave fabric composite, the local coupling effect 

exists between in- and out-of-plane deformation, due to the asymmetry of the 

distribution and properties of the constituent materials of the interlacing structure in 

the fabrics [2]. In the crimp model, two conditions, which are local warping 

constrained and local warping allowed, can be used to evaluate the upper and lower 

bounds of elastic constants of the lamina. Further discussions are available in 

Reference 2. 
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The stiffness properties, which are based on the rule-of-mixture models 

presented in this chapter, will be applied in the computer simulations (refer to Chapter 

4). According to the strength theory, to achieve high strength property of fiber 

composite material, the fiber volume faction should exceed the minimum value, which 

depends on the fiber and matrix strength properties. During the fabrication process for 

developing fiber-reinforced composite materials, about 60% fiber high volume faction 

was applied (low volume fraction, <20%; high volume fraction, 20-90%). 

Considering the characterizations of fiber composites, some optimizations and trade

offs were made during the material selection and fabrication process (refer to Chapter 

2). 
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4. Loading Proof Test 

4.1 Design Requirements 

The design requirements were provided by Gunderson Inc., Portland, OR, and 

are listed in Table 4.1. 

No. Requirements 

1 Vertical load should be designed for 1.8 load safety factor. 

2 Design should incorporate 0.45g lateral acceleration. 

3 Design should also consider 2g impact. 

4 Railcar should be designed to carry 240,000 pounds of coal. 

Table 4.1 Design Requirements. 

It is very important to understand the types and magnitude of the applied load 

on the railcar bed, which is proposed to be substituted by fiber-reinforced composite 

materials. Perumal Sarangabany [2] has done the stress analysis to determine the 

maximum stress acting on a railcar support-bed by using COSMOS finite element and 

WFM micromechanics models. He also determined the fracture strength of 

polyurethane impregnated Kevlar 29 fabric experimentally by loading the impregnated 

coupons in a microcomputer controlled Instron 4505. Hejeebu Narayana Rao V S S 

[3] has done the static and dynamic analysis of polyurethane impregnated Kevlar 

railcar bed. 

Generally, there are two types load acting on the railcar bed: static and 

dynamic loads. Static loads are the loads that are applied slowly to the structure and in 

steady state. For the composite bed, static loads come from the weight of the 
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composite bed itself and from the coal loaded in the car. Dynamic loads are the loads 

that vary with time. The dynamic loads for the composite bed come from the varying 

coal load on the flexible composite bed panels. 

Since lateral acceleration, or centrifugal force, is exerted on the side walls of 

the railcar, only impact and static loads are considered in determining the pressure 

acting on the coal support-bed. Also for simplicity, the coal load was assumed to be 

equivalent to uniform pressure acting on the total surface area of the bed and this 

pressure was assumed to act normal to the bed surface. 

The maximum loads from coal which are experienced by the car bed are 

calculated as follows: 

Static Load = Safety Factor x Weight of Coal 

= 1.8 x 240,000 lbs. 

= 432,000 lbs. 

Impact Load = 2g x Weight of Coal 

= 2 x 240,000 lbs. 

= 480,000 lbs. 

Since the impact load is larger than static load, it is considered as the 

maximum load that the composite bed supports. Thus the pressure acting on the car 

bed is calculated as follows: 

Pressure Acting on the Car Bed = Total Load / Bed Area 

4.2 Static Stress Analysis by ANSYS 

= 480,000 lbs. / (360 in. x 119.93 in.) 

= 11.118Ibs./in.2 

To prove that the strength of all fabricated sample panels can meet the design 

requirements, a loading proof test was designed, and conducted under laboratory 

conditions. The uniform distributed load should be applied to samples, but due to the 

limited laboratory equipment and funds, it couldn't be realized under laboratory 
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conditions. Therefore, an alternative method was used during the experiments, which 

is applying a linear distributed load along the center line of the composite surface 

(refer to Figure 4.9 and Figure 4.10), and compare the stress conditions to those under 

the uniform distributed load. 

To determine how much load should be applied during the lab experiment, the 

ANSYS finite element analysis package was used to simulate both cases: a uniform 

distributed load on the composite surface (prototype test), and a linear distributed load 

on the center line of the composite surface (lab test). The objective is to find the 

maximum stress that the composite can withstand under both conditions. If the 

maximum stresses for the two conditions are the same or very close, then the point 

load created by Instron 4505, which is transformed to the linear load, will be 

determined, since the linear pressure on the center line is a more severe stress state 

than the pressure on the surface. 

4.2.1 Models for Bending of Thin Plates 

Plates are initially flat with small thickness compared with the remaining 

dimensions. The nonlinear static analysis model for real samples is based on the thin 

plate model (refer to Section 4.2.2 for discussion). Refer to Figure 4.1, the small 

deflection theory of bending for isotropic, homogeneous, thin plates are introduced in 

Reference 13 and illustrated as follows [13]: 

t ,j 
'( +, 

'---~,'",<,,; cc':;-_---1 ., tt"''' 

Figure 4.1 Deformation of a Plate in Bending [13]. 
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The basic assumptions were made according to this model [13]: 

1) The deflection of the midsurface is small in comparison with the thickness 
of the plate. The slope of the deflected surface is much less than unity. 

2) Straight lines initially normal to the midsurface remain straight and normal 
to that surface subsequent to bending. This is equivalent to stating that the 
vertical shear strains /'xz and /Yz are negligible. The deflection of the plate is 
thus associated principally with bending strains, with the implication that 
the normal strain 0. owing to vertical loading may also be neglected. 

3) No midsurface straining or in-plane straining, stretching, or contracting 
occurs as a result of bending. 

4) The component of stress normal to the midsurface, OZ, is negligible. 

The strain-displacement relations are shown in the following equations: 

dv 
c" =-;-. ay 

du dv 
y", =-;-+-;-

. ay aX 

dw 
C =-=0 

Z dz 

dw dv 
y"z =-+-=0 
. dy dz 

Integration of the expressions for cz, /'xz and /Yz yields 

w =fdx, y) 
dw 

v = -z-+ f,(x, y) 
dy -

(4.1) 

(4.2) 

flx,y) andflx,y) represent the values of u and v corresponding to Z = 0 (the 

midsurface). From assumption 3, it can be concluded thath = h =0, therefore 

dw 
u=-z

dx 

Combining equation 4.1 and 4.3 yields 

dw 
v=-z-

dy 

_ -2 d
2
w 

Yxr - z:::l:::l . uxuy 

(4.3) 

(4.4) 

The stress components o:r, oy and Txy = ,)'x for a thin plate are determined by 

Hooke's law, and are 
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E Ez d 2w 
r x)' = 2(1 + v) r x)' = - 1 + v dxdy 

(4.5) 

The stress distribution over the side surfaces of the plate results in bending and 

twisting moments. The moment resultants per unit length are denoted Mx, My and Mxy. 

Referring to Figure 4.2, 

Expressions for My and Mxy = Myx are similarly derived, and are 

f
l/2 

M x = zaxdz 
-1/2 f

l/2 

My = zaydz 
. -1/2 . 

Combining equations 4.5 and 4.7 with w = w(x,y), 

Et 3 

where D = 2 
12(1-v) 

(oJ 

Figure 4.2 (a) Plate Segments in Pure Bending; 

d2w 
M = -D(l- v)--

xv :I :I . oxoy 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(b) Positive Stresses on an Element in the Bottom Half of a Plate [13]. 

Substitution of z = t12 into Equation 4.5, and usmg Equation 4.8, the 

expressions for the maximum stresses which occur on the surface of the plate are 



_ 6M x 
O"y,max - -(-2-

6Mxv 
"xv max = --2-' 

" ( 
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(4.10) 

Considering a plate element subject to a uniformly distributed lateral load per 

unit area, P, in addition to the moments Mx, My and Mxy discussed previously (refer to 

Figure 4.3), the vertical shearing forces, Qx, and Qy, acting on the sides of the element 

are found. They are related directly to the vertical shearing stresses, and are 

J
I/2 

Qy = "YZdz 
, -1/2' 

The governing equation of plate theory is shown in Equation 4.12. 

a4w +2 a4w + a4w =!...
ax4 ax 2al al D 

(4.11 ) 

(4.12) 

The solution of the plate equation requires that two boundary conditions be 

satisfied at each edge. 

M 
ilM, 

Y + a;-dy 
Q ~o',ft, 

• + iy UT 

Figure 4.3 Positive Moments and Shear Forces (per unit length) and 
Distributed Lateral Load (per unit area) on a Plate Element [13]. 
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4.2.2 Nonlinear Static Analysis 

Nonlinearity is due to changing load status (including contact or loss of contact 

with the load), large deflection (geometric nolinearity), or nonlinear stress-strain 

relationships of the structural materials (material nonlinearity). Figure 4.4 shows 

common examples of nonlinear structural behavior. Considering the properties of the 

composite materials, the nonlinearity due to the geometry of the structure is the main 

concern of the present analysis. 

n 
(a) staple 

~ ------
(b) wooden bookshelf 

(el pneumntlc hre 

'lc::/. 
'~ 1, 

• 

• 

u 

u 

u 

Figure 4.4 Common Examples of Nonlinear Structural Behavior [14]. 

The commonly used method of nonlinear analysis is an iterative procedure for 

geometric nonlinear finite element analysis. It applies the total load and uses the 

displacements to revise the locations or coordinates of the nodal points at each cycle 

of iteration, and the new geometry is used to recompute the stiffness and loads. 

Therefore, the element characteristics are revised, and a linear analysis is performed 

[3]. 
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4.2.3 Nonlinear Static Analysis by ANSYS 

ANSYS IS a finite element analysis program capable of performing 

linear/nonlinear static, linear/nonlinear dynamic analysis and has linear/nonlinear 

capabilities including geometric, material, element, buckling and general contact for 1-

0, 2-D, 3-D and even large, complex models. In addition, it is capable of performing 

dynamic, buckling, heat transfer, fluid flow and electromagnetic analysis. 

ANSYS uses the "Newton-Raphson" approach to solve nonlinear problems. 

In the approach, the load is subdivided into a series of load increments and the load 

increments are applied over several load steps. Figure 4.5 shows the use of Newton

Raphson equilibrium iteration of rotational degrees of freedom nonlinear analysis [14]. 

F 

u 

Figure 4.5 Full Newton-Raphson Iterative Solution (2 load increments) [14]. 

The ANSYS structural analysis guide states: 

Before each solution, the Newton-Raphson method evaluates the out-of
balance load vector, which is the difference between the restoring forces (the loads 
corresponding to the element stresses) and the applied loads. The program then 
performs a linear solution, using the out-of-balance loads, and checks for convergence. 
If convergence criteria are not satisfied, the out-of-balance load vector is re-evaluated, 
the stiffness matrix is updated, and a new solution is obtained. This iterative 
procedure continues until the problem converges [14]. 
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Generally, a nonlinear analysis is organized into three levels of operation [14]: 

1) The "top" level consists of the load steps defined explicitly over a "time" 

span and loads are assumed to vary linearly within load steps (for static 

analysis). 

2) Within each load step, the program can be directed to perform several 

solutions (substeps or time steps) to apply the load gradually. 

3) At each substep, the program performs a number of equilibrium iterations 

to obtain a converged solution. 

Figure 4.6 shows a typical load history for a nonlinear analysis. 

Load 
Load~!!!'p"'? ______ _ 

Substep's---.....-'W' 

Load step 1 

o Load step 

® Substep 

L-__ ~ ____ ~ ____ L-~~ ____ ~Time 

o 0.5 1.0 1.5 1.75 2.0 

Figure 4.6 A Typical Load History for a Nonlinear Analysis [14]. 

4.2.4 ANSYS Simulations and Results 

The typical in-plane lamina stiffness properties of composite materials are 

obtained from Reference 5. The Kevlar 49/epoxy woven fabric was chosen as the 

sample material to be simulated in ANSYS. For simplicity, it assumed that the axial 

modulus in x direction (EX) is equal to the axial modulus in y direction (EY), and 
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shear modulus GXZ and GYZ values are very small (approximately tenth of GXY 

value). 

The input stiffness values of Kevlar 49/epoxy are listed in Table 4.2. In the 

nonlinear analysis, the time was set to be 1 and substeps were set to 100 for accuracy 

(refer to Appendix A and B). 

Material Property 

Axial Transverse Longitudinal- Transverse- Shear Shear 
Modulus Modulus Transverse Transverse Modulus Modulus 

Poisson's Poisson's 
Kevlar Ration Ratio 
49/epoxy E( (Msi), E3 (Msi) V12 V\3, V23 0 12 (Msi) 0\3 (Msi), 
(Woven fabric, E2 (Msi) 023 (Msi) 
plain weave) EX,EY EZ NUXY NUXZ, OXY OXZ, 

NUYZ OYZ 
11.0 0.8 0.34 0.024 0.33 0.033 

U.S. Customary: Msi S.1. Units: Opa 
1 Msi = Ix106 Psi 1 Opa = 0.145 Msi 1 Msi = 6.89 Opa 

Table 4.2 Input Material Properties for ANSYS Simulation. 

The Shell63 Elastic Shell model was used in the simulation. A flat square (12" 

x 12") plate model with 0.2" thickness was built. To simulate the lab loading proof 

test, two parallel edges were clamped, and thus restricted from displacement, but free 

to rotate. The resulting maximum stress and stress distribution of ANSYS output 

graphs are shown in Figure 4.7 and 4.8. The maximum stresses acted on the center of 

the bottom surface of the plate, and are 17,387 psi for surface pressure (1llbs'/in.2) 

and 19,617 psi for linear load (500lbs'/12in.) and. The maximum stresses are close 

together and the stress conditions for linear pressure are worse than those for surface 

pressure, especially at edges. Thus it is reasonable to apply the 500lbs'/12in. linear 

load created by the Instron 4505 during the lab test to simulate the real prototype test. 
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Figure 4.7 Stress Distribution (surface, top, and bottom, below) from ANSYS Output. 
(uniform distributed pressure on the surface) 
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Figure 4.8 Stress Distribution (surface, top, and bottom, below) from ANSYS Output. 
(linear pressure on the center line) 
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4.3 Experiment Setup 

The microcomputer controlled Instron 4505 (refer to Figure 4.11) was used for 

the loading proof test. It consists of a stationary and a movable head. The crosshead 

speed is controlled by the computer, which can provide a nearly constant strain rate. 

A steel frame was designed for this test (refer to Figure 4.9 and Figure 4.10). 

Its dimensions were determined by the size of the samples already fabricated. 

Movable Head of Instron 4505 

Applied Load 

cp I" Steel Rod 

Figure 4.9 Schematic View of Testing Setup. 

Figure 4.10 Side View of the Sample during Testing. 
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Figure 4.11 Microcomputer Controlled Instron 4505 and Experiment Setup. 
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4.4 Testing Procedure, Results and Discussions 

When the samples were set up, the lnstron 4505 was run under control of the 

microcomputer. Labview was the program used to read data, and control running of 

the machine. The strain rate was set at 0.2 inch per minute, and it took from one to ten 

minutes to reach five hundred pounds load. At the same time, the load and strain 

values were read, and the loading vs. vertical deflection curves were plotted. 

All the sample panels could support the critical 500lbs'/12in. line load, so that 

they all passed the proof test, and can support the required coal load under the 

prototype test. The vertical deflection value for each sample under critical load is 

listed in Table 4.3. From Table 4.3, we can see that the polyurethane impregnated 

Kevlar samples have the smaller strain when compared with the other samples. This 

means that these samples have better stiffness properties than the other ones. To see 

how sample fails, sample No. 41 was chosen to support a higher load. When the load 

reached to 780 pounds, this sample delaminated from one side of the double layer 

region (refer to Figure 2.9, Figure 4.10 and Figure 4.12). This result means that the 

short length of the double layer design, which used to form two edge loops, might not 

be strong enough (although it is safe under design requirements), since sample No. 41 

has only a one-inch double layer on each side. When sample No.42, which has 

twelve-inch double layers, was tested, it supported the load up to 1100 pounds. Again, 

however, it delaminated from the double-layer region. 

Therefore, it appears that delamination in the double-layer region would occur 

first. One possible reason is that the two layers in the double-layer region were not 

bonded to each other completely due to the hand lay-up process, since one layer was 

cured first and another layer was made later. This property can be improved by 

fabricating single layer and double layer and letting them cure at the same time to 

achieve good bonding. 

On the other hand, the test results showed the good strength properties of the 

fiber-reinforced composite materials; they all satisfied the design requirements. 
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No. Cloth Resin Coating L(in.) Thickness Vertical Load Detachment 
(in.) Deflection (lbs.) of woven 

(in.) fabrics 

39 Kevlar Polyurethane None 9.00 0.0435 1.8 500 No 
40 Kevlar Polyurethane None 0 0.1758 1.3 500 No 
41 Kevlar Polyurethane 400 SIC 10.00 0.0781 1.2 780 Yes 
42 Kevlar Polyurethane 400 SIC 0 0.1314 1.7 1100 Yes 
43 Kevlar Polyurethane 150 SIC 8.75 0.1190 I.S SOO No 
44 Kevlar Polyurethane 150 SIC 0 0.2352 1.3 SOO No 
4S Kevlar Polyurethane AOO 9.00 0.1537 J.7 500 No 

15236# 
46 Kevlar Polyurethane AOO 0 0.2691 1.2 SOO No 

15236# 
47 Kevlar Polyurethane SCO 1O.2S 0.1653 1.4 SOO No 

386#100 
48 Kevlar Polyurethane SCO 0 0.30S4 1.4 SOO No 

386#100 
49 Kevlar Polyurethane AOO 10.70 0.14S6 J.7 SOO No 

446#150 
SO Kevlar Polyurethane AOO 0 0.2073 I.S SOO No 

446#150 
SI Kevlar Polyurethane 180 9.00 0.1238 1.3 SOO No 

AlO 
S2 Kevlar Polyurethane 180 0 0.2643 I.S SOO No 

AlO 
S3 Kevlar Polyurethane Portland 2.S0 0.0981 1.8 SOO No 

Cement 
S4 Kevlar Polyurethane Portland 0 0.1680 1.6 SOO No 

Cement 
SS Kevlar Polyurethane 320/400 0 0.2014 1.2 SOO No 

Al 
S6 Kevlar Polyurethane 320/400 0 0.1953 1.3 SOO No 

Al 
57 Kevlar Epoxy None 9.00 0.1132 2.1 500 No 
S8 Kevlar Epoxy None 9.00 0.1689 2.S 500 No 
S9 Kevlar Epoxy None 9.00 0.0784 2.2 SOO No 

60 Kevlar Epoxy None 9.00 0.1527 2.0 500 No 
61 Kevlar Epoxy None 3.00 0.1073 2.8 500 No 
62 Kevlar Epoxy None 3.00 0.0742 2.4 500 No 
63 Kevlar Epoxy None 3.00 0.1136 1.9 SOO No 
64 Kevlar Epoxy None 3.00 0.0294 2.7 SOO No 
65 Glass Polyurethane 180 9.00 0.112S 2.6 SOO No 

Fiber AlO 
66 Glass Polyurethane 180 0 0.2512 2.2 SOO No 

Fiber AlO 
67 Glass Polyurethane Portland 9.00 0.0921 2.8 SOO No 

Fiber Cement 
68 Glass Polyurethane Portland 0 0.1719 2.4 SOO No 

Fiber Cement 
69 Glass Polyurethane 320/400 10.25 0.1395 2.S 500 No 

Fiber Al 

(Continued) 
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No. Cloth Resin Coating L(in.) Thickness Vertical Load Detachment 
(in.) Deflection (lbs.) of woven 

(in.) fabrics 
70 Glass Polyurethane 320/400 0 0.2832 2.2 500 No 

Fiber Al 
73 Kevlar Epoxy None 9.00 0.1053 2.9 500 No 
74 Kevlar Epoxy None 0 0.1594 2.1 500 No 
75 Glass Epoxy sca 9.00 0.1274 2.4 500 No 

Fiber 186 
88 Twaron Polyurethane sca 0 0.2473 1.9 500 No 

386#100 
89 Glass Polyurethane None 9.00 0.1389 2.6 500 No 

Fiber 
90 Twaron Polyurethane None 9.00 0.1646 2.2 500 No 
91 Glass Polyester sca 0 0.2791 2.5 500 No 

Fiber 386#100 
92 Twaron Polyester sca 9.00 0.1756 2.3 500 No 

386#100 
93 Glass Polyester None 0 0.2176 2.8 500 No 

Fiber 
129 Glass Polyurethane sca 0 0.2947 2.1 500 No 

Fiber 386#100 
130 Glass Polyurethane 180 0 0.2468 2.4 500 No 

Fiber Ala 
131 Glass Polyurethane 320/400 0 0.2743 2.3 500 No 

Fiber Ala 

Table 4.3 List of Vertical Deflection of the Samples under Vertical Loading. 
(L represents the distance between the double layers on the underside 
of the sample.) 

In addition, it is necessary to study the optimal method for attaching tension

bearing panels (composite fabrics) to rigid frame structure members (steel side walls 

of the railcars) in this design. 

Due to the limitations on material SIze, convemence In manufacture or 

transportation and the need for access, joints should be designed between composite 

components or between metallic components and components, though they are a 

source of failure and might cause manufacturing problems. 

The main methods used for joining metallic parts, mechanical fastening and 

adhesive bonding, are also applicable to composites. Special surface preparation is not 

needed for mechanically fastened joints. They are easily disassembled without 
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damage, and are easily inspected, but they have high stress concentration (at the 

holes). For boned joints, adequate surface preparation is essential. They have lower 

stress concentrations compared to mechanically fastened joints, but they can not easily 

be disassembled, and are not easily inspected. In addition, they have weight penalty 

and are sensitive to environmental effects [15]. 

The clamp assembly [1] (refer to Figure 4.12) design is considered in this 

application. Both mechanically fastened joints and boned joints are used in this 

design. A pair of similar clamp bars has central ribs; bolts are spaced apart along the 

ribs; and bonded joints form the edge loops of the composite panels. The space 

between the inner surface of the flange and the outer surface of the locking bar is 

designed to be wide enough to avoid having the locking bar wedge between the toe 

portion of the clamp bar and the flange of the structural element of the railcar. When 

the structural frame of the car is flexing as the car is traveling along a railway track in 

a loaded condition, it is possible for portions of the tubular margin of the panels to 

move slightly, and adjust their positions with respect to the clamp assemblies to 

achieve more equal distribution of tension loads through the panels. When the car is 

unloaded, tension in the tubular margin is relaxed [1]. In addition, composite panels 

can be easily disassembled, and it is very convenient for reparation or replacement. 

Bolt 

Center Rib 

~ 
Loop -----' 

Locking Bar 

Figure 4.12 The Clamp Assembly [1]. 
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Figure 4.13 Loading VS. Vertical Deflection Curve for Polyurethane/Kevlar Sample. 
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5. Wear and Abrasion 

5.1 Theoretical Background 

Wear and friction are considered as sub-areas of tribology. Friction is defined 

as the resisting force tangential to the common boundary between two bodies when, 

under the action of an external force, one body moves, or tends to move, relative to the 

surface of the other. Wear is defined as the progressive loss of substance from the 

operating surface of a body occurring as a result of relative motion at the surface [16]. 

Wear and friction are not intrinsic material properties but depend on many 

influencing factors that should be considered in a whole tribological system. These 

factors include the following basic parameters [16]: 

• The material components of the system and the tribological properties of 

the system's components. 

• The operating variables, such as load, temperature, operation duration, etc. 

• The tribological interactions between the systems components. 

Although both friction and wear arise from the interaction of surfaces, they are 

not associated with each other directly (high or low friction doesn't mean high or low 

wear). With the same material, friction may decrease after a given running time and 

this reduction in friction is associated with an increase in the wear rate [17]. 

Mechanisms offriction: Generally, if two bodies are placed in contact under a 

normal load, FN, a finite force is required to initiate or maintain sliding. When relative 

motion between the contacting bodies occurs, the friction force, FF, always acts in a 

direction opposite to that of the relative velocity of the surfaces. The friction force, 

FF, is proportional to the normal force, FN [16], 

FF=fxFN (5.1) 

The coefficient of friction is defined in the following equation: 

f = FF/ FN (5.2) 
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Mechanisms of wear: Wear mechanisms may be divided into four general 

classes, which are surface fatigue mechanisms, abrasive wear mechanisms, adhesive 

wear mechanisms and tribochemical wear mechanisms. Considering the application in 

this design, the simple model of abrasive wear mechanisms is introduced as follows 

(refer to Figure 5.1) [16]. 

1 

s 

2 tanB 
Simple Model: Wv = _. -_. FN . S 

Jr H 
Wv: Wear Volume 
H: Hardness 

8: Contact Angel 
s: Sliding Distance 

Figure 5.1 Abrasive Wear Mechanisms [16]. 

When two surfaces are in direct physical contact, and one of the surfaces is 

considerably harder than the other, the effect of abrasion occurs. The harder surface 

asperities press into the softer surface, and plastic flow of the softer surface occurs 

around the asperities from the harder surface. When tangential motion is imposed, the 

harder surface removes the softer material by combined effects of " micro-ploughing", 

"micro-cutting", and "micro-cracking". From the simple model, it can be seen that the 

wear volume is related to the asperity slope of the penetrating abrasive particle and the 

hardness of the abraded material [16]. 
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5.2 Wear of Fiber-Reinforced Composites 

The following equations are commonly used to describe the wear behavior of 

fiber-reinforced composite system [17]. 

• Dimensionless wear rate w: 

w=---
p·A·L L 

• Specific wear rate Ws: 

~v 
w =--

S F.L 
N 

• Time related depth wear rate Wt: 

M 
w, = -t- 11m / h 

where the individual quantities have the following meanings: 

L1h = Reduction in Specimen Height 

LtV = Wear Volume 

Lim = Mass Loss 

p= Density 

L = Sliding Distance 

t = Sliding Time 

(5.3) 

(5.4) 

(5.5) 

Klaus Friedrich [16] concluded the following rules can be derived for a 

systematic development of a polymer composite with good wear resistance. 

1) If the composite material has a high hardness, H, and yield stress, cry, the 

polymer matrix should posses a high resistance against plastic deformation. 

2) A combination of low frictional coefficient, f, and high thermal stability is 

desirable. 

3) For steady-state sliding wear conditions, the addition of continuous fibers 

results in improvements to mechanical properties and significant reductions 

in wear. The reason is that due to the load support of the reinforcement 

components, the contribution of abrasive mechanisms to the wear of the 

material is highly suppressed. This is especially effective if the structure 
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of the fiber arrangement, such as plain weave, yields a smooth wear 

surface. 

4) Ductile fiber materials are superior to brittle ones, especially if they 

possess a low frictional coefficient and low abrasiveness to the abrasive 

counterparts. 

5) Considering the reinforcement structure, it is promising that the ratio of the 

asperity size to the dimensions of the filler components is small. 

Therefore, it is better that fibers are continuous in length and interwoven 

rather than undirectionally oriented. An orientation of tough fiber bundles 

normal to the sliding interface is very effective in hindering of the most 

destructive microcracking mechanisms, which act during severe abrasive 

wear loading conditions. 

Usually, all these requirements can not be fulfilled simultaneously, and a 

compromise might be made depending on different applications. 

Klaus Friedrich and Jingshen Wu [17] reported that sliding on a plane with 

normal fiber orientation results in lower wear rates than that for in-plane sliding 

parallel or anti parallel to fiber orientation. They also reported that the wear resistance 

of carbon fibers are superior to that of glass fiber, and the wear resistance of aramid 

fibers are somewhat near that of carbon fiber; all of these fibers are able to improve 

the wear resistance of the polymer matrix slightly, or even by several orders of 

magnitude; Epoxy/Kevlar 49 composite ( 60% fiber volume fraction) has much lower 

specific wear rate vs. steel than that of EpoxylE-glass composite (58% fiber volume 

fraction). 

Considering the above discussions, plain weave was chosen as the fiber 

arrangement to improve the wear resistance and mechanical properties of the 

composites. In addition, desirable smooth surfaces of the composite panels were made 

in the fabrication process, which can also improve the wear behavior of the 

composites. 
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Since Kevlar and Twaron fibers are ductile, while glass fibers are brittle, it can 

be expected that Kevlar and Twaron fiber-reinforced composite samples would have 

better wear performance than glass fiber-reinforced ones. 

Hardness is a measure of the resistance of a material to surface indentation or 

abrasion. There is no absolute scale for hardness, and indentation hardness can be 

measured by Brinell, Rockwell, Vickers, Knoop, and Sclerose ope hardness tests [18]. 

Hardness and tensile strength data of polyurethane, epoxy and polyester are 

listed in Table 5.1. Generally, they have good values of hardness, tensile strength, low 

frictional coefficient, and thermal stability. Therefore, they contribute to the 

improvement of the wear resistance in this design. 

Properties Hardness Tensile Strength 

MPa Ksi 

Polyurethane 8-12 (Brinell) 31-58 4.5-8.4 

Epoxy 17 -18 (Brinell) 42.7-82.7 6.2-12 

Polyester 34-40 (Rockwell) 40-75 6-11 

Table 5.1 Mechanical Properties of the Matrices [18,19]. 

5.3 Ceramic Powder Coatings 

In the fabrication process, silicon carbide and alumina powders served as the 

mam coating materials to improve the wear resistance of the fiber-reinforced 

composite panels. 

Silicon carbide has very high hardness, high thermal conductivity, high 

strength, and very good wear and corrosion resistance. Applications for silicon 

carbide ceramics are typically in applications where wear and corrosion are problems 

[ 18]. 
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Alumina is perhaps the most commonly produced technical ceramics. It has a 

high hardness, excellent wear and corrosion resistance. In addition, low-cost alumina 

powders are fairly economical to manufacture [18]. 

Ceramic powder coatings on the surface of the composite sample panels can be 

expected to improve the wear resistance of the composite materials greatly. 

5.4 Wear and Abrasion Tests 

The major wear and abrasion tests (Ball Milling, Pin-on-Disk Wear Test, and 

Abrasive Wear Test) were done by Professor Ernest G. Wolff and his students 

(Preston Gabel, Rao Hejeebu, Suresh Bojan, Chris Brown, Mark Chandler, Jim 

Gabbard and Jeff Burnell)[19, 20]. Part of the Abrasive Wear Test was completed 

during the current thesis work. From these test results, the ultimate performance of 

the different type of the fiber-reinforced composite samples fabricated by the hand 

lay-up process can be predicted and compared. 

Generally, five methods of wear and abrasion tests are desirable for the 

composite railcar bed. There are listed below: 

1) Ball milling with granite/river rock. 

2) Pin-on disk sliding wear test (ASTM G99). 

3) Rotary tumbler with coal (Bureau of Mines design). 

4) Full scale tumbler (Gunderson). 

5) Prototype panels in a coal car (Gunderson). 

Methods 1 and 2 have been used under laboratory conditions. The wear 

test group of the Bureau of Mines in Albany, Oregon, provided the blueprints for an 

enclosed rotary tumbler for continuous abrasion testing with coal. Due to the high 

cost of operating Gunderson's large scale coal test tumbler, this test method is the 

backup test method for coatings optimization. Prototype test panels (method 5) have 

been prepared for testing under actual conditions[Chapter 2]. This involves mounting 

test panels on steel plates, which are the welded fixtures attached to a gondola railcar 
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bottom and/or side. This test is preferred to either method 3 or method 4, since it is 

relatively low cost, and long term durability under actual use conditions is desired. 

The test will be set up in the near future, and will last six months to a year. The 

sample panels will be later removed for measurement of wear and microscopic 

evaluation [20]. 

5.4.1 Ball Milling 

The coated Kevlar was first cut into 1 inch by 15 inch strips. Then six strips 

were taped together on the non-coated side to make a 6 inch by 15 inch unit. After the 

samples were placed inside a ball mill, the ball mill was charged with 250 grams of 

crushed granite (from the Watsonville quarry) and rotated at about 128 rpm. The 

samples were removed at various intervals in the abrasion process. Then the tape was 

removed and blown clean with pressurized air and weighed. The crushed granite and 

dust were emptied every hour and then the ball mill was recharged with new rock. 

This step was repeated five times during the five hour test. In the second series, this 

step was repeated three times [20]. 

Figure 5.2 [20] shows the relative volume loss for different samples. From this 

figure, it can be seen that alumina #150 and SiC #100 showed good properties in 

abrasion resistance, and that polyurethane can achieve the same good abrasion 

resistance if its weight fraction is increased. The sample having alumina powders 

mixed with extra xylene gave the worst abrasion rates [20]. 

Since granite is a harder material than coal, the abrasion rates were more 

severe than those expected in practice. The tests showed that the ceramic powders did 

not appreciably improve the abrasion resistance over extra polyurethane. One possible 

reason is that the polyurethane was mixed with ceramic powders or xylene during the 

fabrication process, and allowed the ceramic particles to settler closer to the Kevlar 

than to the surface, therefore giving results expectedly similar to polyurethane alone. 

Also xylene decreases the material abrasion properties [20]. 
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Therefore, a modification of the fabrication process was made [Chapter 2]. 

The ceramic powders were sprayed on the resin surface instead of being mixed the 

resin. Xylene was no longer mixed with the resin. Instead it was used to soak the 

Kevlar at the beginning of the process, which improved the wettability of the 

polyurethane. Thus, xylene was kept to a minimum during the fabrication process. In 

addition, it can be expected that samples (refer to Table 2.4) with A00446 #150 

coating or SC0386#100 coating will show good wear performance. For No. 41 and 

42 (polyurethane/Kevlar without coating) samples, their wear resistance was improved 

since the volume fraction of polyurethane of the composite was increased. 

5.4.2 Pin-on-Disk Sliding Wear Test 

Following the guidelines of References 22 and 23, a pin-on-disk system was 

constructed by Professor Ernest G. Wolff and his students [20] as shown in Figure 5.3. 

This system produces a more precise wear test system, and is insensitive to the choice 

of abrasive material (river rock, granite, or coal). 

The flat plate horizontal sample is shown cross-hatched in Figure 5.3. The 

motor is at the bottom and the two vertical cylinders are two steel rods, which are 

driven by the motor, and rotate, producing an abraded circular track on the sample. 

The (dead weight) loading is applied from above. The sample is supported by an 

aluminum support plate, steel side clamps and the two steel rods [20]. 

The pin-on-disk testing results are consistent with the ball mill testing results. 

The pure, void-free polyurethane demonstrated the least steady wear. The addition of 

fine alumina lowers the wear rate after an initial time period [21]. 

From Figure 5.4, it can be seen that polyurethane, polyurethane I alumina #150 

and polyurethane I SiC #100 samples have good wear resistance. It is also 

possible to conclude that alumina coating, silicon carbide coating and more 

polyurethane would improve the wear resistance of the fiber-reinforced composite 
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materials. The effects for the fabricated samples from these test results are the same 

as that discussed in Section 5.4.1. 

Aluminum 
Support Plate 

Steel Rod 

Sample 

Motor 

Figure 5.3 Schematic of Pin-on-Disk Apparatus. (The sample is placed horizontally 
under a weight, and above two steel rods, which are rotated by the motor 
below.) [20] 
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5.4.3 Abrasive Wear Test 

A common wear tester for plastic coatings is called the Taber Abraser [24]. 

Instead of purchasing a Taber Abraser, a similar quick screening test system for abrasive 

wear was designed and built by Professor Ernest G. Wolff and his students (refer to 

Figure 5.5) [21]. 

o ~ Diamond grinding rod 

Testing sample 

Figure 5.5 Simple Schematic of Abrasive Wear Test System [21]. 

A 0.25" diameter, vertical diamond grinding rod, with 120 grit diamonds, was 

placed under an applied weight, and rotated against a horizontal sample resting on the 

grinder. After a standard 3D-second test, the sample weight and depth of wear were 

measured. A gage block comparator with an accuracy of 0.0001 inches was used to 

measure the depth of wear. The wheel rotated at 3400 rpm, and the total applied vertical 

force was 736.3 g on the rod (7.22 Newtons or pressure of 33.1 psi). The grinding rod 

was cleaned with a steel wire brush after each test. This system produces higher wear 

rate than the pin-on-disk system, and is more easily assembled and operated. In addition, 

the geometry is different. Since 120 grit is a fairly coarse grit, and the diamonds are 

considerably harder than the steel pins, this test produces higher wear rate, and more 

severe erosion, than the pin-on-disk test [21]. 

The same samples tested with the pin-on-disk system were also tested with this 

system to compare the results. The results were almost the same, and indicated again that 

alumina and SiC additions can provide lowered abrasion rates than the pure polyurethane 

[21]. Therefore, it can be concluded (refer to Table 2.4) that No. 47, 48 samples 
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(polyurethane/Kevlar + SC0386 #100 coating), and No. 49, 50 samples 

(polyurethane/Kevlar + A00446 #150 coating) will have better wear performance than 

No. 41 and 42 (polyurethane/Kevlar without coating) samples, and rest of the fabricated 

samples. 
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6. Additional Research 

6.1 Ultraviolet Light Exposure Test 

Since the composite railcar bed will be exposed to the sun for long time 

periods and ultraviolet light (UV) will degrade the polymers, UV degradation is an 

important factor that should be considered in the design. 

To evaluate the effects of UV exposure on the samples, an accelerated 

exposure test was devised. First, a number of UV light sources were identified. BHK 

[25] is one of the companies which makes UV panel lights for the study of flat plate 

sheets. A Model DE - 4 EPROM eraser (UVP, INC) was used to make the test. It 

exposes small, flat samples to principally 254 nm radiation (It is normally used for 

read-only memory chips in which the stored data can be erased by UV, and 

reprogrammed bit by bit with voltage pulses) [21]. 

Different kinds of available samples were exposed under UV lamp for 1 and 2 

hours. The UV lamp heated the samples to about 60°C. After the exposure, the 

abrasive wear test was done again immediately. The testing data were analyzed [refer 

to Reference 21] and compared with the results from the abrasive wear tests in which 

samples had not been exposed to UV. The analysis showed that most of the samples 

were unaffected by the UV exposure. The samples that contained high volume 

fractions of Portland Cement or coarse SiC, however, showed signs of damage, which 

resulted in more susceptibility to the abrasive wear. In addition, all the epoxy samples 

showed good UV exposure resistance. 

Since the test only lasted 2 hours under laboratory conditions, a longer time 

exposure is expected to be done to observe more accurate effects. 
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6.2 Moisture and Acid Resistance 

One of the most common impurities in coal is sulfur. As a result, wet coal 

yields sulfuric acid, which has been found to degrade the mechanical properties of 

Kevlar [26, 27]. Also, a composite bed should be able to work under bad weather 

conditions such as rain and snow. In addition, coal itself always contains a certain 

amount of water, which wets the bed. Thus moisture and acid resistance of the fiber 

composites are also important factors that should be considered. 

Moisture and acid resistance of the ceramic-powder-infiltrated, polyurethane

coated Kevlar was studied by immersing the various coated samples in pure deionized 

water for 28 days, and then in a dilute solution of sulfuric acid (pH about 2) at room 

temperature for 34 days. The test results showed the alumina and SiC samples have 

the best moisture and acid resistance [20]. 

Perumal Sarangabany [2] has done research work on the effect of moisture and 

acid on the tensile strength of the fiber composites. He reported that polyurethane 

impregnated Kevlar 29 lost 19% to 35% of its strength after 10 hours of immersion in 

a ten percent concentrated sulfuric acid solution at 122°F. DuPont [27] reports an 

appreciable strength loss of 41 % to 80% for unimpregnated Kevlar aramid under 

similar conditions. Thus, it can be seen that the impregnation improves the moisture 

and acid resistance of the fabric. 

Although fiber composites lose some strength under moisture and acid 

environments, to a certain mount, they are still applicable as long as the final strength 

satisfies the design constraints. To analyze the long-term effects of moist, acid 

environments, the prototype and long duration tests are needed in future research 

work. 
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6.3 ODOT Road Cover Test 

The Oregon Department of Transportation (ODOT) needs to cover magnetic 

sensors close to the surface of highways to monitor traffic flow, but there is a problem 

in choosing covering materials. The sensors need to be installed under a material and 

covered and protected by this material, which must resist automobile traffic wear and 

weather. The ceramic coated polyurethane impregnated Kevlar was suggested to 

serve this purpose, since it was designed to resist wear from coal. 

With approval from Gunderson, Inc., two samples were prepared (the 

fabrication processes are the same as those described in Chapter 2): 

1) A 3' x 3' polyurethane impregnated, high strength Kevlar 29 orthogonal 

cloth with additional SiC #100 particle impregnated polyurethane surface. 

2) A 3' x 5' epoxy resin impregnated Astroquartz glass cloth, also with SiC 

#100 fine powder surface. 

Grommets with a 6-inch spacing were placed around each panel to meet 

ODOT's requirement for using 2-inch nails to attach panels to asphalt. The Lord 

Corporation was contacted to recommend an optimum adhesive to bond these 

materials to concrete, and also to steel. The QCM Company of Kent, Washington, 

supplied an Epoxy adhesive, Type 305-1(A) and 305-2(B) for bonding to road. 

The sample panels were installed on an Interstate 5 off-ramp in Salem, Oregon, 

and left for over a month. The glass cloth material was excessively damaged and also 

could not be easily removed due to the adhesive bonding. Over 50% of the area of the 

polyurethane/Kevlar 29 sheet with SiC#100 coating remained intact with minimal 

wear although contained cracks. The possible reason is that in-plane truck wheel 

loads cause cracks in the coating. The worst damage is on the sample edges. Wheels 

tended to tear the material from the edge, and it produced large shear stresses on the 

sheet edge region. Thus, it is possible to conclude that the materials are too thick for 

this application (about 0.3" thickness). If thinner samples were applied, better results 

would be expected. 
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It also can be concluded that polyurethane impregnated Kevlar IS much 

stronger than epoxy impregnated glass fiber. 

6.4 Cost Analysis 

The cost savmgs expected from the adoption of the light weight fiber

reinforced composite materials is $100,000 per railcar over a 20-year life. In addition, 

reducing rail traffic due to the greater coal carrying capacity per railcar also results in 

cost savings. Once the new materials start to serve in railcar transportation, the 

engineers and technicians will be quite familiar with the new materials capabilities and 

fabrication, so it is expected that in the future, related railcar structures such as railcar 

roofs and side panels also can be fabricated from new materials with improved 

performance [21]. 

Although polyurethane is not the least expensive polymeric material, it has the 

highest strength and wear resistance. Furthermore, low cost materials such as epoxy 

and polyester also can be considered as candidate materials as long as they can satisfy 

the design requirements (although they have lower strength and wear resistance when 

compared with polyurethane). 

Polyurethane typically cost $0.75 to $1.00 per pound, and some grades can be 

up to $1.80 per pound [14]. Current Uralite 3177 costs about $48 for a quart each of 

parts A and B [14]. Kevlar 29 fabrics are available from Clark-Schwebel Fiber Glass 

Co., Hi-Pro Form Fabrics Inc. and at least five other commercial weavers of the 

DuPont fiber. Sizing must be removed or scoured, and standard water repellent 

finishes will prevent adequate wetting of the polyurethane. The weave should have 

about a 17 x 17 thread count, and weigh 13.24 oz per square yard, so that both warp 

and fill tensile strengths exceed 400 pounds per inch. A double layer may be 

considered for an initial safety factor of 1.5 to 2. The price per linear yard (e.g., from 

Hi-Pro Form Fabrics, Inc.) varies with the quantity ordered. Style 745, with 50" width 

(Style 745/50 CS-897) costs about $38.35 per yard for lengths over 150 yards. A 120 
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inch wide and 10-49 yard long material costs about $60.50 per yard. A vailability of 

such wide fabrics varies [21]. 

Companies such as FUSCO supply large quantities of ceramic powders, such 

as fined grained alumina and SiC (about 20 volume percentage of powders are 

needed). "FUSCOBLAST" is a low cost mixture of powders that might be usefully 

screened for its finer sizes and evaluated. Nozzle wear will add additional costs when 

spraying ceramic powders [21]. 
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7. Conclusions 

Fabrication studies showed that the improved hand lay-up fabrication method 

for polyurethane impregnated Kevlar 29 fiber composites is casting or painting a 

premixed mixture of 113 Part A and 2/3 Part B (weight percentage) on Kevlar fabric 

presoaked with xylene, followed by spraying 10-20% ceramic powders (volume 

percentage) on the surface of the polyurethane resin, and letting the resin cure at room 

temperature for at least one hour. Xylene provides the fluidity for polyurethane to 

infiltrate the Kevlar cloth. The good hand lay-up fabrication method for other 

continuous fibers composites is the same as the one used in polyurethane/Kevlar 

composites, except that Part A and Part B are equally mixed in weight percentage, and 

no xylene is used. 

Different kinds of continuous fiber composites were made for the prototype 

tests by applying the optimum fabrication method as mentioned above. The size and 

shape were decided according the prototype fixture design. 

The ANSYS finite element analysis computer program was used to simulate 

both prototype and laboratory loading conditions, and to do the nonlinear static 

analysis. The critical load (500 pounds) for the laboratory testing was determined 

from the simulations. The test showed that all the samples can support a 500-pound 

load applied by the Instron 4505 under laboratory conditions (11.118 Ib./in.2
). 

Although all the samples meet the design requirements, polyurethane impregnated 

Kevlar 29 panels showed the best strength properties. The elongation for these panels 

is below 2", while for other samples it is above 2". 

Applying ceramic powder coatings on the resin improves the wear resistance 

of the composites. The slide wear and abrasive testing results showed that fine 

alumina and SiC powders increase the wear resistance. A 10-20 volume% filler 

addition is optimum. The alumina #150 and SiC #100 was the optimal size range 

(refer Table 2.1). Alumina and SiC coated fiber composites have good moisture and 

acid resistance, although their tensile strength will decrease somewhat in moisture and 

acid environments. Also, their wear resistance is not affected by UV exposure for 
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short-duration laboratory experiments, but long-duration UV exposure effects still 

need to be evaluated. 

The ODOT road cover test showed that polyurethane/Kevlar composites have 

much higher abrasion resistance than epoxy/glass fiber composites. Finally, if new 

composite materials are applied to fabricate coal transportation railcar beds, the cost 

savings are expected to be $100,000 per railcar over a 20-year life. 

Considering all the above factors, it can be predicted that the polyurethane 

impregnated Kevlar continuous fiber composite with fine alumina or SiC coatings 

would be the optimal material for a coal transportation railcar bed. Prototype tests will 

be started in the near future, although the results will not be available for some time, it 

can be expected that these types of composites will show the best properties among 

other fiber composites under actual working environments. 



----- -------

76 

8. Recommendations and Future Research 

1. Due to the limitation of equipment, funds and experience, only the hand lay

up fabrication process was used to fabricate fiber-reinforced composite materials, and 

there were some shortcomings in the simple lab approach. Since the processing 

methods greatly affect the composite properties (refer to Table 2.6), there must be 

some difference between laboratory-fabricated materials and real materials obtained 

from industry manufacturers. It would be better to combine the laboratory method 

with the industrial fabrication in future. Samples from manufactures should have 

better properties. In addition, the vacuum-bad molding or pressure-bad molding 

method can be realized in industry, and can be considered a better fabrication method 

than hand lay-up since it avoids the negative human effects in the hand lay-up process. 

2. The prototype test (test under real working environments) is the most 

important test for this design, although some properties can be tested under lab 

conditions. The samples need to be installed in the steel fixture, which will be 

mounted on the coal transportation railcar bed. The test will last at least six months. 

After that, the samples will be taken off the fixture, and their properties will be 

evaluated. 

3. Ball milling with graphite/river rock, pin-on-disk sliding and abrasive 

testing methods were used to evaluate the material wear resistance. But the real wear 

caused by coal might be different than that of the above testing methods, considering 

that coal is a different material than steel or stone, and that the coal pressure and 

sliding speed are also different than the parameters used in the laboratory testing. 

Thus final wear resistance analysis cannot be completed until the prototype tests are 

done. 

4. The moisture/acid test and UV exposure test were not performed over a long 

enough period. Considering the service life of composites, these properties will be 

reevaluated after the prototype test. 

5. The current design is based on one or two layers of fiber cloth with 0° and 

90° fiber orientations. It is known that adding layers at angel between 0° and 90° can 
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Improve in-plane strength, damage resistance and stability, and also reduce stress 

concentration [5]. Such a design might be studied in the future to improve the 

composite properties under different loading conditions. 

6. Material cost is one of the major constrains in this design. Although Kevlar 

29 and Kevlar 49 have the highest specific strength (ratio of strength/weight) of any 

commercial materials, the cost is still relatively high. It is about 113 above that of 

carbon fibers, twice that of carbon-glass hybrid fibers, and about triple that of glass 

fibers [28]. Thus some samples fabricated with low cost materials, such as Twaron 

and glass fibers, will be tested in the prototype test, and the properties will be 

evaluated to see if they might serve as alternative candidate materials. Other resins, 

such as epoxy and polyester, were also considered in this design; their properties, such 

as strength and wear resistance, need to be evaluated in the future. 
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Appendices 



Appendix A: ANSYS Input File for Kevlar 49IEpoxy 
Fiber Composite (Uniform Distributed 
Pressure on the Surface) 

NIEW, 1 ,1,1,1 
lANG, 1 
!REP,FAST 
IGRA,POWER 
IGST,ON 
IGRAPHICS,POWER 
ISHRINK,O 
IESHAPE,I.0 
IEFACET,1 
!RATIO,I,I,1 
!REPLOT 

'* 
!PREP7 

'* 
ET,I,SHELL63 

'* 
'* 
R,1,.2"", , 
RMORE"" 

'* 
'* 
UIMP,I,EX,EY,EZ,lle6,IIE6,0.8E6 
UIMP,I,prXY,prYZ,prXZ10.34,0.024,0.024 
UIMP,I,GXY,GYZ,GXZ,0.33E6,0.33E5,0.33E5 

'* 
K, '''' 
K, ,12", 
K, ,12,12 
K, ,0,12 

'* 
A, 1,4,3,2 

'* 
ASEL,S",1 
AATT,I,I,I,O 
ALLSEL 

'* 
LESIZE,ALL", 12, 1,1 
ASEL,S",1 
AMESH,ALL 
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ALLSEL 
EPLOT 

'* 
FINISH 

'* 
'* 
/SOLU 

'* 
!* PUT BC ON THE MODEL 

'* 
NSEL,S",1 
NSEL,A",38,48,1 
NSEL,A",26 
D,ALL,UX"",UY,UZ 
ALLSEL 

'* 
NSEL,S",2 
NSEL,A",15,25,1 
NSEL,A",14 
D,ALL,UY"",UZ 
ALLSEL 

'* 
!* PUT LOAD ON THE MODEL 

'* 
ASEL,S",1 
SFA,ALL,2,PRES,-11 
ALLSEL 

'* 
/STAT,SOLU 
NLGEOM,ON 
SOLCONTROL,ON 
TIME, 1 
AUTOTS,-1 
NSUBST,100, , ,1 
KBC,O 

'* 
NEQIT,lOO, 
!SOLVE 
FINISH 

! PRESSURE ON THE ENTIRE TOP 
! SURFACE OF THE MODEL 
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Appendix B: ANSYS Input File for Kevlar 49IEpoxy 
Fiber Composite (Linear Pressure on the 
Center Line) 

NIEW, 1 ,1,1,1 
lANG, 1 
!REP,FAST 
IGRA,POWER 
IGST,ON 
IGRAPHICS,POWER 
ISHRINK,O 
IESHAPE,I.0 
IEFACET,1 
!RATIO,I,I,1 
!REPLOT 

'* 
!PREP7 
!* 
ET, 1 ,SHELL63 

'* 
'* 
R,1,.2"", , 
RMORE", , 

'* 
'* 
UIMP, 1 ,EX,EY,EZ, lle6, l1E6,0.8E6 
UIMP,I,prXY,prYZ,prXZ,0.34,0.024,0.024 
UIMP, I,GXY,GYZ,GXZ,0.33E6,0.33E5,0.33E5 

'* 
K, "" 
K, ,12", 
K,,12,12 
K, ,0,12 

'* 
A,I,4,3,2 

'* 
ASEL,S",1 
AATT,I,I,I,O 
ALLSEL 

'* 
LESIZE,ALL", 12, 1,1 
ASEL,S",1 
AMESH,ALL 
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ALLSEL 
EPLOT 

'* 
FINISH 

'* 
'* 
ISOLU 

'* 
!* PUT BC ON THE MODEL 

'* 
NSEL,S",1 
NSEL,A",38,48,1 
NSEL,A",26 
D,ALL,UX"",UY,UZ 
ALLSEL 

'* 
NSEL,S",2 
NSEL,A",15,25,1 
NSEL,A",14 
D,ALL,UY"",UZ 
ALLSEL 

'* 
!* PUT LOAD ON THE MODEL 

'* 
NSEL,S",8 
NSEL,A",104,114,1 
NSEL,A",32 
F,ALL,FZ,500/12 
ALLSEL 

'* 
ISTAT,SOLU 
NLGEOM,ON 
SOLCONTROL,ON 
TIME, 1 
AUTOTS,-1 
NSUBST,100, , ,1 
KBC,O 

'* 
NEQIT,lOO, 
!SOLVE 
FINISH 

! LINEAR PRESSURE ON THE 
! CENTER LINE 
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