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ABSTRACT 
 

This research focuses on the analysis of the mechanical responses of a recycled high-

density polyethylene glass fiber composite material when subjected to uniaxial tension fatigue. 

The desired properties were determined through experimental testing of specimens extracted 

from crossties composed of the aforementioned material. Results and data gathered from the 

experiment were compared to the properties of material currently used in fields that provide 

potential use for the polymer composite. Following the experimental analysis, a computational 

finite element model was constructed to study the effects of gripping on the mechanical 

response of the specimens. A further detailed analysis was performed to study the effects of 

surface pores on specimen performance. Upon completing the experiments and computational 

finite element analysis, recommendations for improvement in the material were made, and a 

detailed procedure to be used in conducting further experimental research was established.  
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NOMENCLATURE 
 

CIR Center for Infrastructure Renewal 

HDPE High density polyethylene 

FEMA Federal Emergency Management Agency 

RELLIS Texas A&M University’s Auxiliary Research Campus 

USACE United States Army Corps of Engineers 

 

Any nomenclature regarding variables used in equations will be defined following the equation 
in the thesis. 
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1. INTRODUCTION 
 

This thesis will focus on how HDPE glass fiber composite specimens cut from beams are 

affected by cyclic loadings by experimentally modeling the fatigue behavior. The beams 

tested have a proposed use for railway crossties, construction mats, piers, docks, seawalls, 

and several other applications in coastal environments. Samples of the composite material 

tested were cut from full scale beams and subject to constant amplitude uniaxial fatigue 

testing.  

Throughout the duration of the experiments, a literature review was conducted to 

gather information on materials used in the previously mentioned applications. The 

literature review is represented and referenced throughout the entire thesis. Data collected 

from the review was used to create a comparison of the HDPE glass fiber composite with 

methods and materials currently in place. In order to carry out further experiments, the 

necessary equipment was purchased, installed and calibrated.   

 

1.1.  Motivation 
 

 

 Currently, many industries are predominantly using wooden beams for structural 

support, such as crossties, piers and construction mats. This is due to the availability, 

inexpensive cost, easy installation of wooden beams as crossties, and longevity of the 

practice. However, many issues can arise when using timber. These issues increase 

significantly in coastal areas.  
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For example, consider wooden piles used for piers. Untreated wood has “insufficient 

decay and infestation resistance for these exposures” according to the Coastal Construction 

Manual published by FEMA. Because of this, the wood must be pressure treated with 

creosote, a preservative used to prevent rotting of the wood. This is done in order to 

provide the minimum structural integrity needed to support a structure and bear any loads. 

However, even when treated with creosote, these wooden beams are subject to splitting, 

plate cutting, spike pull, insect infestation, and rotting. IN addition, creosote is an 

environmental hazard. 

Splitting and cracking in timber is a potentially detrimental, yet very common issue 

encountered in the field. This problem is greatly exacerbated in high pressure, high force 

environments, such as on railroads. The average loaded railway car exerts a pressure of 

roughly 1500 pounds per square inch on a crosstie. According to an article published by 

BNSF Railway Company entitled “Class I Railroads Continue the Longer Train Trend,” the 

average number of cars on a train in 2018 was 173 cars. In addition, the minimum number 

of axles on a train car is four, but the number of axles can be increased to as many as 

twelve. With this, it can be determined that the average train exerts roughly 1,400 fatigue 

cycles on a crosstie as it runs over the track. In addition, the number of cars and boxes on a 

train is steadily increasing, meaning railway ties are being introduced to more and more 

forces, resulting in a shorter life span and need to be replaced more frequently.   

Due to the issues encountered, this practice of using wooden beams is becoming 

outdated as better solutions hit the market. Among these better solutions is a recycled 

polyethylene glass fiber composite material that offers more strength and durability, thus in 
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return, a longer lifespan. Unlike timber, the composite material cannot absorb water, and 

therefore is immune to deformations experienced due to the intake of water in coastal 

environments. The recycled HDPE glass fiber composite material is estimated to have 

greater strength and durability than wood, while retaining the light weight and ductile 

nature of timber. 

 

1.2. Background 
 

 

The composite material being tested is made from recycled HDPE and glass fiber. The 

recycled HDPE is melted down to a viscous state, then the glass fibers are added to the 

mixture. The mixture is then injected into a mold with a blowing agent, where it forms a 

thick, solid outer layer and porous interior as it cools. Due to the blowing agent the number 

and size of pores within the beam varies spatially, and the glass fibers are distributed in a 

random pattern and orientation. Following the fabrication of the crosstie, it is subjected to 

a visual inspection as well as an x-ray to identify any defects in the material that could 

potentially render it unsafe for use in the field. 

Recently there has been an increasing interest by companies to look to “greener” 

alternatives in the way they operate. The manufacturer of this recycled HPDE glass fiber 

composite is no exception to this initiative, as newly developed material is made from 100% 

recycled HDPE.  In addition, if a composite crosstie is produced but does not pass the safety 

inspection, the material from the crosstie, though already molded and cast, can also be cut 

up, recycled, and used to create a new composite beam.  A cross sectional view of a crosstie 
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is seen in Figure 1, which depicts the variation and random pattern of the pore distribution 

in the center of the cross tie, as well as the solid exterior. 

 

Figure 1: Recycled HDPE glass fiber composite crosstie 



 

5 

 

 

2. POTENTIAL OCEAN ENGINEERING APPLICATIONS 
 

 

In the midst of several 100 and even 1000-year storms that have occurred recently in 

our oceans and on our coasts, there is a dire need for a stronger, more durable, readily 

available material used for structures in coastal regions, as current structural components used 

are succumbing to these natural disasters, as indicated in Figure 2. 

 

 Because each region is so morphologically diverse, the material used in construction of 

structures varies from place to place, as well as from project to project. Smaller projects such as 

personal docks, rely heavily on timber due to its availability, inexpensive cost, and ease to work 

Figure 2: Pier destruction after hurricane 
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with. The composite polymer material presented in this research is offers a low cost of 

manufacturing, is considerably more durable, and it can be adapted its surroundings while 

greatly reducing installation costs.  

 

2.1.  Piers 
 

Due to the superior material and structural properties of the HDPE glass fiber 

composite, the material has potential to be used in a wide array of possibilities in ocean 

engineering. More specifically, in coastal structures, this material is a promising alternative to 

timber for applications on piers, docks and marinas, as seen in Figure 3.  

Figure 3: Typical pier made of timber 
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Before use in coastal environments, timber is pressure treated using creosote, a 

potentially harmful chemical, to strengthen and prohibit waterlogging in the structural 

elements. Due to the plastic nature of the HDPE glass fiber composite, it is impervious to water, 

therefore it does not experience the same detrimental degradation in coastal environments, 

unlike its timber counterpart.  

 

2.2.  Sea Walls 
 

 

In addition to timber, reinforced concrete is also widely used in coastal structures such 

as piers and seawalls, depicted in Figure 4. Though commonly used, reinforced concrete has 

significantly larger installation costs and higher costs of failure.  

Figure 4: Concrete seawall 
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The composite beam structures offer a more cost-effective solution to this. For example, 

when a concrete structure begins to crack, the entire structure is compromised.  However, if a 

crack were to propagate from one composite beam, the beam could be easily replaced, rather 

than replacing the whole structure. In doing this, not only is the monetary cost significantly less, 

but the time cost to take our and reinstall the structural component is reduced greatly as well.  

In addition, when the material needs to be replaced, unlike timber and concrete, the 

beams can be easily be recycled by melting down the existing beam and repeating the 

manufacturing steps to creating the composite beam as previously touched on. Then, the 

material is formed into new beams, and put back into the field, offering a more cost effective 

and an environmentally friendly alternative to the current methods of coastal construction. 
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3. RESEARCH OBJECTIVES 
 

 

3.1. Rationale for the Study 
 

 

An HDPE glass fiber composite material intended for use as railway crossties and 

construction mats is studied herein. Limited data exists for this material, given its unique design 

and recently emerging presence in the field. The facilities at Texas A&M offer a wide range of 

testing capabilities, including uniaxial fatigue testing. For this reason, the study was to be 

conducted using testing equipment housed within the Center for Infrastructure Renewal on 

Texas A&M’s RELLIS campus and the Ocean Engineering Materials Lab on the main campus at 

Texas A&M. 

 

3.2.  Rationale for Machinery Purchased 
 

 

The experiments were conducted at Texas A&M RELLIS campus’ Center for 

Infrastructure Renewal (CIR). However, due to an influx of projects taking place at the CIR, there 

was a shortage of machinery and personnel available. To compensate for the lack of machine 

availability, the department of Ocean Engineering approved the purchase of a new MTS 812.21 

fatigue rated, uniaxial testing frame capable of producing 3.3 kips of force. Many requirements 

were taken into consideration when purchasing the appropriate machinery. The requirements 

taken into consideration included: 

 

1. Uniaxial loading and displacement capabilities 
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a. Ability to test in tension. 

2. Capability of exerting a minimum of 2000 pounds of force 

3. Able to perform cyclic fatigue experiments 

4. Minimum gauge length of 14 inches 

5. Closed loop power source (hydraulic or electric)  

Other non-technical requirements, such as machine dimensions, price, and company reliability 

were also taken into consideration.  

 

3.3.  Experimental goal 
 

 

The goal of this research is to 1) gain a better understanding of the behavior of a 

polymer composite comprised of recycled HDPE and glass fibers, and 2) obtain values for the 

material properties through experimental uniaxial fatigue testing. Following the experiments, 

the data will be compiled, analyzed and interpreted, resulting in pertinent information 

regarding how the material is expected to behave in the field. After the analysis of experimental 

data, recommendations will be made regarding recommendations for future testing and the 

material itself. In addition to providing recommendation for further testing, the goal of the 

experiment is to ascertain if there are potential improvements in the fatigue performance of 

the composite crossties. 

 Using the information gathered from the experiments, a further comparison will be 

made to other materials currently used in potential applications for the polymer composite. 
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More specifically, comparing the material to the materials commonly used in the railway 

industry, where composite materials have already been introduced.  

Another purpose of this experiment is to determine potential applications for the 

polymer composite to ocean applications, such as coastal structures. For example, it is 

anticipated that the water resistant, impervious HPDE glass fiber composite material has great 

potential for deployment in coastal environments. 
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4. EXPERIEMNTAL METHODOLOGY 
 

 

4.1. Forces induced on specimens 
 

 

The goal of this portion of the research is to simulate the forces induced on a crosstie at 

the moment a train car passes over it. In order to achieve this, the pressure induced by a loaded 

rail car on a crosstie needs to be calculated. There are many factors taken into consideration 

when determining the stresses experienced in a crosstie. For example, though the weight of a 

train car may be known, the rails and crossties are not the only mediums impacted. The force is 

dispersed throughout the rails and crossties and into whatever medium lies underneath it, 

whether it be ballast, soil and/or sand. Figure 5, illustrates the deflections experienced by a 

crosstie due to loading induced by a railcar.  

 

Figure 5: Deflections on a crosstie as a result of a railcar 

 

 The bending moment equation for the crosstie above can calculated mathematically 

using equations (1) and (2).  
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(3) 

(4) 

(1) 

(2) 

𝑀𝐴−𝐶 =
𝑃

2𝜆
 

1

sinh 𝜆𝑙+ sin 𝜆𝑙
 {2 sinh 𝜆𝑥  sin 𝜆𝑥 [cosh 𝜆𝑎 cos 𝜆(𝑙 − 𝑎) +  cosh 𝜆(𝑙 − 𝑎) cos 𝜆𝑎] +

(cosh 𝜆𝑥  sin 𝜆𝑥 − sinh 𝜆𝑥  cos 𝜆𝑥)[ cosh 𝜆𝑎 sin 𝜆(𝑙 − 𝑎) − sinh 𝜆𝑎 cos 𝜆(𝑙 − 𝑎) +

 cosh 𝜆(𝑙 − 𝑎) sin 𝜆𝑎 − sinh 𝜆(𝑙 − 𝑎) cos 𝜆𝑎]}  

 

𝑀𝐶−𝐷 = [𝑀𝐴−𝐶]𝑥>𝑎 −  
𝑃

2𝜆
[cosh 𝜆(𝑥 − 𝑎) sin 𝜆(𝑥 − 𝑎) +  sinh 𝜆(𝑥 − 𝑎) cos 𝜆(𝑥 − 𝑎) ]  

 

where 𝑀 is the bending moment, 𝑃 is the point load, and 𝑎, 𝑥 and 𝑙 are length parameters 

defined in Figure 5.   

To obtain values for the moments, the parameter 𝜆 is defined using as follows 

𝜆 = (
𝑘

4𝐸𝐼
)

1
4

 

where 𝐸 represents the modulus of elasticity for the HDPE glass fiber composite beam, 𝐼 is the 

moment of inertia, and 𝑘 represents the elastic modulus of the foundation material the crosstie 

rests on. In this experiment, the maximum stress is needed to determine the maximum loading 

on the specimens. As a result, a conservative value of 𝑘 is used, and is assumed to be 100 MPa, 

or roughly 14,500 psi.  

For this research, it is assumed that the modulus of elasticity of the material is equal to 

250,000 psi. The moment of inertia is calculated using the cross-sectional area of the beam and 

the equation(4). For this experiment, we assume the standard dimensions of a crosstie to be 7 

in. X 9 in. X 108 in.  

𝐼 =
𝑏ℎ3

12
=

9 [𝑖𝑛] ∗ 73[𝑖𝑛]

12
= 257.25 [𝑖𝑛4]  

 



 

14 

 

 

(5) 

The typical load imparted onto the crosstie by a boxcar wheel defined as point load, P, is 

roughly 160 kN, which is equivalent to 35969 lbs. The average value for 𝑎 is 25.75 inches.  

Lastly, the stresses induced on a crosstie when a rail car passes over can be calculated using 

𝜎𝑛 =
𝑀𝑦

𝐼
 

 

where 𝜎𝑛 represents the stress in the crosstie, M represents the internal moment, y 

represents the distance from the centroid of the cross section and I represents the second area 

moment of inertia of the cross section. Applying those values results in a maximum normal 

stress of 1500 psi. This value was used to determine the loading amplitude to the test 

specimens.   

4.2  Calculation of Residual Stresses  
 

 

When the specimens were cut from the crossties, there was a slight warping in the 

specimens.  Figure 6 displays an example of the warping that occurred when cut from the 

crosstie.  The warping of the material indicated that there are residual stresses are caused by 

compression on the interior cut and tension on the exterior surface of the specimen. Therefore, 

when the specimen is loaded in tension in the testing frame, as shown in Figure 7, those 

stresses have an effect on the fatigue behavior.  
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(6) 

(7) 

 

Figure 6: Warping in specimens cut from a crosstie 

  

The residual stresses can be calculated as a function of the radius of curvature in the 

equations below, where 𝜌 represents the radius of curvature, 𝑀 represents the bending 

moment, 𝐸 represents the modulus of elasticity, and 𝐼 represents the moment of inertia.  

 

1

𝜌
=

𝑀

𝐸𝐼
 

For the specimens used in this experiment, the modulus of elasticity and bending moment 

of inertia are assumed to remain constant with 𝐸 = 250,000 psi and the moment of inertia as 

calculated below. 

Figure 7: Physical representation of residual stresses in a specimen 



 

16 

 

 

(8) 

(9) 

(10) 

(11) 

(12) 

𝐼 =
𝑏ℎ3

12
 =  

1.5(0.75)3

12
 =   0.0527 𝑖𝑛4 

To find the residual stress as a function of the radius of curvature, the following equation 

can be used where Δ𝜎 represents the residual stresses and 𝑦 represents the distance to the 

centroid of the cross section.  

Δ𝜎 =
𝑀𝑦

𝐼
 

Applying the equation for 𝑀 results in the following equation 

Δ𝜎 =
𝐸𝐼

𝜌
  

𝑦

𝐼
  

The moment of inertia cancels out, resulting in the equation 

Δ𝜎 =
𝐸𝑦

𝜌
   

Applying the equations for the constants for this experiment, the residual stress due to 

warping as a function of the radius of curvature at the outer surface is found to be  

Δ𝜎 =
250,000 (0.375)

𝜌
 =  

93750

𝜌
 𝑝𝑠𝑖 

Using the calculated residual stresses, the total stress experienced in the specimen during 

experimentation can be calculated by superposing the stress induced by the machine and the 

residual stresses as inferred in equation (12) where 𝜎𝑀 is the stress resulting from forces 

applied by the experiment as a function of y, which should be 1500 psi and 𝜎𝑇 is the total stress. 

𝜎𝑇 = 𝜎𝑀 + Δ𝜎 
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5. EXPERIMENTAL PROCEDURE 
 

5.1 Equipment Used 
 

A variety of equipment was used during different phases of the research. The equipment 

and programs used have been listed below in the order they were utilized.  

5.1.1 Programs and equipment used in grip preparation 
 

• SolidWorks Academic License  

• Two 2.5-in. diameter X 1.6 in. tall cylinders of 4140 heat treated steel 

• Computer Numerically Controlled (CNC) steel milling machine 

• 2-inch diameter cylindrical grip adapters 

• 6 in. X 6 in. X ¼ in. sheet of 4140 heat treated steel 

• Water jet 

• ¾ in. Allen wrench 

 

5.1.2 Programs and equipment used in material and specimen preparation 
 

• 7 in. X 9 in. X 96 in. recycled HDPE glass fiber composite crosstie  

• Table saw 

• Calipers 

• Microsoft Excel 

• Sanding belt 

• Wood planar 
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5.1.3 Equipment used in Machine preparation and testing 
 

• MTS tension fatigue rated testing frame with 22-kip capacity actuators of 6-in. 

stroke 

• Hydraulic pump unit 

• MTS FlexTest digital controller 

• MTS TestSuite software 

• 1.5 in. X 0.75 in.  X 12 in. recycled HDPE glass fiber composite sample 

5.1.4 Programs and equipment used in inspection 
 

• Magnifying glass 

• CT scanner 

• ImageJ CT compatible software 

• Calipers 

5.1.5 Programs and equipment used for computational analysis 
 

• ANSYS Academic License 

• Python 

• Autodesk Fusion360 

• Recycled HDPE glass fiber composite cross section of railway crosstie 

5.1.6 Lab safety equipment  
 

• Protective eyewear 

• Steel toed shoes 

• Gloves (only necessary when working with sanding belt)  
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5.2 Experimental Procedure 
 

5.2.1 Grip preparation 
 

The machinery and tests frames made available to us for this research came equipped 

with grips. However, none of the available grips could accommodate the minimum 

specimen cross sectional area of 1 in2 required to conduct the experiments. Due to this 

complication, new grips needed to be manufactured and existing grips needed to be 

modified to accommodate the test specimens. After working with personnel at the RELLIS 

Campus to determine a specimen size that could work with a set of grips designed by the 

research team to compliment an adapter for the test frame, the grip design, shown in 

Figure 8 was determined to be the best fit.  

 

 

Figure 8: Drawing of grips designed for experiment 
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The grip design was taken to Brazos Valley Drivelines to manufacture 2 sets of grips, four 

pieces total from 4140 heat treated steel. The grips were then brought to the RELLIS 

campus to begin testing. These grips work by being inserted into the test frame’s grip 

adapters. Once in the adapters, the specimen is then inserted into the top grips, the 

hydraulics of the frame are turned on, and the two grips compress the sample to hold it 

tightly in place. The machine’s crosshead is then moved up and the bottom end of the 

specimen is placed in the grips. Similar to the top, the grips are then compressed around 

the sample to gain a tight hold to avoid any slipping throughout the duration of the 

experiments.  

Another set of grips was used for the larger MTS machine at RELLIS, however, 

modifications to existing grips were required. The grips available worked by using the 

hydraulic power and cross-head movement to push two steel wedges up to tightly grip onto 

the sample, similar to the ones shown in the drawing in Figure 9. 

Figure 9: Grips used with plate modification 
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In order to properly and tightly grip the specimens for the experiments, two metal 

plates were required to be added between the grips and wedges in order to decrease the 

spacing between the two wedges that hold the specimen. This plate was designed by taking 

measurements of the available opening in the grips where the plate would be inserted, and 

measuring the necessary minimum thickness needed to set the wedges at an appropriate 

spacing. The drawing depicted in Figure 10 was constructed and sent to the water jet 

machine where the metal plate insert was cut. Following the cut, the grips were 

disassembled and reassembled with the plate.  

 

 

 

 

Figure 10: metal plate designed and manufactured to modify wedge grips 



 

22 

 

 

5.2.2 Material and sample preparation 
 

As Previously stated, the recycled HDPE glass fiber composite is created by melting the 

recycled HDPE to a liquid state, adding glass fibers, mixing the melted material, and 

injecting the mixture into a mold. Samples for this experiment were cut from the underside, 

outermost, center of a crosstie, as that is where the largest stress occurs is when the 

crossties are implemented in the field. This is illustrated in Figure 11 with the red section 

indicating where the sample is extracted.  

 

Several factors contributed to the specimen size decided upon for these experiments. 

These factors include gauge length allowed by the machine, the grips available, and the 

necessary cross-sectional area to maintain constant force exerted by the machinery used. 

Given these factors, it was determined that the specimen required a minimum cross-

sectional area of 1 in2. When taking into account the grips needed to use the machine were 

required to have a diameter of 2 in, it was determined that the ideal dimension of the 

specimens would be 0.75 in. X 1.5 in. X 12 in., as seen in the schematic in Figure 12. 

Figure 11: Specimen area cut from crosstie 
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Each specimen was numbered and the cross-sectional dimensions were measured at 0, 

3, 6, 9 and 12 in. along the length of the specimen. The specimens varied greatly in size as 

well as throughout each individual specimen. Figure 13 represents how the specimens 

varied in cross sectional width, with the green line representing the dimensions needed to 

accurately complete testing. The width was fairly consistent within each specimen, but 

varied greatly across the specimen population. 

Figure 12: 3D Model of specimen with cross sectional dimensions 
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 Similarly, the sample length also varied across the sample population. However, unlike 

the sample width, there was very little consistency in the length of each individual sample. 

As seen in Figure 14, all sample lengths were greater than the desired length, resulting in 

the need for the specimens to be cut down further to accommodate the experiments. Table 

1 shows the length statistics of the samples. 
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Table 1: Sample Statistics 

    

. Cross Sectional Length Cross Sectional Width Cross Sectional Area 

Min 1.5000 0.6525 1.0326 

Max 1.5680 0.8500 1.3359 

Mean 1.5375 0.7825 1.2149 

Median 1.5378 0.7805 1.2195 

Variance 0.0001 0.0022 0.0061 

Stan. Dev. 0.0109 0.0467 0.0781 

    

 

This variation in cross-sectional length and width resulted in a new preparation plan for 

the materials and it was necessary to acquire additional equipment. Initially, samples that 

did not fit in the grips were sanded down using a belt sander. However, due to a lack of 

ability to apply constant pressure throughout the entire specimen while sanding, the 

specimens still varied in size. Upon further research, it was determined the best method of 
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obtaining constant size in all specimens would be through the use of a planar. A planar was 

purchased specifically for the use of this experiment, as it offered size settings that were 

capable of being locked to ensure consistent, uniform cuts for all specimens.  

After planing all specimens down to a uniform thickness and width, each was subjected 

to a visual inspection, where external pores, deformities and material abnormalities were 

noted. The specimens were also measured again to the 0.0001 in accuracy at the various 

points aforementioned to ensure the correct stresses would be applied during testing.  

Lastly, a visual inspection of the material was conducted. All defects, abnormalities and 

pores were noted, along with their location, as these represent potential fracture sites.  

 

5.2.3 Machine Preparation 
 

Once the samples were mounted into the machine for testing, a testing protocol was 

created for each sample. After each specimen was planed down to the appropriate size, the 

specimens were remeasured prior to being inserted into the machine. Using the 

measurements at the cross section prior to being inserted into the machine, the cross-

sectional area was calculated, thereby dictating the exact maximum load amplitude the 

sample should encounter during the experiment. The following simple equations were used 

to determine the machine inputs, where L represents cross-sectional length in in., W 

represents cross sectional width in in., A represents the cross-sectional area in in2, σ 

represents the stress in psi, and F represents the force exerted in lbf. 
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(13) 

(14) 

Equation (13) Cross sectional area taken at the center of the specimen 

𝐴 = 𝐿 × 𝑊 

Equation (14) Force required to apply desired stress of 2000 psi 

𝐹 =  𝜎𝐴 

A program was created within the machines control panel for the purpose of testing the 

specimens. After calculating the force required to induce stresses of 2000 psi, the force was 

then input into the program. Following a force input, the program was modified to ensure a 

zero-based loading, meaning the specimen would only be tested in tension within a range 

of 0 to 2000 psi, thereby ensuring that the specimen does not experience any compression. 

Also included in the program was a command to run the experiment as a fatigue test, in the 

process creating a sinusoidal load history. Next the desired number of cycles was specified. 

For this experiment, the machine was programmed to run 100,000 cycles and cease testing 

once that number was reached. A condition was added to stop the machine from running if 

there was a sudden increase in displacement, indicating that the sample either slipped from 

the grips or fractured. Lastly, the cycle frequency was input. For our case, the frequency the 

experiments were to be conducted at was 3 hz. Once both the specimen was in place and 

the program was appropriately modified for the specimen, each experiment was initiated.  
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5.2.4 Inspection of Specimens 
 

Throughout the duration of the experiments, the specimens were to be taken out of the 

testing frame every 100,000 cycles for inspection. This inspection was to include a visual 

inspection of the exterior of the specimen. Similar to the visual inspection prior to testing, 

the inspector was to look for defects and any abnormalities. However, the visual inspection 

in between testing also required noting any changes in the cross-sectional area, increase in 

pore sizes (if pores were present), and any indication of external crack propagation.  

After the external visual inspection was completed, the samples were taken to the 

Richardson Petroleum Engineering lab, where the specimen underwent a CT scan. The CT 

scan was then compiled in a program called “image J,” which allows the user to visualize the 

specimen in three dimensions. Using this program, the user can see the interior portion of 

the sample as well. Using the scans, an internal visual inspection of the material was also 

conducted. In this internal inspection, the user can search for any indication of internal 

crack propagation, or any other source of internal deformations that could result in the 

fracture and/or failure of the specimen. 

 

5.2.5 Post Mortem Inspection 
 

After the specimen fractured, a post mortem inspection was conducted to better 

understand the nature, of the specimen failure. Some elements noted in this inspection are 

the suspected origin and cause of failure in the specimen. For example, the post mortem 

inspection was compared to the notes taken from the visual inspection that occurred before 

the sample underwent testing. This would indicate if the failure was a result of an existing 
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defect, or if cracks had propagated from an existing pore in the material caused by the 

blowing agent.  

In addition, the post mortem tests revealed much about the materials properties, 

depending on the mode of failure. For example, the inspection could reveal if the material 

was more ductile or brittle depending on the deformations experienced leading up to the 

specimen failure. If there is a significant change, or thinning in the specimen’s cross-

sectional area near the fracture, it would indicate a ductile failure, similar to that of many 

plastics and polymers. However, a clean break with little to no deformation would indicate a 

brittle fracture.  

Following the inspection of the failure point, the specimen was inspected for other 

possible sources of failure, such as cracks that formed in other areas prior to the specimen 

failure.  
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6. EXPERIMENTAL RESULTS 
 

6.1.   Experimental Results from CIR Testing 
 

This experiment was conducted at the Structural and Materials Testing lab on Texas 

A&M University’s RELLIS campus. The experiments were performed using two 22-kip MTS 

tension fatigue rated testing frames, pictured in Figure 15. In these experiments, samples taken 

from the HPDE glass fiber crossties were subjected to sinusoidal cyclic, load-controlled fatigue 

tests to determine the fatigue life and material properties of the composite material. A better 

understanding of the material’s behavior when subjected to cyclical fatigue was gained as well.  

Figure 15: Experimental fatigue testing of specimen 
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As stated in our procedure, the samples were subjected to sinusoidal loading that result 

in the cross-sectional area experiencing stress of roughly 2000 psi, the maximum stress value a 

fully loaded railway car would induce on that location in the crosstie. Also, as stated in the 

procedure, the samples were to run to one million cycles, with an inspection every 100,000 

cycles. However, shortly after testing began, it became evident that the initial procedure would 

not be a viable option, as the specimens that were tested all failed within 5,000 cycles. 

However, the samples tested did provide great insight into the material behavior and changes 

that could be made to increase the strength and fatigue life. 

6.1.1. Specimen 1  
 

In the first specimen tested, the cross-sectional area was calculated to be 1.12 square 

inches, resulting in a maximum force loading of 2220 pounds needed to achieve the desired 

stress of 2000 psi. As shown in the sinusoidal pattern in Figure 16, the machine was able to 

maintain nearly a zero, based loading, as well as keeping a consistent peak loading. 
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Figure 16: Force exerted on Specimen 1 over time 
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Upon visual inspection before subjecting the specimen to the fatigue tests, it was noted 

that there were numerous pores, both on the interior of the sample, as well as the exterior on 

one side. The defects in the sample can be attributed to the blowing process into the mold, 

which creates a porous center in the crossties, but leaves a hard-outer shell. As seen in the 

image of specimen 1 in figure 17, the crosstie exhibited larger pores and deformities of 

abnormal shapes just under the surface of the interior edge.  

 

Ultimately, the defect is what led to an early fracture of the material 3517 cycles into 

the experiment. What is also made evident in Figure 19 is the difference in coloration of the 

cross-sectional area, indicating where the initial fracture took place. The lighter color and slight 

elongation in the material surrounding the point of failure suggests a ductile fracture in that 

area that had been slowly separated over time, whereas the darker area suggests a brittle 

fracture throughout the remainder of the specimen’s cross section.  

Furthermore, given the data extracted from the program used to conduct the 

experiments, the Young’s modulus for the material was obtained. This was obtained using the 

Figure 17: Specimen 1 post failure 
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stress experienced in the cross-sectional area by using the axial forces generated by the MTS 

machine and the cross-sectional area. Using equation (14), values for stress experienced at 

each cycle was recorded. Secondly, the strain was obtained by using equation (13), which 

utilizes the overall length of the specimen, 10 in., and the axial displacement measured by the 

MTS machine’s linear variable differential transformer (LVDT). Using these values, a uniaxial 

stress-strain curve was obtained. A line of best fit was generated to determine the Young’s 

modulus of the material, as seen in figure 18. The Young’s modulus recorded for the material in 

this specimen was 240,100 psi. 
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Figure 18: Stress strain relationship in specimen 1 
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6.1.2. Specimen 2 
 

In the second specimen tested, the cross-sectional area was calculated to be 1.11 

square inches, resulting in a maximum force loading of 2342 pounds needed to achieve the 

desired stress of 2000 psi. Similar to specimen 1, a sinusoidal, cyclical loading pattern depicted 

in Figure 19. However, it differences from specimen 1 in the sense that there is some error and 

variation in the peak and valley values of the loading. Despite the slight error, the figure 

indicates that specimen 2 never went into compression loading, and the peaks and valleys 

seemingly evened out to a more consistent pattern as the experiment proceeded.  

 

Figure 19: Force exerted on specimen 2 over time 

 

Before running the experiment, specimen 2 was subjected to a visual inspection. In the 

visual inspection, abnormally large and sharp pores were noted on the surface of the specimen. 

Similarly, to the case with specimen 1, the defect could be attributed to the injection process. 
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This pore is where the crack that resulted in failure originated. However, upon fracturing, it was 

discovered that though small on the outside, the void penetrated much deeper into the 

material in an abnormal fashion, unlike the spherical pores seen throughout most of the 

specimens. This can be seen in Figure 20. 

 

Figure 20: Specimen 2 post failure 

 

 As seen in Figure 20, there were many more abnormally shaped voids on the interior of 

the material. The lighter portion of the interior, which we earlier defined as a ductile fracture, 

takes an interesting pattern in specimen 2, as it does not surround only the origin of the failure, 

but also the internal voids. This indicates that a surface crack, combined with an internal crack 

or cracks, may have caused the failure of this sample. It is also worth noting that the figure 

above clearly shows another crack propagating on the surface of specimen 2. The crack is 

visible on the center of the side of the left half of specimen 2. Despite the larger number of 

cracks propagating through the specimen, the fatigue life of specimen 2 exceeded the fatigue 

life of specimen 1, with a count of 3947 cycles before failure and a slightly higher modulus of 

elasticity of roughly 248,500 psi as shown in Figure 21. 
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Figure 21: Stress strain relationship in Specimen 2 

 

6.1.3. Specimen 3 
 

Lastly, in specimen 3, a cross sectional area of 0.99 inches was measured, resulting in a 

maximum loading force of 1972 pounds needed to achieve an internal stress of 2000 psi. The 

sinusoidal relationship between the force and running time of the experiment shown in Figure 

22 shows the cyclical nature of the fatigue tests, similar to the previously tested specimens. The 

data was extracted between 15 and 20 seconds into the experiment, which accounts for the 

gradual increase and stabilization of the peak values exerted on the specimen.  
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Figure 22: Force exerted on specimen 3 over time 

 

The visual inspection of specimen 3 prior to testing showed several large, elongated 

voids and a minor deformity in the material near the grips. The voids, as before, can be 

attributed to the injection process, however, the minor deformity in the material near the grips 

is likely the result of an error in the cutting process when the specimen was extracted from the 

exterior of the crosstie. Despite the external deformities and voids, the failure of Specimen 3 

originated from a large, flat void beneath the surface of the specimen, as shown in Figure 23. 
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 This unseen void led to a very early failure in the specimen, which fractured 1470 cycles 

into the experiment. The post-mortem visual inspection showed that despite the internal origin 

of failure, several potential failure points and crack propagations were evident on the 

specimen’s exterior, all originating from the aforementioned voids and defects. The cracks have 

been circled in red in Figure 24. Closer pictures of the propagations and their sizes can be seen 

in the appendices of this thesis. 

  

 The multiple points of failure resulted in a significantly lower modulus of elasticity, as 

seen in Figure 25, which was measured at roughly 208,000 psi.  

Figure 23: Specimen 3 post failure 

Figure 24: Crack propagation in Specimen 3 
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Figure 25: Stress strain relationship in Specimen 3 

 

6.2     Complications encountered 
 

Due to a lack of machine availability at the Structural and Materials Engineering Lab at the 

Center for Infrastructure Renewal, the experiments were discontinued, resulting in data 

collection from only three of the anticipated twenty samples. The lack of machine and 

personnel availability on the RELLIS campus resulted in the need to seek other testing sites. 

It was determined that the most practical way to continue this research was to purchase an 

MTS testing frame specifically for use in the Department of Ocean Engineering’s Materials and 

Structures lab. With this conclusion, an MTS 812.21 machine with a loading capacity of 3.3 kips 

(15 kN), which is pictured in Figure 26, was purchased.  
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With the purchase of the new machine, the research regimen was refocused to concentrate 

on assembly, set up, and calibration of the machine. This included any equipment that did not 

come standard with the machine, such as hoses, hydraulic pump unit connections, proper pipe 

fittings, grips, grip adaptors, and a control system for the machinery. An attempt was made to 

run the machine with an MTS 407 controller, however, despite the best efforts of the research 

group and MTS experts, the machine could not run with the controller available, introducing a 

need to seek out yet another avenue for testing. Moving forward, the machine will be run using 

a Dewetron Data Acquisition system.  

Figure 26: MTS fatigue testing machine in Ocean 

Engineering Materials and Structural Lab 
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6.3     Conclusions from experimental tests 
 

In addition to purchasing a new machine, the results obtained from the experiments 

conducted at the Center for Infrastructure Renewal exposed the opportunities for 

improvements to the testing procedure as well as the material given that all specimens failed 

long before reaching 1,000,000 cycles.  Initially, the specimens were to undergo a CT scan every 

100,000 cycles to identify crack propagation and possibly points of potential failure. However, 

all specimens tested fractured within the first 5000 cycles of the experiment, therefore, the 

samples were not subjected to the CT scans.  

Based on the results of the experiments, it is evident that the procedure will need to be 

modified before carrying out further experimentation on the material. All factors, including 

specimen size, force loading, frequency of testing, and number of cycles run between 

inspections need to be considered when developing a new procedure.  

  



 

42 

 

 

7. COMPUTATIONAL ANALYSIS PROCEDURE 
 

7.1     Grip induced stresses 
 

Before testing, there was a concern that the specimen might fail at the grips during the 

experiment due to the stress concentrations surrounding the grips. Using ANSYS, an elastic 

finite element model was created to display the stresses and deformations in the specimen 

induced by the machine grips.  

 

A three-dimensional part representing the specimen was created in Autodesk 

Fusion360. Following the creation of the specimen mesh, a part was created to mimic the 

grips. The two parts were input into a SolidWorks assembly, where the parts and their 

interaction were defined. After adding the appropriate dimensions to each part, the parts 

were then imported into ANSYS Work Bench, where a mesh was constructed. In ANSYS 

Work Bench, a new material was defined, using the material properties shown in Table 2. 

The newly defined material was assigned to the specimen, whereas properties for structural 

steel, seen in Table 3 were assigned to the grips. 

Table 2: Material Property Inputs for HDPE Glass Fiber Composite 
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Once the appropriate material properties were assigned to their parts, the geometric 

parts were imported into ANSYS Mechanical, where the magnitude, direction, and location 

of the external forces and displacements applied to the specimen are defined. In the case of 

studying stresses around the grips, the top grips are defined as a rigid body with zero 

displacement and no external forces are applied. However, the specimen is defined as a 

deformable body, with a force applied on the end opposite to the grips. This force simulates 

the force an MTS fatigue testing frame would exert on the specimen during the 

experiments. A depiction of the specimen and force modeled can be seen in Figure 27. The 

placement of the exerted force is represented by a red arrow, indicating both the location 

and direction of the force. 

Table 3: Material Properties of Steel 
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 Similarly, there is a zero-displacement boundary condition applied at the top of the 

specimen, as that part of the specimen is held motionless by the grips. Next, boundary 

conditions defining the contact points between the grips and the specimen were defined. The 

contact points were defined in ANSYS Mechanical as bonded, due to the tightly gripped 

specimen and inability for the specimen to slip, resulting in the specimen and grip behaving as 

one part with differing material properties. Once the appropriate boundary conditions were 

applied, a mesh could be generated using ANSYS Mechanical, as shown in Figure 28. 

Figure 27: Force applied to the specimen for computational analysis 
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 After the mesh was generated, using ANSYS Work Bench, the desired parameters to be 

obtained in the simulation were selected. For this experiment, the Von Mises stresses, total 

deformation, and equivalent elastic strain were determined.  

7.2     Pore induced stresses 
 

The analytical procedure for determining the stresses around the pores in a sample is 

very similar to the procedure used to analyze the stresses induced by the grips, However, 

the analysis of the stresses induced by pores in far more complicated and tedious from a 

three-dimensional modeling standpoint. HDPE glass fiber composite material has pores that 

vary in size, though spacing and frequency of the voids is fairly consistent throughout the 

porous interior of the crosstie.  

Figure 28: Mesh of the specimen 
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In order to accurately model the stresses around the pores, numerical values for pore 

size, spacing between the pores, and the average number of pores in a given area were 

required. These values were obtained by observing a cross section of a 7 in. X 9 in. X 108 in. 

standard crosstie, shown in Figure 29. 

Figure 29: Cross sectional view of HDPE glass fiber composite crosstie 
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Also seen in Figure 29 is a red box, indicating the sample area from which the data for 

analysis was extracted, which is magnified in Figure 30. The red box represents a 1 in. X 1 in. 

section of the porous interior of the crosstie. Within the confines of the 1 in. X 1 in. area, 

the number of pores were counted, and marked. Using the given space, the diameter of 

each individual pore within the sample area was measured. The statistics for the sample can 

be found in Table 4. 

 

 

Figure 30: Sample area taken for void statistics 
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Table 4: Pore Statistics 

Pores in 1 in. X 1 in. Area 

Average Number of Pores 101 

Average Pore Size (in) 0.0547 

Minimum Pore Size (in) 0.0255 

Maximum Pore Size (in) 0.0890 

 

 Using the data obtained from the inspection of the pores, a three-dimensional mesh 

used for the finite element analysis could be created. As stated previously, due to the academic 

license limitations, a complete sample could not be analyzed in ANSYS. However, a small 

portion of the sample with accurate pore sizes, frequency and distribution could be modeled. 

As discussed in the literature review portion of the experimental methodology, the minimum 

number of voids that can be modeled and still produce an accurate averaged solution is 38. 

Therefore, a python code was used to generate 38 random pores, given the average, minimum 

and maximum pore sizes observed in the visual inspection. The 38 randomly generated pore 

sizes were then taken into account while constructing a three-dimensional mesh of the sample. 

Since the average number of pores in the 1 in. X 1 in. sample space was determined to be 101, 

it is evident that the 38 pores were to be placed within an area of 0.38 in. X 1 in.  

 Following the same procedure as before, the material was imported into ANSYS Work 

Bench where its material properties were defined, using the manufacturing companies’ 

specifications previously listed. However, because only a small portion of the specimen was 
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being analyzed, there were no grips inserted into this analysis. Due to the lack of grips, there 

was an additional zero displacement boundary condition added to the top of the specimen, as it 

is assumed the sample being observed is taken from the center of a full-scale specimen, and 

there is no displacement between the specimen and the sample. A force is applied to the 

center of the underside of the specimen to simulate the forces exerted on the specimen by the 

loading frame. Once these steps were completed, a detailed finite element mesh as depicted in 

Figure 31 was created for the purpose of studying the potential degradation of specimen life. 

 

Figure 31: Mesh of porous surface 
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Similar to the previous stress analysis, after the mesh was generated using ANSYS Work 

Bench, the desired parameters to be obtained in the simulation were selected. For this 

experiment, the Von Mises stresses, total deformation, and equivalent elastic strain were to be 

determined. Once selected, the analysis was completed.  
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8. FINITE ELEMENT AND STRESS ANALYSIS 
 

Following the completion of the experiments at the center for infrastructure renewal, 

research on the material took on an analytical shift, introducing the need for finite element 

analysis. The purpose of the analysis was to determine the stresses induced on the specimen by 

the grips and around the pores. The analysis was done using the programs ANSYS Work Bench 

and ANSYS Mechanical. The solutions obtained in the analysis represent the Von Mises stresses, 

equivalent strain, and total deformation in the material and how each varied throughout a cycle 

within the experiments.  

 

8.1     Grip Analysis 
 

One concern that was brought up prior to testing was the amount of stress induced on 

the specimens by the grips. Due to this concern, a computational model was constructed to 

study the effects of gripping on the mechanical response of the specimens. The specimens were 

modeled three dimensionally before being imported to ANSYS for the analysis of mechanical 

behaviors. The specimens in the model were created to mimic those which were used in the 

physical experiments. Therefore, the sample size in the three-dimensional model was 0.75 in. X 

1.5 in. X 12 in., resulting in a cross-sectional area of 1.125 in2. and a necessary axial force of 

1688 lbf. Using the ANSYS fatigue model, the stresses were obtained and animated to show 

how the stresses in the specimen change throughout the course of a cycle. Figures 32 and 33 

show the predicted stresses induced by the grips when the specimen is at peak loading. 
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Figure 32: Stresses induced by grips 

Figure 33: Stresses induced by grips 
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As shown in Figures 32 and 33, the predicted stresses in the specimen near the grips are 

substantially larger than the stresses induced elsewhere. The maximum stress in the specimen 

occurs at the edge of the grips with nearly 2700 psi, whereas the intended maximum stresses 

were roughly 1500 psi. However, throughout most of the specimen, the maximum stresses 

experienced during testing were 1500 psi as expected.   

The strain in the specimens was also predicted with the computational model, as shown 

in Figure 34. The relationship between the stress and the strain seen in the specimens remain 

linear, as expected for an elastic stress-strain relationship with material of this nature. 

 

Lastly, the deformation experienced in the specimen do the cyclic tension force applied 

along the vertical axis was predicted using the computational model. It is evident in Figure 35 

that the specimen deformed uniformly throughout the sample, with the largest deformation 

occurring at the placement of the load point. Due to the contact surface between the grips and 

Figure 34: Equivalent elastic strain in the specimen 



 

54 

 

 

specimen defined as bonded, and zero displacement boundary condition, there was no 

displacement measured in the specimen at the grips.  

 

8.2     Pore Analysis 
 

The analysis of the mechanical response of the specimens including voids was used to 

focus on determining the effects of porosity on fatigue life. To begin, As stated in the 

procedure, the minimum number of pores allowable in modeling that produce accurate results 

is 38, thus, resulting in the model created for computation having 38 pores. The three-

dimensional model used has dimensions of 1 in. X 1 in. X 0.75 in., with pores occupying an area 

of 0.38 in2. Though it was discovered the samples had voids in the interior, the model studied 

Figure 35: Total deformation in the specimen 



 

55 

 

 

in this situation focuses on only the visible pores at the surface of the specimens. The stresses 

the specimen experienced due to the surface voids is analyzed in Figure 36. 

 

As shown in Figure 33, the maximum stresses in the porous specimen are encountered 

in the voids, along their edged that meet the flat surface of the specimen. In addition, the 

maximum stress within the voids is nearly 2000 psi higher than the stresses induced by grips. 

This gives a reasonable explanation as to why all samples failed at voids on the surface during 

experimentation, while the area gripped was seemingly unaffected. The stresses were also 

significantly greater around the pores in the horizontal plane, normal to the direction of the 

forces induced by the machine, and minimal stresses occurred in the vertical direction between 

pores.  

Similarly, the strain increased significantly when pores were introduced into the 

specimen model, as portrayed in Figure 37.  

Figure 36: Stresses around the pores 
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Lastly, the total deformation of the specimen with a porous exterior was model and is 

shown in Figure 38. The face containing the pores experienced significantly more deformation 

than the flat face. Furthermore, it is evident that the location of the voids also plays a large role 

in the deformation of the material surrounding them, resulting in larger deformations in the 

material.  

Figure 37: Elastic strain on a porous surface 

Figure 378: Deformation on a porous surface 
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9. RECOMMENDATIONS FOR FURTHER TESTING 
 

There is great potential for application of this material in the field based on the experiments 

contained in this thesis. The initial intent of the research was to test 20 samples in cyclical 

fatigue to one million cycles, observing changes in the material and defect propagation 100,000 

cycles. However, due to the unavailability of machinery and personnel at the testing facility, 

only three samples were tested experimentally. This leads to the recommendation that all 

further experimentation be done using the newly purchased MTS fatigue testing machinery in 

the Ocean Engineering Structures and Material’s lab located in the Haynes Engineering Building.  

In addition, the procedure is in need of modification. The most obvious contributing factor 

to the premature specimen failure was the presence of voids at the surface of the specimen. 

The voids in the specimen can be attributed to the specimen size determined before testing. 

The specimen cross section use in this experiment was 1.5 in. X 0.75 in. However, as is evident 

in Figure 39, voids due to the injection molding process extend within roughly 0.5 of the 

specimen surface.  Therefore, for further testing, the specimens cut from the exterior portion of 

the crosstie should have a cross sectional area of 1 in. X 0.4 in. to avoid premature failure and 

produce more precise material properties. The experimental procedure of the experiment 

should stay the same, with the specimens being tested to one million cycles if possible. Every 

100,000 cycles, the specimens should be inspected using CT scans to determine the effects of 

the cyclical forces on the interior of the specimen. 
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 In order to gain a better understanding of the material as a whole, future 

experimentation should also test samples taken from the porous core of the material in order 

to gain a better understanding of the fatigue behavior of the material. A comparison of the 

solid and porous materials fatigue life and experimentally calculated properties should be taken 

into consideration. 

  

Figure 39: Distance from material edge to voids 
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10. CONCLUSION 
 

In conclusion, the recycled HDPE glass fiber composite material has promising 

applications in use for structures like railroad crossties, construction mats, piers, sea walls 

and more, as its material properties are superior to those of its competing counterparts. 

The polymer composite’s resilience to water and high modulus of elasticity makes it perfect 

for use in coastal environments.  

However, following the conclusion of the experimental analysis, a recommendation 

regarding the manufacturing of the material should be made. The voids experienced in the 

interior portion of the material proved to be detrimental to the fatigue life of the 

specimens, leading to the conclusion that the number of voids should be decreased, and the 

distance of voids from the surface of the crosstie should be increased to increase the 

fatigue life of the material and protect against potential unexpected failure. 

Following the experiments presented in this thesis, it is highly recommended that 

further experimentation should be done following the procedure discussed in the 

recommendations portion of the thesis. 
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