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Executive Summary 

Iders Incorporated tasked the members of Team 10 to design a protective cover prototype for a 

strain transducer attached to a railway. The cover needs to protect the strain gauge from 

environmental and mechanical hazards. 

Through the Fall 2014 term, the team went through a full project design process, starting with 

laying out the project definition, objectives, target specification and scope. Main objectives 

include protecting the strain transducer from high impact forces, isolating it from environmental 

hazards, achieving a total prototype cost of $300.00 per cover and having a product life of 2 

years.  

Once the scope of the design was fully understood, the team went into a concept generation 

phase, creating designs that conformed to the project needs. These designs were ranked and 

discussed with the client to produce a cover assembly that met as many objectives as possible. 

The final product is a two-part design. The first part of the design is a long lasting, non-

corrosive, GPO-3 base that has a flat continuous perimeter that can easily be attached to both the 

railway configuration and the cover. The second part of the design is a 316 stainless steel cover, 

bent and welded from 12-gauge sheet metal. The two components are attached together using ¼” 

shoulder screws. Brass inserts are embedded within the plastic base so the cover attaches to the 

base and are kept tight while not being affected from harsh rail vibrations due to wedge lock and 

Belleville spring lock washers. The base weights 6.902 kg, has a volume of 383.45 cm3, has a 

maximum von Mises stress of 16.5 MPa, as determined through Finite Element Analysis (FEA), 

and is designed to a safety factor of 2.4. The cover weighs 0.819 kg, has a volume of 140.68.cm3, 

has a maximum von Mises stress of 142.3 MPa as determined through FEA, and is designed to a 

safety factor of 1.19. 

The prototype costs $264.51 for each of the 100 units. The base is CNC milled and the cover is 

welded together. The high volume design costs are unknown, but a larger capital investment to 

use a mold (either injection or casted) would significantly reduce long term production costs if 

the cover material is changed to HDPE. Our cover design with HDPE would fail under the 

loading scenarios, therefore, additional engineering is recommended for a plastic cover. 
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1. Introduction  

For over two decades, Iders Incorporated (Iders) has designed and produced a wide variety of 

innovative equipment and machinery, ranging from point-of-sale transaction systems to 

autonomous flight controls. Of particular interest in this project is Iders’ involvement in railroad 

instrumentation. 

The company produces a strain measurement system named SFTPro for commercial railroads 

[1]. The system consists of an S25 sensor (Figure 1), or strain transducer, fastened or bonded to 

continuously welded railroad. The gauge utilizes radio frequency (RF) resonance to measure 

strain and compares it to the temperature of the track, yielding the stress-free temperature (SFT). 

This reading is then compared to the known SFT of the rail when it was originally installed. The 

comparison of stress free temperatures is an essential data collection technique used to predict 

the possibility of stress-related failure, such as buckling of the track. 

 

Figure 1: S25 sensor 

Our design team consists of four graduating mechanical engineering students from the University 

of Manitoba. Iders has tasked this team with the design and analysis of a prototype protective 

cover for the strain transducer produced by the company and used in railway applications. The 

objective of this project is to establish a prototype solution, which will be produced on a small 

scale and used in test markets, specifically Australia. Design recommendations will also be made 
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in regards to a full production model for sale to customers in the rail industry. The protective 

cover will ensure that the strain transducer safely operates in the environment outlined by the 

client. The protective cover’s main challenges are that it needs to isolate the strain transducer 

from vibrational hazards, handle impacts from projectiles in railroad operations and be protected 

from any environmental wear potential. For the scope of the project presented to our team, our 

main focus was on the Australian environment: a dry and hot climate. A secondary goal was to 

apply these protective cover designs in environments differing from Australia, although this is 

not of large importance for the project timeframe, as outlined by the client.  

Initially, the design of the protective cover began with the design team conducting brainstorming 

sessions in conjunction with research to generate a variety of individual design concepts 

respecting the client needs for the cover. The idea of a cover design was deconstructed to simpler 

design parameters. Adhering to these design parameters, the team generated concepts for 

different design components. Afterwards, these individual concepts underwent a multi-stage 

screening process to determine the optimal design component options to accomplish the design 

parameters. Next, the final conceptual designs of the most competitive design components for 

the protective cover design were sent to the client, reviewed and given clearance for final design 

and analysis. All of the milestones and tasks required to accomplish the project are laid out in our 

work breakdown structure in Appendix A. The detailed timeline for the project is also displayed 

in Appendix A. 

The protective cover serves as a crucial piece in the innovative strain transducer assembly. 

Manufacturing this design, constructing and testing the assembly throughout the Australia test 

project will contribute to advancing Iders as a competitive manufacturer and designer in the 

railway instrumentation market.  

1.1 Project Objectives 

The goal of the Strain Transducer Protective Cover Design project is to research, design and 

analyze a prototype product that can protect a strain transducer used to measure the longitudinal 

stresses in railway tracks. These strain transducers are vital to proper operation of the railways 

and are in place to predict failure due to buckling or rail cracking. The strain transducer cover 
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must protect the strain transducer from both environmental and mechanical hazards. If protection 

is successful over the life of the transducer, the sensor will be able to obtain accurate readings to 

prevent railway failure.  

The product must be able to protect the S25 strain transducer from mechanical impacts and 

varied environmental climates. Additionally, it must be able to send data to the communication 

devices through unaltered RF signals. Specific project requirements, as provided by the client 

that relate to the function of the strain transducer cover, are listed below [1] [2]. 

• The cover must protect the strain transducer from impacts due to debris from passing 

trains, dragging train equipment and impacts from maintenance equipment. 

• The cover must isolate the transducer from cargo lost by passing trains, rain and shedding 

snow. 

• The cover must be resistant to corrosion from varied climates from across the globe and 

to spilled chemical cargo from passing trains. 

• The optimal product life of the cover is two years. 

• The cover must function properly in a temperature range of 5°C to 80°C . 

• The cover must withstand vibrations ranging between 5 and 3000 Hz. 

• The cover must not interfere with RF signals between the communication device and the 

strain transducer. 

• The cover must not conduct electricity throughout itself (it cannot create an electrical 

jump if the track were to fracture). 

• The cover must be able to integrate with the sensor bonding and curing process when 

originally installed. 

• The cover must be easily manufacturable. 

• The cover must cost less than $300.00 to produce. 

• The cover must be easy to install and field replaceable.  

• The cover must be able to be bolted or attached with an adhesive to the rails of varying 

profiles. 
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1.2 Client Needs and Limitations 

In order to assess the true scope of the project the team constructed a list of needs identified by 

the customer, and further assigned values to each need to clearly visualize their relative 

importance to the final design solution [1] [2]. The importance rating corresponding to the 

outlined list of needs is presented in TABLE I. The importance of each need was ranked based 

on an integer system where 5 and 1 represented high and low importance, respectively.  

 

Some of the top priority needs include. 

• The cover must isolate of the strain gauge from large impact force 

• The cover must protect the strain gauge from environmental contaminants 

• The cover allows for clear passage of radio frequency signals 

# Need Statements Importance
1 The cover isolates strain gauge from large impact force 5
2 The cover protects gauge from environmental contaminants 5
3 The cover allows clear passage for radio-frequency signals 5
4 The cover is mounted separately from the strain transducer 5
5 The cover can be easily replaced 5
6 The cover is manufactured cost-effectively 3
7 The cover does not interfere with strain gauge operation 5
8 The cover uses easily accessible materials 3
9 The cover maintains integrity over a wide range of temperatures 4

10 The cover must be visibly avoidable to maintenance machinery 4
11 The cover maintains integrity at high frequency vibrations 4
12 The cover does not disrupt railroad traffic 5
13 The cover must be manufactured in a timely manner 4
14 The cover must prevent retention of water against strain transducer 4
15 Damages to the cover are easily identifiable via visual inspection 3
16 The installation of the cover should be adaptable to various clientele 4
17 The cover is as light as possible 2
18 The cover must not allow conductivity around the sensor. 5
19 The initial installation of the cover must integrate with the sensor installation. 4

TABLE I: PRIORITIZED CUSTOMER NEEDS OF THE FINAL PRODUCT 
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• The cover does not interfere with strain gauge operation 

• The cover does not interfere with railway traffic 

1.3 Target Specifications  

With the project scope and objectives defined, the team produced a list of target specifications 

pertaining to the strain transducer protective cover design. Afterwards, each need was evaluated 

to determine quantifiable methods of measurement, or metrics. Corresponding marginal and 

ideal values were assigned to each metric to create specific goals for the final design solution. 

Lastly, the team produced target values corresponding to each metric and need, while also listing 

the respective evaluating scale and units for each metric. Reasonable marginal values were 

allotted for the target values in preparation for small deviations possibly arising throughout the 

design, testing or manufacture of the design solution. The target values and aforementioned 

details are summarized in TABLE II. 

TABLE II: TARGET SPECIFICATIONS 

 

# Need #s Metric Importance Units Marginal Value Ideal Value
1 1,9,11 Amount of strain cover experiences 5 m/m 0-0.058 0.0116
2 2,14 Corrosion rate 5 mm/year 0 - 5 0.05
3 2 Compatibility with hydrocarbons 5 N/A yes yes
4 3,7 Signal strength potential 5 % <95% 100
5 1,4,7 Clearance wrt transducer 5 mm <2 >3
6 5 Replacement time 4 mins >30 <15
7 6,8,13,17 Cost 3 $/unit 300 100
8 1,2,3,4,7,9,11,14 Measurement error of sensor 5 % >5 <1
9 5,8,13 Material procurement time 3 days >60 <28

10 2,9 Glass-transition temperature of material 3 C >85 100
11 2,9,10,14 Cover lifetime 3 yrs 0.5 2
12 1,4,11 Amount of resistance to track vibrations 5 Hz 1000 - 2000 >5000
13 12 Vertical clearance from wheel flange 5 mm 5 - 8 >9
14 12 Horizontal protrusion from rail 4 mm 33.5 - 36 35
15 8,13 Production lead time 3 hrs 0 - 4 2
16 14 Drain rate 2 mL/sec >0 10
17 5,15 Maintenance duration 2 hrs 0.25 - 2 <0.5
18 16 Global applicability 4 % 80% 100%
19 8,17 Weight 1 g >3000 1000
20 18 Conductive throughout 5 N/A no no
21 19 Able to integrate with sensor installation 4 N/A yes yes



6 
 

The target specifications were carefully crafted so that our design met the functional 

requirements as requested by the client. Some of the top priority specifications include the 

following: 

• The amount of strain the cover experiences  

• Corrosion rate 

• Compatibility with hydrocarbons from spills 

• Signal strength 

• Measurement error of the sensor 

The following section outlines the specific design details that pertain to the aforementioned 

needs and specifications. 
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2 Design Details and Analysis 

The protective cover must adhere to numerous constraints and withstand large impacts, 

vibrations and environmental degradation. Additionally, the prototype must be produced at a cost 

of $300 [1]. Higher production runs would be produced at an even lower cost. With this in mind, 

numerous cover concepts were designed. To develop this design, we decided to separate it into 

three components: the actual cover, a base directly attached to the rail and a mechanism attaching 

the base to the cover. The concepts for each part were evaluated through a concept scoring 

process, as outlined in Appendix B. A frame embedded in a plastic cover, bolted to a continuous 

base running along the perimeter of the S25 sensor was selected as the final design. 

After this initial concept development and selection process, clarifications to the scope altered 

the cover design previously established. It was initially thought that no metallic materials could 

be used for the cover as the design would act as an electrical jumper. However, if the base is 

made out of a non-conductive material, the cover will not act as a jumper and can, therefore, be a 

conductive material. Furthermore, since researching manufacturing methods and costs for the 

integrated frame design, it was determined that the costs exceed the design constraints. 

Therefore, after discussions with the client, it was determined that a metallic cover, as opposed to 

our initial cover design, should be used for our design. Not only do metals have excellent 

mechanical properties, but manufacturing cost would be significantly lower than our initial 

design. The attaching mechanism and base design are not altered from the initial designs 

determined through our concept selection process. The material options for the base are restricted 

to non-conductive materials.  

The methods for analyzing the base, the attaching mechanism and the cover are detailed for 

corrosion, vibrations and impacts within this section. Proper impact analysis determined the 

physical and material properties required for our design. Once the required physical properties 

were established, research into which materials met these restraints was completed. Thus, 

material options were determined. The materials that could be used were assessed for how well 

they withstood corrosion and degradation from the environmental situation laid out, and final 

material options were determined. Manufacturability, availability and cost were used to 

determine which final materials would be selected for the different components of the design. 
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The design assembly, along with the materials used and process of selecting these materials, are 

laid out in the sections to follow. 

2.1 Design Layout 

The team was tasked with designing a prototype protective cover for the Iders Inc. S25 strain 

transducer. This protective cover is adhered to a railway either by bolting or adhesion, depending 

on the user’s desire. The final design consists of a 316L stainless steel cover with a radio 

transmissible window made from Kydex 510 plastic. This cover is then attached to the GPO-3 

electrical grade fiberglass base via fasteners and brass inserts in the fiberglass. The fasteners use 

two types of lock washers, wedge and spring lock, to ensure that the cover stays secure under 

impact loading and vibrations from passing trains. The final design adhered to a section of rail is 

seen in Figure 2. 

 

Figure 2: Final design on rail 

The design successfully withstood the impacts from maintenance equipment and ballast, which 

was either projected or forced into the cover by a regulator plow. The assembly also withstood 

the vibrations caused by passing trains. Impact and vibrational studies will be covered in more 

detail in their respective sections. The assembly has a final weight of 7806.71 grams. 
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A detailed overview of the cover and base design is covered in the following sections. The 

justification for the material selection and geometry is outlined in the impact, vibrational and 

environmental analysis sections. The team also specified manufacturing techniques for each 

piece of the assembly and are covered in detail in the report. Detailed engineering drawings of 

each component are outlined in the manufacturing and installation section. A full cost analysis 

was also performed and is outlined in its respective section. Design recommendations are also 

made to help further the development of the protective cover.  

2.1.1 Cover Design 

The cover is arguably the most important part of the design.  Therefore, it was imperative that 

the proper materials be selected. The final cover design as seen in Figure 3 consists of a bent and 

welded piece of 316L stainless steel with a two-part Kydex 510 window, adhered to the inside of 

the stainless steel. The cover measures 18.2 in. long and 4.41 in. high. 

 

Figure 3: Cover design 

Stainless steel was chosen for its strong mechanical properties as well as its natural resistance to 

corrosion, both high priorities for the survival of the cover in its Australian service environment. 

The proposed design is a prototype and, therefore, the specified manufacturing was to be 
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relatively simple and require little to no custom tooling. For these reasons, the cover is laser cut 

from sheet metal stock, bent on a press brake into the desired geometry and then welded to form 

a solid structure.  

The window material, also known as a radome, had two main requirements: it had to be 

transparent to radio frequencies and had to be able to resist impacts from rocks and railway 

maintenance equipment. For these reasons, we chose to use Kydex 510, an acrylic PVC plastic 

that is specifically designed for outdoor use. Kydex has a low dielectric constant of 2.6 and a loss 

tangent of .00016, thereby confirming its high radio transmissibility[3].The window can be seen 

in Figure 4. 

 

Figure 4: 2 part window 

The window was designed in two parts that will be thermoformed and joined together with 

adhesive forming the solid as seen in Figure 4. The step down perimeter design creates a bond 

surface to interface with the inside of the cover, while keeping the outside face of the window 

flush with the outside of the stainless steel. Further details pertaining to the analysis of the 

stainless steel and Kydex window are outlined in the report.  
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2.1.2 Base Design 

The base is a continuous perimeter design, as displayed in Figure 5. It is 21 in. long by 4.4 in. 

high and has a maximum depth of 0.75 in. The front end of the base that attaches to the cover is 

flat, while the rear is curved to the same profile as a standard railway. 

 

Figure 5: Base design 

The material selected for the base design is a milled laminate sheet of glass polyester (GPO-3). 

During the impact analysis, it was determined that, due to the thickness and general geometry of 

our design that the tensile strength of the base did not have to be on the high end for plastics. The 

yield strength of GPO-3 is 36.6 MPa[4]. Larger impacts will mostly be absorbed by the cover as 

it protects most of the base’s surface area.  Additionally, GPO-3 has high impact strength and is 

excellent for corrosion. 

The base has a thickness of 0.75 in. to ensure that hole depths of 0.5 in. for the fasteners and 

plastic inserts can be accommodated for.  This allows for fasteners strong enough to withstand 

the bearing stress from shear loads, as outlined in Section 2.2. This also permits for bearing 

surfaces between the bolt and the base to be large enough to withstand the shear forces produced 

from the loading scenarios. How well the base upholds to the different loading scenarios, to the 
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railway vibrations and to environmental degradation is further discussed in the following 

sections.  

2.1.3 Attaching Mechanism 

For the final design, the attachment of the cover to the base is accomplished entirely with 

mechanical fasteners. There will be three fasteners across the top flange of the cover with two 

vertically aligned fasteners on each of the side flanges of the cover. Due to the nature of the base 

material, stronger inserts with threaded interiors are needed to properly secure the cover to the 

base. 

 

Figure 6: Brass press-fit expansion insert for plastics 

All seven fasteners will be secured into a brass press-fit expansion insert made specifically for 

plastics, as shown in Figure 6. The lack of a top flange allows the insert to be installed deeper 

than the surface of the base. The interior of the 3/8” long insert accepts screws with a 10-24 

thread. The exterior is knurled to penetrate the walls of the hole as the insert expands during 

screw installation.  

 

Figure 7: Alloy steel shoulder screw 
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In regards to the screws fastening the cover to the base, it is imperative that a grip extends from 

the screw head into part of the screw hole, so that shear stresses are not exerted onto the threads. 

As in Figure 7, shoulder screws with a 10-24 thread and a 3/8” thread length provide a sufficient 

number of compatible threads to secure the cover without having to thicken the base. The length 

of the shoulder on the screws will vary between the tops and sides of the cover, since the contour 

of the base is thickest in the middle. Two different sets of washers will be used to secure the 

fastening of the cover to the base. Specifically, the side fasteners of the cover have a 5/16 inch 

shoulder length and the top fasteners have a 1/4 inch shoulder length. 

 

Figure 8: Stainless steel wedge lock washer 

The four fasteners on the sides of the cover provide the majority of clamping force onto the base, 

because of the larger flange surface area. As displayed in Figure 8, a wedge lock washer provides 

superior fastening reliability, as the two comprising washers are tightened along faces, which 

have a higher angle than the thread pattern of the screw. Any possible loosening from vibrations 

is mitigated by tension created by the lock washer. Furthermore, the wedge lock design allows 

for the two washers to expand and press against the bolt head. This allows for the attaching 

surface to maintain the entire preload applied to the bolt over a long period of time to provide 

superior attachment forces. In this application of the final design, the wedge lock washer is made 

of Type 316 stainless steel with an inner diameter of 0.28 in. and an outer diameter of 0.45 in. A 

zinc-coated steel option was available for a much lower cost, but would not have been ideal for 

use with other materials in the attachment mechanism system. 

 

Figure 9: Black-Finish Steel Belleville Spring Lock Washer 
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Simpler Belleville-style spring lock washers, like the one in Figure 9, will also maintain the 

clamping force of the top fasteners, but not to the extent of wedge lock washers. The surrounding 

surface area of the top flange is much smaller than the sides. Therefore, the top fasteners are only 

used to keep the length of the cover flush with the base. In this application, the spring lock 

washers are compatible with the selected screws, having an inner diameter of 0.264 in. and an 

outer diameter of 0.38 in. The material is black-finish steel and, unlike a standard washer, has a 

slightly cupped outer edge to give the spring lock washer an overall height of 0.047 in. 

To summarize, shoulder screws are used with washers on the cover and fastened into the inserts 

fixed into blind holes on the base. It should be noted that the inserts are not flush with the surface 

of the base to accommodate the grip length of the screw. 

2.2 Impact Analysis 

High speed locomotives can often pick up random train debris and project the debris at velocities 

over 100 km/hr [5]. These projectiles can deflect off the rail or the moving train, thus causing 

random, high force impacts on any point of the cover. It is, therefore, essential to design the 

cover, base and inserts to withstand these high impact forces. Geometry and material selection 

shall be optimized to withstand the loading scenarios in the following. 

Yield and impact strengths must be large enough to withstand the aforementioned impact forces. 

These properties are required so the cover does not yield or deflect into the sensor. Furthermore, 

these materials need to be readily available at a low cost and be easily manufacturable. The 

materials selected for each component were defined in Section 2.1. 

To determine how strong the materials needed to be, preliminary calculations for the stress 

within the thin walled members were completed. These results allowed the design team to have a 

rough idea of what material strength properties were required for an ideal material. After creating 

a model of the design and using the yield strength properties for our selected materials, the actual 

complex stress distributed through the cover could be determined through Finite Element 

Analysis (FEA). FEA model set up is detailed in Section 2.2.2, while the analysis and results are 

laid out in Sections 2.2.3 through 2.2.5. 
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2.2.1 Loading Scenarios 

The cover must withstand and protect the S25 Sensor from the three different loading scenarios 

specified by the client [5]. The first scenario is an impact from some form of train debris acting 

as a projectile which can hit the cover at any location from varying angles. The second scenario 

is a distributed load from ballast pushed against the cover from a ballast plow and the third 

scenario is impacts from maintenance brooms. Of these loading scenarios, the distributed load 

will have the highest force against the cover, as outlined in Section 2.2.1.3. The theoretical set up 

for how these forces are applied is detailed in the next three sections. Determining the forces 

caused from the different loading scenarios is crucial to determine the mechanical model and, 

thus, a proper FEA analysis. Furthermore, how the loading scenarios affect the three different 

design components of the assembly must be determined. The cover stress response can be found 

by determining the forces of each loading scenario and how these forces are transmitted 

throughout the assembly. The design will be optimized to withstand these forces. 

2.2.1.1 Impacts from Train Components 

Our team will consider impacts from ballast and random shards of train components (parts of 

bearings or breaks) that is ricocheted from two different radii of wheels (𝑟) (a larger wheel with a 

1.25 m radius and a smaller wheel with a 0.5 m radius). In the worst scenario, the train will be 

travelling with a velocity (𝑣) of 100 km/h with an impact time (𝑡𝐼) of 0.01 seconds [6].  

Iders will later perform impact testing on the cover assembly prototype. The impact energy 

produced by the test apparatus will be 100 J. The impact testing is done to the IEC 60068-2-75 

International Standard for an Eh hammer test [7]. The test hammer’s impact point is a steel ball 

with a 5 cm radius. We will be treating all impacts from random train components to have 

similar dimensions of this impact point from the hammer test. We are also assuming the load is 

distributed over a 5 mm diameter circle from the tip of this striking element [2]. Based on the 

100 J impact we are testing for, an equivalent mass (m) for the random impacts can be derived 

using the kinetic energy formula [8]: 

 𝐸 =
1
2
𝑚𝑣2 Equation 1 
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Upon determining the velocity (𝑣) of the projectile, an equivalent mass will be determined. The 

locomotive velocity can be calculated as: 

 𝑣𝑙 �
𝑚
𝑠
� = 𝑣𝑙 �

𝑘𝑚
ℎ
� ∙ 1000 �

𝑚
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3600
�
ℎ
𝑠
� Equation 2 

The resulting train wheel angular velocity (𝜔) is calculated by: 
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Therefore, the tangential velocity at the end of a wheel is calculated as: 

 𝑣𝑡 = 𝜔 ∙ 𝑟 Equation 4 

If we assume the projectile is launched off the train’s wheel vertically, the projectile would 

accelerate due to gravity, as well. The time of the freefall after release can be calculated as: 

 𝑡𝑓 = ℎ ÷ 𝑣𝑡 Equation 5 

where the distance from the centre of the wheel to the bottom of the base (in meters) is denoted 

by ℎ. Assuming acceleration due to gravity, 𝑔 of 9.81 m/s2, the velocity increase in freefall is 

determined by: 

 𝑣𝑓 = 𝑔 ∗ 𝑡𝑓 Equation 6 

Therefore, the total vertical velocity is equal to: 

 𝑣𝑦 = 𝑣𝑡 + 𝑣𝑓 
Equation 7 

 

Since the projectile is launched off of a train wheel with its own forward relative velocity to the 

ground along the horizontal axis, the total contact velocity would be equal to: 
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 𝑣 = �𝑣𝑦2 + 𝑣𝑙2  Equation 8 

The momentum of the projectile (p) is calculated by multiplying the mass of the projectile by the 

total contact velocity.  

 𝑝 = 𝑚 ∙ 𝑣 Equation 9 

The impact force on the design can be calculated as p divided by the time of the impact (t).  

 𝐹𝐼 =
𝑝
𝑡
 Equation 10 

TABLE III summarizes calculated values from Equation 2 to Equation 10 for large and small 

train wheels. 

TABLE III: RESULTS FROM RELEVANT FORMULA FOR TRAIN COMPONENT IMPACTS 

Variable Larger wheel Smaller wheel 
Wheel radius, 𝑟 1.25 m 0.5 m 
Freefall distance, ℎ 1.4 m 0.65 m 
Train velocity in m/s, 𝑣𝑙 27.78 m/s 27.78 m/s 
Wheel angular velocity, 𝜔 22.22 rad/s 55.56 rad/s 
Wheel tangential velocity, 𝑣𝑡 27.78 m/s 27.78 m/s 
Time for freefall after release, 𝑡𝑓 0.0504 s 0.0234 s 
Velocity increase in freefall, 𝑣𝑓 0.4944 m/s 0.2296 m/s 
Vertical contact velocity, 𝑣𝑦 28.27 m/s 28.01 m/s 
Total contact velocity, 𝑣 39.63 m/s 39.45 m/s 

Therefore, for the larger wheel, using Equation 1 with a velocity of 39.63 m/s, the mass of the 

largest train components that will be considered have a mass (𝑚) of 0.128 kg. Equation 9 results 

in a momentum, p, of 5.05 Ns.  

Even with the provided impact time, impact force for the larger wheel is shown below for a 

range of impact times in TABLE IV. 
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TABLE IV: IMPACT FORCE FROM TRAIN COMPONENTS FOR RANGE OF IMPACT TIME 

Impact time [s] Impact force [N] 
0.1 50 
0.05 101 
0.01 505 
0.009 561 
0.008 631 
0.007 721 
0.006 841 
0.005 1009 
0.004 1262 
0.003 1682 
0.002 2523 
0.001 5046 

For impacts from train components, we expect around 505 N of impact force. 

2.2.1.2 Impacts from Ballast Regulators 

Our team looked at the effects of a ballast regulator, or “broom”, on the impact forces exerted on 

the cover. The cleaning “whips” on the broom have a 2 kg mass (𝑚𝑤), 0.46 m length (𝑙), and a 

rotation rate (𝜔𝑤) of 300 RPM. An impact time (𝑡𝐼) of 0.0125 seconds will be assumed [6]. For 

the analysis conducted on the proposed design in this report, the cover assembly was assumed to 

experience 2 loading cycles during a maintenance run. Since maintenance runs were only 

running at twice a year, fatigue did not need to be taken into account [5]. A typical ballast 

regulator for this type of application is displayed in Figure 10.  
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Figure 10: Ballast regulator with brooms[9] 

Since only a small portion of the total broom is hitting the cover, it is assumed to only have a 

quarter of the momentum based off of the mass distribution. The broom will impact only the top 

section or side of the cover since the brushes only move along the vertical axis. Once again, we 

are assuming that the impact point of the broom to the cover assembly is over a cylindrical 

surface 5 mm in diameter [2]. This loading scenario is illustrated, below, in Figure 11.  
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Figure 11: Broom load 

Determining the angular velocity can be calculated as [8]: 
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From this, the broom’s tip velocity can be calculated as: 

 𝑣𝑡 = 𝜔 ∙ 𝑙 Equation 12 

Therefore, similar to the impact loading scenarios in Equation 9 and Equation 10, the momentum 

and impact force can be calculated by solving Equation 13 and Equation 14. 

 𝑝𝑡 = 𝑚 ∙ 𝑣𝑡 
Equation 13 
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 𝐹𝑡 =
𝑝𝑡
𝑡

 
Equation 14 

TABLE V summarizes calculated values for Equation 11 to Equation 13. 

TABLE V: RESULTS FROM RELEVANT FORMULAS FOR BROOM IMPACTS 

Variable Value 

Whip angular velocity, 𝜔𝑤 31.42 rad/s 

Whip velocity, 𝑣𝑤 14.45 m/s 

Momentum, 𝑝𝑤 7.23 N.s 

  

Using Equation 14, a range of impact forces from railroad maintenance equipment is provided in 

TABLE VI. 

TABLE VI: IMPACT FORCE OF THE BROOM FOR RANGE OF IMPACT TIMES 

 

The whips on the ballast regulator are typically rubber. The coefficient of restitution dictates that 

Impact time 

[s] 

Impact force 

[N] 

0.1 72 
0.05 145 

0.0125 578 
0.01 723 
0.009 803 
0.008 903 
0.007 1032 
0.006 1204 
0.005 1445 
0.004 1806 
0.003 2409 
0.002 3613 
0.001 7226 
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the impact is distributed over a slightly longer time than specified. As such, the impact forces 

occur over a longer time span than the impacts from train components. Therefore, an impact 

force of 578 N would be the resultant force for this impact, which is higher than an impact of 505 

N from the train components. This will, therefore, be the worst impact scenario the cover 

assembly will undergo. 

2.2.1.3 Loading from Plowed Ballast 

The ballast regulator also employs a plow to level out the ballast between the rails. Ballast 

regulating occurs when ballast has freshly been laid out onto the railroad, as irregular 

maintenance and response to deteriorated ballast, or soon after a derailment. The plow pushes 

and levels freshly poured ballast onto a track. The ballast compresses against the cover assembly 

and, therefore, this distributed load situation must be accounted for. A typical plow regulator is 

displayed in Figure 12. 

 

 

Figure 12: Ballast plow regulator [10] 
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For our calculations, we consider a plow with a 45° angle of attack on a track with rails spaced 4 

ft. 8.5 in. apart, or 1.44 m. Ballast will accumulate along a 1.5 ft. length of rail (roughly 0.46 m) 

into a pile of the same magnitude in height, before it overflows onto the outside of each rail. The 

ballast will be assumed to have an average diameter of 4.5 cm and a density of approximately 

1800 kg/m3 [6]. The plow will have an absolute maximum velocity of 10 km/h [6]. 

The volume of the ballast is determined by: 

 𝑉 =
𝑏ℎ𝑤

2
 Equation 15 

The total mass of the entire packed ballast is determined by 

 𝑚𝑏,𝑡𝑜𝑡 = 𝜌 ∙ 𝑉 Equation 16 

The plow velocity is found using [10]: 
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The ballast accelerates when loaded into the plow. This acceleration can be calculated by 

 𝑣𝑝2 = 𝑣12 + 2𝑎𝑑 Equation 18 

where d is the distance from the tip of the plow to the ballast pile and 𝑣1 is the initial velocity of 

the ballast (0 m/s). Solving for the acceleration in Equation 18, the total force of the distributed 

load can be solved using Newton’s Second Law where: 

 𝐹 = 𝑚𝑏,𝑡𝑜𝑡 ∙ 𝑎 Equation 19 

The plow velocity is converted from 10 km/h to 2.78 m/s. The volume of the packed ballast is 

simplified as a triangular prism, or half-cube, resulting in a volume of 0.0456 m3. With the given 

density, this results in 82 kg of ballast being pushed by the plow, which will exert force onto a 

cover as it passes by. This force can be determined by considering a piece of ballast starting from 
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rest at the tip of the plow, which accelerates along the angled face of the plow toward the volume 

of accumulating ballast. 

 

Figure 13: Assumptions for loading due to ballast accumulation on plow 

Using simple trigonometry in Figure 13, the displacement of ballast (𝑑) is calculated to be 

0.25795 m. With the final velocity equal to the plow velocity, the acceleration of ballast turns out 

to be 14.96 m/s2. Taking the total mass of the accumulated ballast, the total ballast force is 

determined by Newton’s Second Law to be 1.2266 kN. We can approximate that this load is 

distributed along the cover, but upon closer physical examination, the force is found to be spread 

across 17 points, where individual ballast contacts the cover. A distributed load will cause larger 

stresses on the cover with the lowest amount of contact points. Therefore, assuming that all the 

ballast plowed is fresh and that the average ballast is a cylindrical rock (shown in Figure 14) with 

a 4.5 cm diameter and 0.9 cm thickness, the minimum amount of surface contact points is on a 

cylindrical surface of 5 mm. The points of contact are shown in Figure 15, with all forces upon 

the cover assumed to be shear loads. Based on these assumptions, each piece of ballast will have 

a shear force of 175.2 N. The stress effects from this load are analyzed in Section 2.2.2.  
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Figure 14: Average ballast piece 

 

Figure 15: Distributed load contact points 

It can be assumed that the distributed load on the cover will transmit a shear load of 1.2266 kN to 

the bolts and base. Therefore, this load will be the maximum shared load on each bolt at their 

respective base connection points. The analysis of this loading scenario between the base and 

bolt are discussed in Section 2.2.2.  
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2.2.2 Software Analysis and Verification 

FEA was conducted to verify that the fully proposed design met the respective cover strength 

requirements, outlined by the loading scenarios beforehand. Detailed FEA procedures were 

carried out on the proposed protective cover design, consisting of 12-gauge stainless steel, and 

simpler FEA was completed for the preliminary assessment of a possible high production plastic 

cover design. The possibilities corresponding to this alternative design will be discussed in 

Section 6. SolidWorks Simulation software was selected to conduct this product development’s 

FEA. Using this software ensured consistency of results when providing the finished product and 

analyses to Iders, as the company primarily conducts analyses using the SolidWorks Simulation 

software, as well. The most severe loading cases for each loading scenario will be considered 

throughout this section. In each worst-case scenario, the FEA procedure will be fully explained. 

As many loading locations were considered, only the most severe will be discussed in this 

section. All other loading cases are outlined and discussed in Appendix C. 

The process for each FEA will follow similar steps to ensure useful results are produced. Firstly, 

in any loading scenario, all components of the design will be considered individually. In this 

design, there are repeating components in the fasteners. Thus, only one fastener will be analyzed, 

rather than each one individually. Appropriate specification will be conducted for the repeating 

items in Section 2.2.2.5. In each assessment, the respective material properties are applied, 

followed by the physical constraints and load attributes. The model, otherwise known as a finite 

elemental model (FEM), is then meshed to an appropriate size, which is governed by 

convergence plots conducted for each type of loading scenario. Results are then collected 

specifically for von Mises stresses and displacement of the item in question. All results are 

compared to the metrics outlined by the client, and designs are reiterated if metrics are deemed 

unsatisfied. A key assumption that is held during the FEA of all loading scenarios is that linear 

analysis will be sufficient. As mentioned in Section 2.2.1, various loading scenarios are 

considered within the design of the SFTPro Protective Cover assembly. The loading scenarios 

considered stem from a 0.128 kg mass impacting the cover at a normal to surface vector and the 

impact from maintenance equipment used to clear and regulate railroad ballast.  
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2.2.2.1 0.128 Kilogram Miscellaneous Projectiles 

The worst-case scenarios were considered when assessing the 0.128 kg mass impacting the cover 

assembly. In order to assess the worst load cases from a miscellaneous mass, it was assumed that 

the mass impacted at a normal trajectory to the cover assembly surface at locations where high 

deflection would result. In conjunction with these worst-case scenarios, FEA was conducted for 

common loading locations. Individual model analysis was conducted for the base and cover 

assembly due to the complexities associated with assembly FEA. The cover and double-pane 

window were considered individually for these loading scenarios instead of using a combined 

FEA. Assessing the cover and radome components individually allows the worst-case scenario to 

be considered for each component, as additional rigidity will be provided by the cover design 

with an attached radome window. The schematic shown in Figure 16 displays the loading 

locations that will be considered for the miscellaneous mass impact. 

 

Figure 16: Loading locations for 0.128 kg projectile 

In conjunction with Figure 16, TABLE VII outlines what is involved at each loading location, 

including load direction, location, and reasoning for its selection for assessment.  
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TABLE VII: DESCRIPTIONS OF LOADING LOCATIONS FOR MISC. PROJECTILE RELATED IMPACTS 

Miscellaneous Projectile Related Impacts - Considered Loading Locations 
Location 
# 

Direction 
of load 

Component Reasoning for selecting loading location 

A1 

Normal to 
respective 
plane of 5 

mm 
diameter 
loading 

area 

Radome Loading area is solely on the radome part, tangent to bond 
surface area between radome and cover, and has two 
stiffening corners that present a unique loading scenario. 
Location is also halfway between the rigidity increasing 
corner and the transition from Kydex to stainless steel. 

A2 Radome Loading area is directly in the middle of the radome span 
before any stiffness increasing bend, or material transition. 
Most likely to see highest deflection at this location. 

A3 Radome Same reasoning as A1, although this location may 
experience increased deflection and possibly stresses due to 
not having an additional bend close by. 

A4 Radome Loading location is tangent to adhesive bond between the 
cover and radome, and is halfway between the length span 
of the window on the top edge atop the structural bend. 

A5 Cover Loading location is tangent to adhesive bond between the 
cover and radome, is halfway between the depth of the 
smaller face of the radome and the stiffening radome corner. 
May present interesting FEA results. 

B1 Cover Chosen for the same reason as A1, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B2 Cover Chosen for the same reason as A4, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B3 Cover Chosen for the same reason as A3, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B4 Cover Loading location is in the center of the side profile that will 
most likely experience loading not normal to the angled 
face. Worst-case scenario consists of having it have 
maximum deflection, and since it has a decently long 
length span and proximity to the radome cut out, the 
location is of interest. 
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To illustrate the FEA process outlined earlier, a detailed procedure is carried out for the worst-

case loading location. Analyzing the radome first, the chosen path of assessment consists of 

creating a solid model with the geometric traits of the actual double pane radome design. The 

main difference between the solid model used for FEA and the actual design is that the bond 

between the two parts is assumed to be fully rigid. As such, it is acceptable to create a working 

model with a cross section of the two parts combined. As well, it should be noted that a small 

fillet of 1 mm was added to the FEM. This fillet represents the assumption that adhesive is 

applied along the perimeter of the centre bond patch. Both the real and FEA parts are shown in 

Figure 17, where it can be seen that a bond line exists in the real designed part but not within the 

FEA model.  

 

Figure 17 Comparative images between radome final design and FEM 

In the case of miscellaneous projectile related impacts, location #A2 is considered to be the 

worst-case scenario, as it is in the middle of the radome and would experience the highest 

deflection on the weaker radome material as compared to the 316L stainless steel. The material 

properties pertaining to the radome are specified as Kydex 510; acrylic PVC specifically 

designed for radio transparency and impact resistance. Kydex 510’s respective material 

properties are listed below in TABLE VIII. 
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TABLE VIII: KYDEX 510 MATERIAL PROPERTIES USED FOR FEA 

Kydex 510 Material Properties [3][11][12] 

Material Property Value Units 

Elastic Modulus 2.48E+09 Pascals 

Poisson's Ratio 0.38 N/A 
Mass Density 1350 kg/m3 

Tensile Strength 42000000 Pascals 

Compressive Strength 55200000 Pascals 
Yield Strength 39600000 Pascals 

As outlined in Section 2.2.1, a 0.128 kg projectile was converted to a 505 N load impacting 

normal to the double pane window, directly at the radome’s centre. The 505 N load was applied 

on the area of a 5 mm diameter circle, centred on the radome’s centre of the larger flat section. 

The 5 mm diameter circle was determined viable for loading cases corresponding to 

miscellaneous projectile impacts, as mentioned earlier in Section 2.2.1. To ensure that the 

double-pane window would withstand the load, fully constrained boundary conditions were 

applied in the FEM on the areas that the adhesives would resist the applied load. The applied 

loading and physical boundary constraints discussed for this loading scenario can be seen in 

Figure 18. 
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Figure 18: Applied load and physical boundary constraints on double-pane window 

Accordingly, a coarse mesh size of 4 mm with four Jacobian points was applied to the FEM. In 

order to assess the credibility of the design analysis, an adaptive convergence plot was computed. 

This convergence test was conducted by using the h-adaptive method for mesh refinement to 

iterate steadily improving element-mesh layouts on the FEM. The h-adaptive mesh refinement 

method reduces the size of elements at focus areas. Promoting more efficient analyses, coarse 

mesh refinement was also used and applied larger elements on easily assessed surfaces within the 

FEM. This type of mesh or element refinement can be seen in Figure 19. 

 

Figure 19: Front view of double-pane radome with refined mesh at respective locations corresponding to A2 load specifications 
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The number of iterations that SolidWorks simulation conducted for the FEM was controlled by 

the criteria outlined by the design team. The design team’s criteria was less than 10% in total 

relative strain energy norm error throughout the entire FEM. Figure 20 also displays the standard 

mesh created without h-adaptive mesh refinement, to display the advantages of using adaptive 

mesh refinement in FEM creation. 

 

Figure 20: Front view of double-pane radome with standard mesh for A2 load specifications 

A range of seven to ten iterations was conducted for each loading scenario. As such, the 

convergence plot was computed for the attributes of loading scenario #A2. The convergence plot 

displays the global strain energy of the FEM and iterative accuracy on the y-axes, and the loop 

number on the x-axes. Figure 21, below, displays the respective convergence plot for loading 

scenario #A2, where it can be seen that an error less than 10%, as well as converging global 

strain energy were obtained throughout the sequential iterations.  
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Figure 21: h-Adaptive Convergence Graph confirming the accuracy of the projectile impact load driven FEMs 

The convergence plot confirmed that the assessment would provide a fair baseline to estimate the 

present von Mises and displacements occurring within the radome under the overarching loading 

scenarios. Further testing would be required to validate these FEA driven estimations. However, 

this testing is beyond the scope of this project, but would be conducted to progress towards full 

production runs. The resultant von Mises stresses in the radome part can be seen in Figure 22. 
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Figure 22: Resulting von Mises stresses from projectile type loading at A2 location on radome 

Notable attributes of the stresses are that ‘swelling’ expansion of the stress at the point of load 

contact can be observed. Higher stress concentrations can also be seen at fillet locations directly 

below and above the point of application within the FEM. These high stress concentrations are a 

result of computing a numerical analysis through FEA, as any small singularity point or edge 

will cause stresses to approach infinity. Using common engineering insight, the singularities with 

the obtained stresses can be deemed irrelevant and simply a result of conducting numerical 

analyses. The scale outlining the von Mises stresses was chosen to outline the higher stresses 

throughout the radome. As such, Figure 22 illustrates that the majority of the radome is blue and 

at a low percentage compared to the yield strength of the radome material, Kydex 510.  

Outlined within the client metrics and target specifications, the displacement that can occur 

within the cover assembly design is limited to whatever clearance exists between the proposed 

design and the sensor inside. For this design, the geometric clearance is approximately 2 mm, as 

stated in Section 1.3. As shown in Figure 23, the overall displacement does not exceed this 
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deformation limit. It should be noted that the analysis was conducted at a 20:1 scale to illustrate 

deformation pattern. 

 

Figure 23: Resulting displacements from projectile type loading at A2 location on radome at deformation scale of 20:1 

Furthermore, the deformation is displayed in Figure 24, where a 20:1 deformation scale can be is 

used to exaggerate the expected deformation.  
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Figure 24: Exaggerated displacements at A2 location on radome due to applied projectile impact (deformation scale of 20:1) 

All nine loading cases were conducted for each respective component of the proposed cover 

assembly. Each case contained a specific loading location for either the cover or radome. These 

common suited 0.128 kg applied loads were all assessed using the same procedure outlined in 

this section for the double-plane radome experiencing normalized impacts due to miscellaneous 

projectiles. Exceptions to the procedure used for the miscellaneous projectile impacts include 

those in the upper half of the radome due to the fact that the broom loading scenario will hit 

these points at with higher forces. The set up parameters and respective von Mises and 

displacement results can be found for the projectile induced cover and radome FEA tests in 

Appendix C. The maximum von Mises stress and displacement results pertaining to each FEA 

testing location, shown in Figure 16, has been compiled and shown in TABLE IX, below. 
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TABLE IX: REMAINING COVER AND RADOME FEA RESULTS FROM MISCELLANEOUS PROJECTILE INDUCED IMPACTS 

Cover and Radome Projectile Impact FEA Results 
Loading Scenario 
Reference # von Mises Stress (Pa) Displacement (mm) Displacement (in) 

A1 23430000 0.08961 0.00353 
A2 17680000 0.3347 0.01318 
A3 30130000 0.08953 0.00352 
B1 130400000 0.08397 0.0033059 
B2 85550000 0.1191 0.0046890 
B3 120000000 0.1519 0.0059803 
B4 43620000 0.00799 0.0003146 

2.2.2.2 Loading due to Ballast Regulating  

As outlined earlier, the main loading from maintenance equipment is due to the ballast regulating 

machines, seen in Figure 10. As the brooms rotate and graze the ballast in a direction 

perpendicular to the ground plane, only one broom can contact the cover assembly at a time. The 

FEM for this scenario consisted of the broom making contact with the cover assembly in the 

worst-case possible. In order to properly assess the worst-case scenario, various loading 

scenarios were analyzed, all of which are outlined in Figure 25. 
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Figure 25: Loading locations for ballast regulator broom impacts 

In conjunction with Figure 25, TABLE X outlines what each loading location involves regarding 

load direction, location, and reasoning for its selection for assessment. 
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TABLE X: DESCRIPTIONS OF LOADING LOCATIONS FOR BALLAST REGULATING MAINTENANCE BROOMS 

Miscellaneous Projectile Related Impacts - Considered Loading Locations 
Location 
# 

Direction of 
load 

Component Reasoning for selecting loading location 

A1 

Normal to 
respective 
plane of 5 

mm 
diameter 

loading area 
(presents a 

larger 
deflection 

compared to 
usually 

expected 
normal load, 
with respect 
to the global 

xyz 
coordinate) 

Radome Loading area is solely on the radome part, tangent to 
bond surface area between radome and cover. 
Location is also halfway length of the Kydex 510 
radome. 

A2 Radome Loading area is solely on the radome part, tangent to 
bond surface area between radome and cover. It has 
two stiffening corners that present a unique loading 
scenario.  

B1 Cover Located directly on top of the bond between the cover 
and radome, this location will have stress 
concentrations due to the smaller surface area. This is 
due to the location being situated between three 
structural bends  

B2 Cover Loading location is directly above the narrower bond 
line between the cover and radome. As well its 
location in the middle of the radome length adds to the 
potential of this loading location to be detrimental to 
the design. 

B3 Cover Located directly on top of the bond between the cover 
and radome, this location will have interesting results 
from FEA. Its location between two structural bends 
and one end extending a large length in comparison to 
its other dimensions that will also prove interesting. 

The FEM allocated to loading location #B1 was outlined to portray the FEA process for the 

broom loading analysis since it represents the worst-case scenario regarding broom related 

impacts. Location #B1 is considered to be the worst-case scenario for broom impact loads as it is 

above the narrowest bond patch between the cover and the radome. It should be noted that the 

radome position #A1 is also of high interest as it is so close to the narrowest bond patch, and, 

thus, is weaker, but is in the same set up as #B1. To properly portray the analysis procedure, 

location #B1 is assessed as it proceeds through FEA with the stainless steel cover. FEA with 

location #A1 will be covered in Appendix C. Similar to the radome analysis, a solid model was 

created with the geometric traits of the actual stainless steel sheet metal design. Differing from 

the true sheet metal CAD model, the model used for FEA consisted of fully joined joints with 

approximately 0.125 in. radii fillets. These features for the FEA model attempt to simulate the 
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real life weld beads and post processing that will occur at the joints when manufacturing these 

prototype stainless steel covers. The stainless steel sheet metal design is discussed in Section 3 

and its drawings are also presented in this section. Figure 26 displays isometric views of both 

designs, demonstrating the differences between the FEA model and the manufacturing model. 

 

Figure 26: Comparison between manufacturing and FEA CAD models (right and left side, respectively) 

 As stated before, the stainless steel cover is constructed from 316L Stainless Steel. The material 

properties applied to the FEM for the stainless steel cover are listed in TABLE XI. 

TABLE XI: 316L STAINLESS STEEL MATERIAL PROPERTIES USED FOR FEA 

316L Stainless Steel Material 
Properties from SolidWorks[13] 

Material 
Property Value Units 
Elastic 
Modulus 2E+11 Pascals 
Poisson's 
Ratio 0.265 N/A 
Shear 
Modulus 8.2E+10 Pascals 
Mass 
Density 8027 kg/m3 
Tensile 
Strength 485000000 Pascals 
Yield 
Strength 170000000 Pascals 
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For the stainless steel cover set-up, appropriate boundary conditions were set to replicate the 

fastening system holding the cover on the base. Advanced fixtures in SolidWorks simulation 

were created at each fastener hole. The fixtures did not allow the fastening holes in the cover to 

expand radially and displace in the z-direction, with respect to the central coordinate system of 

the FEM. In addition to the aforementioned advanced fixtures, a virtual wall was applied along 

the backside of the cover to replicate the base underneath the cover. This boundary condition 

does not allow displacement into the negative z direction, but does in the x and y directions. 

Following the set-up of physical constraints, the associated broom load was applied at the centre 

of the cover’s top face. The applied load was dictated by the calculations carried out in Section 

2.2.1 where the resulting load was 578 N applied on top of a 5 mm diameter circle. The applied 

load and physical boundary conditions are shown in the FEMs of Figure 27 and Figure 28 

respectively.  

 

Figure 27: Combined set-up applied load and physical boundary constraints 



42 
 

 

Figure 28: Applied load representing the broom loading the cover assembly at location #B1 

Similar to the procedure described for the miscellaneous projectile impacts, a coarse mesh size, 

with elements dimensioned at approximately 4 mm and four Jacobian points was applied to the 

FEM. An h-adaptive convergence plot was created using the previously described h-adaptive 

mesh refinement method. Higher clusters of fine elements were created where higher stress 

concentrations were found to occur within the respective FEM set-up. Figure 29 displays the h-

adaptive mesh for the cover model.  
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Figure 29: Front view of cover with refined mesh at respective locations corresponding to B2 load specifications 

The h-adaptive strain energy convergence plots, were created by following the same procedure. 

Figure 30 displays the convergence plot for loading scenario #B2, where it can be seen that an 

error less than 10%, as well as a converging global strain energy were obtained through the 

sequential iterative runs:  

 

Figure 30 h-Adaptive convergence graph displaying functional broom loading FEM 
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Since both plots in Figure 30 converged, a baseline estimation on the von Mises stresses and 

displacements within the cover under the loading and boundary conditions for location #B2 is 

made. An array of the resultant von Mises stresses in the cover part is shown in Figure 31.  

 

Figure 31: von Mises stress results from #B2 broom impact loading conditions on cover component 

From the von Mises stresses presented by the FEA, it can be seen that stresses creep toward the 

bend, but increasingly near the open hole below the point of load application. This makes sense 

as there is no supporting component to relieve any stress, and the stresses, therefore, accumulate 

around this location. Furthermore, the stresses creep upward toward the nearest fastening 

location: another open hole. Fortunately, the stainless steel yield strength is quite high, and, thus, 

exceeds any expected von Mises stresses within the stainless steel cover. It should be noted that 

stress concentrations have risen in this model, as well. These concentrations are due to the 

singularity type edges created at some points, specifically at locations where weld bead would 

normally be, such as the flange corners. These stress concentrations, similar to those described in 

the miscellaneous projectiles assessment, are a result of conducting numerical analysis for real 

life applications. Further physical testing and FEA needs to be conducted to design and validate a 

model lacking these stress concentrations. That being said, these items are outside of the report 

scope, since the proposed cover design is still sufficient for the design. The proposed design is 

sufficient because the fasteners and the radome will further relieve the stress concentrations. 
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As stated earlier, under the same client metrics and target specifications as the radome design, 

besides having to transmit radio frequencies, the stainless steel cover only has a geometric 

clearance around 2 mm. In Figure 32, the total displacement can be seen to not exceed the 

aforementioned displacement limit. It should be noted that the analysis was conducted at a 20:1 

scale to illustrate the deformation pattern. 

 

Figure 32: Resulting displacement from applied broom load at location #B2 

From Figure 32, the max displacement obtained from the analysis is 0.04402 mm, significantly 

lower than the clearance allowance of 2 mm. The cover exhibits higher deflection at the edge 

furthest from its location, possibly due to the fact that the window enclosure is supported by the 

other three edges, whereas the side flange is alone. To exaggerate the deflection trend that would 

follow suit from heavy loads, the cover FEM was converted to a 100:1 deformed scale. In reality, 

all displacements resulting from the applied 578 N load are negligible. 

In summary, as the von Mises stresses and displacement in the stainless steel covers did not 

exceed the respective maximum allowed values, the overall part passes the impact related 

metrics and client based standards. Further analysis was conducted on the cover to encompass 

more areas of interest. These additional FEA tests are covered in Appendix C. The maximum 

von Mises stress and displacement results pertaining to each FEA testing location shown in 

Figure 32 has been compiled and shown in TABLE XII. 
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TABLE XII: TOTAL COVER AND RADOME FEA RESULTS ON SELECTED LOCATIONS FROM BROOM RELATED IMPACTS 

Cover and Radome Broom Impact FEA Results 
Loading Scenario 
Reference # von Mises Stress (Pa) Displacement (mm) 

Displacement (in) 
A1 9553000 0.119 0.00469 
A2 27340000 0.07117 0.00280 
B1 142300000 0.04045 0.00159 
B2 84020000 0.04402 0.00173 
B3 140300000 0.05 0.00197 

2.2.2.3 Loading due to Single Ballast Regulator (Plow) 

Another loading scenario to be considered corresponds to the action of ballast regulating which 

occurs prior to any of the more frequent loading scenarios. The resulting loads onto the cover 

assembly from this event were further explained in Section 2.2.1. These loading conditions are 

used to create a new FEM consisting of the stainless steel cover, and double-pane radome 

assembly. Instead of conducting a part analysis, a full assembly analysis was conducted using 

SolidWorks Simulation where both FEA models mentioned for the radome and cover were used 

as assembly parts. The full FEM assembly used for the ballast regulating loading scenario is 

displayed in Figure 33, where the loading regions for the miscellaneous projectiles and brooms 

directly along the perimeter of the window are to be ignored. 
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Figure 33: FEA CAD model for ballast regulator driven loading 

In an effort to replicate the loading scenario induced by the ballast regulating event, the same 

physical constraints for the fastening locations on the cover FEA CAD model in the previous 

section was applied to the FEA CAD assembly. In addition, the virtual wall contact set was 

applied to the back face of the cover such that it would not allow any displacement past the 

ground plane, simulating the existence of the base component. Unlike analyses conducted on 

singular parts in SolidWorks Simulation, contact sets between assembly parts must be made 

before running an FEA test. The contact sets created within the assembly analysis for ballast 

regulating impacts included bonded interfaces between the two pieces of the radome assembly, 

and another bond between the larger radome piece and the stainless steel cover body.  

As described in Section 2.2.1, the ballast regulator induces a distributed load from the plow at 

the front end of the maintenance cart or train pushing heaps of ballast against the rails. The 

collective mound of ballast along the side of the train calculates to an estimated distributed load 
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of 1226.62 N. In order to ensure that the proposed cover assembly design meets the structural 

requirements as laid out in the target specifications in Section 1, the worst case scenario was 

assessed. The worst case scenario for the ballast regulating impacts that was considered involves 

the distributed load being applied to the cover assembly through as few loading locations as 

possible. Using the common ballast size displayed in Figure 14, the minimum amount of ballast 

contacting the cover assembly faces was calculated using SolidWorks sketches. These circles 

were rounded to approximately 43 mm in diameter, and were then used to locate the five 

millimetre loading locations for each ballast rock, as introduced in Section 2.2.1. Each circular 

five millimetre diameter loading region was located at the centre of each ballast rock. The 

calculated load of 1226.62 N was then assumed to divide equally to each loading location. 

Having 17 loading locations throughout the cover assembly, an approximate load per ballast rock 

was calculated to be 72.15 N. As the distributed load was induced via a maintenance cart or train 

sandwiching and shearing it across the rails, it was assumed that the distributed load was acting 

in pure shear across the faces of the cover assembly. Therefore 72.15 N was applied to each 

loading region across the faces of the cover assembly. An example of the regions that were 

loading is shown in Figure 34. 

 

Figure 34: Equally distributed shear loads applied to front face of assembly FEM for ballast regulating impacts 

In line with all FEA conducted for the cover assembly, h-adaptive convergence plots were 

conducted for the FEM. A coarse element size of approximately four millimetres was first 

applied to the FEM and the elements used throughout the FEA consisted of four Jacobian points. 
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To obtain the convergence plots, iterative h-adaptive mesh refinement was used. Figure 35 

shows the resulting h-adaptive mesh after seven iterations for the assembly FEM. 

 

Figure 35: h-Adaptive meshed FEM for distributed load from ballast regulating process 

The clusters of mesh around the radome and the applied shear loads on the radome, itself, make 

sense as the FEM predicts that higher stresses or deflections occur in the less stiff material, as 

shown in Figure 35. Corresponding h-adaptive convergence plots are displayed in Figure 36, 

outlining the convergence of total strain energy and iterative accuracy between each FEA test.  
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Figure 36: h-Adaptive convergence graph displaying distributed load based FEM 

Baseline estimation on the von Mises stresses and displacements throughout the FEA model can 

be obtained from the FEA results. Figure 37 resulting von Mises stresses throughout the cover 

assembly from the respective applied geometrical and loading constraints.  
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Figure 37: von Mises stress results from ballast regulator loading conditions on cover assembly FEM 

The FEA von Mises stresses results shown in Figure 37 are scaled down, such that red imagery 

represents anything above or equal to 5 MPa, a value well below the yield stress for Kydex 510 

and 316L stainless steel. The actual von Mises stress results of the distributed load range from 

889.7 Pa to 10.06 MPa within the stainless steel cover. In the Kydex 510 radome, the maximum 

stress found was 6.389 MPa. Both of these maximum stresses are below the yield strength for 

both materials. As such, the proposed design withstands the applied distributed load from the 

ballast regulator. It should be noted that failure would most likely occur either in the Kydex 

radome as it is composed of a less stiff material, or at the structural bends in the sheet metal, as 

these locations are more prone to stress concentrations. As well, fine edges within the proposed 

prototype model are to be ignored as numerical computation for FEA produces singularities at 

fine edges. As Iders proceeds, refinement of the design for mass production of cover assemblies 

is required and discussed in Section 5. 
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Having the same displacement constraints of approximately two millimetres, the assembly FEM 

must permit minimal displacement, otherwise referred to as deflection. Figure 38 presents the 

displacement results, at a 20:1 scale, for the final FEA test conducted on the assembly FEM for 

the considered ballast regulating loading scenario.  

 

Figure 38: Resulting displacement of cover assembly FEM from applied loads stemming from ballast regulating process 

The resulting maximum deflection in the entire assembly FEM was found to be 0.01367 mm. As 

seen in Figure 38, higher deflections occur at the corners of the stainless steel cover and 

throughout the Kydex 510 radome. The resulting displacements from the loads representing 

ballast regulation are in the x-direction, primarily as one direction. Shearing loads are only 

applied on the assembly FEM, respective to each face of the assembly. Overall, the assessment 

of the load implied by the event of ballast regulation appears to be less of a threat than the other 

two loading conditions, when considering whether or not the cover assembly will contact the 

sensor.  

2.2.2.4 Impact Analysis of the Base 

In addition to the analysis of the impact directly implicating the integrity of the cover assembly, 

indirect reaction loads are induced into the base that must be assessed. As such, the worst case 

scenario will be considered the base component assessment. The worst case loading scenario for 
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the base was considered to be when a miscellaneous projectile, with a predicted 505 N load, 

impacts the fastener head directly.  This scenario results in a full transfer of bearing stress into 

the bearing locations within the base component. Intuitive reasoning can easily validate that the 

direct loading to the fastener head is far worse than any resulting loads at the fastener locations 

from an impact to the cover assembly. Further validation can be found when observing the 

reaction loads due to amplified acceleration responses on the cover assembly, as explained in 

Section 2.3).  

The CAD model used to construct the base FEM is the same as that used for the manufacturing 

process. As outlined in Section 2.1, the base component is to be made of GPO-3 electrical grade 

fibreglass within a polyester resin matrix. Figure 39 displays an isometric view of the FEM with 

the applied GPO-3 material to the model. 

 

Figure 39: Isometric view of the proposed base design constructed out of GP03 material 

The respective material properties for GPO-3 are listed in TABLE XIII. 
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TABLE XIII: GPO3 MATERIAL PROPERTIES 

GPO3 Material [4][14] 
Material 
Property Value Units 
Elastic 
Modulus 7.20E+09 Pascals 
Poisson's 
Ratio 0.34 N/A 
Mass Density 1800 kg/m3 
Tensile 
Strength 7.60E+07 Pascals 
Compressive 
Strength 2.07E+08 Pascals 
Yield 
Strength 1.17E+10 Pascals 

 

Using the same high-level procedures conducted for the cover assembly, the base was assessed 

to see if yield stresses would be reached under the expected loading conditions. As outlined 

earlier, the worst case scenario that will be assessed consists of having a singular fastener head 

being impacted with a 505 N projectile load. The loading will be such that pure bearing stresses 

are experienced in the blind holes within the base component. Before applied loads are to be 

discussed, the geometrical boundary constraints were applied to the base FEM. The back face of 

the base was fully fixed, thus representing the possible scenario with the base fully adhered to 

the railway profile. Although some railway constructors prefer railway components to be 

installed via adhesives, others prefer fastener installation, as outlined earlier in Section 1. 

Therefore, this fixture setup simply represents the fixture set up corresponding to that of a fully 

adhered base assembly, whereas the full analysis for the bolted assembly to the rail is shown in 

Appendix C. Figure 40 displays the fixtures applied to the back face of the base component for 

the respective FEM creation.  
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Figure 40: Applied fully fixed geometrical constrains on the back face of the base in the base FEM 

Continuing with the same process outlined in previous FEA tests, appropriate loading is applied 

to the component. As seen in Figure 41, four possible loading locations are considered as they 

encompass the majority of the loading set up throughout the entire base FEM.  
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Figure 41: Base component with specified loading locations for worst case scenario bearing load application 

In conjunction with Figure 41, TABLE XIVTABLE  lists the appropriate face orientation that is 

being considered for each location.  
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TABLE XIV: DESCRIPTIONS OF LOADING LOCATIONS FOR FULL BEARING SURFACES IN BASE 

Miscellaneous Projectile Related Impacts - Considered Loading 
Locations 

Location 
# 

Direction of load Component Orientation 
of surface 
experiencing 
bearing 
stresses 

A1 

All loading is to be applied 
to the respective half of the 
location being considered, 
representing a full bearing 
loading scenario as if the 
fastener fully transmitted 

the 505 N load. 

Base Left 

A2 Base Down 

B1 Base Left 

B2 Base Down 

To illustrate the process carried out to assess the FEA of the base component, location A1 is 

considered within the body of the text, whereas the rest of the locations are outlined and 

discussed in further detail in Appendix C. To properly simulate a bearing load induced by a 

fastener only half of the bearing surface area in the fastener hole should be considered[15]. As 

such, a split line was created in the cylindrical surface of the hole in question. The hole in 

question, #A1, is located at the far upper right of the base geometry when facing the front view, 

as seen in Figure 41. The load of 505 N was assumed to transfer directly from the fastener head 

to the entire length of the hole of the fastener. In reality, it should be noted that only a tangent 

edge of the fastener being loaded imparts a force, and, in turn, relatively high stress, onto the 

base. For the analyses conducted within this report, this simplification will be sufficient to ensure 
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an adequate design regarding stress allowances of the material. The reason that this 

simplification is deemed adequate for these analytical processes is because a high factor of safety 

of at least 5 is pursued for the base component under the worst case scenario loading. The FEM 

with the applied loading for location #A1 is shown in Figure 42. 

 

Figure 42: Applied load representing the highest bearing stress possible to be transmitted to the base component 

Following suit with the procedure repeated throughout the FEA tests conducted thus far, h-

adaptive convergence plots and mesh refinement were conducted for the base FEM. Seven 

iterations were carried out with coarse mesh refinement. Furthermore, initial mesh size began as 

coarse with an element size of approximately four millimetres, and four Jacobian points per 

element. The resulting convergence plots for total strain and iterative accuracy between the FEA 

tests can be seen in Figure 43. 
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Figure 43: h-Adaptive convergence graph displaying total strain and % accuracy between iterations in base FEM analysis 

Having proven convergence in Figure 43, baseline estimations can be used from the resulting 

von Mises stress and displacement plots. In Figure 44, notable von Mises stress results from the 

seventh iteration carried out for the base analysis at location #A1 are shown.  
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Figure 44: von-Mises stress results from #A1 bearing loading conditions on base component 

Expanding on the results seen in Figure 44, an expected plume of stress extending from the side 

surface that the bearing load was applied to was seen. Stress levels were found to be far less than 

the yield strength of the GPO3 base material, and well past the factor of safety of five. The 

proposed loading direction of location #A1 caused the base to deform in the highest possible 

scenario, as the load was directed at the cut out in the middle of the base component design. The 

respective displacement results from the applied bearing load at the same location are displayed 

in Figure 45. 
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Figure 45: Resulting displacement from applied bearing forces on singular fastening location #A1 

Referencing Figure 45, it can be seen that the resulting displacement is far less than the two 

millimetre constraint towards the sensor in the base envelope. The max displacement seen from 

the iterative FEA tests on the base component at loading conditions for #A1 was found to be 

.007293 mm towards the centre of the base. This displacement is reasonable as it is a fairly thick 

fibreglass part that offers a large amount of resistance to the force applied to the surface.  

From conducting an analysis on the base component of the proposed design at location #A1, the 

displacement and von Mises stresses corresponding to the worst case loading scenario for the 

side fastening locations in bearing proved to be of no concern to the base.  

Since location A1 represents the worst case scenario for the side fastening locations, the worst 

case scenario for B1 and B2 must be briefly discussed. The worst case of locations B1 and B2 

bearing loads is, intuitively, that of location B2, as it is a downward bearing stress into a large 

cut out. The same procedures were carried out for location B2 as in A1, although the split line 

surface was made for the top left fastening location, such that the bearing load was applied in the 



62 
 

downward orientation previously outlined. This loading set-up for location B2 is presented in 

Figure 46. 

 

Figure 46: Applied load representing a projectile implying a direct bearing load to base component at location #B2 

The resulting convergence plot using the same h-adaptive procedure for total strain energy and 

iterative accuracy is conducted for this loading location. In addition, the same initial approximate 

element size of four millimetres and four Jacobian points is used. Figure 47 shows the respective 

convergence plots that prove the validity of the FEM corresponding to the loading location #B2. 

 

Figure 47: h-Adaptive convergence graph displaying validity of bearing location B2 FEM 
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Having proven convergence towards the FEM, baseline estimations on von Mises stresses and 

displacements are extracted from the results of the FEA for loading location #B2 on the base 

component. Figure 48 displays the resulting von Mises stresses results for said location.  

 

Figure 48: von-Mises stress results from #B2 bearing loading conditions on base component 

From the FEA conducted, the main differences that arise compared to the loading scenario of 

#A1 include the higher stresses at the cut out surface, and the fact that the creep is a bit larger 

around the bearing loading location at #B2. The resulting von Mises stresses remain well below 

yield stress, and the safety factor for the base is satisfied.  

Furthermore, the displacement results from the loading location #B2 FEA tests are displayed in a 

screenshot of the final iteration conducted in SolidWorks Simulation in Figure 49. 
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Figure 49: Resulting displacement from applied bearing forces on singular fastening location #B2 

The max displacement seen in this analysis is 0.0444 mm, well within the geometrical 

constraints previously outlined for loading analysis at location #A1. As such, the base design has 

been proven, through FEA, to have enough validity to proceed to prototyping and physical 

testing in the respective loading environment and testing conditions. The worst case scenarios’ 

locations, #A1 and #B2, max von Mises stress and displacement results are shown in TABLE 

XV. The remaining two bearing loading cases results are additional support. Convergence plots, 

FEA figures for von Mises stresses and displacements for these remaining loading cases can be 

found in Appendix C. 

TABLE XV: TOTAL BASE FEA RESULTS ON SELECTED LOCATIONS FROM DIRECT PROJECTILE IMPACT TRANSLATED TO BEARING 

STRESS 

GPO3 Base Projectile Impact FEA Results 
Loading Scenario 
Reference # 

von Mises Stress 
(Pa) 

Displacement 
(mm) 

A1 6.20E+06 7.29E-03 
A2 6.40E+06 6.79E-03 
B1 8.33E+06 1.03E-02 
B2 1.65E+07 4.44E-02 
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2.2.2.5 Impact Analysis of the Attaching Mechanism 

The bolt size for the attaching mechanism was dependent on the bearing stresses at the fasteners’ 

location. At each fastener, there would be two bearing surfaces in which the shear stress would 

be transmitted through: the bolt to base surface and the bolt to cover surface. It was critical that 

all bolts were designed to have a sufficient bearing surface area so the attaching surface areas 

kept the bearing stress below yield. 

As laid out in Section 2.2.1, the largest force loading scenario is 1.2266 kN of horizontal force 

from the distributed load. Therefore, all of the bolts must be able to withstand this shear force 

and localized bearing stresses. Bearing stress is defined as[15]:  

 𝜎𝑏 =
𝑃
𝑡𝑑

 Equation 20 

where P is the force from the distributed load, t is the thickness of the bearing surface and d is 

the diameter of the bolt. Since the bolts and cover are stainless steel, the maximum yield stress of 

the material is 170 MPa, as outlined in Section 2.2.2. The maximum yield stress for the base is 

36.6 MPa[4]. Figure 50 displays the typical fastening details for our design, where d is the 

thickness of the bolt, t1 is the thickness of the cover and t2 is the bearing surface thickness of the 

base to the bolt and insert. 
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Figure 50: Bearing surfaces 

Since the top of the base has a thinner thickness than the middle of the base, the bearing surface 

of the base is smaller at the top. The dimensions for the bearing surfaces are summarized in 

TABLE XVI. 

TABLE XVI: BEARING SURFACE DIMENSIONS 

  
Cover Thickness 
t1 (m) 

Base Bearing Surface 
t2 (m) Bolt Thickness d (m) 

Top Bearing Surfaces 0.00278 0.01202 0.00635 
Bottom Bearing 
Surfaces 0.00278 0.01251 0.00635 

In order to determine the bolt-base bearing stress with the force evenly distributed between the 7 

bolts, and assuming the bearing surface is the smallest surface available, the following equation 

must be used:  

 𝜎𝑏 =
1226.6𝑁

6.35𝑚𝑚 ∗ 12.02𝑚𝑚 ∗ 7
= 2.30 𝑀𝑃𝑎 Equation 21 

 

t2 

t1 

d 
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Since this stress is well below the yield stress of both the base material and the fastener material, 

the fastener and the base can withstand this shear load. The bolt-cover bearing stress with the 

force evenly distributed between the 7 bolts would be: 

 𝜎𝑏 =
1226.6𝑁

6.35𝑚𝑚 ∗ 2.78𝑚𝑚 ∗ 7
= 9.93 𝑀𝑃𝑎 Equation 22 

 

Since these bearing stresses were well below the yield stress of the cover and bolt material, the 

assembly was determined at these attachments. 

If we look at the loading scenario of a random impact at any point of the cover, there is the 

potential that the entire 505 N load would be distributed across a single bolts bearing surface. If 

this were the case, the bolt-base bearing stress (for one of the top bolts) would be: 

 
𝜎𝑏 =

505𝑁
6.35𝑚𝑚 ∗ 12.02𝑚𝑚

= 6.62 𝑀𝑃𝑎 Equation 23 
 

The cover-bolt bearing stress would be: 

 𝜎𝑏 =
1226.6𝑁

6.35𝑚𝑚 ∗ 2.78𝑚𝑚
= 28.62 𝑀𝑃𝑎 Equation 24 

 

Although the broom has a higher load than the random impact (588 N as opposed to 505 N), the 

force can only hit the part of the cover which extends past the rail profile. Since this impact 

location is on the cover as opposed to the base, the impact forces would be distributed to multiple 

fasteners and would not be localized to a single blot.  

If the bolt head experienced a direct 505 N horizontal impact, the bolt would experience pure 

shear forces. The shear force on the bolt is calculated as: 

 
𝜎𝑠 =

𝐹
𝐴

=
505𝑁

𝜋(6.35𝑚𝑚
2

2
)

= 3.99 𝑀𝑃𝑎 Equation 25 
 

Since this stress is well below the yield stress of stainless steel, the bolts would not fail from a 

direct shear load. 
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2.3 Vibrational Analysis 

Due to design criteria such as longevity and reliability, the vibrational analysis was deemed a key 

means of analysis[5]. However, determining the nature of the vibrational problem was difficult 

for a variety of reasons. Firstly, the design geometry has distinct components with several 

features, suggesting the mathematical model has multiple degrees of freedom and that vibrational 

elements act non-linearly. For the purpose of analysis, a linear assumption was made[6]. 

Secondly, the theoretical design is largely undamped. However, the presence of damping in the 

cover design is observed in the adhesive bonding the base to the rail, as well as the inherent 

properties of the materials; a simplification was made to consider all of this. Finally, there are 

two different classifications of vibrations relevant to the loading scenarios discussed with the 

client: forced and free[5]. 

2.3.1 Forced Vibration from Moving Trains 

The first classification of vibration is forced vibration. The exertion of an external force (in this 

case, a moving train) onto the rail would induce oscillations that could be damaging to the cover 

design[16]. The team was concerned with the possibility that the peak frequencies in the rail 

would coincide with the natural frequencies of the cover design. If the frequency of the rail and 

cover were to align, resonance would lead to significant changes in displacement. 

The client specified that the frequencies of 400 and 800 Hz represent the first and second modes 

of natural frequency, respectively, for the entire track system (the rail will oscillate in 

conjunction with the rail ties and ballast)[1]. For higher frequencies of 1200 and 2400 Hz, the 

rail is oscillating between rail ties in the first and second mode, respectively[1]. In an ideal 

scenario, the cover design would have its first mode of natural frequency exceeding 2400 Hz. 

The graph in Figure 51 shows the dimensionless response factors of displacement, velocity and 

acceleration corresponding to a ratio of forcing frequency from the rail, 𝜔, to natural frequency 

of the cover, 𝜔𝑛[17]. Forcing frequencies greater and less than the natural frequency will be 

denoted by 𝜔2 and 𝜔1, respectively. The determination of response factors is also dependent on 

a damping ratio, which will be assumed to be 𝜁 = 0.05. Since our team is concerned with the 
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collateral effects of force from vibrations in the cover through the attaching mechanism and the 

base, the acceleration response factor, 𝑅𝑎, is of particular importance in the analysis.  

In an ideal scenario, the resulting ratio of frequencies would keep acceleration response factors 

less than 1. As per Figure 51, the acceleration response factor is unity when the ratio of the 

forcing frequency closely coupled with the cover and the natural frequency of the cover is no 

more than 0.7. Specifically, the first mode of the cover would ideally be at least 3428 Hz. 

 

Figure 51: Dimensionless response factors for in-plane motion due to vibration 

If the natural frequency of the cover cannot exceed the second mode of rail frequency, a ratio of 

at least 1.25 between the higher forcing frequency and natural frequency of the cover is 

acceptable. Given these conditions, the acceleration response factor does not exceed 2.5. 
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TABLE XVII: SUMMARY OF ACCEPTABLE RATIOS FOR VARIOUS NATURAL FREQUENCIES OF THE COVER 

Given 𝝎𝟏 < 𝝎𝒏 < 𝝎𝟐 Acceptable Ratio(s) 

If 2400 < 𝜔𝑛 𝜔1

𝜔𝑛
< 0.7 

and 
𝜔2

𝜔𝑛
> 1.25 

If 1200 < 𝜔𝑛 < 2400 

If 800 < 𝜔𝑛 < 1200 

If 400 < 𝜔𝑛 < 800 

If 𝜔𝑛 < 400 

To achieve an acceptable ratio of forcing frequency to natural frequency, the stiffness, 𝑘, can be 

increased, while the mass, 𝑚, is decreased to increase the natural frequency, as per the following 

equation: 

 
𝜔𝑛 = �𝑘

𝑚
 Equation 26 

A test acceleration of 20 g (20 times the acceleration due to gravity) was used to test the 

amplified response with the mass of the cover to analyze resulting stresses and determine if 

fatigue or creep would be relevant to the failure of the cover. 

2.3.2 Free Vibration from Impact 

The second classification of vibration is described as free vibration, which occurs when an 

impact initiates oscillation in an object without further addition of external forces. The impact 

loading that was considered throughout the analyses was set to be distributed across one-

hundredth of a second. The largest theoretical forcing frequency from an efficient impact load 

would have been only 100 Hz. Even if the cover was only capable of achieving a natural 

frequency above the first mode of the entire track system (i.e. 400 Hz), the corresponding 

acceleration response factor would have been far below 1. Based on this reasoning, the free 

vibrations from impact will not be considered a significant factor for the long-term integrity of 

the cover. 
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2.3.3 Software Analysis and Verification 

SolidWorks Simulation allowed our team to obtain relevant results for the vibrations analysis. 

Some simplifications and assumptions were made in the analysis based on the limitations of the 

available tools in the software and the complexity of the vibrations problem. For example, the 

base, which is typically bonded or mechanically fastened to the rail, was rigidly fixed to the rail 

in the analysis. Effectively, this meant that the base was part of the rail, and the cover was the 

main focus of the analysis. 

The cover assembly, including the RF window, was subjected to the frequency test in 

SolidWorks Simulation, which corresponded with our simplification for a linear test. Fasteners 

were simulated by restricting the diameters of cut-out holes along the top and side flanges. The 

diameters of screw heads resting on the flanges also had an advanced displacement fixture with 

respect to the flange itself. Unfortunately, the virtual wall feature was available only for static 

loading tests in SolidWorks Simulation. To compromise, the face contacting the base was set as 

fixed geometry to prevent any interference with the base. The cover and window components 

were set to have bonded contacts, simulating the use of adhesives to hold individual components 

together. 

2.3.4 Vibrational Analysis of the Cover 

The results from the SolidWorks frequency analysis is shown in Figure 52. Specifically, the first 

mode of the cover, or fundamental frequency, was resolved to be 1725.3 Hz. The natural 

frequencies of the rail were not exceeded, and the result was compared with the two modes of the 

rail to verify acceptability.  
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Figure 52: Modal analysis results from SolidWorks for the cover 

When compared with the first mode of the rail, the ratio of forced to natural frequency is 

calculated as the following: 

 𝜔1

𝜔𝑛
=

1200
1725.3

= 0.6955 < 0.7 Equation 27 

Referring back to Figure 51, a ratio of 0.6955 corresponds to an acceleration response factor less 

than 1. Therefore, forces transmitted from the first mode of natural frequency of the rail were not 

a concern. 

Looking at the second mode of natural frequency in the rail, the ratio was determined as follows: 

 𝜔2

𝜔𝑛
=

2400
1725.3

= 1.3911 > 1.25 Equation 28 

The ratio was acceptable, but the corresponding acceleration response factor from Figure 51 

amplified force roughly 2.2 times. The effects of this acceleration amplification were verified 

with the static test on SolidWorks Simulation by applying an external gravity load of 20 g, as 
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mentioned in Section 2.3.1, but increased by a factor of 2.2, for a total acceleration of 44 g. The 

resulting von Mises stress is presented in Figure 53. 

 

Figure 53: Results for von Mises stress for amplified acceleration 

The highest stresses were concentrated at the corner between the left and bottom flanges at a 

value of approximately 16 MPa. This stress value, due to amplified acceleration, is only 9.35% 

of the yield strength for the 316L stainless steel being used for the cover.  

2.3.5 Vibrational Analysis of the Attaching Mechanism 

The reaction forces at the fastening points of the cover were probed from static test results, as 

displayed in Figure 54. 
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Figure 54: Reaction forces from static test with amplified acceleration 

From the impact analysis of the attaching mechanism in Section 2.2.2.5, it was determined that 

the chosen fasteners would withstand 505 N of force. Although the resultant forces shown in 

Figure 54 include out-of-plane forces, there is still a large margin between the probed results and 

the theoretical limit of 505 N.  

2.3.6 Vibrational Analysis of the Base  

From Section 2.2, the base was analyzed considering forces of 505 N on the fasteners. Therefore, 

the determination of relatively lower reaction forces in Section 2.3.5 suggested that the increased 

acceleration response factor from the ratio of rail forcing frequency to natural frequency of the 

cover would not have a significant effect on the integrity of the base. 

2.3.7 Summary of Vibrational Analysis 

A simplified linear vibrations analysis was conducted using the frequency test on SolidWorks to 

discover that the natural frequency of the designed cover was 1725.3 Hz. Overall, the natural 

frequency of the designed cover positioned between the first two modes of the rail – 1200 Hz 

and 2400 Hz, respectively – proved to be acceptable. The coupling of the second mode of the rail 
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with the natural frequency of the cover revealed that acceleration response was amplified by a 

factor of 2.2, but did not present an issue with fatigue or creep due to low resulting von Mises 

stress from a 20 g acceleration. 

2.4 Corrosion 

Corrosion is the gradual degradation of materials via electron transfer with their surroundings or 

other materials. Corrosion generally only affects metals due to their high electrical conductivity, 

while plastics are mostly inert to corrosion from their insulating properties. However, depending 

on the environment, certain materials have natural corrosion protection methods such as 

passivation. Other methods of corrosion prevention are also available as outlined in this section. 

It is critical to choose a metal that is capable in its service environment so that corrosion does not 

damage any parts. A corrosion rate would be advantageous to calculate as longevity is a 

significant design factor. Corrosion, however, greatly depends on the environment in which the 

materials are subject to. Thus, there is no straightforward way to calculate how long a specific 

material will last in its service environment. Previous industry and test data can be used to 

predict the speed at which something will corrode. Corrosion prevention techniques can be used 

to ensure the design will last for its required 2 year lifespan. [18]. 

Several types of corrosion can affect a material in a given environment. Depending on the 

material and the environment it is exposed to, certain types of corrosion will be more prominent 

than others. The environment in which the cover will be placed includes exposure to water, salt 

spray, hydrocarbon spills from train cars, and other containments, such as potash. The types of 

corrosion important to concentrate on in this situation are crevice, galvanic and pitting corrosion 

[18].  

Crevice corrosion is caused when deposits occur in between two attached surfaces where one 

surface is metallic. The deposit acts as a shield, causing a stagnant condition underneath it. This 

stagnant solution greatly increases the corrosion rate and is often undetected due to its location. 

The crevice must be wide enough to permit liquid entry but still narrow enough to promote a 

stagnant condition. To help prevent crevice corrosion an insulator, such as an adhesive, can be 
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applied between the two surfaces, which will make it harder for liquid to flow in between the two 

parts [18].  

Galvanic corrosion is the destruction of metal by a dissimilar metal coming in electrical contact 

with it, all while in the presence of an electrolyte, such as water. The more corrosion resistant 

metal will stay intact while the less corrosion resistant metal will lose electrons and, therefore, 

begin to corrode. As such, it is important that when two metals come in contact, they are 

compatible. Galvanic corrosion can be an issue with fasteners and the metal they are attached to 

[18].  

Pitting corrosion is a form of localized attack that creates holes in the metal. These holes are 

small in diameter and usually form close together, creating a rough surface that is hard to detect 

with the human eye. Because of its difficulty in detection, as well as mitigation once begun, 

pitting is one of the most destructive forms of corrosion. Once pitting corrosion has started, it is 

rapid in its execution, causing parts to quickly fail after initial penetration of the metal. Pitting is 

a concern on submerged surfaces, however, it can be a problem with stagnant solutions. That 

being said, pitting can be avoided by making sure the cover is designed to evacuate liquid [18].  

The simplest way to prevent corrosion is to select a material that is suitable for the environment 

in which is it used. Most plastics are resistant to corrosion in normal applications where acids are 

not present. Therefore, plastics are ideal in corrosion prevention. Most plastics do not have 

favourable mechanical properties in comparison to metals, so other corrosion prevention 

techniques must be used for metals. To protect against crevice corrosion, it is useful to apply an 

insulator or adhesive between the parts in contact to prevent fluid leakage in the crevice. It is also 

advantageous to weld the parts together when they are clean and dry in order to seal the crevice 

completely. Selecting compatible materials can prevent galvanic corrosion, but if this is not an 

option, an insulator can be applied between the materials to prevent electron transfer, such as a 

gasket or an adhesive. For prevention of pitting corrosion, it is essential that no stagnant solution 

is able to settle in the parts and allow pitting to incubate. The easiest way to prevent this is to 

design the geometry of the part to allow for sufficient water runoff and drainage. Another way to 

prevent water or other containments collecting on the surface is to coat it with a hydrophobic 
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substance or paint. This will cause any water to run off of the surface, keeping it completely dry. 

Paint acts as an insulator and is widely used when preventing corrosion. 

2.4.1 Solar Degradation 

When selecting materials for outdoor use, it is vital to consider the effects of ultra violet (UV) 

radiation. In general, UV degradation is only a concern when dealing with plastic materials, as 

metals are often unaffected. If a material is not UV stable it can crack or disintegrate after long 

periods of exposure. In Australia, where the UV index is high in the summer months, this is a 

major concern when determining the radio permissible material on the cover. Since metals do not 

allow radio frequency to pass through them, a plastic material must be used. Similar to corrosion, 

plastics can either be produced with additives or coated to help prevent breakdown from UV 

rays.  

2.4.2 Environmental Analysis of the Cover 

The cover is the most exposed part of the assembly, thus making it the most susceptible to 

environmental wear. Average annual rainfall in Australia is 600 mm, while temperatures range 

from 5° to 80°C.  Due to this environment, corrosion and degradation of the cover must be 

considered [19]. The close proximity of some railways to the ocean also poses the issue of sea 

salt spray. Saltwater is one of the most corrosive environments, especially in warm climates.  

Taking into consideration this environment, 316L stainless steel was chosen as the main cover 

material due to its excellent corrosion resistance alongside its structural properties, as outlined in 

the Section 2.2. The forms of corrosion that will affect the cover the most are galvanic, pitting 

and crevice corrosion. Stainless steel is unique in that it is naturally corrosion resistant because 

of a passive monomolecular oxide film on its surface [20]. This unique property is present as 

long as the material has access to oxygen, a required component in stainless steel’s protective 

film formation. Since the cover is rarely fully submerged, this passivation will be sufficient in 

protecting against general attack and pitting corrosion. The geometry of the cover was also 

designed with water runoff in mind, not allowing water to pool on the surface and become 

stagnant, further protecting against pitting corrosion. That being said, crevice corrosion remains 

a concern. Since oxygen is not available inside the crevice, it is a possible area for damaging 
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corrosion to occur. With a lifetime of 10 years, it is imperative that the cover’s crevices are 

tightly sealed to prevent water from entering and incubating, thus allowing crevice corrosion to 

propagate.  

Galvanic corrosion must also be accounted for when choosing materials for the fastening 

mechanism. Stainless steel is compatible with most standard steel fasteners. Galvanic corrosion 

may occur, but will be slow enough to be deemed negligible. The fasteners will be tightly 

secured to ensure no water can get in between the bolt head and the base stainless steel, 

otherwise allowing galvanic corrosion to occur. Since there is no formal way to calculate the rate 

at which the stainless steel will corrode, the aforementioned precautions will be taken to 

minimize the corrosion effects of the service environment. 

The second cover material is the radome window, which will be produced out of Kydex 510 

plastic. This plastic was chosen for its high impact strength, while being transmissible. The other 

advantage of this plastic is that it is UV resistant and designed to be used outdoors, as it is 

naturally hydrophobic.  Naturally hydrophobic means that Kydex 510 is able to shed water 

easily, thereby reducing radio wave interference[3].  

2.4.3 Environmental Analysis of the Base 

Choosing GPO-3 Electrical Grade fiberglass for the base material proves advantageous in the 

Australian service environment. Since the plastic does not corrode on its own, the only concerns 

are the effect of UV rays on the integrity of the plastic and potential crevice corrosion between 

the rail and base. To mitigate the chance of galvanic corrosion, an adhesive is used to attach the 

base to the rail, effectively sealing the crevice where water would otherwise penetrate. This 

ensures that the area of rail beneath the base remains intact through the service life of the 

protective cover.  

Solar degradation is always a concern when dealing with plastics in a high UV environment. 

While most of the base is covered, some edges and faces are exposed to the harsh Australian 

sunlight. GPO-3 is prone to UV degradation in its stock form. The exposed edges fade, but 

mechanical properties are not affected. 
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2.4.4 Environmental Analysis of the Attaching Mechanism 

The most common types of corrosion when analyzing the attachment mechanism are galvanic, 

followed by crevice corrosion under the head of the bolts. To prevent galvanic corrosion, all 

bolts are tightened to avoid water entering between threads, otherwise leading to galvanic 

corrosion. Since the cover is stainless steel and inserts are brass, it is important to choose a 

fastener type that is compatible with both materials. Steel alloy fasteners are widely available 

and compatible with both the insert and the cover material. However, the materials can still 

corrode slightly if water were to penetrate the threads and settle over time. This is not ideal, but 

the slight corrosion, were it to take place, would not significantly affect the shear strength of the 

fasteners. Using all stainless steel hardware, including fasteners, washers and bolts, would be the 

ideal solution, completely mitigating the effects of galvanic corrosion. Yet, this option proved 

extremely expensive and, therefore, the aforementioned fastener, insert and washer combination 

will be used. Crevice corrosion is another concern when dealing with any type of fastener.  This 

is because the area under a bolt head creates an ideal space for crevice corrosion to begin and 

propagate. This will be mitigated by ensuring that the bolts are secured with the use of wedge 

lock washers, thus ensuring a tight fit between parts.  This solution effectively reduces gaps from 

forming and stops water from getting underneath the bolt heads. 

The fasteners for bolting the base to the rail have the same concerns for crevice corrosion as 

mentioned earlier. However, in this scenario, fasteners that are compatible with the rail material 

must be chosen. To accomplish this, steel fasteners are chosen, as the rail is made of steel and, 

therefore, are galvanically compatible. Steel is not the most ideal material when preventing 

corrosion, but as mentioned before, minimal surface rust does not affect the fastener strength 

fastener enough to be of concern.  
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3 Manufacturing and Installation 

One of the deliverables in the design project was to make the protective cover easily 

manufacturable. Manufacturing was a concern when selecting materials as all materials have 

varying manufacturing techniques that can range in price and complexity. Manufacturing 

techniques are also dependent on the production rate. Since the cover is designed to be a 

prototype, the production rate is low and manufacturing techniques reflect that. The installation 

of the cover and base onto the railway is outlined in the following.  

3.1 Attaching Mechanism 

All screws, inserts and washers are to be purchased in bulk from a supplier, such as McMaster-

Carr. The materials for these components have been selected carefully to have similar electrical 

potentials for minimal corrosion. Physical considerations were made to ensure that the inserts on 

the base were installed in blind holes to prevent the possibility of an electrical jumper. Through 

software analyses, the placement of fasteners was determined through trial-and-error to achieve a 

natural frequency in the base, which exceeded the customer-defined frequency ranges. The 

inclusion of various washers ensures that the clamping force provided by the fasteners is 

maintained as long as possible. 

3.2 Manufacturing the Cover 

As previously stated, the cover will be produced from 316L stainless steel and will feature a 

radio transparent window made of Kydex 510 plastic. Stainless steel has many advantageous 

properties but suffers from poor machinability, work hardening, and is temperature sensitive. 

Therefore, stainless steel is limited in the amount of techniques that can be used to form it from 

sheet stock. It would be incredibly costly to mill a solid piece of stainless steel due to high tool 

and material costs. Thus, alternatives must be considered such as deep drawing and bending. 

Both of these techniques would require laser cutting to create smaller pieces of stock.  

Deep drawing is a fast and effective method to form stainless steel into a mold that can produce 

the desired shape and be finished with trimming. The disadvantage to deep drawing is that a steel 

mold is needed to press the shape of the stainless steel. These molds are costly and are only 
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created for large production runs. More material is also required for deep drawing, as compared 

to bending, which further increases costs. In the case of the cover, which is designed for low 

production quantity, the cost per unit would be very high for deep drawing.  

Bending is a cheaper alternative compared to deep drawing when working with sheet stock. 

Bending is advantageous in that it is simple to create the bends using a press brake when the 

shape is simple, as is the case with the cover. Using a press brake is simple in that the tools are 

readily available and just have to be selected for the desired geometry. This, effectively, reduces 

cost when compared to the high capital cost of creating molds and other custom tooling. One 

disadvantage to bending is that it takes more time than drawing and requires welding for 

assembly. Aside from these drawbacks, it makes more sense to bend and weld the metal due to 

the low production quantity of the prototype, as well as the reduced cost from the elimination of 

expensive tooling. The molds used for deep drawing may also become obsolete if the design 

were to change from test results. Therefore, for the reasons mentioned, bending and welding are 

used to produce the cover. 

The plastic window is produced in two parts and adhered together. Both the small and large 

pieces are cut from the sheet stock and then thermoformed to produce the desired curvature. 

Once thermoformed, the two pieces are adhered together leaving a section of surface area for 

installation into the cover via adhesion. Thermoforming was chosen due to its low cost and 

minimal need for custom tooling. The window assembly is then adhered to the stainless steel 

cover to complete the cover. Detailed drawings of the window and stainless steel sheet metal can 

be seen as follows in Figure 55, Figure 56 and Figure 57. 
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3.3 Manufacturing the Base 

The base is manufactured from GPO-3 electrical grade fiberglass. The two options considered 

for the production of this material were CNC milling and mold casting. The fastener inserts must 

also be installed to allow fastening of the cover during installation on the railway. 

Casting the fiberglass is advantageous in that it is faster than milling and requires less set up 

time. The inserts could also be incorporated into the mold instead of installed later, further 

reducing production time. However, the inserts require custom molds, thereby introducing a high 

capital cost. Furthermore, molds are also expensive and time consuming to change if the design 

of the base were to be modified in the future. Casting is more suited to high production products 

and its capital costs are too high for prototype needs.  

The alternative to casting that was considered was CNC milling. Milling is advantageous in that 

there is no custom tooling required and the programming can be modified if the design were to 

change. CNC milling is well suited to low production runs because of its low capital cost, which 

only requires initial programming of the mill cycle. A disadvantage of milling is the fact that 

material is removed rather than added, as it is in casting. This causes more material to be 

required, driving the cost up. Milling is also more time consuming than casting. That being said, 

in a low production situation this is acceptable. The inserts would also have to be installed after 

milling, increasing the production time. For the above reasons and the low production volume of 

the base, CNC milling was chosen as the preferred manufacturing method compared to casting 

which is more suited to high production volumes of finalized designs. A detailed drawing of the 

fiberglass base can be seen in Figure 58.  
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3.4 Installation Details 

Installation of the protective cover assembly onto the rail varies depending on the customer. 

Some railways want to adhere the base to the rail, while others prefer to fasten the assembly 

using bolts through the rail. For either option, installation starts with the base piece alone, either 

bolted or adhered. If adhered, the base is installed simultaneously with the strain gauge and the 

same cure cycle is applied to both parts. With either option, an alignment jig is used to ensure the 

base is properly aligned and is positioned in the same spot for every installation along the rail. If 

the base is to be bolted to the rail, drilling through the rail is performed before the strain gauge is 

installed so no damage occurs. The base is positioned using a jig to ensure alignment with the 

sensor, which can be installed once drilling is complete. After installation of the base onto the 

rail, the cover can be fastened to the base, thus effectively enclosing the sensor. A detailed 

assembly drawing, including an exploded view and bill of materials can be seen in Figure 59. 
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4 Cost 

Cost was an important consideration in the development and finalizing of the cover design. As 

the cover design had the potential to be used on several railroads, our team was conscious of the 

aggregate cost of acquiring raw material, and sourcing out labour and tooling for manufacturing 

processes required to obtain the final product. As a start, the client specified that an initial 

production run will consist of 100 prototype units at an ideal cost of $300 each. 

4.1 Distribution of Cover Material and Manufacturing Costs 

The number of sheet metal covers that could be manufactured from a raw 3 ft. by 8 ft. sheet of 

316L stainless steel was determined to be 28 units. Figure 60 shows the outlines of flattened 

covers on the stainless steel sheet. 

 

Figure 60: Mock layout of raw stainless steel sheet with cuts for covers marked 

Similarly, a virtual 4 ft. by 8 ft. sheet of Kydex 510 was laid out, as shown in Figure 61, to show 

how 119 windows, each with an inner and outer piece, could be extracted from the raw material. 
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Figure 61: Mock layout of Kydex sheet with cuts for outer (light blue) and inner (dark blue) pieces marked 

The caulking for sealing the edges of the inner and outer pieces of the windows was assumed to 

be used with a 3/16 inch bead depth and width along the 35.3 inch perimeter of both windows. 

For the required volume of 1.241 cubic inches per unit, the stock 295 mL (18 cubic inch) tube 

would be sufficient for 14 units. 

The adhesive used to fix the inner and outer pieces of the window together and bond the inner 

wall of the cover was assumed to be 10 thou in thickness. The surface area for application on 

each unit is 20.76 square inches, resulting in 0.2076 cubic inches of adhesive. The retail 50 mL 

cartridge will provide enough adhesive for 14 units, as well. 

The cost of finishing required to touch up the welding process was estimated with a reasonable 

rate and lead time. 

4.2 Distribution of Base Materials and Manufacturing Costs 

From the 4 ft. by 8 ft. stock size of GPO3 fiberglass, 40 units were shown to be obtainable from 

the raw material, as denoted by the dotted lines in Figure 62. 
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Figure 62: Mock layout of raw fiberglass sheet with cuts for bases marked 

The costs of components for the attaching mechanism were taken at the bulk rate when available. 

A quote for water jet cutting of the fiberglass was not immediately available, although the same 

company was responsible for CNC milling, for which costs are available. 

4.3 Attaching Mechanism Costs 

The process of insert installation is fairly simple in theory; hourly rates and unit throughput were 

estimated accordingly to obtain a unit cost for base manufacturing. 

4.4 Cost Analysis Summary 

The overall material costs have been outlined in TABLE XVIII, while the manufacturing costs 

have been presented in TABLE XIX. The total cost of the final cover design was determined to 

be $264.51, excluding the cost of water jet cutting of the base material. All cost do not include 

taxes or shipping (it is assumed that all materials could be purchased locally to minimize 

shipping costs. 
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5 Recommendations 

Based on analytical results of our model and the associated costs for the prototype, there are 

product features that must be addressed further, provided additional time and funding. Team 10 

advises both short-term recommendations to the prototype and long-term recommendations for a 

mass scale supply of the cover.  

5.1 Short Term 

As manufacturing costs are high for this prototype design, and the current design is stronger than 

required, the amount of material used and the manufacturing costs need to be reduced. 

Furthermore, FEA analysis cannot be solely reliable as an exact representation for mechanical 

impact testing, especially considering some unrealistic assumptions were made. Therefore, 

recommendations for the prototype design to achieve these goals are: 

1. Conduct physical impact testing to ensure the cover can withstand various impact loads. 

2. Explore the potential to use a thinner gauge of stainless steel as the displacement and 

yield stresses from impacts were minimal within the designs analysis. 

3. Cast the base (still with GPO-3) for an initial higher capital cost but lower production 

costs. 

4. If the product life required for the prototype were reduced, potentially change the cover 

material to galvanized steel due to having similar mechanical properties but is more 

susceptible to corrosion.  

5. Approach numerous manufactures to obtain lower cost quotes for prototype 

manufacturing. 

5.2 Long term recommendations: 

The main scope of this project was to design and recommend a prototype cover to be used by 

Iders in real world applications. That being said, Iders will, eventually, need to mass produce 

covers for the S25 Sensor, and using expensive prototypes is not a practical solution for this 

scenario. Material and manufacturing costs both need to be reduced. Therefore, Team 10 

recommends analyzing a high production, lower cost solution for mass production runs.  



96 
 

6 Feasibility Study of Plastic Cover 

Although we feel that the final proposed design is well suited to protect the S25 strain gauge, it 

must be understood that the proposed design is a low production, easily manufacturable 

prototype. The stainless steel cover assembly was designed for easy manufacture, with little to no 

custom tooling. However, Iders will eventually ramp into high production of these protective 

covers and, although the aforementioned recommendations are valid to produce the design at a 

higher rate, it may be advantageous to look at the feasibility of a full plastic cover paired with a 

plastic base and similar attachment methods. As previously stated, the main driver for this 

feasibility assessment is the lower cost of a plastic cover compared to the relatively high cost of 

the proposed stainless steel prototype.  

The feasibility study will consider a cover made of high density polyethylene, a base made of 

GPO-3 Fiberglass, and a similar attachment method as the prototype, but instead would use studs 

cast into the base and nuts to secure the cover, rather than bolts and threaded inserts. High-

density polyethylene is being considered for its favourable structural properties, as well as its 

low resistance to radio transmission. The base material is maintained and made thinner, thus 

reducing the weight of the assembly. This is feasible if the threaded inserts are changed to 

threaded studs that would require less material between the rail and the stud. The change from 

threaded inserts to studs is a viable option because the bearing stresses experienced by the inserts 

was well below failure. Studs are just as strong, if not stronger, than threaded inserts.  

The following feasibility study assesses the HDPE cover in a similar manner to the stainless steel 

cover, analyzing its response to impact, vibrations and the environment.  

6.1 Impact Analysis 

The HDPE alternative cover underwent a simplified version of the FEA that was performed on 

the stainless steel cover. The analysis was simplified to analyze the worst-case for each loading 

scenario based on the weakest point in the geometry. The three studies included the ballast 

broom, impact from a ballast rock and the distributed load created by the ballast plow. The 

analysis was simplified due to the removal of the separate window assembly, thus reducing the 
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stress concentrations around the window in the middle of the cover. This impact analysis uses the 

same dimensions as the stainless steel cover and considers the yield strength for HDPE at 33.09 

MPa. The analysis produced its own recommendations for geometry changes if a full HDPE 

cover were to be considered as a future high production alternative.  

The first loading scenario was the impact created by a ballast regulator broom impacting the top 

slope of the cover. The force was equal to 578 N as outlined previously, and the loading 

constraints were identical to the stainless steel cover analysis. The von Mises stress distribution 

for the broom impact can be seen in Figure 63.  

 

Figure 63: Broom impact stress distribution 

From this study, the max stress experienced by the cover was 112.1 MPa, much higher than the 

yield stress of the material. Additional readings were taken around the impact site, ranging from 

38 to 43 MPa, and still exceeding the yield stress of the material. These values are found from an 

iterative method seen to converge in Figure 64. 
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Figure 64: Center broom model convergence 

From the above graph it can be seen that the accuracy, total strain energy and maximum von 

Mises stress all converge to a value, thus confirming the values produced by the FEM can be 

used as an approximation for the real loading scenario. The displacement of the material caused 

by the impact of the broom was also evaluated in the study. The displacement results can be seen 

in Figure 65.  
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Figure 65: Broom impact max displacement 

From the results, it can be seen that the maximum displacement was 3.672 mm at the center of 

the impact site. This is greater than the maximum allowed displacement of two millimetres. 

From the stress and displacement results found in the broom contact study, it can be concluded 

that an HDPE cover with identical dimensions to the stainless steel cover would not meet the 

requirements to allow safe operation of the strain gauge. To mitigate the failure of the HDPE 

cover it is recommended to add stiffening ribs into the inside of the cover, effectively distributing 

the stress and making the entire cover more stiff, resulting in less deflection.  

The second study performed was to simulate the impact of a ballast rock. Again, this study is 

identical to the one performed on the stainless steel cover. A force of 505 N was applied in 

center of the outside face of the cover. This location was the weakest place on the cover and had 

the greatest expected deflection from impact. The convergence of the model can be seen in 

Figure 66. 
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Figure 66: Center impact convergence 

Similar to the broom impact scenario, it can be seen from the Figure 66 that the model 

converges, demonstrating that the values obtained from the model for the ballast rock impact are 

accurate. The stress results from the impact can be seen in Figure 67. 

 

Figure 67: Center impact stress distribution 
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It was found, again, that the impact would cause the material to exceed its yield stress. In this 

situation, the maximum stress was found to be 126.7 MPa, well above the yield stress of the 

material. All of the readings around the impact also exceeded the material’s yield stress. The 

maximum deflection of the cover was also evaluated, and is seen in Figure 68. 

 

Figure 68: Ballast rock impact max deflection 

From Figure 68, it can be seen that the maximum deflection experienced by the cover under the 

loading conditions was 9.97 mm, well above the allowable deflection of two millimeters. These 

results reinforce the recommendation to add stiffeners into the design of the HDPE cover for 

increased strength and resistance to impacts. 

The third and final study simulated a load distributed over the surface of the cover from a ballast 

regulator plow. The study applied a load of 72.15 N over 17 points along the cover to simulate 

multiple ballast rocks moving across the surface. The convergence graph and stress distribution 

from this loading scenario can be seen in Figure 70 and Figure 70, respectively .  
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Figure 69: Distributed load convergence 

 

Figure 70: Ballast plow stress distribution 
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The maximum stress experienced by the cover for this loading scenario was 17.82 MPa, now 

safely below the yield stress of the material. All other locations were also well below the yield 

stress. The maximum deflection of the cover for the distributed load is shown in Figure 71. 

 

Figure 71: Distributed load max deflection 

The maximum deflection was 0.92 mm, below the max deflection of two millimeters. No design 

recommendations were made in regards to the distributed load as it conformed to the design 

requirements.  

The impact analysis for the base and fasteners is consistent with the previous calculations for the 

stainless steel cover. From the above FEA, it is recommended that plastic be reformed to have 

added ribs and stiffeners as part of the structure to help mitigate the failure under direct impact. It 

is also recommended to explore other radio transparent materials with higher yield strengths. It 

should be noted that this study did not take into account the yielding of the plastic. A non-linear 

study and real world testing is recommended to further understand the design capabilities of an 

HDPE cover to replace the proposed stainless steel design.  
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6.2 Vibrational Analysis 

The natural frequency of a theoretical solid plastic cover was determined with SolidWorks 

Simulation. The results, presented in Figure 72, reveal that the natural frequency of the plastic 

cover is worse than the final design of the prototype at 726.69 Hz. 

 

Figure 72: Frequency test of a plastic cover 

This value of natural frequency is coupled very closely to the second mode of the track system at 

800 Hz. The ratio of forcing frequency from the track to the cover natural frequency is: 

 800
726.69

= 1.1 Equation 29 
 

The acceleration response effects corresponding to this ratio is somewhere between 5 and 6 

times. To increase the natural frequency as outlined in Section 2.3 it is recommended that the 

stiffness be increased.  This would be instead of reducing the weight of the cover, which is 

already light at 166 grams in a solid plastic form. If the natural frequency cannot be increased to 

at least 3428 Hz, the ratios of forcing frequency to natural frequency should fall within 

acceptable ranges outlined in Section 2.3 before further consideration. 
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6.3 Environmental Analysis  

The cover is the most exposed part of the assembly, thus making it the most susceptible to 

environmental wear. Average annual rainfall in Australia is 600 mm, while temperatures range 

from 5° to 80°C.  Due to this environment, corrosion and degradation of the cover must be 

considered [19]. The close proximity of some railways to the ocean also poses the issue of sea 

salt spray. Saltwater is one of the most corrosive environments, especially in warm climates. 

High density polyethylene (HDPE) is corrosion resistant and is, therefore, a suitable choice in 

regards to corrosion from rain and salt spray from the ocean. The fasteners would be susceptible 

to corrosion, as previously mentioned, but the cost savings of HDPE over stainless steel for the 

cover could be allocated to purchase stainless steel fasteners to create a corrosion resistant 

assembly.  

Solar degradation is always a concern when dealing with plastics in a high UV environment. 

HDPE is prone to UV degradation in its stock form but can be manufactured with additives that 

make it UV resistant. Since the service life is long, it is advantageous to spend slightly more and 

source UV protected HDPE for use in the cover. 

6.4 Manufacturing Process 

In contrast to the manufacturing processes outlined previously, the proposed HDPE alternative 

cover will be produced at a higher production volume. The base would also be produced at this 

higher rate which provides an opportunity to consider long term manufacturing alternatives in 

comparison to the methods previously discussed. For this higher production rate it is 

advantageous to invest in an injection mold or a casting mold. Both casting and injection 

molding come with high capital costs, but are better options for long run production due to the 

speed at which parts can be produced and the overall lower cost. High density polyethylene is a 

proposed alternative to the prototype stainless steel cover outlined in the design and could easily 

be injection molded at a lower cost per unit. The results of the impact analysis on a full HDPE 

cover suggest that it would require stiffeners to withstand the impacts that could be encountered. 

The injection mold can easily be produced to incorporate stiffening ribs into the mold which 

would help mitigate the failure from impact.  
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The base can also be produced in a more efficient fashion compared to the low production 

method of CNC milling recommended for the prototype design. If the base were to still be 

produced of GPO-3 fiberglass, an investment in a casting mold would have to be made. Similar 

to injection molding, casting is a cheaper manufacturing method for large production runs. 

Casting the base would also allow for the studs to be installed into the base during casting, in 

place of threaded inserts, thereby creating a stronger bond.  This allows the base to be thinner, 

and reduces the post casting operations in production. 

In conclusion, it is recommended that an HDPE cover be produced in place of a stainless steel 

cover with a radome window. The cover would have to undergo some production testing and re-

engineering to help mitigate the failure under impact that it experiences if the same thickness and 

form is used as the original design. The cover would be produced using injection molding for a 

high production rate once the design is modified to withstand impacts. It is recommended that 

the base structure be produced via plastic casting to ensure repetitive quality and low cost for 

high production numbers. An alternative attachment method is also recommended: a threaded 

stud in the base should be incorporated, and nuts should be used to secure the cover rather than 

the threaded inserts and fasteners proposed in the prototype design.  
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7  Conclusion 

Iders Incorporated tasked the members of Team 10 to design a protective cover prototype for a 

strain transducer attached to a railway. The cover needs to protect the strain gauge from 

environmental and mechanical hazards. 

The final product is a two-part design. The first part of the design is a long lasting, non-

corrosive, GPO-3 base that has a flat continuous perimeter, which can easily be attached to both 

the railway configuration and the cover. The second part of the design is a 316 stainless steel 

cover, bent and welded from 12-gauge sheet metal. The two components are attached together 

using ¼” shoulder screws. Brass inserts are embedded within the plastic base so the cover 

attaches to the base and are kept tight while not being affected from harsh rail vibrations due to 

wedge lock and Belleville spring lock washers. The base weights 6901.7 g, has a volume of 

383.45 cm3, has a maximum von Mises stress of 16.5 MPa, as determined through Finite 

Element Analysis (FEA), and is designed to a safety factor of 2.4. The cover weighs 819.29 g, 

has a volume of 140.68 cm3, has a maximum von Mises stress of 142.3 MPa as determined 

through FEA, and is designed to a safety factor of 1.19. The prototype costs $264.51 for each of 

the 100 units. The base is CNC milled and the cover is welded together.  

The protective cover assembly successfully performed the main project objective of protecting 

the S25 strain gauge. This was confirmed through finite element analysis of various impact 

scenarios as well as vibrational analysis. Through effective material selection and manufacturing 

processes the client needs have been satisfied and a viable prototype solution was put forth.  

However, due to the overdesign of the cover, it is recommended to injection mold the cover with 

high-density polyethylene and add stiffeners to the as opposed to keeping the same flat shell 

geometry of the prototype cover. 
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Appendix A- Project Timeline 

To ensure that all project objectives and deliverables were established and completed in a timely 

manner a work breakdown structure (WBS) was created. The WBS separates, organizes and 

defines the scope into a deliverable-oriented hierarchical decomposition. The WBS breaks the 

project down into 6 major sections: initiation, planning, research, design, analysis and product 

delivery. These project sections include some project milestones, and these milestones are 

broken down even further into smaller deliverables.  
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Referencing the WBS, all team members collaborated to schedule each project task with an 

appropriate deadline. Having all members involved with the process ensured agreement amongst 

the deadlines and provided a higher insurance that all tasks would be done within the planned 

time constraints. As well, scheduling all tasks related to the project ensured that adequate time 

was provided for the completion of the project scope of tasks. Complementing the hard deadlines 

outlined within the course schedule, the team agreed to have draft reports compiled several days 

prior to the course’s hard deadlines to allow the client and faculty advisors to review them prior 

to grading. Overall the earlier deadline proved to instill a professional relationship with the 

client, as well as prevented project issues corresponding to time slippage or client / advisor 

feedback. Throughout the course of the project, scope creep occurred on various occasions, 

where adjustment to the overall goals of the design project had to be revamped due to the 

inabilities to actually satisfy the almost impossible impact resistance requirements with the 

initially requested low cost per assembly. These scope adjustments occurred over three different 

stages in the primary project schedule, and ultimately resulted in the project team having to focus 

on attributes of the project that were deemed unnecessary for the final project deliverables. 

Overall throughout the entire the project the following adjustments were made: 

o Proposed date changes to the research phase were made. 

o New schedule changes were made to the design, analysis, and product delivery 

sections, such that their due dates extended past the initial earlier deadline. 

o Task called “Conduct Functional Assessment” was removed due to our project 

scope no longer requiring it to be done. 

Using the above adjustments to the project schedule, the team was able to provide the initially 

planned deliverables for the project by the final due date. As well our team used proficient 

communication with the client throughout the project lifetime which ensured that the scope 

changes were caught and accommodated to accordingly. Figure 1 through Figure 7 show the 

complete project Gantt chart that was used by the design team. The final deliverable, the 

presentation was marked as incomplete as the team will present on Tuesday, December 2nd, 

2014. 
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Appendix B- Concept Development 

The design of the protective cover for the S25 strain transducer began with brainstorming and 

concept generation. In order to select the best components for the protective cover assembly, 

extensive concept generation and screening took place in the second stage of the design process. 

Excerpts from the concept generation report, which outlines the generation and screening 

processes are included below.  
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1 Concept Generation 

With the project objectives and deliverables established between our team and the client, 

we were able to start considering preliminary design concepts. Communication with the 

client determined that a two part cover design is preferred and, therefore, is what we are 

going to design. The two part cover design will incorporate the use of a protective cover 

for the strain transducer which is attached to a separate base design (attached directly to 

the rail).  In order to develop our design we established that there are three major sections 

that concepts could be broken down into. The first part would be the actual cover, the 

second being base for the cover which would be directly attached to the rail, and the third 

would be the mechanism which attaches the base to the cover. If optimal designs are 

developed for each section we will be able to combine them for an optimal overall 

design. For each section we did a very open ended brainstorming session which produced 

numerous designs.  During this process we came up with as many designs as we could 

possibly think of to make sure all options are considered. 27 Cover designs, 16 attaching 

mechanisms and 7 base designs were initially thought of. Also, three base/attachment 

hybrid mechanisms were also thought of. 

Selection criteria the designs must meet were established for each of the different design 

sections in another team brainstorming session.  We established the importance of each 

criterion through a criteria weighting process which is further detailed in Section 2.3. 

Through fully understanding what criteria the designs must achieve and through the 

additional research we went through, we were able to remove some designs through a 

preliminary group screening process. We were able to narrow down the cover designs to 

eleven concepts, attaching mechanisms to seven designs and base designs to three 

concepts.  These designs, along with the three hybrid designs, are sketched and detailed 

in the following sections.   

More concept screening phases will be done and are further detailed in Section 1.  

Through rating the designs based upon how well they meet the set criteria, we will be 

able to rank designs and eliminate lower scoring designs which do not meet the set goals. 

The top three base and attachment designs will all be combined to have 9 base/attachment 
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designs, which can then be ranked against the hybrid designs.  From the now two design 

sections the top five designs for each section will be ranked against each other through a 

weighted design process, further detailed in Section 4. Based on the criteria the ‘best’ 

design concepts are selected to produce a final product design.  

1.1 Cover Deigns 

The cover is the most crucial component of the whole design as it comprises the majority 

of the surface area and, therefore, provides the greatest opportunity for the protection of 

the strain transducer. As such, our team brainstormed concepts for the cover design 

thoroughly so that we could work with the best ideas from a wide range of possibilities. 

1.1.1 Eliminated Cover Concepts 

Although this was a good idea in theory, several designs that were introduced were not 

realistic, too complex or simply inferior in comparison to the other concepts. The 

following table summarizes the concepts that were immediately discarded. 
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Table I: LIST OF ELIMINATED COVER CONCEPTS 

Concept Name Description 

Current cover: new material A stronger material, like a composite, is used to manufacture the current 
cover attached to the sensor (no mounting mechanism required) 

Current cover: reinforcements 
Additional reinforcing materials or structures are used in conjunction 
with the cover currently used on the sensor (no mounting mechanism 
required) 

Overlapping absorbent flaps Connected overlapping flaps that leverage impact forces on one flap 
against another flap 

Sensor-activated flaps Actively-triggered flaps which will extend away from the sensor to 
deflect flying debris or ballast 

Non-Newtonian fluid sac Use of non-Newtonian fluid contained in an industrial-grade pouch 
allowing easy handling; solidifies upon impact 

Nitrogen-filled balloon 
Similar to a car airbag the membrane would be formed in the shape of a 
cover and be filled with nitrogen so that temperature change would not 
be an issue. 

Ceramic one-piece cover A single-piece cover composed entirely of a ceramic; high strength 
characteristics, but sacrificial under impact 

Sponge-like cover Use of a sponge material to construct a thick cover with space around the 
sensor to avoid interference; potentially significant degradation 

Airbag-integrated cover A sensor-activated air bag hidden under a polymer cover will trigger 
when  particularly large impact forces are experienced 

Helmet-style cover External composite shell material with fixed foam lining on the inside 
with clearance for the sensor 

Tent-style cover Low-angle protective walls (with respect to the rail) to minimize 
perpendicular forces and reduce risk of breakage  

Cover with side deflectors Protective cover with additional deflecting surfaces attached by springs 
so impact forces can be leveraged by the cover 

Inflated tire with frame A partial section of tire enclosed by a metal retaining frame capable of 
maintaining a nitrogen inflation 

Teeter-totter 
Curved surface with a single pivot-point around which displacement is 
possible when impacted; limited applicability when traffic travels both 
ways 

 

Some of these eliminated cover design concepts incorporated sensors or some other form 

of active triggers. Seeing that the sensors are not self-powered, the need for an external 

power source is unrealistic in terms of cost and implementation, and unnecessary for a 

component intended to be sacrificial. Some other concepts were far too complex as 

various parts in the design were expected to deflect in response to impact forces. These 

methods of energy absorption would be achieved through the use of non-versatile 

materials or a complicated structure of multiple parts, which would likely exceed the 
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spatial limitations of our design. Simpler concepts theoretically designed for low-angle 

contact from debris also had issues with a large spatial footprint. The remaining concepts 

are each outlined individually with respective sketches and descriptions. 

1.1.2 Two-Piece Non-Integrated Frame 

This concept describes two separate components: an outer protective polymer cover and a 

supportive frame. The cover would fit on top of the frame and could be bonded together 

as to allow simpler installation and tighter fitment. Functionally, the use of a grid-like 

frame minimizes the amount of allowable deformation in the cover, significantly 

reducing the chance of failure under impact forcing.  

 

Figure 1: Diagram of the two-piece non-integrated frame design concept 

1.1.3 Two-Piece Integrated Composite Frame  

This integrated concept is a slight modification of the non-integrated frame design 

discussed in 1.1.2. Rather than having a frame fitted inside the cover, a metal frame 

would act as a template for the shape of the cover and a polymer material would be 

formed with the shape of the frame. Effectively, the frame continues to serve as the 

structure, while the polymer fills the gaps and prevents loose debris from hitting the 

sensor. 
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Figure 2: Outside and inside views of the two-piece integrated composite frame concept 

1.1.4 Three-Piece Cover-Mesh-Frame 

This concept is yet another modification of the non-integrated frame design. To improve 

the transmissibility of large forces exerted on the cover, a mesh layer is introduced in 

between the protective cover on the outside and the frame on the inside. This would 

ideally provide a larger loading capacity for the cover without complicating the cover 

design much further. 

 

Figure 3: Exploded view of the cover-mesh-frame cover design concept 

1.1.5 Cover with Internal Springs 

Another method to absorb energy from impact forces is with the use of springs. Short, 

stiff springs would be installed between an external cover and a loading plate that could 

be installed onto a mounting base secured to the track. Impacts sustained on any point of 

the cover would be absorbed by all connecting springs to the plate. This concept may 

protrude from the rail more than others since some deflection is expected in the springs. 
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Figure 4: Exploded view of the cover concept with internal springs 

1.1.6 Cover with “Steel Toe” Attachments 

Inspiration from heavy-duty steel-toed boots brought us to this design concept. Knowing 

that some of the largest forces will be experienced on the corners of the cover protruding 

from the rail, the idea is to reinforce these corners with a tough steel and have them 

installed on both ends of a moderate polymer cylindrical mid-section. 

 

Figure 5: Diagram of the cover concept with “steel toe” attachments 

1.1.7 Single-Piece Composite Fiber Cover 

This concept maintains a relatively simple shape as a trade-off for more complex fibrous 

composite materials. Specifically, materials such as Kevlar, carbon fiber and fiber glass 

are advantageous for strength and also for weight. Additionally, corrosion resistance 

should be better than other metal-based concepts. 
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Figure 6: Sketch of composite fiber cover 

1.1.8 Poured Non-Newtonian Shape 

The use of non-Newtonian fluid was still interesting to our team, because of its fluidity in 

an unloaded state and its ability to solidify under large forces. Rather than using a sac to 

contain the non-Newtonian fluid, the fluid can be mixed with a resin and poured into a 

cover-shaped mold. The manufacturing of this cover should be relatively simple since the 

raw materials can be poured and left to cure before obtaining the final product.  

 

Figure 7: Sketch of poured non-Newtonian shape 

1.1.9 Metal Cover with Sacrificial Anodes 

To reduce the material cost while addressing the issue of corrosion, sacrificial anodes can 

be added onto a simple die-cast or sheet metal cover. The anode is composed of a 
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material with a larger reduction potential than the cover material so that any corroding 

bypasses the cover and goes directly to the anode. Long-term corrosion resistance is 

questionable, but the lower costs may justify the frequent replacement. 

 

Figure 8: Sketch of cover with sacrificial anodes 

1.1.10 Cover with Ribbed Interior 

Another idea for reinforcing a protective cover is using a ribbed interior to enhance the 

transmission of stresses throughout the entire cover. The ribs would line the cover 

horizontally (parallel to the rails) to resist impacts which will be contacting the cover in 

the same direction. The ribs can be made out of fiberglass honeycomb core.  

 

Figure 9: Sketch of cover with ribbed interior 

1.1.11 Cover Lined with Bulletproof Material 

The loose ballast and debris kicked up by fast-moving trains passing by the sensor can be 

analogized to slow-moving bullets. As a result, the concept of using a bulletproof “vest” 
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came to fruition. In accordance with an actual bulletproof vest, the absorption of forces is 

still dependent on an underlying surface since the vest would be penetrated otherwise. 

For this concept, the bulletproof material would line the outside of a polymer shell. 

 

Figure 10: Sketch of bulletproof-wrapped cover 

1.1.12 Snowboard-Style Structured Cover 

The snowboard-style structured cover is modeled after the layup configuration of a 

snowboard. A wood core is sandwiched in between layers of glass fiber. Carbon fiber can 

also be used to line the wood core to provide additional rigidity and resilience. This layup 

would be heat formed into the shape of a cover and with strategic carbon strips for added 

resilience and strength for impact scenarios. 

 

Figure 11: Sketch of snowboard-style cover 

1.1.13 Summary of Cover Concepts 

There are a total of eleven cover concepts being taken into consideration for weighting. 

From here, the overall design still requires a mounting base as well as a method for 

attaching the cover onto this base. 
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1.2 Base Designs 

As per the needs of the customer, the primary installation of our overall cover design 

should be integrated with the installation of the sensor. In terms of our design 

components, the base must satisfy this need as it is the foundation of the cover design as a 

whole. It should be noted that this section covers only the base portion without 

considering any integrated methods of attachment for the cover. Such integrated designs 

are discussed later on. 

1.2.1 Eliminated Base Concepts 

From our team’s brainstorming session, we came up with some relatively conservative 

concepts as well as other more goal-oriented ideas. Unfortunately, most of these more 

extravagant ideas were eliminated from eventual concept screening; the following table 

describes the eliminated base concepts: 

 
Table II: LIST OF ELIMINATED BASE CONCEPTS 

Concept Name Description 

Plate with indexing pins To ensure proper alignment, little protruding nubs will line up with 
corresponding indents on the cover to signify proper alignment 

Metal plate with gasket As stated, a metal plate of sorts with a gasket lining the interface between 
the cover and base for better sealing and energy absorption 

Springs A concept focused strongly on energy absorption, though a method to 
attach the cover on such a loosely defined base may prove difficult 

Compressed air sac Similar to air suspension in a semi-truck, the base would consist of an 
inflated membrane to reduce vibration and absorb impact. 

1.2.2 Continuous Perimeter Base 

The continuous perimeter base concept is a fairly simple design. The shape of the concept 

is a rounded rectangle surrounding around the sensor with strong, but shallow walls. 

Attachment mechanisms can be secured along the exterior of the base. Due to the fact 

that this concept is a closed-loop structure making direct contact with the rail, material 

selection will be very important. The customer has asked our team to be mindful of paths 

of conductivity across the sensor, resulting in significantly erroneous readings. 
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1.2.3 Double Horseshoe Base 

As a method of simplifying and avoiding conductivity issues, the double horseshoe base 

design concept uses two foundational components on either side of the strain transducer 

to support the entire cover design. Alignment of the separate components will be a 

trickier and potentially time-consuming procedure. Less overall surface area means fewer 

options for cover attachment mechanisms. 

1.2.4 Frame Base 

Though stress transmissibility is usually described with positive connotation, this may not 

be the best for the frame base concept if stresses from impact are transferred to the rail on 

which trains are travelling. Still, this is a relatively strong foundation for any chosen 

design of cover. We need to remember that this frame base concept is open. Additional 

plates can be installed externally for exposed gaps in the frame and could potentially be 

used to provide better cover attachment points. 

1.2.5 Summary of Base Concepts 

Our team has narrowed down our list of base concepts to three designs. These top designs 

will be combined with the cover-base interface concepts (discussed in the next section) 

and evaluated against bases with attachment capabilities built into the concept ideas. 

 

1.3 Cover-Base Attachment 

The cover and base represent the two major protective components of the complete 

design. The final piece to complete the design is an attachment mechanism to secure the 

cover onto the mounting base – we have generalized this component as the cover-base 

interface mechanism. The concepts generated for this interface should be compatible with 

any of the selected cover and base concepts without any exceptions as to ensure 

maximum applicability. There is a plethora of well-established attachment mechanisms 

and fasteners from which our team selected potentially applicable designs and concepts.  
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1.3.1 Eliminated Cover-Base Attachment Concepts 
 

Table III: LIST OF ELIMINATED ATTACHMENT CONCEPTS 

Concept Name Description 

Zip Tie Small one time use ratchet ties, once secured they must be cut off and 
replace with new ones. 

Shoe Laces Fabric material generally used for tightening shoes. Can be used in a 
wide variety of low strength applications for tying objects together 

Steel Wire Clamps Connected overlapping flaps that leverage impact forces on one flap 
against another flap 

Bumper Clips 
Small plastic clips that have expanding teeth once inserted in the hole. 
Very easy to insert, harder to remove and usually need replacement after 
use. 

Zipper Linear fastening system. Useful for adhering 2 pieces of fabric together. 
Can be reused multiple times. 

Alligator Clamps Small spring clamp that can be easily removed and replaced many times 
with simple hand tools 

Magnets Creates magnetic field that will adhere to ferrous metallic surfaces or 
other magnets. 

C- Clamp C shaped clamp that uses a screw to hold objects in its grip. Can be 
easily reused and it quite simple to operate.  

 

Some of these eliminated attachment design concepts were simply not feasible due to the 

high attachment strength that the cover requires when in contact with the base. Some 

options would not work due to their size and possible protrusion from the rail. Integrity 

was also a concern with some of the reusable items, if they were to break they may not 

get replaced in a timely manner which could result in the cover coming loose, thus not 

performing its intended function. For these aforementioned reasons these concepts were 

eliminated before the concept screening phase. 

 

1.3.2 Ratchet Straps 

…This concept is basically what is used to hold snowboarding boots into bindings. The 

ratcheting system is attached to one of the straps which the other strap is attached to the 
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piece that is to be tightened. The free strap has teeth that interact with the ratchet and help 

pull the two straps together for a tight fit.  

 

 
Figure 12: Sketch of ratchet straps 

1.3.3 Watch Latch 

This concept is similar to the mechanism that keeps a watch from falling off ones wrist. 

The latch can expand and contract by folding over itself. One end would be attached to 

the cover while the other end would be attached to the base. Folding the latch over itself 

would allow the base to become tightly secured to the cover via the spring-loaded locking 

mechanism inside the latch. 

 

 
Figure 13: Sketch of watch latch 

1.3.4 VHB Tape 

VHB, or Very High Bonding tape was developed to adhere metal pieces together with 

extreme amounts of shear strength. The two parts that are stuck together can be sheared 

with immense amounts of force and will not come apart. However the tape will easily 

peel off of the attachment surface when reinstalling the cover.  



 

A-26 
 

 

 

Figure 14: Sketch of VHB tape 

1.3.5 Cleco 

A Cleco is a type of temporary fastening system that can be reused multiple times. They 

come in a variety of shapes and sizes but all have a similar function. The Cleco can only 

be used with two relatively thin surfaces with holes in them. The Cleco is inserted into 

the hole when it is fully retracted. A hand tool for a spring type, or a drill motor for a 

screw-type Cleco would be used to tighten or extended the tongue between the two teeth. 

Once the teeth are expanded in the hole the body of the Cleco will come down and clamp 

the two pieces between the teeth and the body, holding the pieces together until they are 

separated via reversing of the process. The process is illustrated below. 

 
Figure 15: Sketch of screw-type Cleco 

1.3.6 Spring Plunger 

A spring plunger is a device that can be found on many devices, including walking canes 

and table legs. The small plunger is spring loaded and sticks through available holes at 
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different positions in the surface, creating a tight hold between the interior and exterior 

surfaces. The spring plunger would most likely be on the base and the holes would be in 

the cover, allowing it to be slid on where the plungers would then push up into the holes 

holding the cover in place. 

  

 
Figure 16: Sketch of spring plunger 

1.3.7 Fasteners (nylon patch bonded inserts) 

Nylon Patch fasteners are similar to standard fasteners except they utilize a patch of 

nylon on the fastener to help create a strong bond between the threads, this proves to be 

advantageous in that the fasteners will not back out as easily when exposed to impact or 

vibrations.  

 

 
Figure 17: Sketch of nylon patch fasteners 

1.3.8 Pull-Action Toggle Clamp 

The pull-action toggle clamp consists of two pieces. The static hook and the actuating 

latch itself. The hook is mounted on one piece and the latch it mounted on the other. 

Once the loop on the latch falls over the hook the latch can be actuated and the two pieces 
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will be pulled together forming a tight hold on each other, effectively sealing the cover to 

the base.  

 

 

Figure 18: Sketch of pull-action toggle clamp 

1.3.9 Summary of Attachment Concepts 

From the above attachment concepts, the team will narrow the selection down to 3 

suitable attachment mechanisms which will be paired with the selected bases. These 

paired concepts will then be scored against the hybrid bases, which will be outlined in the 

next section.  

1.4 Hybrid Bases 

In the process of generating concepts for a mounting base, a select few concepts had 

already accounted for an attachment mechanism that would allow the cover to attach 

directly onto the base; we have denoted such concepts as hybrid bases. These hybrid 

bases would provide a sturdy attachment mechanism for the cover to the rail with fewer 

parts and a smaller form factor. 

1.4.1 Eliminated Hybrid Base Concepts 

From our initial roster of brainstormed concepts for hybrid bases, the idea of magnets 

acting simultaneously as a base and an attachment method was omitted from concept 

screening. The customer specified the need for interference-free operation of the strain 

transducer, which uses radio frequencies to transmit strain and temperature data. Due to 
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the nature of the measurement system, it is likely that magnets will be responsible for 

inaccuracies of the data. For this reason, the magnetic hybrid base concept was deemed 

incompatible for use with the overall strain transducer cover design. Aside from this 

decision, the remaining hybrid bases are discussed in more detail below. 

1.4.2 Locking Slider Base 

The locking slider base incorporates the use of a pair of slotted rails, along which the 

cover can be slid into place. The slotted design on these rails prevents the cover from 

being dislodged as a result of vertical displacement. A retaining clip will be fastened on 

one end, while a mechanical latch or padlock will secure the lateral positioning of the 

cover. In the event that the cover needs to be removed, the undoing of the latch or 

padlock will release the restriction of the cover’s lateral movements. 

 

Figure 19: Sketch of locking slider base 

1.4.3 Friction Clip-On Base 

The concept of a friction clip-on base is very similar to the process of installing a case 

onto a phone. Physically, this friction clip-on concept will look very similar to the 

continuous perimeter base concept, but with a small protruding edge located near the 

foundation of the base. As the cover is placed and pushed onto the friction clip-on base, 

there will be gradually increasing, but fairly minimal, friction along the widening taper of 

the hybrid base surface. Once pushed down far enough, the cover should be designed to 

lock onto the edge along the entire perimeter of the base and cover. 
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Figure 20: Sketch of friction clip-on hybrid base 

1.4.4 Interlocking Base 

The interlocking base concept uses ideas from both the locking slider and friction clip-on 

base. This concept can be quite low-profile and simply requires that the cover is designed 

with corresponding interlocking notches. For installation, the cover is positioned off 

center and slowly pushed down with slight friction from the protruding wedge. A quick 

tug to center the cover will slide the notches from the cover into the interlocking base, as 

well as the slot on one side to secure the cover in place. The protruding wedge will be 

relatively malleable to enhance the ease of installation and removal. 

 

Figure 21: Sketch of interlocking base 
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1.4.5 Summary of Hybrid Base Concepts 

These three hybrid base concepts will be compared with combinations of the top bases 

and cover-base attachments against a combined set of criteria to determine the best 

overall concepts for maintaining the cover in a position to protect the strain transducer 

underneath. 
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2 Concept Selection and Justification 

After brainstorming the numerous design concepts as outlined in Section 1 for the three 

design components, we were able to move through a conception selection process. As 

previously mentioned, some of the initial designs were already removed from the 

selection process due to the designs inability to meet critical requirements laid out for our 

project.  These designs were removed during a round table discussion meeting with our 

group and were only removed if the entire team agreed that these designs should not be 

proceed throughout the selection process. In order to select the best design concept, a 

systematic approach is taken to determine which concept fulfills our designs needs. 

The process used to determine an optimal design was to first determine selection criteria 

for all three of the design components.  After establishing the selection criteria, concept 

screening matrixes were used to eliminate some of the less promising designs which were 

not meeting the selection criteria requirements. The designs which were not removed 

from the selection process were analyzed using a weighted scoring table to choose the 

final design our team would pursue. 

2.1 Selection Criteria 

The selection criteria generated by the team for each of the design components are 

detailed in. The selection criteria are all based off of functioning requirements and 

customer needs which are all necessary for an optimal performing final design.  
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Table IV: SELECTION CRITERIA FOR DESIGN COMPONENTS 

Design Component Selection Criteria 

Attaching Mechanism • Cost 
• Attachment Strength 
• Alignment 
• Direct Impact Strength 
• Ease of Attachment 
• Attachment Reusability  
• Vibration Isolation 
• Corrosion Resistance 

Base • Global Applicability 
• Ease of Independent Installation 
• Need for Rail Modification 
• Cost  
• Fatigue 
• Corrosion Resistance 
• Impact Resistance 
• Ease of Installation with the Jig 
• Conductivity Throughout 
• Weight 
• Manufacturability 

Cover • Visibility 
• Impact Resistance 
• Corrosion Resistance 
• Size 
• Weight 
• Cost 
• Manufacturability 
• Ease of Replacement 
• Functionality of Sensor 
• Complexity 
• Vibration Isolation 
• Conductivity Throughout 
• Stress Transmissibility 
• Resistance to Fatigue 
• Resistance to Buckling 

The selection criteria for each design component are detailed in Table V, Table VI and 

Table VII, which describe the justification for these criteria, along with the relevant 

customer needs that each design criteria accounts for. 
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Table V: SELECTION CRITERIA JUSTIFICATION FOR THE ATTACHING MECHANISM 

Selection 
Criteria 

Relevant Need Justification 

Cost • The cover is manufactured cost -
effectively 

The client required the cover to cost 
no more than a $100.00 to 
manufacture 

Attachment 
Strength 

• The cover isolates the strain gauge 
from large impact force 

The base and the cover should be 
tightly connected so high force 
impacts will not separate the two 
components 

Alignment  • The cover does not interfere with 
strain gauge operations 

• The Cover does not disrupt railroad 
traffic 

The attaching mechanism should 
allow for the base and the cover to be 
easily and accurately aligned with 
each other 

Direct 
Impact 
Strength 

• N/A The attaching mechanism must be 
able to withstand direct impacts from 
high force debris and continue to 
function as designed after impacts 

Ease of 
Attachment 

• The installation of the cover should be 
adaptable to various clientele 

Attaching the cover to the base 
should be initiative and easy for 
operators to install covers to the base 

Attachment 
Reusability 

• N/A The attaching mechanism should 
have no need for reattachment or 
recalibration when replacing the 
cover 

Vibration 
Isolation 

• The cover maintains integrity at high 
frequency vibrations 

Interface must be able to maintain the 
attachment under harsh vibrations 

Corrosion 
Resistance 

• N/A Attaching mechanism cannot lose its’ 
mechanical integrity due to corrosive  
material properties or be designed to 
accelerate corrosion 
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Table VI: SELECTION CRITERIA JUSTIFICATION FOR THE BASE 

Selection 
Criteria 

Relevant Need Justification 

Global 
Applicability 

• The installation of the cover should 
be adaptable to various clientele 
 

The base must be able to attach 
to numerous railway 
configurations from across the 
globe  

Ease of 
Independent 
Installation 

• The installation of the cover should 
be adaptable to various clientele 

• The cover is mounted separately from 
the stain transducer 
 

The base installations should be 
able to be done separately from 
when the sensor is installed 

Need for Rail 
Modification 

• The cover does not interfere with 
strain gauge operation 

• The cover does not disrupt railroad 
traffic 

The cover should not alter the 
rail or railway operations to 
ensure the structural integrity of 
the rail is consistent.  

Cost  • The cover is manufactured cost -
effectively 

The client required the cover to 
cost no more than a $100.00 to 
manufacture 

Fatigue • The cover maintains integrity at high 
frequency vibrations 
 

The base must be able to 
withstand repetitive loading from 
ballistic cleaning equipment and 
vibrations from passing trains 

Corrosion 
Resistance 

• N/A The base cannot lose its’ 
mechanical integrity due to 
corrosive material properties or 
be designed to accelerate 
corrosion 

Impact Resistance • N/A The base must be able to 
withstand direct impacts from 
high force debris and continue to 
function as designed after 
impacts 

Ease of 
Installation with 
the Jig 

• The installation of the cover should 
be adaptable to various clientele 

• The cover is mounted separately from 
the stain transducer 
 

The installation process should 
be easy with the use of a jig 

Conductivity 
Throughout 

• The cover must not allow 
conductivity around the sensor 

• The cover does not interfere with 
strain gauge operation 
 

Electrical signals passed through 
the railway cannot be conducted 
through the base to interfere with 
the sensor data 

Weight • The cover is as light as possible The base should use its’ material 
efficiently 
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Manufacturability • The cover must be manufactured in a 
timely manner 

• The cover uses easily accessible 
materials 

• The cover is manufacture cost 
effectively 

The base should be easily 
manufacturable  
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Table VII: SELECTION CRITERIA JUSTIFICATION FOR THE COVER 

Selection 
Criteria 

Relevant Need Justification 

Visibility • Damages to the cover are easily 
identifiable via visual inspection 

The cover needs to be easily 
identifiable for maintainers and 
damages should be noticeable 

Impact Resistance • The cover isolates strain gauge from 
large impact force 

The cover must be able to withstand 
direct impacts from high force debris 
and continue to function as designed 
after impacts 

Corrosion 
Resistance 

• N/A The cover cannot lose its’ mechanical 
integrity due to corrosive material 
properties  

Size • N/A The cover has dimensional restraints in 
which it cannot exceed 

Weight • The cover is as light as possible The cover should use its’ material 
efficiently 

Cost • The cover is manufactured cost -
effectively 

The client required the cover to cost no 
more than a $100.00 to manufacture 

Manufacturability • The cover must be manufactured in a 
timely manner 

• The cover uses easily accessible 
materials 

• The cover is manufacture cost 
effectively 

The cover should be easily 
manufacturable  

Ease of 
Replacement 

• The cover can be easily replaced If the cover is damaged, since it is a 
two part design it should be replaceable  

Functionality of 
Sensor 

• The cover does not interfere with 
strain gauge operation 

The cover cannot interfere between the 
strain gauges’ RF signals and the 
communication device.  

Complexity • N/A The cover’s design should not be 
overly complex so an engineering 
analysis of the final design can be done 

Vibration 
Isolation 

• The cover maintains integrity at high 
frequency vibrations 

The cover must be able to maintain the 
attachment under harsh vibrations 

Conductivity 
Throughout 

• The cover must not allow conductivity 
around the sensor 

• The cover does not interfere with 
strain gauge operation 
 

Electrical signals passed through the 
railway cannot be conducted through 
the cover to interfere with the sensor 
data 

Stress 
Transmissibility 

• The cover isolates strain gauge from 
large impact force 

The cover should evenly distribute 
impact forces to the rail and through 
the cover with minimal stress 
concentrations 
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Table VIII: SELECTION CRITERIA JUSTIFICATION FOR THE COVER-CONTINUED 

Selection Criteria Relevant Need Justification 
Resistance to  
Fatigue 

• The cover maintains integrity at high 
frequency vibrations 
 

The cover must be able to withstand 
repetitive loading from ballistic 
cleaning equipment and vibrations 
from passing trains 

Resistance to 
Buckling 

• N/A The cover cannot buckle due to large 
impact forces 

 

 

With the criteria fully defined and understood, we were now able to determine how well 

our design concepts were able to meet the outlined criteria though the preliminary 

concept screening phase.  

2.2 Preliminary Concept Screening 

With these criteria, preliminary concept screening matrixes are used to determine which 

design concepts should be eliminated from further analysis. The concept screening matrix 

compares the design concepts based on the above criteria to one reference concept.  

The concept designs are given a score of ‘+’, 0, or ‘-’ for each design criteria based on 

whether that criteria is better, the same, or worse than the reference concept. From this 

chart we will rate the different designs based on the design criteria established and will 

remove the designs which have the lowest scores. Concepts are then ranked based off of 

their total scores. Designs highly ranked are moved on to further assess how well the 

designs meet the design criteria. Reference concepts will also be considered when 

ranking the designs. Concepts in the “Continue” row which are marked with a “yes” are 

further analyzed using weighted scoring matrixes in Section 2.4. 
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Table IX is the concept screening matrix for the different attaching mechanisms concepts. 

A pull action toggle clamp as described in Section 1 will be used as a reference design. 

The top three designs will move on to the next round in which they are combined with 

base designs to compete against our hybrid concepts.   
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Table IX: ATTACHING MECHANISMS CONCEPT SCREENING 

ATTACHING MECHANISMS Ratchet Straps Watch Latch VHB Tape Cleco Spring Plungers 
Fasteners (nylon patch) 

 + Bonded Inserts Pull-Action Toggle Clamp 

Criteria 
 A Cost - + - + + + 0 

B Attachment Strength - - + - - + 0 

C Alignment - 0 - + + + 0 

D Direct Impact Strength 0 - + - - + 0 

E Ease of Attachment 0 0 - 0 + - 0 

F Attachment Reusability 0 0 - + - - 0 
G Vibration Isolation - 0 + - - 0 0 

H Corrosion Resistance + - + 0 0 0 0 

    
Total +'s 1 1 4 3 3 4 

Reference Total 0's 3 4 0 2 1 2 

Total -'s 4 3 4 3 4 2 
Net Score -3 -2 0 0 -1 2 0 

Rank 7 6 2 2 5 1 2 

Continue? NO NO NO YES NO YES YES 
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Based on the concept screening matrix displayed in Table IX, it was determined that the 

fasteners, pull action toggle clamps and Cleco attaching mechanism designs would 

proceed forward within the concept screening process. 

As described within Section 1, after preliminary design considerations were taken into 

account, and unpractical concepts were removed from further analysis, only three base 

designs remained to be analyzed.  These designs are the double horseshoe base, the frame 

base and the continuous base designs as detailed in Section 3. Since there are only three 

base designs to consider, no concepts were eliminated at this process.   

As previously mention in Section 3, during our brainstorming session we thought of ideas 

which incorporated both a base and attaching mechanisms within their design. We will 

refer to these designs as hybrids.  We developed three hybrid designs, of which will go 

through a concept screening matrix which will be compared to 9 combination designs.  

The combination designs include all combinations for the three successful base designs 

and three successful attaching mechanism designs. Table X is the concept screening 

matrix for the different hybrid concepts. A friction clip-on design as described in Section 

1 will be used as a reference design. The top five designs will be further analyzed in 

Section 2.4 through a weighted scoring system. 
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Table X: HYBRID CONCEPT SCREENING 

HYBRIDS 

Two 
Track 
Slider 
Base 

Interlocking 
Base 

Double 
Horseshoe 
with Cleco 

Frame 
with 
Cleco 

Continuous 
Perimeter 
with Cleco 

Double 
Horseshoe with 

Toggle Clamp 

Frame  
with  

Toggle 
Clamp 

Continuous 
Perimeter with 
Toggle Clamp 

Double 
Horseshoe 
with Nylon 

Frame 
with 

Nylon 

Continuous 
Perimeter 
with Nylon 

Friction Clip-
on 

Criteria 
 A Attachment Strength + + + + + + + + + + + 0 

B Direct Impact Strength + + - - - + + + + + + 0 
C Impact Resistance + 0 - + 0 - + 0 - + 0 0 
D Alignment 0 0 + + + 0 0 0 0 0 0 0 
E Conductivity Throughout 0 0 0 0 0 + + + 0 0 0 0 
F Corrosion Resistance - 0 0 - 0 0 - 0 0 - 0 0 
G Vibration Isolation 0 - + + + + + + + + + 0 
H Fatigue 0 - - + 0 - + 0 - + 0 0 
I Ease of Installation with Jig 0 - - - 0 - - 0 - - 0 0 
J Ease of Attachment + 0 - - - + + + + + + 0 
K Ease of Independent Installation + 0 - 0 0 - 0 0 - 0 0 0 
L Need for Rail Modification 0 0 0 0 0 0 0 0 0 0 0 0 
M Manufacturability  - - + 0 + + 0 + + 0 + 0 
N Cost 0 + - 0 0 - - - + + + 0 
O Attachment Reusability + + 0 0 0 0 0 0 - - - 0 
P Weight 0 0 0 - 0 0 - 0 0 - 0 0 

   
Total +'s 6 4 4 5 4 6 7 6 6 7 6 

Reference Total 0's 8 8 5 6 10 5 5 9 5 5 9 
Total -'s 2 4 7 5 2 5 4 1 5 4 1 

Net Score 4 0 -3 0 2 1 3 5 1 3 5 0 
Rank 3 9 12 9 6 7 4 1 7 4 1 9 

Continue? YES NO NO NO NO NO YES YES NO YES YES NO 
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Based on the concept screening matrix displayed in Table X, it was determined that the two 

track slider base, a frame base with toggle clamps, a continuous perimeter base with toggle 

clamps, a frame with fasteners and continuous perimeter with fasteners are the top five designs 

and will be further analyzed through a weighted concept scoring process.  

The different cover concepts will also undergo a preliminary ranking system in Table XI, which 

is another concept screening matrix. The top five designs will be further analyzed in Section 2.4 

through a weighted scoring system. 
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Table XI: COVER CONCEPT SCREENING 

COVER 
Two Part Non 

Integrated 

Two Part 
Integrated 
Composite 

Three Part 
Cover Mesh 
and Frame 

Frame with 
Internal 
Springs 

Steel 
Toes Snowboard 

Non 
Newtonian 

Fluid 
Die Cast With 

Anodes  

Composite 
with Ribbed 

Inside 

Bullet-proof 
Vest 

Concept 
One Piece 
Composite 

Criteria   
A Visibility  0 0 0 0 0 0 0 0 0 0 0 
B Impact Resistance + + + + + + + + + + 0 
C Corrosion Resistance - 0 - - - - - 0 0 0 0 
D Size - 0 - - 0 0 - 0 0 0 0 
E Weight - - - - - + - - + - 0 
F Cost + - 0 - - - - 0 - - 0 
G Manufacturability + - - - - - - 0 - - 0 
H Ease of Replacement - 0 - - 0 0 - 0 0 0 0 
I Functionality of Sensor 0 0 - 0 0 0 - - 0 0 0 
J Complexity - - - - - - - 0 - 0 0 
K Vibration Isolation - + - + 0 0 + - 0 - 0 
L Conductivity Throughout - - - - 0 0 + - 0 0 0 
M Stress Transmissibility + + + + + + + 0 + + 0 
N Resistance to Fatigue 0 0 + + + + + + + - 0 
O Likelihood of Buckling 0 + + + + 0 + 0 0 + 0 

  
Total +'s 4 4 4 5 4 4 6 2 4 3 

Reference Total 0's 4 6 2 2 6 7 1 9 8 7 
Total -'s 7 5 9 8 5 4 8 4 3 5 

Net Score -3 -1 -5 -3 -1 0 -2 -2 1 -2 0 
Rank 9 4 11 9 4 2 6 6 1 6 2 

Continue? NO YES NO NO YES YES NO NO YES NO YES 
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Based on the concept screening matrix displayed in Table XI it was determined that the 

two part integrated composite design, the steel toes design, the snowboard design, a 

composite with inside ribs and a basic one piece composite design are the top five 

designs for the covers. These designs will be further analyzed through a weighted concept 

scoring process in Section 2.4.  

2.3 Weighted Criteria  

The remaining designs require a more thorough analysis to determine which design is the 

optimal choice.  This analysis requires a weighted scoring system for the conceptual 

designs. How well the designs actually meet the design criteria should be measured for a 

more accurate representation of how well the designs meet the required needs. 

Furthermore, the importance of the criteria should also be taken into consideration when 

scoring these designs.  For this purpose, weighting the criteria based off of their 

importance allows for a more balanced representation of how well these concepts are 

meeting the objectives we are establishing for our design.  To determine the weight of 

each selection criteria, each criterion has a one to one comparison with the other criteria 

on which criterion was more important.  This was done through criteria weighting 

matrixes for each design components’ selection criteria. A summary for the number of 

hits each criterion has and the calculated weight for each criteria selection is located at 

the bottom of the criteria matrix.  

Table XII and Table XIII below show the criteria weighting for the cover-base 

attachment and the base. 
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Table XII: COVER-BASE ATTACHMENT CRITERIA WEIGHTING 

COVER-BASE ATTACHMENT Co
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Criteria A B C D E F G H 
A Cost   B C D E F G A 
B Attachment Strength     B B B B B B 
C Alignment       D C C C C 
D Direct Impact Strength         D D D D 
E Ease of Attachment           E G E 
F Attachment Reusability             G F 
G Vibration Isolation               G 
H Corrosion Resistance                 

          Total Hits 1 7 5 6 3 2 4 0 
Weightings 0.04 0.25 0.18 0.21 0.11 0.07 0.14 0.00 
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Table XIII: BASE CRITERIA WEIGHTING 
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Criteria A B C D E F G H I J K 
A Global Applicability   B C D E F G H I J K 
B Ease of Independent Installation     C B E F G H I B B 
C Need for Rail Modification       C E F G H I C K 
D Cost         E F G H I D K 
E Fatigue           F G E I E E 
F Corrosion Resistance             G F I F F 
G Impact Resistance               G G G G 
H Ease of Installation with Jig                 I H H 
I Conductivity Throughout                   I I 
J Weight                     K 
K Manufacturability                       

  
           

  

Total Hits 0 4 4 2 7 8 10 6 9 1 4 
Weightings  0.00 0.07 0.07 0.04 0.13 0.15 0.18 0.11 0.16 0.02 0.07 

 

For the hybrid designs, the weighting for both the base designs and the attaching 

mechanisms were combined to a 200% total and then divided by two to have an even 

criteria weighting distribution for these designs. The criteria weighting scores are 

summarized on Table XIV. 
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Table XIV: HYBRID CRITERIA WEIGHTING 

WEIGHT CRITERIA 
12.50% Attachment Strength 
10.71% Direct Impact Strength 
9.09% Impact Resistance 
8.93% Alignment 
8.18% Conductivity Throughout 
7.27% Corrosion Resistance 
7.14% Vibration Isolation 
6.36% Fatigue 
5.45% Ease of Installation with Jig 
5.36% Ease of Attachment 
3.64% Ease of Independent Installation 
3.64% Need for Rail Modification 
3.64% Manufacturability 
3.61% Cost 
3.57% Attachment Reusability 
0.91% Weight 

The criteria weighting scores for the cover are displayed below on Table XV.
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Table XV: COVER CRITERIA WEIGHTING 

FLOW RATE GENERATION 
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Criteria A B C D E F G H I J K L M N O 
A Visibility    B C D A F G A I A K L M N O 
B Impact Resistance     B D B B B B I B B B B B B 
C Corrosion Resistance       D C C C C I C K C M N C 
D Size         D D D D I D D D D D D 
E Weight           F G H I J K L M N O 
F Cost             F F I F K L M N O 
G Manufacturability               H I J K L M N O 
H Ease of Replacement                  I J K L M N O 
I Functionality of Sensor                   I I I I I I 
J Complexity                     J L M N O 
K Vibration Isolation                       K M K K 
L Conductivity Throughout                         M N O 
M Stress Transmissibility                           M M 
N Resistance to Fatigue                             N 
O General Buckling                               

                 Total Hits 3 12 8 13 0 5 2 2 14 4 9 6 11 9 7 
Weightings 0.03 0.11 0.08 0.12 0.00 0.05 0.02 0.02 0.13 0.04 0.09 0.06 0.10 0.09 0.07 
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2.4 Weighted Concept Scoring

Using the criteria weights established in the previous section, the remaining designs for 

the cover and the hybrid can be analyzed in detail. In the weighted design selection 

matrix, the criteria are weighted based off of the importance we established for each 

criterion in Section 2.3. Additionally, how well the design meets the design criteria is 

scored on a scale of one to five. These scores are multiplied by the criteria weight to 

obtain weighted scores. The weighted scores are then totaled for each concept and the 

designs are ranked based off of these scores. The top design for each of the two design 

components will be chosen and combined to produce an optimal design. 

Table XVI displays the weighted scores for the hybrid designs and Table XVII shows the 

weighted scores for the cover designs. 
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Table XVI: HYBRID WEIGHTED SCORES 

Hybrid 

    2 Track Slider Base Frame with Toggle 
Continuous 

Perimeter with 
Toggle 

Frame with Nylon 
Continuous 

Perimeter with 
Nylon 

Criteria Weight Score Weighted Score Weighted Score Weighted Score Weighted Score Weighted 
Attachment Strength 0.13 2 0.25 4 0.50 4 0.50 5 0.63 5 0.63 
Direct Impact Strength 0.11 2 0.21 3 0.32 3 0.32 4 0.43 4 0.43 
Impact Resistance 0.09 3 0.27 4 0.36 4 0.36 4 0.36 4 0.36 
Alignment 0.09 3 0.27 4 0.36 4 0.36 4 0.36 4 0.36 
Conductivity Throughout 0.08 2 0.16 2 0.16 2 0.16 1 0.08 1 0.08 
Corrosion Resistance 0.07 1 0.07 2 0.15 3 0.22 2 0.15 2 0.15 
Vibration Isolation 0.07 2 0.14 4 0.29 4 0.29 5 0.36 4 0.29 
Fatigue 0.06 2 0.13 3 0.19 3 0.19 4 0.25 4 0.25 
Ease of Installation with Jig 0.05 4 0.22 3 0.16 5 0.27 5 0.27 5 0.27 
Ease of Attachment 0.05 5 0.27 4 0.21 4 0.21 3 0.16 3 0.16 
Ease of Independent Installation 0.04 3 0.11 3 0.11 3 0.11 3 0.11 3 0.11 
Need for Rail Modification 0.04 5 0.18 5 0.18 5 0.18 5 0.18 5 0.18 
Manufacturability 0.04 4 0.15 3 0.11 5 0.18 3 0.11 5 0.18 
Cost 0.04 3 0.11 2 0.07 4 0.14 3 0.11 5 0.18 
Attachment Reusability 0.04 4 0.14 4 0.14 4 0.14 2 0.07 2 0.07 
Weight 0.01 4 0.04 2 0.02 4 0.04 2 0.02 4 0.04 

Total 2.72 3.34 3.68 3.64 3.74 
Rank 5 4 2 3 1 

Continue? NO NO NO NO YES 
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Table XVII: COVER WEIGHTED SCORES 

Covers 

    Two Part Integrated 
Composite Steel Toes Snowboard Composite with 

Inside Ribs 
One Piece 
Composite 

Criteria Weight Score Weighted Score Weighted Score Weighted Score Weighted Score Weighted 
Visibility 0.03 5 0.15 5 0.15 5 0.15 5 0.15 5 0.15 
Impact Resistance 0.11 4 0.44 3 0.33 3 0.33 4 0.44 2 0.22 
Corrosion Resistance 0.08 5 0.40 3 0.24 5 0.40 5 0.40 5 0.40 
Size 0.12 4 0.48 4 0.48 3 0.36 3 0.36 4 0.48 
Cost 0.05 2 0.10 3 0.15 2 0.10 1 0.05 2 0.10 
Manufacturability 0.02 2 0.04 3 0.06 2 0.04 1 0.02 3 0.06 
Ease of Replacement 0.02 5 0.10 5 0.10 5 0.10 5 0.10 5 0.10 
Functionality of Sensor 0.13 3 0.39 4 0.52 4 0.52 4 0.52 4 0.52 
Complexity 0.04 3 0.12 3 0.12 2 0.08 2 0.08 3 0.12 
Vibration Isolation 0.09 5 0.45 4 0.36 5 0.45 4 0.36 5 0.45 
Conductivity Throughout 0.06 3 0.18 5 0.30 5 0.30 5 0.30 5 0.30 
Stress Transmissibility 0.10 5 0.50 4 0.40 3 0.30 5 0.50 3 0.30 
Resistance to Fatigue 0.09 3 0.27 3 0.27 3 0.27 3 0.27 2 0.18 
General Buckling 0.07 5 0.35 5 0.35 5 0.35 5 0.35 4 0.28 

Total 3.97 3.83 3.75 3.90 3.66 
Rank 1 3 4 2 5 

Continue? YES NO NO NO NO 
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As shown in Table XVI, a continuous base perimeter with fasteners as an attaching mechanism 

scored the ranked the highest out of the hybrid design components with a score of 3.74. 

Therefore, the continuous base perimeter with fasteners is chosen for the final design. For the 

cover design component a frame integrated into a composite cover was ranked first with a score 

of 3.97 displayed in Table XVII and therefore is chosen for the final design. 

 

2.5 Final Design Summary 

After eliminating designs through a concept screening process, going through needs weighting 

and finally scoring the designs based on these needs, the team was able to select the optimal 

design for the three different design components, and putting them together for a final design. 

The cover will be a composite reinforced with a frame within the composite itself.  The rational 

for this design decision is due to the high strength of the design, the non-corrosive properties of 

composite materials, and the ability to evenly distribute stresses from the cover to the base. 

The base will be a standard flat continuous perimeter product which can easily be attached to 

both the railway configuration and the cover. This method allows for high strength, easily 

manufacturable, and low cost base which should be easy to install to both the rail and the cover. 

The base and cover will use fasteners with metal inserts to attach the two components together. 

This allows for high strength, inexpensive, and an easily replaceable attaching mechanism. 

Combining all three components, the team will be able to produce a protective cover for the 

strain transducer 
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Appendix C- FEA Results 

Within this section the detailed analysis for the less extreme loading locations for the prototype 

cover assembly will be conducted for each loading scenario. In order to meet the client needs and 

metrics, a thorough finite elemental analysis must be conducted for the three main loading cases 

which are impacts due to: miscellaneous projectiles, ballast regulating and ballast clearing 

equipment.  
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The loading case for the ballast clearing plow is only conducted for the worst case scenario as no 

other loading would be conducted in a differing loading method. That being said, bearing loads 

will be applied into the base component appropriately for remaining locations to represent a 

miscellaneous projectile impacting the fastener head and directly transferring pure bearing 

stresses into the base. 

The analytical procedures and results presented and discussed within the actual body of the final 

design report consider the worst case scenarios for each design. As such, these finite elemental 

models for each of the remaining loading locations will be simply presented in conjunction to the 

von Mises and displacement results of the FEA tests. All results have been laid out respective to 

each loading remaining location in the respective FEA section in the body of the report. Loading 

conditions are also shown within the figures within the following sections of this appendix, 

although they are the exact same as those mentioned in the body of the report. The geometrical 

constraints not shown for specific loading conditions will, by default, have the same geometrical 

constraints as those outlined in the respective overlapping portion of the body of the actual 

report. An h-adaptive mesh will be applied to the base, cover, or kydex radome components 

respectively to ensure that converging models are obtained. The h-adaptive mesh method 

involves running iterative FEA tests with changing mesh layouts on the respective FEM. Using 

coarse mesh refinement within the h-adaptive mesh refinement means, more simpler geometries 

will have large elements, whereas more complex geometries, or areas of high stresses, will have 

more refined element sizes to ensure high resolution of results within these sections of the 

respective FEM. All FEMs for each loading case have approximately four millimetre sized 

elements to begin their h-adaptive mesh refinement process. In order to rate whether or not the 

FEMs converge for the respective loading scenario, iterative accuracy between FEA tests must 

be less than ten percent, as laid out by our design team. Additionally, total strain energy within 

the part is assessed to see if a converging value is obtained, thereby signalling that the FEM 

indeed converges and is valid to extract baseline values for von Mises stresses and 

displacements. In summary, each loading scenario concisely outlined within this appendix 

follows the below steps to ensure a proper FEM is created and results are assessed properly: 

o Apply appropriate material properties, geometrical boundary conditions, contact 

sets, and applied loads. 
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o Create a rough mesh of approximately four millimetres in size with four Jacobian 

points for each element. 

o Run h-adaptive mesh refinement with coarse mesh refinement activated to ensure 

the quickest FEA tests are obtained when considering computing power. 

o Plot h-adaptive convergence plots until less than 10% iterative accuracy between 

FEA tests is obtained, and total strain energy proves to converge to some value. 

 Make sure that all plots have at least four to ten iterative runs conducted to 

ensure higher resolution in data.  

o Assess maximum von Mises stresses and displacements for each loading case’s 

final iteration, with the exception of max values found at sharp corners in the 

FEM due to these features acting as a singularity. These singularities will be 

recommended to be further refined by Iders or outsourced to additional 

engineering analysis prior to prototyping if there is large concerns associated with 

it. Generally speaking these singularities can be ignored as FEA runs on 

mathematical calculations and will always find increasing values in these areas 

which is not valid with real tests in many other loading scenarios for various 

worldwide components. 

Within each loading scenario, locations of interest are loaded in accordance to how the cover 

assembly would receive an impact. For simplistic assessment of the cover assembly design’s 

feasibility a static load was deemed appropriate for each loading scenario. A static load 

assumption was approximated to be applicable as the calculated loads from each scenario were 

calculated for a time frame of 0.05 seconds, resulting in a respective load. Using these loading 

scenarios, the cover assembly was found to be successful in meeting the client outlined impact 

requirements. All applied loads were derived within the body of the text and therefore will not be 

outlined for each respective loading scenario considered, as it has already been presented. The 

maximum results pertaining to von Mises stresses and displacements for all loading scenarios are 

compiled into their respective tables in the actual body of the report. Therefore the following 

FEA results will simply be stated with the appropriate caption correlating to a loading case. 

Figure 1 through to Figure 52 will show the respective loading cases, applied load set up, 
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convergence plots, as well as resulting stress and displacement dispersion throughout the model 

at the specific location of interest. 

To begin laying out the results and finite elemental model set up for each scenario, each loading 

case is outlined in the following figures and associated tables, where the crossed out locations 

have been already outlined fully in the actual body of the text since they represent the worst case 

loading scenarios. All FEA for each sequential location will follow these figures and tables for 

the respective loading case, ie. miscellaneous projectiles, ballast regulating brooms, and bearing 

stresses. 

 

Figure 1: Angled view of loading locations for cover and radome under random projectile impacts 
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TABLE I: DESCRIPTIONS OF LOADING LOCATIONS FOR MISC. PROJECTILE RELATED IMPACTS 

Miscellaneous Projectile Related Impacts - Considered Loading Locations 
Location 
# 

Direction 
of load 

Component Reasoning for selecting loading location 

A1 

Normal to 
respective 
plane of 5 

mm 
diameter 
loading 

area 

Radome Loading area is solely on the radome part, tangent to bond 
surface area between radome and cover, and has two 
stiffening corners that present a unique loading scenario. 
Location is also halfway between the rigidity increasing 
corner and the transition from Kydex to stainless steel. 

A2 Radome Loading area is directly in the middle of the radome span 
before any stiffness increasing bend, or material transition. 
Most likely to see highest deflection at this location. 

A3 Radome Same reasoning as A1, although this location may 
experience increased deflection and possibly stresses due to 
not having an additional bend close by. 

A4 Radome 
(Broom 
analysis 
covers this) 

Loading location is tangent to adhesive bond between the 
cover and radome, and is halfway between the length span 
of the window on the top edge atop of the structural bend. 

A5 Cover 
(Broom 
analysis 
cover this) 

Loading location is tangent to adhesive bond between the 
cover and radome, is halfway between the depth of the 
smaller face of the radome and the stiffening radome 
corner. May present interesting FEA results. 

B1 Cover Chosen for the same reason as A1, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B2 Cover Chosen for the same reason as A4, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B3 Cover Chosen for the same reason as A3, although as the load will 
be transmitted through the stainless steel, observations on 
the total stress that culminates from the analysis in the 
nearby zones will be of interest. 

B4 Cover Loading location is in the centre of the side profile that will 
most likely experience loading not normal to the angled 
face. Worst case scenario consists of having it have 
maximum deflection, and since it has a decently long length 
span and proximity to the radome cut out, the location is of 
interest. 
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Figure 2: A1 Loading conditions and geometrical constraints for miscellaneous projectile induced impacts 

 

Figure 3: A1 convergence plot for miscellaneous projectile induced impacts  
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Figure 4: A1 von Mises stress for miscellaneous projectile induced impacts 

 

Figure 5: A1 displacement stress for miscellaneous projectile induced impacts 
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Figure 6: A1 deflection 20:1 scale stress for miscellaneous projectile induced impacts 

 

Figure 7: A3 Loading stress for miscellaneous projectile induced impacts 
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Figure 8: A3 Convergence stress for miscellaneous projectile induced impacts 

 

Figure 9:von Mises for A3 location stress for miscellaneous projectile induced impacts 
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Figure 10: A3 displacement results at 20:1 deformation scale stress for miscellaneous projectile induced impacts 

 

Figure 11: Displacement results exaggerating deflected shape at 20:1 deformation scale stress for miscellaneous projectiles 
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Figure 12: B1 loading stress for miscellaneous projectile induced impacts 

 

Figure 13: Convergence B1 stress for miscellaneous projectile induced impacts 
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Figure 14: B1 von Mises stress for miscellaneous projectile induced impacts 

 

Figure 15: B1 displacement 50:1 deformation scale for miscellaneous projectile induced impacts 
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Figure 16: B2 loading scale for miscellaneous projectile induced impacts 

 

Figure 17: B2 convergence scale for miscellaneous projectile induced impacts 
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Figure 18: B2 von Mises scale for miscellaneous projectile induced impacts 

 

Figure 19: B2 displacement 20:1 deformation scale for miscellaneous projectile induced impacts 
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Figure 20: B3 loading scale for miscellaneous projectile induced impacts 

 

Figure 21: B3 convergence scale for miscellaneous projectile induced impacts 
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Figure 22: B3 von Mises stresses scale for miscellaneous projectile induced impacts 

 

Figure 23: B3 displacement results with 20:1 deformation scale for miscellaneous projectile induced impacts 
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Figure 24: B4 loading set up scale for miscellaneous projectile induced impacts 

 

Figure 25: B4 convergence scale for miscellaneous projectile induced impacts 
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Figure 26: B4 von Mises stress results scale for miscellaneous projectile induced impacts 

 

Figure 27: B4 displacement results 500:1 deformation scale for miscellaneous projectile induced impacts 
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Figure 28: Isometric view of loading locations for cover and radome under broom impacts 
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TABLE II: DESCRIPTIONS OF LOADING LOCATIONS FOR BALLAST REGULATING MAINTENANCE BROOMS 

Miscellaneous Projectile Related Impacts - Considered Loading Locations 
Location 
# 

Direction of 
load 

Component Reasoning for selecting loading location 

A1 

Normal to 
respective 
plane of 5 

mm 
diameter 

loading area 
(presents a 

larger 
deflection 

compared to 
usually 

expected 
normal load, 
with respect 
to the global 

xyz 
coordinate) 

Radome Loading area is solely on the radome part, tangent to 
bond surface area between radome and cover. 
Location is also halfway length of the Kydex 510 
radome. 

A2 Radome Loading area is solely on the radome part, tangent to 
bond surface area between radome and cover. It has 
two stiffening corners that presents a unique loading 
scenario.  

B1 Cover Located directly on top of the bond between the cover 
and radome, this location will have interesting results 
from FEA. Its location between three structural bends 
will also prove interesting. 

B2 Cover Loading location is directly above the narrower bond 
line between the cover and radome. As well it's 
location in the midspan of the radome length adds to 
the potential of this loading location to be detrimental 
to the design. 

B3 Cover Located directly on top of the bond between the 
cover and radome, this location will have interesting 
results from FEA. Its location between two structural 
bends and one end extending a large length in 
comparison to its other dimensions which will also 
prove interesting. 



 

A-77 
 

 

 
Figure 29: A1 Loading under broom impacts 

 
Figure 30: A1 convergence plot A1 for broom impacts 
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Figure 31: A1 von Mises stress results for broom impacts 

 

Figure 32: A1 displacement results for broom impacts 
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Figure 33: A1 displacement results at 20:1 deformation scale for broom impacts 
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Figure 34: B2 loading conditions for broom impacts 

 

Figure 35:Convergence plot for B2 loading conditions for broom impacts 
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Figure 36: B2 von Mises stress results for broom impacts 

 
Figure 37: B2 displacement results with 50:1 deformation scale for broom impacts 
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Figure 38: B1 loading for broom impacts 

 

Figure 39: B1 convergence for broom impacts 
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Figure 40: B1 von Mises stress results for broom impacts 

 

Figure 41: B1 displacement results with a 50:1 deformation scale for broom impacts 
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Figure 42: B3 loading conditions for broom impacts 

 

Figure 43: B3 convergence plot for broom impacts 
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Figure 44: B3 von Mises stress results for broom impacts 

 

Figure 45: Displacement results at B3 with a 50:1 deformation scale for broom impacts 
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Figure 46: Base component with specified loading locations for worst case scenario bearing load application 

 

TABLE III: DESCRIPTIONS OF LOADING LOCATIONS FOR FULL BEARING SURFACES IN BASE 

Miscellaneous Projectile Related Impacts - Considered Loading 
Locations 

Location 
# 

Direction of load Component Orientation 
of surface 
experiencing 
bearing 
stresses 

A1 

All loading is to be applied 
to the respective half of the 
location being considered, 
representing a full  bearing 
loading scenario as if the 
fastener fully transmitted 

the 505 N load. 

Base Left 

A2 Base Down 

B1 Base Left 

B2 Base Down 
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Figure 47: A2 loading locations for bearing load application 

 

Figure 48: A2 von Mises stress results from applied bearing loads 
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Figure 49: A2 displacement results from applied bearing loads at 120:1 deformation scale 

 

Figure 50: B1 applied bearing loading scenario 
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Figure 51:B1 von Mises stress results from applied bearing load 

 

Figure 52: B1 displacement results from applied bearing load with 120:1 deformation scale 
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