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Abstract 

The Corporate Average Fuel Economy (CAFE) is an American fuel standard that sets regulations on fuel 

economy in vehicles.  This law ultimately shapes the development and design research for automakers.  

Reducing the weight of conventional cars offers a way to improve fuel efficiency.  This research 

investigated the optimality of an automobile's ladder frame chassis (LFC) by conducting multi-objective 

optimization on the LFC in order to reduce the weight of the chassis.  The focus of the design and 

optimization was a ladder frame chassis commonly used for mass production light motor vehicles with an 

open-top rear cargo area. This thesis is comprised of two major sections.  The first looked to perform 

thickness optimization in the outer walls of the ladder frame.  In the second section, many multi-material 

distributions, including steel and aluminium varieties, were investigated.  A simplified model was used to 

do an initial hand calculation analysis of the problem.  This was used to create a baseline validation to 

compare the theory with the modeling.  A CAD model of the LFC was designed.  From the CAD model, a 

finite element model was extracted and joined using weld and bolt connectors.  Following this, a linear 

static analysis was performed to look at displacement and stresses when subjected to loading conditions 

that simulate harsh driving conditions.  The analysis showed significant values of stress and displacement 

on the ends of the rails, suggesting improvements could be made elsewhere. An optimization scheme was 

used to find the values of an all steel frame an optimal thickness distribution was found.  This provided a 

13% weight reduction over the initial model.  To advance the analysis a multi-material approach was used 

to push the weight savings even further.  Several material distributions were analyzed and the lightest 

utilized aluminium in all but the most strenuous subjected components.  This enabled a reduction in 

weight of 15% over the initial model, equivalent to approximately 1 mile per gallon (MPG) in fuel 

economy.  
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Chapter 1 

Introduction 

1.1 Motivation 

 

In a time where efficiency is more important than ever to compete in a global market, car 

manufacturers are invested in making lighter more fuel efficient components for their vehicles.  

Car manufacturers prioritize fuel efficiency today due to global fuel shortages.  The transportation 

industry is the second largest sector contributing to Greenhouse Gases (GHG) emissions, 

producing 28% of total GHG in Canada.  (Environment Canada, 2014) From this portion, about 

36% is contributed directly by private vehicle operation. (Statistics Canada, 2009) Transportation 

is the second-highest expense for most households.  As of 2009, almost 20 million vehicles were 

registered in Canada.  Cars and light trucks currently account for nearly half of North American 

oil consumption. To reduce this, these vehicles can be made more efficient.  

The Corporate Average Fuel Economy (CAFE) is an American fuel standard that sets 

regulations on fuel economy in vehicles.  This law shapes the developmental and design research 

for automakers.  In 2011, the Obama administration developed an agreement with 13 major auto 

manufacturers to increase the fuel economy to 54.5 MPG for cars and light-duty trucks by model 

year 2025.  These standards may contribute to reducing the dependency on oil consumption, curb 

carbon pollution, incentivize innovative technology development and save consumers money.  

(whitehouse.gov, 2011)  

Major automakers have begun investigating the potential for vehicles that are powered by 

safer and cleaner fuels.  Many hybrid gasoline-electric vehicles, such as the Toyota Prius, the 
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Honda Insight and the Ford Escape Hybrid, are already commercially available.  Despite having 

reduced GHG emissions as compared to traditional vehicles, these vehicles remain partially 

powered by gasoline, and therefore still contribute to global-warming.  Furthermore, due to 

consumer demands on aesthetics, acceleration and amenities, these vehicles use much of the same 

layout and design as their non-hybrid, internal combustion engine counterparts.   

 New fuel standards require cars to have an average miles-per-gallon rating of 54.5 (4.3 

L/100 km) by 2025. Automakers cannot rely on consumers to buy more hybrid, electric, smaller 

or more efficient cars (Ashley, 2013) to reach these goals and must look for alternative solutions 

for their fleet.  The trend has automakers introducing lighter vehicles and reducing the weight of 

their most popular vehicles is seen as a viable approach.  Reducing the weight of conventional 

cars offers a way to guarantee better fuel efficiency.  It has been noted by Davis, that a reduction 

of curb weight of 56.7 kg can improve the fuel economy between 0.2-0.5 MPG. (Davis, 1991)  

Automobiles have now been in existence for more than a century.  The internal 

combustion engine has been refined, and its efficiency increased.  The chassis has also been 

strengthened and lightened reducing the vehicles total weight.  Therefore, although automobiles 

are substantially more complex, little novelty remains in the underlying vehicle design, 

consequently optimization will serve as an approach to improving an already established design.   

 Typically, as automobile designs become smaller and more lightweight, collision 

performance worsens.  It is therefore important that during any design stage of a modified vehicle 

structure, one of the primary considerations is occupant safety.  Emphasis does not need to be 

placed on the specific type of safety feature however some considerations must be made.  Design 

for a safer vehicle may include more sophisticated materials, or may include novel geometry 

which absorbs energy during heavier loads.   
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As vehicles become more lightweight, and are required to be simultaneously more 

resilient in collision events, the manufacturing cost increases.  .  Therefore, during any redesign, 

the manufacturing processes and cost must also be well considered and understood. 

As a result of the economic pressures and government regulations, it can be seen that 

there exists a necessity for automakers to develop and produce lighter weight vehicles.  As such, 

for many North American manufacturers, one of their best selling and most profitable models are 

light duty trucks.  In 2011 the top 3 most profitable cars were the Ford F-150, the Chevy 

Silverado and the Dodge Ram, all three trucks.  (Caldes-Dapena & Kerindler, 2011) However, 

CAFE standards require these types of vehicles to have a 30MPG fuel rating, which means the 

fuel efficiency of these vehicles must be improved. 

One of the largest and most structurally integral components to trucks is the chassis.  

Currently trucks are manufactured with heavy but sturdy steel ladder frames.  The most efficient 

and cost-effective design, which will consider both vehicle mass and load stresses, must come 

from a multi-material approach in which fundamental thickness optimization is included.  The 

simultaneous consideration of vehicle mass, manufacturing cost and load stresses makes this 

problem an ideal candidate for multidisciplinary design optimization.  Design optimization can be 

used to identify the optimum vehicle configuration by considering several performance measures, 

and simultaneously monitoring a set of pre-defined constraints.   
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1.2 Background and Previous Works 

The transportation industry plays a major role in the economy of modern industrialized 

and developing countries.  The goods and materials carried through heavy trucks are dramatically 

increasing.  There are many aspects to consider when designing a heavy truck’s chassis, including 

component packaging, material selection, strength, stiffness and weight.  A significant amount of 

research has already been conducted in the fields of automotive design and design optimization.   

 Most research has been focused on stress analysis of the heavy truck chassis using finite 

element packages such as ABAQUS™, ANSYS™, NASTRAN™ and HyperWorks™.  The 

results of research have provided a summary of some recent and current developments in the field 

of vehicle design using finite element packages. 

1.2.1 Chassis Structures 

The automotive chassis is tasked with holding all the components together while the 

vehicle is driven.  It is responsible for absorbing the vertical and lateral loads, caused by 

accelerations, from the suspension and two wheels.  The more mass is away from the neutral axis, 

the more rigid it will be. (Wakeham, 2009) 

Early motor cars were constructed with a ladder frame structure, on which was placed the 

body of the vehicle containing the passenger seats. While early designs provided little 

environmental protection, later models introduced the windscreen, doors and roofs.  Even so, the 

body did not contribute much to the vehicle structure.  A ladder frame is the simplest and oldest 

frame used in modern vehicular construction.  Car bodies were made of thin wood with very low 

stiffness compared to that of the big beam in the chassis.  Therefore the high stiffness ladder 

frame carried all the bending and torsion loads. 
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The greatest advantage of the ladder frame is its adaptability to accommodate a large 

variety of body shapes and types.  It is still widely used for medium to light commercial vehicles 

such as pick-ups and heavy trucks for this reason.  Bodies ranging from flat platforms, box vans 

and tankers to detachable containers can all be easily attached to ladder frames.  This design is 

easy to assemble, inexpensive to manufacture, and can provide excellent strength in bending.  

The ladder frame is so called because it resembles a ladder with two side rails and a number of 

cross beams. 

Most designs are made with channel section side rails and either open or closed section 

cross beams.  Good bending strength and stiffness for weight are obtained with deep beam side 

rails as the ratio of second moment of area/cross sectional area can be optimized this way. 

(Happian-Smith, 2002) The open channel section provides easy access for attaching brackets and 

components.  Attaching them to this web avoids holes in the highly stressed flanges.  Local 

twisting of the side frames can be prevented by ensuring that there are brackets attaching 

crossbeam components to them.  Furthermore if a ladder frame chassis is constructed using 

channel sections similar to those used in the crossbeams the torsional stiffness of the entire 

structure should be very low. 

Fellows et al. showed that the torsional stiffness of automotive structures is one of the 

major factors that affect vehicle handling, safety, and passenger comfort.  (Fellows, Harris, 

Durodola, & Beevers, 2008) Therefore, torsional harmonic modes are particularly important to 

avoid during design as they could cause irreparable damage to the chassis.  Several factors, such 

as material property, geometry and joining technique contribute to the stiffness of a structure and 

are no exception to chassis design.  (Fellows, Harris, Durodola, & Beevers, 2008) Furthermore 

the chassis structure must safely support the weight of the vehicle components and transmit loads 
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that result from the longitudinal, lateral, and vertical accelerations that the vehicle may be 

exposed to.  (Gauchia, Diaz, Boada, & Boada, 2010) 

Another important aspect of chassis design and analysis is the stress distribution.  Stress 

analysis is necessary to determine the highest stress point, otherwise known as the critical point, 

which is the location of a probable initial failure.  Critical points are one of the factors that may 

cause future fatigue failure.  The magnitude of the stress can be used to predict the life span of the 

chassis. (Rajappan & Vivekanandhan, 2013)  The location of a critical stress point is thus 

important so that the mounting of the components like engine, suspension, transmission and more 

can be determined and optimized.   Finite element simulations can be used to reduce the costs 

associated with chassis design, implementation and testing.  

1.2.2 Finite Element Analysis and Sensitivity Optimization  

The Finite Element Analysis (FEA) is becoming increasingly popular among design 

engineers.  It has been used to solve many types of problems.  FEA has become an integral part of 

the automotive industry. (Gokhale, 2008) Competition increases the demand for market-ready 

products in short times, driving reliance on virtual tools (CAD/CAE) to accelerate the design and 

development of products.  FEA is used to predict multiple types of static and dynamic structural 

responses.  For example, companies in the automotive industry use it to predict, stress, strain, 

deformations, and failure of many different types of components.  FEA reduces the need for 

experiments and allows engineers to optimize parts before they are built and implemented.  Faster 

computers and modern FEA software allow design engineers to build larger, more refined and 

complex models to meet consumer demand.  
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Rahman et al. in 2008 conducted stress analysis of a heavy duty truck chassis using 

ABAQUS
1
.  They used ASTM Low Alloy Steel A 710 C material which has 552 MPa of yield 

strength and 620 MPa of tensile strength.  The simulation results showed that the critical point of 

stress occurred at the opening of the chassis which is the towing mechanism at the front of the 

chassis.  The stress magnitude of the critical point was 386.9 MPa. (Rahman, Tamin, & Kurdi, 

2008) 

More recently, Mahmoodi-k discussed the stress and dynamic analysis of a truck ladder 

chassis.  In their first stage, in order to design a chassis for self-weight reduction, a material type 

and cross section profiles of chassis were selected according to the maximum normal stress and 

maximum strain theories.  Then, they performed stress analysis of the truck chassis which had 

been carried out on ABAQUS
2
 software to determine maximum transverse deflection and stress 

distribution.  The stress/strain distribution values were calculated along the chassis.  The 

maximum stress and strain levels were found in the front sections of the chassis, where the engine 

and transmission are installed.  Moreover, the results showed that open U-shaped ladder frame 

profiles are capable of weight reduction and withstanding the applied loads. (Mahmoodi-k, 2014)   

Optimization of the automotive chassis with constraints of maximum shear stress, 

equivalent stress and deflection of chassis, was performed by Hirak Patel et al. and an initial 

sensitivity analysis was carried out for weight reduction.  The chassis was modeled in Pro-E™
3
 

and FEA was done on the modeled chassis using the ANSYS
4
 Workbench.  The truck chassis 

design was done analytically and the weight optimization was done by sensitivity analysis.  In 

                                                      

1
 Abaqus FEA, Abaqus/Standard, Dassault Systemes, Computer software. 

2
 Abaqus FEA, Abaqus/Standard, Dassault Systemes, Computer software. 

3
 Pro/ENGINEER Wildfire 4.0. Needham, MA: Parametric Technology Corp., 2009, Computer software. 

4
 ANSYS Workbench, Release 14, Computer software. 
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sensitivity analysis different cross sections thickness are used for stress analysis and it was able to 

implement a 17% weight reduction in the truck chassis. (Patel, Panchal, & Jadav, 2013) 

To determine the maximum stress, maximum deflection and to recognize critical regions 

under static loading condition that are important criteria for design of the chassis, Madhu and 

Venugopal carried out static analysis of the chassis frame by FEA.  The structural chassis frame 

was modeled using Pro-E wildfire 4.0
5
 software.  The pre-processing was done with 

HyperMesh™
6
 software; then the problem was solved through RADIOSS™ 

7
 and the post 

processing was visualized in HyperView™
8
.  The results indicated that the Von-Mises stresses 

were below yield strength of the material, which satisfied the design and deflection constraints.  

The initial deflection was 5.921mm.  Modifications of design were implemented to reduce the 

deflection in the structure.  Deflection of the modified structure was 3.706 mm.  Therefore the 

chassis frame deflection was reduced from 5.921 mm to 3.706 mm through this modification. 

(Madhu & Venugopal, 2014) 

It is observed that most of these analyses stop at a look and implementation of a linear 

static evaluation.  All these analyses were only considering a simplified form of the chassis and 

did not pursue any further analysis beyond static cases.  Whether they used simple optimization 

schemes or sensitivity algorithms the results were carried out over the linear static domain and 

only considered at most one material.   

  

                                                      

5
 Pro/ENGINEER Wildfire 4.0. Needham, MA: Parametric Technology Corp., 2009, Computer software. 

6
 Altair HyperMesh. Version 12, Troy, MI: Altair Computing, 1998, Computer software. 

7
 Altair RADIOSS. Version 12, Troy, MI: Altair Computing, 1998, Computer software. 

8
 Altair HyperView. Version 12, Troy, MI: Altair Computing, 1998, Computer software. 
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1.2.3 Multi-Material Design 

One way to shed weight is to change the materials used for vehicle components.  Davis 

studied the use of magnesium for the entire assembly. (Davis, 1991)  Magnesium (Mg) is the 

lightest structural and engineering metal at a density of 17 kg/m
3
 that is approximately 1/5, 2/5, 

and 2/3 the density of iron, titanium, and aluminium, respectively (Avedesian, Baker, & Ed., 

1999).   

Koehr looked at the use of lightweight steel and developed the Ultra-Light Steel Auto 

Body (Koehr, 1998).  The resulting design saved mass and increased performance relative to 

comparable steel unibodies.  Although mass savings were not as large as those achieved by 

alternative materials, this material design may also reduce manufacturing cost. .   

Carl and Blount considered an aluminium alternative.  Aluminium will most likely play a 

more important role in future car generations.  Its material properties give it some advantages and 

open the way for new applications in the automotive industry.  One of these is its use in car 

bodies.  As car bodies contribute to approximately 20% of the total weight of a car, they offer a 

promising way to reduce the weight of cars considerably. (Carle & Blount, 1999) 

 Beyer researched new materials in the form of composites such as carbon fibre.  For a 

load-bearing body structure, fibre-reinforced composite plastics with appropriately oriented 

reinforcing fibres, offer suitable lightweight construction potential even compared to aluminium.  

The technical feasibility and advantages of carbon fibre reinforced plastics are already well-

known from applications in aviation and space travel.  As long as high stiffness remains a 

concern, carbon fibres should be preferred, whereas strength requirements can also be met by 

glass or natural fibres.  With this technology it is possible to achieve a weight reduction of 50%. 

(Jambor & Beyer, 1997) 
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All previously mentioned research only investigated the use of a single material 

throughout the entirety of the chassis.  Modern research has been changing to a multi-material 

approach.  The concept of the multi-material use is that the right material types are used in the 

right locations for the desired product functions.   

The Super Light Car project is a collaborative R&D project among many European 

universities and car manufacturers using this approach to investigate effective application.  The 

three threads of research in this project are steel intensive, multi material economic and multi-

material advanced. These had different aims during development with regard to weight reduction 

and the additional costs involved in lightweight construction in comparison to the benchmark 

vehicle.  The specifications achieved reductions in weight of 10, 25, and 45% respectively.  

(Goede, Stehlin, Rafflenbeul, Kopp, & Beech, 2009) 

Furthermore others have implemented optimization schemes into the selection process of 

materials.  Researchers from Tianjin University in China have studied this concept and have 

applied it to the idea of optimizing the weight of a car door by changing both the thickness and 

material of its components.  (Cui, Wang, & Hu, 2008) 

The research presented in this paper will continue some of the work presented by Cui, 

Wang and Hu, and aims to conduct multi-objective optimization on a ladder frame chassis in 

order to reduce the overall weight.   
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1.3 Objective 

The scope of this research is to conduct a multi-material size optimization on a ladder 

frame chassis.  The chassis is modeled after the GMC Sierra or Chevy Silverado.  The use of 

several industry tools to develop an automotive chassis is presented.  The goal was to develop a 

comprehensive model that could be optimized based on the objective of lowering the overall 

weight of the structure, while staying within pre-determined design constraints. 

The modeling involves first the geometric construction within the CAD program 

SolidWorks™ followed by a finite element implementation in HyperWorks
9
 of the same model.  

The model is based on measurements and drawings found from various sources. The bottom up 

approach of the piecing together of smaller systems to give rise to larger, more complex systems 

was used. Additionally, the model uses a component based approach.  This implementation is 

used to mimic a vehicle by having the chassis be represented by an assembly of multiple 

components rather a single unibody.  The components are connected using simulated welds.  

Similarly, the material, size, thickness, and other vehicle properties are broken down and 

separated on a component basis.  They do not vary within a given component. For example, the 

thickness is uniform within a given component.  This approach permits a robust, parametric 

model in which component weight can be redistributed without concern.   

Yield strength and buckling are two of the main considerations and measures of 

performance in new vehicle designs.  Significant literature exists on the types, frequency and 

results of testing road vehicles in extreme driving events.  However, little research has been 

conducted into the performance of multi-material ladder frames under the same driving 

conditions.  This research considers these scenarios, and derives designs which increase occupant 

                                                      

9
 Altair HyperWorks, Version 12, Troy, MI: Altair Computing, 1998. Computer software 
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safety in these designs.  Furthermore, although yield strength is regularly considered in new 

vehicle designs, it is rarely used in an algorithmic optimization process due to its computational 

demands.  This research adopts a load simplification to enable the use of vehicle scenarios under 

static loads as one of the key measures of performance in the algorithms.   

Total cost considerations represent some of the areas of investigation of this research.  A 

multidisciplinary analysis must consider economic implications of any design.  Few studies 

consider material or process costs.  In past literature, references to manufacturing cost have been 

made when comparing one design to the next.  Since the chassis was to be fabricated from steel 

or aluminium components, cost was represented by the total material cost of the components to be 

made using the process as before.   

The overall optimization scheme has two major focuses.  The first looks to perform 

thickness optimization in the outer walls of the ladder frame.  The second furthers the analysis by 

implementing a multi-material distribution, including mostly steel and aluminium varieties.  An 

optimal design configuration that minimized cost and weight was determined by combining the 

two methods.  A cyclical feedback relationship was developed between these two parts which 

combined their effect and offered greater improvements than one or the other could on their own.  

Appropriate loading and boundary conditions were used to accurately represent real driving 

scenarios.  Furthermore the design constraints needed to ensure that the model would not yield or 

fail for large load applications.   

The document is separated into four additional sections.  Chapter 2 will provide 

information to describe procedure, methods and theory behind our research.  Chapter 3 and 4 will 

discuss the finite element modeling and optimization methods used and their respective results.  

Chapter 5 will discuss e results and concluding remarks.  
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Chapter 2 

Methods and Theory 

2.1 Simplified Analytical Calculations  

Like most mechanical problems the first step is to perform simple analysis to determine 

typical values expected from more advanced simulations.  An initial analysis was performed to 

establish a baseline for values of interest.  Simplified hand calculations were done to approximate 

the displacements and stresses that would occur on a single beam (rail of the ladder frame) under 

the maximum payload of the vehicle.   

However in order to make the calculations practical there are significant assumptions that 

need to be made in order to simplify the problem.  It was assumed that a uniformly distributed 

load was acting on the entire span of a beam, and was supported at 2 points with 2 unsymmetrical 

overhangs.   

The uniformly distributed load is a reasonable approximation of how the actual load of 

the vehicle is distributed.  In reality the load is distributed along several point sources along the 

rail and crossbeams.  These loads have all very similar magnitudes and thus can be averaged 

along the beam to create a more uniform distribution.   

The two support points represent the front and back suspension/axle connections.  The 

actual connections spread over a slightly larger area, but overall act as fixed points.  The support 

points are also connected to the front suspensions. Since the simplified analysis is only done to 

calculate the stress and displacement, ignoring the spring effect is acceptable in this static 

analysis.   
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The unsymmetrical overhangs are simple representations of the parts of the rail that are 

both ahead of the front suspensions and behind the rear axle.   

 
𝑠 =

𝑊

2𝑍𝐿
𝑐2 Eqn.  1 

 

 
𝑦 =

𝑊𝑐

24𝐸𝐼𝐿 
[2𝑙(𝑑2 + 2𝑐2) + 3𝑐3 − 𝑙3] Eqn.  2 

 

 

 

𝑍 =
𝐵𝐻2

6
−

𝑏ℎ3

6𝐻
   

Eqn.  3 

 

(Erik Oberg, 2000) 

Where: 

 E = modulus of elasticity, 

 I = moment of inertia, 

 Z = section modulus of the cross-section of the beam, 

 s = stress at the cross section being evaluated, 

 y = deflection at chosen point, 

 W = load, 

 L = total length of the beam, 

 l = length between the two supports, 

 c, d are the lengths of the front and back overhangs respectively. 
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Eqn.  1 was used to find the stress for both the front and back overhang using d and c for 

each case.  The deflections at the front end of the rail were calculated using Eqn.  2, with c and d 

for the deflection on the rear.  

2.2 Geometric Modeling 

In order to build the model accurately, the design specifications and measurements 

needed to be acquired in order to replicate a ladder frame model.  The CAD model was based on 

drawings and specifications available from online resources on GM’s website, typically used for 

aftermarket products.  The primary role of the General Motors Upfitter Integration group is to 

provide technical assistance to the hundreds of upfitters in the field who regularly modify GMC 

vehicles for a wide variety of commercial applications.  In this case the light and medium duty 

body builder manuals that are published by GMC Upfitter Integration contains a wide range of 

technical information, including for example electrical schematics, body and frame dimensions 

and exhaust system modification. Figure 1and Figure 2 demonstrate sample 2D schematic 

drawings for the overall structure of the frame and its components.   
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Figure 1: Sample rail drawing from GMC’s body building specification manual (GMC, 

2014) 

 

Figure 2: Top and side view of underbody vehicle systems locations (GMC, 2014) 
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In addition to the GMC resources, that did not provide a complete dimensions scheme of 

the ladder frame, a finite element model from the National Crash Analysis Center (NCAC) was 

used to complete the model.  The NCAC is a successful collaborative effort among the Federal 

Highway Administration, the National Highway Traffic Safety Administration and The George 

Washington University (GW) all in the United States of America.  The NCAC primarily supports 

the U.S.  Department of Transportation’s strategic goal to reduce fatalities and injuries on the 

nation’s roadways, but has also served to enhance efforts to improve safety worldwide. (National 

Crash Analysis Center, 2014) 

In NCAC's Vehicle Modeling Laboratory, researchers have reverse engineered vehicles 

to develop models that virtually recreate automobiles and trucks.  With these accurate models, 

one can simulate several different crash scenarios and predict vehicle and occupant response to 

incidents.  Such analysis leads to more efficient research time and more effective and useful data 

for making safety decisions. 

The model used for cross referencing from the NCAC is a 2007 Chevy Silverado as seen 

in Figure 3.  This particular model was built in LS-DYNA™
10

, a finite element modeling 

software.  The model was imported into the software suite HyperWorks
11

 so as to be manipulated 

and simplified to only include and display the rail components of the vehicle as seen in Figure 4.  

The model was then used to measure any missing dimensions provided from the GMC manuals.  

A complete comparison report between the Structural Multidisciplinary Systems Design (SMSD) 

lab model and the NCAC model can be seen in Appendix B. Furthermore a component by 

component comparison can be seen in Appendix C. 

                                                      

10
 LS-DYNA, Version R711, Livermore Software Technology Corporation. Computer software 

11
 Altair HyperWorks, Version 12, Troy, MI: Altair Computing, 1998. Computer software. 
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Figure 3: A view of the complete NCAC model (National Crash Analysis Center, 2014) 

 

Figure 4: Reduced NCAC model displaying the ladder frame (National Crash Analysis 

Center, 2014). The colours represent the individual components of the model.  
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 The geometric model was created in SolidWorks
12

.  SolidWorks is a parasolid based solid 

modeler that utilizes a parametric feature-based approach to create models and assemblies.  

Consequently building a model in SolidWorks usually starts with building 2D sketches.  The 

sketch consists of geometry such as points, lines, arcs, conics, and splines.  Dimensions are added 

to the sketch to define the size and location of the geometry.  Relations are used to define 

attributes such as tangency, parallelism, perpendicularity, and concentricity.  The parametric 

nature of SolidWorks means that the dimensions and relations drive the geometry, not the other 

way around.  The dimensions in the sketch can be controlled independently, or by relationships to 

other parameters inside or outside of the sketch. (Dassault Systèmes) 

 The approach used was to build each part of the rail as a separate part in SolidWorks, and 

organize major components into sub-assemblies.  Once each part and sub-assembly was 

completed they were combined together in an assembly.  In an assembly, the equivalents to 

sketch relations are mates.  Just as sketch relations define conditions such as tangency, 

parallelism, and concentricity with respect to sketch geometry, assembly mates define equivalent 

relations with respect to the individual parts or components, allowing the easy construction of 

assemblies.  The completed assembly can be seen in Figure 5.   

                                                      

12
 SolidWorks, SOLIDWORKS Corporation, Version 2014, Dassault Systemes, Computer Software 
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Figure 5: SolidWorks ladder frame assembly 

The modeling approach maximized the use of symmetry.  Many of the components 

exhibited natural symmetry along one particular axis.  One rail was built, and its counterpart was 

mirrored to complete the model.  The same approach was used for smaller components in order to 

save modeling time.  This approach simplifies the process and ensures modeling errors are kept 

low.   
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Figure 6: Modeling map for component names.  

 A naming convention was implemented in order to keep the created components clear 

and easily identifiable. Figure 6 displays a number for each of the key components of the ladder 

frame. Table 1 below shows the naming convention used for the components displayed in Figure 

6. The components for the left rail observe the same naming rules as the right rail.  
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Table 1: Component naming convention and according abbreviation. 

Label Component Name Abbreviation 

1 Right Rail 1 RR1 

2 Right Rail 2 RR2 

3 Right Rail 3 RR3 

4 Right Rail 4 RR4 

5 Right Rail 5 RR5 

6 Right Rail 6 RR6 

7 Crossbeam 1_1 CB1_1 

8 Crossbeam 1_2 CB1_2 

9 Crossbeam 1_3 CB1_3 

10 Crossbeam 2_1 CB2_1 

11 Crossbeam 2_2 CB2_2 

12 Crossbeam 2_3 CB2_3 

13 Crossbeam 3_1 CB3_1 

14 Crossbeam 3_3 CB3_3 

15 Crossbeam 3_4 CB3_4 

16 Crossbeam 3_5 CB3_5 

17 Crossbeam 4_1 CB4_1 

18 Crossbeam 4_2 CB4_2 

19 Crossbeam 4_3 CB4_3 

20 Crossbeam 5 CB5 

21 Crossbeam 6 CB6 

22 Crossbeam 7 CB7 

23 Crossbeam 8 CB8 

24 Crossbeam 3_2 CB3_2 
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2.3 Loads and Boundary Conditions 

Loads and boundary conditions are used to create loading and testing parameters needed 

to simulate realistic driving conditions of the vehicle.  These loads reflect a major portion of the 

accuracy of the FEA.  The loads applied to the vehicle consider the highest tolerable forces to a 

chassis structure that would cause irreversible damage. As long as the enforced boundary 

conditions of yield strength are not violated, the design will ensure that the highest safety 

concerns are met and that passengers are unharmed.  Four loading scenarios are the target of 

analysis. 

The scenarios should cover bending, torsional, lateral and vibrational formats to cover the 

full spectrum of potential loads on a vehicle.  These will be used to simulate driving cases such as 

driving over potholes, bumpy roads, aggressive cornering and large accelerations (including 

braking).  Crash analysis will be ignored since the focus of the analysis will be linear elastic 

responses.  The constraints of the model depend on both the connectivity of the vehicle 

components and the particular loading case.  Figure 7 below shows the complete model of the 

ladder frame. The yellow arrows indicate point loads while the red triangles show constraint 

locations. The different colours of each part represent different components of the model.  
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Figure 7: Complete model of the ladder frame. Different colours represent different 

components.  

2.3.1 Body weight of the vehicle 

The weight of the vehicle and its corresponding distribution provide a consistent static 

load on the model.  The applied load is the sum of the vehicle weight and the stated maximum 

payload capacity of the vehicle to ensure that the highest safety concerns are met.  This load came 

to a total of 31750 N.  This weight was distributed according to the manufacturer’s stated 60/40 

split.  This is 60% of the weight applied to the front (19050 N) and 40% applied to the back 

(12700 N).  Furthermore the loads needed to be applied in an accurate manner to the rails.  This 

necessitated the creation of 10 brackets as seen in Figure 8. Much of the vehicle’s weight is 
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applied to these brackets.  Similarly load points and distribution beams were created for the 

positions of the engine cradle in the front, and for the cargo bed in the back.  All in all, this 

created 15 areas, which can be seen in Figure 9, where the weight of the car is applied.  The 

simplifying assumptions made in this section were that once divided into the 60/40 split, the load 

points were evenly distributed.   

 

Figure 8: Bracket component created for load applications of the body weight. 

 

Figure 9: Body weight load distribution on the ladder frame. Arrows indicate locations of 

point forces.  
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2.3.2 Load Scenarios 

 

Figure 10: Degrees of freedom 

The general dynamics of a vehicle considers two forms of movements, rotational and 

translational motion.  Rotational motion includes roll, pitch and yaw while translational motion 

has jerk, snake and bounce.  As seen in Figure 10 a roll is a rotation about the x axis, a pitch is a 

rotation about the z axis and yaw is a rotation about the y axis.  

The scope for this study was to examine load cases of all those mentioned except jerk and 

snake.  A jerk is a form of acceleration in the x direction (forward) of a vehicle, and although it is 

important, a forward force has little to no effect on a chassis when there is no crash analysis and 

only linear responses are concerned.  A snake is an acceleration in the z direction (sideways).  

Due to the long shape of the chassis, it is impractical to isolate a sideways movement to have pure 

translational forces.  Hence the snake and yaw cases are not separate cases but in fact both 

contributing to the actual load scenario.  

The rotational cases of pitch and roll (bending and torsion) are examined by simulated 

pothole encounters with various wheels in the form of point loads (10kN).  Yaw will be used to 

examine the effect of car spins or slipping and the effect of cornering respectively.  These 

conditions cause the rectangular chassis frame to distort to a parallelogram shape, known as 

lozenging.  Typical instantaneous overloads due to vehicles driving over potholes can range 
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anywhere between 6kN and 16kN depending on pothole dimensions and vehicle velocity. 

(Matsika, 2000) 

The translational motion case of bounce (Y direction) will be used to simulate low 

amplitude cobblestone roads.  This will be achieved by performing a frequency load analysis.   

The following three figures demonstrate the loads and constraints implemented for each 

of the mentioned load cases.   

 

Figure 11: Bending load case, simulating a pothole encounter on the front two wheels.  

 Figure 11 demonstrates the bending load case.  In this case the loads are applied as point 

sources in the upwards (+Y) direction.  The forces are situated at the locations of the front 

wheels. The loads represent a force of 10kN.  The model is constrained for all degrees of freedom 

in four locations.  The model is constrained at the locations of the back wheels and on the back 

ends of the rail.   
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Figure 12: Torsional load case simulating a pothole encounter on both the front right rail 

and the back right rail.  

Figure 12 demonstrates the torsional load case.  In this case the loads are applied as point 

sources in the upwards (+Y) direction.  The forces are situated at the locations of the front right 

and back left wheels.  The loads represent a force of 10kN.  Furthermore the model is constrained 

for all degrees of freedom in four locations.  The model is constrained at the locations of the back 

right and front left wheels and on the ends of the front left and back right rails.   
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Figure 13: Yaw or lozenging load case, used for simulating cornering accelerations.  

Figure 13 demonstrates the Yaw load case.  In this case the loads are applied as point 

sources in the right (-Z) and left (+Z) direction.  The forces are situated in the middle of 

outermost side the front left rail and the middle of the outermost side of the back right rail.  The 

loads represent a force of 5kN.  Furthermore the model is constrained for all degrees of freedom 

in four locations.  The model is constrained at the locations of the back and front wheels.   
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2.3.3 Modal Analysis and the Determination of Viable Constraints 

In a modal analysis there are no applied forces.  The only necessity for the solver is to use 

constraints.  The frequency range or a certain number of harmonic modes need to be input as the 

stopping criteria.  Here the constraints of the body weight load case – front and rear wheels – 

were used along with finding the first 3 modal responses.  In normal mode analysis, the natural 

frequencies obtained are used to relate to the operating conditions of the truck while the mode 

shapes are used to determine whether the mounting locations of components on the truck’s 

chassis are suitable. (Brown, Robertson, & Serpento, 2002) 

The first 3 modes were found to be at 12Hz, 16Hz, and 20 Hz respectively.  The 

dominant mode of the chassis was found to be a lateral bending motion which occurs at 12.48Hz 

with maximum translation occurring in the area of the 5th crossbeam.  The second mode is that of 

vertical bending at 16.8 Hz again in the same region of the 5th crossbeam.  The third mode is a 

torsional mode found at 20.8Hz with the deflection found to be most affected in the middle of the 

rail.  These results emphasize the constraints on the ends of the rails since they remain fixed in all 

three modes. 

The dynamic characteristic of the truck’s chassis is very important when related to the 

operating environment of the truck.  During the running of the engine, the chassis will be 

subjected to the forces from the engine, transmission system, and exhaust.  As the truck travels 

along the road, the chassis will be excited by dynamic forces induced by road roughness. (Wong, 

1978) Each of the above excitation forces has their own excitation frequencies. If excitation 

frequencies coincide with natural frequencies of the structures then this will result in the 

resonance phenomena.  However most of these effects are studied and mitigated through the use 

of complex suspension systems.   
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The purpose of a modal analysis is to see how certain components interact with each 

other when excited by external frequency.  This is done so as to avoid resonance with other parts 

and to ensure that connections between parts will not break.  Yet the only major component 

studied here is the ladder frame.  Without the complete structure of the vehicle it is not possible to 

specify a design constraint on the mode shapes and natural frequencies that would meet any form 

of NVH (noise, vibration, harshness) comfort levels. (Fenton, 1998)   

However it is still possible to choose an arbitrary number within the usually accepted 

range of the vehicle’s design.  Diesel engines are known to have the operating speed varying from 

8 to 33 revolutions per second (RPS).  In the low speed idling condition, the speed range is 8 to 

10 RPS.  This translates into excitation frequencies varying from 8 to 33 Hz.  The excitation from 

the transmission system is 0 to 100 Hz. (Teo, 2007) The main excitation is at low speeds, when 

the truck is in first gear.  At higher gears or speeds, the excitations to the chassis are much less 

caused by engine vibrations but more from road surfaces.  Excitation from the road is the main 

disturbance to the truck’s chassis when the truck travels along the road.  In practice, the road 

excitation has typical values varying from 0 to 100 Hz.  At high speed cruising, the excitation is 

about 3000 rpm or 50 Hz.   

Consequently based on the broad range and usual design space, the recommended range 

for the natural frequencies should be either between 8 Hz and 24 Hz or between 30 Hz and 50 Hz.   
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Chapter 3 

Finite Element Analysis 

3.1 Finite Element Modeling 

The first step for element modeling was to import the previously created CAD 

(geometric) model into a program that could help build upon or extract finite element properties.  

The model was imported into HyperWorks’ HyperMesh
13

.  HyperMesh recognized most of the 

geometric features of the created CAD model. 

The CAD model was then used to extract 2D mid-surfaces of all the components included 

in the geometry.  It was imperative to verify that all the extracted mid-surfaces were continuous 

for each separate component; where this was not the case they would need to be connected 

together manually.  At this point the model consisted of entirely 2D surfaces (without physical 

thickness).   

3.1.1 Meshing 

A meshing plan was determined to outline a continuous mesh.  Using planar shell 

elements, the finite elements were meshed from all the geometric 2D surfaces of each component 

into their corresponding finite element component.   

The complete finite element model can be seen in Figure 14.  The elements used for the 

meshing were 2D higher order triangle or quadrilateral elements.  The uses for these elements 

were in the calculations of plane strain and plane stress.  Shell elements are suitable for this 

project’s analysis and are used in industry.  This choice of element provides information on local 

                                                      

13
 Altair HyperMesh. Version 12, Troy, MI: Altair Computing, 1998, Computer software. 
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stress and strain for thin walled structures, such as the ladder frame.  The only limitations of this 

element choice are results across the thickness, where there could be drastic changes for thicker 

or heavier objects.  In structural analysis, higher order elements are typically used as they better 

represent complex geometry and perform better than lower order elements in mixed meshes using 

degenerate elements.   

 

Figure 14: Isometric view of the finite element model 

 A good mesh depends on the physics of the problem, the response of the structure, the 

accuracy required and the tools and elements available.  The best mesh possible to create is one 

that respects the following element criteria:  

 Aspect ratio: A relationship between the largest and smallest dimensions of the element.  

The aspect ratio should be kept as close to 1 as possible. 

 Parallel deviation: A measure of whether or not opposite sides of a quadrilateral element 

are close to being parallel.  Edges that are closer to being parallel are better. 
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 Maximum corner angle: The maximum corner angle should be as close as possible to 60° 

for triangles and 90° for quadrilaterals.   

 Jacobian ratio: A measure of the position of mid-side nodes.  Mid-side nodes should lie 

close to the line created between adjacent corner nodes.   

 Warping factor: A measure of how in-plane the element is.   

A mesh failure will occur if an element does not satisfy the tolerances applied to each of these 

shape criteria.  The ultimate goal is to have elements with flat faces of equilateral triangles or 

perfect squares.   

3.1.2 Loading Paths and Contacts of the Underbody 

The way forces are transferred from the road to the chassis and suspensions systems of 

the truck, needed major geometric simplifications in order to facilitate the application of forces in 

the FEM.   

The approach used to simulate the front interactions involved the use of two beams and 

one spring acting independently from one side of the vehicle to the other (Figure 16).  This was 

the approximation used to simulate a MacPherson strut combined with the coil spring suspension 

system used in the vehicle (Figure 15).  Since the truck is rear wheel drive (RWD) the front 

suspensions are independent from one another.  The location of the constraint in the Figure 16 

represents the center of the wheel.   
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Figure 15: 2007 Silverado front coil spring (2007 GMT-900 platform 1/2 ton GM Trucks) 

 

Figure 16: Front left suspension FEM implementation. This includes two beam elements 

and one spring element all connected at one constrained node that represents the wheel.  

Because the car is RWD, there is an axle crossing between the two wheels that connects 

them.  The two wheels cannot act independently from one another.  The suspension method 

implemented for this vehicle is that of a semi-elliptical double eye leaf spring as seen in Figure 17 

(Suspension 101).  This system is typically used for heavy loads.  This has a similar effect as a 
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spring with the friction between leaf plates causing damping.  The leaf springs are connected to 

the axle using U-Bolts.  In order to simulate the interactions between the two wheels, an axle 

component was modeled.  The ends of the leaf springs were ignored and only the spring 

interaction was modeled.   The layout of the rear axle can be seen in Figure 18. 

 

Figure 17: Leaf spring suspension drawing in CAD (Suspension 101) 

 

Figure 18: Rear axle FEM implementation, including a designed axle component in read 

and a spring element in purple.  
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3.1.3 Joints 

The created elements of each component are all independent from each other.  Each 

component did not retain the mating relationships from SolidWorks, but merely the geometric 

spacing provided by the CAD model.   

In order to ensure realistic connectivity, appropriate elements needed to be added 

between model parts to simulate the welds and bolts of a real assembly.  From one component to 

another, spot weld elements or beam elements were added to simulate the true joining method 

used in the manufacturing of the frame.  The choice and method of element depends on the layout 

and actual assembly method.  For example if the layout of the geometry suggests the use of lap 

joint, weld elements ‒ rigid 1D elements with 2 nodes ‒  are used to model these connections.  

The welds would be added to the seam edge, 1 rigid element connection for each outer node on 

the edge.  Ultimately this is used to simulate continuous rigid elements connecting both 

components.   

 

Figure 19: Complete view of FE model with weld locations numbered and identified. 
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A welding scheme was developed to clearly keep track and identify welding locations 

and areas of joining.  Most of the scheme can be seen in Figure 19, however not all areas can be 

seen from this view.  To see all joining areas highlighted, refer to the first section of Appendix D.  

The following three joining areas represent a sample of the process used.   

 

Figure 20: Joining area 15 

There are a total of 32 beam elements for joining area 15 as seen in Figure 20.  The 4 

bolts each have 8 elements per connection and resemble the layout of a spider bolt.  The spider 

bolt approximation substitute’s line elements for the head, nut, and stud.  A series of beam 

elements represent the head/nut in a web-like fashion.   

The FE implementation of joining area 15 represents a web of beam elements connecting 

both components.  The originating node is at the center of a mild dent slightly above the surface 

of the inner part.  The target nodes are 4 nodes on the outer surface that are conically spread from 

the origin node, and 4 nodes on the edge of the dent on the original surface.  They are connected 

by 1 rigid element connection for each outer node on the edge and 2 rigid elements for each 2D 



 

 

 

 

39 

 

surface element.  The element type used are bolt elements, which are beam like 1D elements with 

2 nodes used to model bolted connections.   

 

Figure 21: Joining area 16 

There are a total of 23 weld points for joining area 16 as seen in Figure 21.  There are 15 

joints that go along the two outside edges and 8 weld locations along the top edge, on the inside 

of the beam.  The layout of the geometry suggests the use of a T-joint.  The NCAC model used a 

series of spot welds along the edges which is suggestive of seam welding. 

The FE implementation of joining area 16 represents continuous rigid elements 

connecting both components.  The originating nodes are on the edge of the outer piece while the 

target nodes are normal (perpendicular to surface) or closest to the edge of the original surface 

that coincides with the second part/component.  The element types used are weld elements. 
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Figure 22: Joining area 25 

There are a total of 45 weld points for joining area 25, as seen in Figure 22.  Using the 

entire model as a reference frame, there are 23 joints along the inside radius of the left rail and 22 

along the right rail.  The joints are along circular interfaces both on the inner and outer rail holes 

and are perpendicular to the cylindrical crossbeam; hence T-joints are suggested.  The NCAC 

model used a series of spot welds along the edges which is suggestive of seam welding. 

The FE implementation of joining area 25 uses continuous rigid elements connecting 

both components.  The originating nodes are on the edge of the outer piece that aligns with the 

rails holes.  The target nodes are normal or closest to the edge of the original surface that coincide 

with the hole elements on the second component.  Weld elements were used to simulate this 

joining area.   

A complete table of all the joint locations and the methods used in the finite element 

approximation can be seen in Appendix D.   
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3.1.4 Material Properties 

Material properties in HyperWorks are implemented via a two-step system.  First the 

material entities are used to define and store material definitions for a model.  When a component 

is assigned a material, that material assignment is applied to all elements collected by that 

component.  (Altair) The material information includes material properties for linear and isotropic 

materials such as Young’s modulus, density and Poisson’s ratio.  Then, for shell elements the 

property information can be assigned to a component (and its shells) which mainly contains 

information on the part’s thickness.  This research project involves the use of multi-material 

optimization and thus examines two major material types: steel and aluminium. 

All steel properties were set to the standard AISI 4130 while the aluminium of choice 

was the 6061-T6.  For the purposes of analysis, aluminium was only considered during the multi-

material optimization phase of this project.  A summary and comparison between the steel and 

aluminium material properties can be seen in Table 1. 

Table 2: Summary of material properties 

Material Steel (AISI 4130) Aluminium (6061-T6) 

Young’s Modulus 2.1E11 Pa 6.9E10 Pa 

Poisson’s Ratio 0.29 0.330 

Density 7850 kg/m
3
 2700.00 kg/m

3
 

Yield Strength 4.35E8 Pa 2.7E8 Pa 
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3.2 Convergence Study 

Mesh refinement was conducted to analyse the relationship between element reduction 

and how the result of interest will converge to an accurate value.  This is done to determine 

whether the mesh size in the region of interest is optimal and whether the results are accurate.   

There were 3 simple load cases investigated, each with 3 locations of interest where the 

refinement was examined.  Five mesh densities were investigated.  Since convergence typically 

occurs faster for displacements, the displacements of the 3 locations of interest per load case were 

tabulated and compared.  A layout of the load cases and their respective locations of interest can 

be seen in the figures below.   

 

Figure 23: Load case A, although similar to the bending case, this is completely different 

scenario used for the convergence study 

In Figure 23, load case A has 4 downward (-Y) loads applied to the front of each rail, 

each with a 1kN force. Furthermore the model is constrained for all degrees of freedom on the 
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back ends of the rail. Location 1 is situated at the front end of the right rail. Location 2 is found 

on the corner of the flat plate component of crossbeam 4 while location 3 is in the middle of the 

top surface of the back right rail.  

 

Figure 24: Load case B for convergence study 

In Figure 24, load case B has 4 downward (-Y) loads applied to the front left and back 

right rails. Similarly it has 4 upwards (+Y) loads on the front right and back left rail edges. All 

loads represent a 1kN force. Furthermore the model is constrained for all degrees of freedom in 

the middle of both rails of the frame. Location 1 is situated at the front end of the right rail. 

Location 2 is found on the front end of the left rail while location 3 is on the back edge of the left 

rail.  
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Figure 25: Load case C of the convergence study 

In Figure 25, load case C has 4 downward (-Y) loads applied, 2 in the centre of the first 

crossbeam and 2 on the back right rails. There are 2 upwards (+Y) loads on the back left rail 

edges. All loads represent a 1kN force. Furthermore the model is constrained for all degrees of 

freedom in the middle of the bottom surface for the right and left back rails. Location 1 is situated 

on the middle of the top surface of crossbeam 1. Location 2 is found on the back end of the left 

rail while location 3 is on the back edge of the right rail.  
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The displacements values considered were solely in the Y-directions (vertical).  A 

summary of the results can be seen in Table 3.   

Table 3: Vertical displacements results used for comparison of different mesh densities. The 

displacement values are in metres.  

LOAD 

CASE LOCATION 

MESH 

DENSITY 5 

(25mm) 

MESH 

DENSITY 4 

(20mm) 

MESH 

DENSITY 3 

(15mm) 

MESH 

DENSITY 

2 (10mm) 

MESH 

DENSITY 

1 (5mm) 

MESH 

DENSITY 

0 (2.5mm) 

L
o
ad

 

C
as

e 
A

 Location 1 
15.6 4.201 4.558 4.679 4.688 4.666 

Location 2 
8.545 2.303 2.5 2.565 2.57 2.558 

Location 3 
1.323 0.3663 0.3976 0.4083 0.4087 0.4068 

L
o
ad

 

C
as

e 
B

 Location 1 
0.001551 0.00144 0.00151 0.001393 0.001364 

 
Location 2 

-0.001559 -0.00176 -0.001457 -0.001412 -0.001444 

 
Location 3 

0.001891 0.0014 0.001259 0.001378 0.001369 

 

L
o
ad

 

C
as

e 
C

 Location 1 
-0.3662 -0.3735 -0.3955 -0.3635 -0.3295 

 
Location 2 

0.1215 0.112 0.1178 0.1082 0.09808 

 
Location 3 

0.1081 0.1102 0.1167 0.1071 0.09702 

  

The following figures display a sample of the convergence plots for the data collected.  

For load case A the values for the coarse 25mm mesh were not displayed to highlight and show 

the curvature of the convergence.  For more of the tables refer to Appendix A. 
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Figure 26: Convergence study load case a location 1 results 

 

Figure 27: Convergence study load case a location 2 results 
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Figure 28: Convergence study load case a location 3 results 
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A quick look at the node to element count relationship shows the expected linear growth 

of the model when refinement is applied.   

 

Figure 29: Node to element count relationship 

A similar investigation was done for the 1
st
 loading case to see the relationship between 

computing time and mesh density.   

 

Figure 30: Node to CPU time relationship 
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An exponential growth is seen in this graph which is an important aspect to note when 

deciding on the cost to benefit ratio for the desired mesh size.   

In general a change of less than 2% is considered converged.  The results from load case 

A show a clear convergence beginning at a mesh size of 10mm.  There is an odd change in the 

last value for each location; however it is believed that this is the beginning of some oscillatory 

behavior in the solver.  Load case A represents a similar condition to a cantilever beam. 

The results for load case B found in Appendix A are a little less clear.  On closer 

investigation, and by looking at the percent change values, it can be seen that the change drops 

below 2% for the 10mm to 5mm mesh sizes, indicating a form of convergence.   

Load case C presents some problems in the reported values and can be seen in Appendix 

A.  The three locations show oscillating values and no real form of convergence.  In fact, the 

percent change in values increases for each refined mesh size.   

According to the convergence plots, a case could be made for choosing either a 10mm or 

5mm mesh size.  The results from a 2.5mm density, although seemingly more accurate, simply do 

not provide a valid choice due to its long run time.  The changes in values from load case A were 

small enough to be ignored for the remaining load cases.  The 10mm values show a good 

convergence in load case A and less so in load case B.  Nonetheless, for this model in particular 

there exist many holes and bolt locations that are represented by small geometric features.  In 

order to capture these properly and their analytical results, a mesh density of 5mm is required.  It 

is therefore recommended to use a 5mm mesh size to capture the local behavior of these small 

features.  The 5mm case is fully converged for both load case A and B.  The results from load 

case C show the least amount of confidence in the convergence.  For all three locations the results 

seem to hover around a certain value.  It is believed that the loading in the front location for this 
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problem was slightly inconsistent across the different mesh sizes.  However this should have little 

to no effect of the results of location 2 and 3.  It is therefore strange to see this behavior.  For 

location 2 and 3 the values are trending downwards but there is no sign of convergence. 

3.3 Simplified Analytical Calculations and Vehicle Properties 

Here are some of the vehicle’s properties of the Sierra/Silverado used to model and 

simulate simple conditions.  The important ones to note are the maximum payload and total load 

acting on chassis. 

Table 4: Basic vehicle properties 

Property Value 

Vehicle Model GMC Sierra 1500 Regular Cab 

Total Length 5221 mm 

Front Overhang 1000 mm 

Rear Overhang 1198 mm 

Wheelbase 3023 mm 

Maximum Payload 947 kg 

Base Curb Mass 2080 kg 

Total Load Acting on Chassis 29695 N 
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The results from the simplified analytical calculations outlined in 0 are summarized in the 

following table.   

Table 5: Displacement and stress of the simplified analytical calculations 

 Displacement Stress 

Front Overhang Location 0.023 m  287 MPa 

Back Overhang Location 0.096 m 378 MPa 
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3.4 Static Analysis 

3.4.1 Displacement 

Looking at the results from the simple all steel FEA static analysis for each of the load 

cases yields the following vertical displacement results for 7 different nodal locations.  These 

results are not optimized and simply show a baseline for the results to be improved upon. 

Table 6: Vertical displacement values for each load case in metres 

Node Component Location Body Weight  Bending Torsional Yaw 

Left Rail 1 
1.87E-05 3.00E-02 1.47E-04 2.71E-05 

Right Rail 1 
2.79E-05 3.18E-02 2.34E-02 6.31E-05 

Left Rail 2 
1.65E-03 8.36E-03 6.42E-03 3.49E-04 

Left Rail 3 
2.78E-03 1.66E-03 1.02E-02 6.45E-04 

Right Rail 3 
2.72E-03 2.86E-03 1.71E-02 1.21E-03 

Left Rail 6 
2.55E-03 4.52E-03 1.43E-02 7.14E-04 

Right Rail 6 
2.66E-04 4.39E-04 2.38E-04 2.24E-03 

 

A more graphical representation is seen Figure 31.  The highest displacement was of 

0.032 m seen at the front of the rail for the bending load case.   
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Figure 31: Comparison of all displacement values 

 

3.4.2 Stress 

The stress results were calculated for an element on each major component of the ladder 

frame. Each element used for stress measurements was selected from the top surface of its 

corresponding component and would be situated near the center of the part.  This is to say one 

element for each rail component and mid-section crossbeam.  This involves 18 total locations.  

The stress results are seen in Table 7 . 

Table 7: Von-Mises stress results for various elements of each major component in Pa 

Component Name Body Weight Bending Torsional Yaw 

Crossbeam 1_1 5254000 3845000 65160000 6315000 

Crossbeam 2_1   2288000 3477000 25060000 5250000 

Crossbeam 3_1 707900 585000 617400 1981000 

Crossbeam 4_3  5457000 5055000 7853000 15610000 

Crossbeam 5 186200 1543000 856900 6621000 

Crossbeam 6 824100 561300 9405000 5703000 

Crossbeam 7   2900000 5283000 11030000 10800000 
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Crossbeam 8 501200 1211000 8015000 8039000 

Left_Rail_1 491400 80370 5045000 676300 

Left_Rail_2   6341000 33630000 8657000 7338000 

Left_Rail_3   9184000 72660000 6959000 7187000 

Left_Rail_6  21360000 46310000 7034000 10940000 

Left_Rail_6  24570000 104300000 6569000 10200000 

Right_Rail_1 3208000 40820 94650 643700 

Right_Rail_2   7148000 21040000 7936000 7967000 

Right_Rail_3    8952000 62480000 10220000 7215000 

Right_Rail_6 19750000 39850000 6413000 8380000 

Right_Rail_6 26410000 112600000 10050000 7255000 
  

The largest stress was found during the bending load case and was found to be in the 

transition area between the middle and back of the frame.  A graphical comparison of the results 

can be seen in the following figure.   

 

Figure 32: Maximum Von-Mises stress values for each loading case 
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Chapter 4 

Structural Optimization Design 

4.1 Optimization and Convergence Implementation 

OptiStruct uses an iterative procedure known as the local approximation method to solve 

optimization problems.  Most local optimization algorithms are gradient-based.  As indicated by 

the name, gradient-based optimization techniques make use of gradient information to find the 

optimum solution of the problem statement.  These techniques are popular because they are 

efficient (in terms of the number of function evaluations required to find the optimum); they can 

solve problems with a large number of design variables, and they typically require little problem-

specific parameter tuning. (Venter, Review of Optimization Techniques, 2010) These algorithms, 

however, also have several drawbacks.  They can only locate a local optimum and they have 

difficulty solving discrete optimization problems.   

Gradient-based algorithms typically make use of a two-step process to reach the 

optimum.  The first step is to use gradient information for finding a search direction (S) in which 

to move.  The second step is to move in this direction until no more progress can be made.  The 

second step is known as the line search, and provides the optimum step size α.  The evaluation 

point continues to update and change until an optimum is reached.   

 𝑥𝑘+1 = 𝑥𝑘 + 𝛼𝑺𝑘 
Eqn.  4 
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The algorithms implemented by OptiStruct are variations of gradient based methods.  To 

find a local minimum of a function using gradient methods, one takes steps proportional to the 

negative of the gradient of the function at the current point.  For most optimization problems, the 

gradient information is not readily available and is obtained using finite difference gradient 

calculations.  Finite difference gradients provide a flexible means of estimating the gradient 

information.  A flowchart of the basic steps taken in a gradient based algorithm can be seen in the 

following figure.   
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Figure 33: Flowchart of a basic optimization process 



 

 

 

 

58 

 

For constrained optimization there are two approaches that are usually considered.  First 

are barrier/penalty methods and the second are direct methods.  The direct methods directly solve 

the non-linear constrained optimization problem of the problem statements.  Many different 

constrained optimization algorithms are available.  In OptiStruct, two algorithms that are 

commonly encountered are the Modified Method of Feasible Directions (MMFD) algorithm, and 

the Sequential Quadratic Programming (SQP) algorithm.   

The particular algorithm used by OptiStruct for this project’s optimization schemes is a 

variation of the Method of Feasible Directions algorithm.  The MMFD algorithm is based on a 

modification of the original method of the feasible directions algorithm.  The modification 

provides a search direction that follows the active constraint bounds (rather than moving inside 

the feasible region) towards the optimum.  The MMFD algorithm is extremely robust, has the 

property of quickly finding the feasible design space, and is widely used in structural 

optimization.   

  In general the steps taken by OptiStruct to determine solutions to the optimization 

problem resemble the following Method of Feasible Direction flowchart seen in Figure 34. 
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Figure 34: Flowchart of HyperWorks’ version of the method of feasible direction algorithm 
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To achieve a stable convergence, design variable changes during each iteration are 

limited to a narrow range within their bounds, called move limits.  The biggest design variable 

changes occur within the first few iterations and convergence for practical applications is 

typically reached with only a small number of FE analyses. 

The design sensitivity analysis calculates derivatives of structural responses with respect 

to the design variables.  This is one of the most important ingredients for taking FEA from a 

simple design validation tool to an automated design optimization framework. 

The design update is generated by solving the explicit approximate optimization problem, 

based on sensitivity information.  OptiStruct uses a primal method that searches the optimum in 

the original design variable space.  It is used for problems that involve equally as many design 

constraints as design variables, which is common for size and shape optimizations. (Venter, 

Review of Optimization Techniques, 2010)   

Feasible convergence is achieved when the convergence criteria are satisfied for two 

consecutive iterations.  This means that for two consecutive iterations, the change in the objective 

function is less than the objective tolerance and constraint violations are less than 1%.  At least 

three analyses are required for regular convergence, as the convergence is based on the 

comparison of true objective values (values obtained from an analysis at the latest design point). 

(Altair)  An infeasible design is when the constraints remain violated by more than 1%, and for 

three consecutive iterations the change in the objective function is less than the objective 

tolerance and the change in the constraint violations is less than 0.2%.   
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4.2 Single-Material Size Optimization 

Once all load cases were working on their own, the final step was to combine all the load 

cases into one optimization problem.  Furthermore the remaining design variables were added to 

the problem statement.  This included adding the thickness values for all the crossbeam members 

and their various components.  Now there are a total of 32 design variables, each with their own 

property, response and relationship.   

 

A mathematical problem statement of this optimization scheme is shown in Eqn.  5. 

 

 

Minimize 

Subject to 

 

1Hz 

1mm 

 

W(x)  

 

    σ(x)   

  f(x) ≤ 

  xi    

 

 

 

435 MPa 

35 Hz 

50 mm,  i=1,2…32 

Eqn.  5 

 

where 

 

W(x), 

σ(x), 

f(x), 

x, 

 

is the mass of the model, 

is the Von Mises stress within each component of the model, 

is the natural frequency (first modal response) of the complete chassis, 

is the design vector that represents the thickness of ladder frame components. 
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The single-material model of just steel serves as the baseline for initial decisions for 

multi-material endeavors.  The optimization scheme provided a thickness distribution that can be 

seen in Figure 35.   

 

Figure 35: Optimized thickness distribution of the all steel based model (distribution 0) 

The initial condition for this model was to have each component with 1cm thickness, 

which provided a total mass of 726 kg.  The results of the final thicknesses for each component 

can be seen in Table 8.  The optimization converged to a feasible design after 14 iterations with a 

total mass of the model finishing at 632 kg.  This represents a reduction of ~13%.  The objective 

function and the maximum constraint violation evolution for each iteration can be seen in the 

following two figures respectively.   The colours in all the optimization contours, such as Figure 

35, represent thickness values. The colour values from largest to smallest are as follows: red, 

orange, yellow, green then blue.  
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Figure 36: Objective function for optimization iterations 

 

Figure 37: Maximum constraint violation for optimization iterations 
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A look into the thickness values of the components for each iteration of the optimization 

is seen in the Figure 38.   

 

Figure 38: Component thickness evolution over the optimization process 

The final optimized values are summarized in Table 8.   
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Table 8: Optimized thickness values of the components of distribution 0.  

Component Thickness(m) 

RR1 5.66E-03 

RR2 4.10E-03 

RR3 7.80E-03 

RR4 1.70E-03 

RR5 2.29E-03 

RR6 1.86E-03 

LR1 6.05E-03 

LR2 4.30E-03 

LR3 8.14E-03 

LR4 1.40E-03 

LR5 2.30E-03 

LR6 1.89E-03 

CB1_1 4.77E-03 

CB1_2 5.43E-03 

CB1_3 9.68E-03 

CB1_4 5.72E-03 

CB2_1 2.25E-03 

CB2_2 1.16E-02 

CB2_3 1.14E-02 

CB3_1 1.26E-03 

CB3_2 3.83E-03 

CB3_3 2.36E-03 

CB3_4 2.27E-03 

CB3_5 4.69E-03 

CB4_1 2.21E-03 

CB4_2 1.91E-03 

CB4_3 1.00E-03 

CB4_4 1.77E-03 

CB5 3.16E-03 

CB6 1.37E-03 

CB7 1.47E-03 

CB8 4.03E-03 
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The initial and final maximum displacement and stress values have significant changes 

from the original design to the optimal one.  The results can be seen in the following two figures.   

 

Figure 39: Maximum displacement values for all load cases before and after optimization 

 

Figure 40: Maximum stress values for all load cases before and after optimization 
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4.3 Topology Optimization 

Topology optimisation is a mathematical approach that optimises material layout within a 

given design space, for a given set of loads and boundary conditions such that the resulting layout 

meets a prescribed set of performance targets. Topology optimisation is used at the concept level 

of the design process to arrive at a conceptual design proposal that is then fine-tuned for 

performance and manufacturability. A concern in topology optimization is that the design 

concepts developed are very often too expensive for manufacturing. Density based topology 

optimization uses densities as the design variables instead of the component thickness as seen in 

the previous optimization scheme. A topology optimization was conducted in order to visualize 

the load paths of the structure and to provide another comparison model for future component 

thickness reduction used in the multi-material approach. The mathematical problem statement of 

the optimization can be seen in Eqn.  6. 

 

Minimize 

Subject to 

 

1Hz 

0 

 

W(ρ)  

 

    σ(ρ)   

  f(ρ) ≤ 

  ρi          

 

 

 

435 MPa 

35 Hz 

1,  i=1,…,20812 

Eqn.  6 

 

where 

 

W(ρ), 

σ(ρ), 

f(ρ), 

ρi, 

 

is the mass of the model, 

is the representative Von Mises stress of the model, 

is the natural frequency (first modal response) of the complete chassis, 

is the design variable that represents the relative density fraction in the i
th
 

element in the FE model. 
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 A topology optimization scheme was extrapolated from the all steel model to create a 

simple simulation.  The resulting density contour can be seen in Figure 41.   

 

Figure 41: Topology optimization, thickness distribution of a steel based model 

The topology optimization converged to a feasible optimal design after 17 iterations.  The 

model started with the same 10-mm thickness for each component which leads to a 726 kg initial 

mass.    The final optimized mass was of 258 kg, which represents a large reduction of 64%, 

however the material distribution provided is not suitable for manufacturing. This is not suitable 

for manufacturing since the distribution provided has complex patterns and odd shapes.   
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4.4 Multi-Material Method Approach 

The OptiStruct algorithms do not directly support the implementation of a multi-material   

optimization.  Because of this limitation the optimization needed be approached in a two-step 

process.  The two previous sections were used in tandem to help produce a multi-material model.  

The results of both the topology and thickness optimization were combined in order to complete 

an informed decision as to the material distribution of the model.  This initial run of multi-

material work only focused on the use of steel and aluminium.   

 The basic process used, to the best of its ability, is a solution designed for this specific 

problem or task that is non-generalizable since it is based on the previous results.  More 

specifically the decision was to attempt to replace components whose thickness was reduced 

significantly from both the topology and size optimization schemes to a lighter material, such as 

aluminium.  The following flow chart provides a graphical interpretation of the decision process. 

This process could in fact be transferable to other similar frame structures and therefore is not 

entirely ad hoc. 

The chosen benchmark was that of a reduction less than 5mm thickness from the size 

optimization.  This was then used as a pseudo cut off line.  This particular thickness value was 

chosen since it is known that the average thickness of a rail member is ~4.6mm.  If a chosen 

component thickness was less than 5mm from the thickness optimization it would then be cross 

referenced with the topology optimization. The cross referencing was done to ensure that the two 

values represented an agreeing trend of material/mass reduction.  If both conditions were met, and 

the values agreed, then that component would be changed to an aluminium body.   
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Figure 42: Flowchart of decision process used in multi-material optimization 
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From a purely statistical perspective, the total number of possible combinations of 

material distribution is equal to 2
n
, where n represents the total number of components.  In this 

model there are a total of 32 designable components, which results in 4,294,967,296 possible 

combinations.  By using this approach, one can effectively eliminate many of the infeasible 

designs by evaluating the previous results and applying the gained knowledge to remove negative 

outcomes.  However, even though this presents a reasonable method for applying multi-material 

size optimization, it does not provide an elegant mathematical solution.  This is to say, that the 

results are highly dependent on the cut-off point of 5mm, and not on an actual optimum derived 

from statistical analysis.  Thus, it is strongly suggested that multiple simulations be run, with 

various cut-off point values, and compared to each other in order to find more general patterns 

and trends.  Other existing methods that could provide a more rigorous approach are those using 

heuristic optimization models.  The true problem is given by a multi-objective nonlinear 

programming problem, in which some of the design variables are discrete and others are 

continuous.  Since HyperWorks does not support the use of a mixed (discrete and continuous) 

optimization, it can scarcely aid in developing a full solution.  Heuristic algorithms such as the 

Genetic Algorithm could provide the desired outcome for this multi-material optimization. 
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4.5 Multi-Material Optimization 

The multi-material optimization looks to find areas of the all steel frame to replace with 

aluminium components.  There were a total of 3 material distributions that were analysed to 

compare with the initial model.  The first replaces most of the crossbeams with aluminium, the 

second is a complete aluminium body, and the final distribution uses the method outlined in the 

previous sections.  Eqn.  7 is the optimization statement used to guide the optimization process. 

 

Minimize 

Subject to 

 

 

1Hz 

1mm 

 

W(ti, Mi)

  

    σ(ti, Mi)   

 

  f(ti, Mi) ≤ 

  ti    

    Mi ∈ 

 

i= 1,…,32 

 

{
𝑖𝑓 𝑀 = 𝑆𝑡𝑒𝑒𝑙, 435 𝑀𝑃𝑎

𝑖𝑓 𝑀 = 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚, 236 𝑀𝑝𝑎
 , i= 1,…,32 

35 Hz, i= 1,…,32 

50 mm,  i= 1,…,32 

{Steel, Aluminium}  

Eqn.  7 

where W(ti, Mi), 

σ(ti, Mi), 

f(ti, Mi), 

ti, 

Mi, 

is the mass of the model, 

is the Von Mises stress within each component of the model,  

is the natural frequency (first modal response) of the complete chassis, 

is the thickness of the i
th
 component, 

is the material of the i
th
 component.   

All the related properties of the material can be identified exactly for each 

material type as can be shown by: 

(
𝜌𝑖
𝐸𝑖
𝜎𝑖...

) = (
𝑓𝜌(𝑀𝑖)

𝑓𝐸(𝑀𝑖)
𝑓𝜎(𝑀𝑖)

...

) , where ρ is the material density, E is the elastic modulus, σ 

is Poisson’s ratio. 
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4.5.1 Distribution 1 

This material distribution is a representation of having steel rail components along with 

the middle section of crossbeam 2.  The graphical optimized result can be seen in Figure 43.   

 

Figure 43: Distribution 1 optimized thickness results viewed in HyperView.  

Distribution 1 converged to a feasible design after 11 iterations.  Its initial mass of 600kg 

was optimized to a final value of 619kg.  When compared to itself, this represents a 3% increase 

in weight.  However when compared to the original mass of the all steel frame, it represents a 

17% reduction. 
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Table 9: Optimized thickness values for distribution 1 

Component Thickness (m) 

       1  RR1   2.05E-03 

       2  RR2    3.23E-03 

       3  RR3     9.15E-03 

       4  RR4      3.28E-03 

       5  RR5       1.18E-02 

       6  RR6        9.02E-03 

       7  LR1        4.47E-02 

       8  LR2        1.00E-03 

       9  LR3        8.27E-03 

      10  LR4        1.00E-03 

      11  LR5        3.89E-03 

      12  LR6        1.01E-02 

      13  CB1_1      6.78E-03 

      14  CB1_2      7.15E-03 

      15  CB1_3      3.27E-03 

      16  CB1_4      1.42E-02 

      17  CB2_1      6.06E-03 

      18  CB2_2      7.66E-03 

      19  CB2_3      1.16E-02 

      20  CB3_1      2.36E-03 

      21  CB3_2      7.00E-03 

      22  CB3_3      3.38E-03 

      23  CB3_4      6.19E-03 

      24  CB3_5      9.45E-03 

      25  CB4_1      4.91E-03 

      26  CB4_2      4.04E-03 

      27  CB4_3      8.17E-03 

      28  CB4_4      6.59E-03 

      29  CB5        1.32E-03 

      30  CB6        2.79E-03 

      31  CB7        5.78E-03 

      32  CB8        2.22E-03 

 

  



 

 

 

 

75 

 

4.5.2 Distribution 2 

This material distribution takes a look at having a complete model made of aluminium.  

A look at the optimized thickness can be seen in Figure 44. 

 

Figure 44: Distribution 2 optimized thickness results viewed in HyperView 

 

Distribution 2 converged to a feasible design after 12 iterations.  Its initial mass of 323kg 

was optimized to a final value of 823kg.  When compared to itself this represents a 155% increase 

in weight, furthermore when compared to the original mass of the all steel frame, this represents a 

13% increase.  
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Table 10: Optimized thickness values for distribution 2 

Components Thickness (m)  

       1  RR1       1.95E-02 

       2  RR2        5.00E-02 

       3  RR3        5.00E-02 

       4  RR4        5.00E-02 

       5  RR5        5.00E-02 

       6  RR6        5.00E-02 

       7  LR1        5.00E-02 

       8  LR2        3.74E-03 

       9  LR3        3.00E-02 

      10  LR4        8.14E-03 

      11  LR5        4.88E-02 

      12  LR6        2.36E-02 

      13  CB1_1      1.51E-03 

      14  CB1_2      2.17E-03 

      15  CB1_3      9.20E-03 

      16  CB1_4      2.44E-03 

      17  CB2_1      2.61E-02 

      18  CB2_2      1.59E-02 

      19  CB2_3      5.00E-02 

      20  CB3_1      1.05E-02 

      21  CB3_2     2.55E-02 

      22  CB3_3     2.41E-02 

      23  CB3_4     4.63E-02 

      24  CB3_5      3.61E-02 

      25  CB4_1      5.00E-02 

      26  CB4_2      1.46E-02 

      27  CB4_3      5.00E-02 

      28  CB4_4      1.43E-02 

      29  CB5        9.20E-03 

      30  CB6        4.90E-02 

      31  CB7        4.54E-02 

      32  CB8        5.00E-02 
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4.5.3 Distribution 3 

Distribution has very few steel components compare to the aluminium ones.  Table 11 list 

the chosen steel components.  These chosen components represent the front exterior of the ladder 

frame.  These components are in reasonable locations since they bear the bulk of all loading 

conditions.  They are connected to the front suspensions/wheels and are situated where the 

highest concentration of body weight is applied.  The remaining components perform minor roles 

in the aiding of load transfer and distribution.  It can be seen from the topology optimization that 

the load paths are usually found on the top of the rails, and do not seem to transfer through the 

crossbeams.   

The optimization produced a similarly reduced material thickness distribution as the 

original size optimization, and can be seen in Figure 45.   

 

Table 11: Steel components for distribution 3 

Steel Components 

RR1 

RR3 

LR1 

LR3 

CB1 

CB2_2 

CB2_3 
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Figure 45: Optimized thickness values of distribution 3 as viewed in HyperView. 

Although the color distribution seems similar, the thickness is more evenly distributed 

among the components.  The thickness values can be seen in Table 12 on the following page.   

The optimization converged to a feasible design in 13 iterations.  The initial value for mass in this 

multi-material distribution totaled to 500kg.  The final optimized design value was 614kg which 

represents a 23% increase.  However if we compare this to the original 726kg we have a total loss 

of 15%.   

The actual total mass reduction could be noticeably larger if only the components under 

optimization were contributing to the weight.  Currently the values of the other brackets and 

components are contributing to this value.  It is worth noting that this optimization does not 

match that of the topology optimization in terms of weight reduction.  However if 

manufacturability and realism are to be applied, the multi-material approach provides a much 

more feasible design.   
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Table 12: Optimized thickness values for distribution 3 

Component Thickness (m) 

       1  RR1        4.90E-03 

       2  RR2        5.48E-03 

       3  RR3        7.61E-03 

       4  RR4        1.32E-02 

       5  RR5        1.17E-02 

       6  RR6        8.74E-03 

       7  LR1        4.53E-02 

       8  LR2        2.09E-03 

       9  LR3        8.13E-03 

      10  LR4        3.25E-03 

      11  LR5        1.37E-02 

      12  LR6        9.85E-03 

      13  CB1_1      5.47E-03 

      14  CB1_2      5.05E-03 

      15  CB1_3      6.70E-03 

      16  CB1_4      8.20E-03 

      17  CB2_1      2.56E-03 

      18  CB2_2      6.97E-03 

      19  CB2_3      6.23E-03 

      20  CB3_1      2.36E-03 

      21  CB3_2      8.21E-03 

      22  CB3_3      6.95E-03 

      23  CB3_4      8.98E-03 

      24  CB3_5      1.11E-02 

      25  CB4_1      6.12E-03 

      26  CB4_2      4.24E-03 

      27  CB4_3      7.70E-03 

      28  CB4_4      4.75E-03 

      29  CB5        2.00E-03 

      30  CB6        3.61E-03 

      31  CB7        4.55E-03 

      32  CB8        3.07E-03 
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4.5.4 All four distributions 

The original single-material all steel distribution is considered to be distribution 0. 

Distribution 1 has steel for the two side rails as well as the second cross beam while the 

remaining components are aluminium.  Distribution 2 is an all aluminium frame, while 

distribution 3 uses the method outlined in the previous chapter to choose components based on a 

previous optimization routine.   

The following figure shows the objective value progression for all of the material 

distributions.   

 

Figure 46: Objective function value over each iteration for all the material distributions 
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The next plot, Figure 47, displays the maximum constraint violations for the various 

material distributions as they change for each iteration. 

 

Figure 47: Maximum constraint violations of the material distributions throughout each 

optimization iteration 

The thickness values that have been summarized in Tables 7, 8, 9 and 11can be 

visualized in a more spatial sense in Figure 48.  The thickens values are displayed on a 

logarithmic scale so as to highlight the changes from the initial starting point of 10mm and to 

accommodate some of the skew caused by the values on the extremities.  
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Figure 48: Optimized thickness values for all material distributions 

 
The final improvements of each optimization scheme are visualized and are shown in 

Figure 49. These represent the mass of each distribution prior to and post optimization. 

 

Figure 49: Initial and optimized mass of all the material distributions 
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4.6 Material Cost 

A simple material cost analysis was performed to assess how well the optimized 

distributions compete with one another.  The price of steel was found to be about 0.77 $/kg while 

the price of aluminium to be 3.17$/kg.  (Aluminum, 2014) It was important to ensure how much 

of the optimized designs were made of aluminium and steel respectively.  The following table 

summarized the component mass makeup of each of the distributions.   

Table 13: Material makeup and cost results for all distributions in Canadian dollars ($) 

Distribution 
Total 
Mass (kg) 

Steel 
Mass 
(kg) 

Steel 
Cost ($) 

Aluminium 
Mass (kg) 

Aluminium 
Cost ($) 

Total Cost 
($) 

Distribution 0 631.51 631.51 488.53 0.00 0.00 488.53 

Distribution 1 618.66 585.46 452.91 33.20 105.26 558.18 

Distribution 2 822.80 113.29 87.64 709.51 2249.49 2337.14 

Distribution 3 614.39 550.39 425.78 64.00 202.91 628.69 

Original Mass 725.77 725.77 561.45 0.00 0.00 561.45 
 

The results from Table 13 can be plotted and visualized in more graphical way.  It can be 

seen by Figure 51 that the best 3 optimum distributions 0, 1 and 3 form a Pareto frontier. 
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Figure 50: Total cost per total weight of all the optimized distributions including the 

original model values. 

 

Figure 51: Total cost per total weight of optimized material distributions 0, 1 and 3  
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Chapter 5 

Discussion and Conclusion 

5.1 Finite Element Analysis 

5.1.1 Vertical Displacements 

Comparing the vertical displacement at various locations of the chassis, one can observe 

the effects of each of the different load cases.  By far, the two most impactful load cases are the 

bending and torsional cases.  The bending displacements are most pronounced at the front rail 

locations and taper off quickly as the nodes move further from the load sources.  The torsional 

load displacement values are more evenly distributed along the rails.  They are, however, nearly 

negligible at the locations nearest the physical constraints.  The remaining load cases do provide 

displacements but are much smaller in magnitude.   

The vertical displacement values tend to be higher in the areas situated between the two 

ends of the ladder frame.  The values show a consistent presence and magnitude in the middle 

section of the frame.  This is particularly true for the body weight load case.  The exceptions to 

this pattern are the bending and yaw load cases.  The displacement values at the end of the rail are 

high for one particular side of the rail in the yaw case.  As for the bending case, the displacement 

values are really large at the front end of the rail. 

The results tend to agree with what one would expect.  The displacement values are 

larger in the areas in which load sources are present and smaller where there are constraints.  

Similarly, the displacements are also larger the further they are from constraints.  The ladder 

frame, for the most part, is a symmetrical body.  This symmetry is reflected in the results; the 

displacements on one side of the frame tend to mimic what is on the other side.  Furthermore it is 



 

 

 

 

86 

 

interesting to note how the load paths and consequent displacements are transferred to the 

crossbeams.  The crossbeams appear to be relatively equivalent to their rail location counterparts.  

However in the load scenarios where one rail is being affected differently than the other, the 

crossbeam displacement acts as a type of interpolated value between the two sides of the frame.  

This is the expected mechanism for which the vehicle will try to compensate and evenly 

distribute the load. 

These observations follow the common relationships and patterns displayed in linear 

static analysis, which is to say that the induced response is directly proportional to the applied 

loads. (Zienkiewicz, 1977) In linear static analysis, displacements, strains, stresses, and reaction 

forces under the effect of applied loads are calculated with a series of assumptions that are made.  

The assumptions of small deflections and rotations are necessary to satisfy the choice of this 

analysis type.  In this case the values clearly show a small enough displacement in all cases to 

meet these criteria.   

5.1.2 Stress 

The stress results for the various load cases are analyzed via a single element at various 

locations of the ladder frame.  Each of the elements represents a piece of each of the model’s 

components.  The most prominent stress values are found to be caused yet again by the bending 

and torsional load case.  However for the stress values the bending case is much more 

pronounced than any other scenario.  Interestingly enough the bending load case has the most 

effect on the rail components while the torsional load case has a greater effect on the crossbeams.  

The yaw load case also has a significant effect on the crossbeam components but without any 

pointed contributions.   
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The element stresses are consistently larger and present in the rail components.  The 

values also tend to be larger on the back end of the frame.  Overall the stress values are quite low 

and only rise in small point sources.  The bending case has very similar stress distributions 

between the left and right side of the frame.  The yaw and torsional load cases have similar stress 

patterns as do the bending and body weight cases.   

The exception to the larger rail stress presence is demonstrated in the torsional load case, 

which has a large stress in the first and second crossbeams.  Similarly the yaw load case has a 

large stress in the 4
th
 crossbeam.  In a completely different sense then the bending case, the stress 

values for the front end of the rails are the smallest, displaying practically negligible stress values.   

Stress values are characteristically highest in areas near constraints or where shearing 

forces are strong.  The highest value stress elements in the bending case are located on the curved 

structures that transition from the middle of the frame to the back of the frame.  The stress is so 

high in this location due to the change of curvature and because the component is pinned between 

two constraints.  The bending and body weight load cases do not contribute to much horizontal 

displacement and consequently do not create stress within the crossbeams.  Conversely, the 

torsional and yaw load cases create large moments and shear forces which cross through and 

affect the crossbeams.  This explains the desired response from the crossbeams in trying to 

accommodate the planar forces.   

Even though the stress values are high, they do not pose a problem to the assumption of 

the linearity of the system.  The overall stress stays within the acceptable boundary of the 

material.  Linear solvers assume that all material behaves in a linear elastic manner, and for this 

case the properties of steel are well within the linear region of the stress response.   
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5.2 Single-Material Size Optimization  

 

The single-material size optimization looked to minimize mass by varying the thickness 

of each ladder frame component, which was entirely composed of steel.  The initial assumptions 

of 5mm thickness are appropriate to the vehicle specifications and provide the initial design 

vector. (Chevrolet Truck Silverado 2500HD)  The objective value, mass, had successfully 

converged after 14 iterations.  The mass values start by increasing for the first 3 iterations, then 

drops back down again for the next 3 and for the remaining iterations fluctuates slightly until 

convergence is achieved.  Convergence is achieved when the objective value changes less than 

the convergence tolerance for two consecutive iterations.  This was achieved on the 13
th
 and 14

th
 

iterations with mass changes less than 0.5% for each.  The maximum constraint violation 

parameter measures the largest unconformity within the design space that does not meet the 

design criteria.  These include the maximum stress constraints and the modal frequency 

constraint.  The maximum constraint violation value begins at a high value of 344.8% but quickly 

drops down below 15% within 3 iterations.  Following that, the maximum constraint violation 

value rises a little before dropping drastically for the last two iterations to below 1%.   

Tracking the thickness values shows very interesting patterns.  For the first iteration there 

is a split between the design variables where the majority of the thickness values step towards an 

increase, and only a few towards a decrease.  After large changes in the first 6 iterations, the 

thickness values seem to remain relatively steady.   

All these results have a trend that begins with a high initial value.  The maximum 

constraint violation value acts inversely proportional to the mass value.  As the mass increases, 

the maximum constraint value decreases and vice versa.  The graphs and values display two 
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distinct sections of the data.  The first 6 iterations have large changes in consecutive values, while 

the last 7 iterations have very small changes in consecutive values.  In the first region the step 

size of the design variables increases and decreases abruptly, so that by the time the iterations 

reach the second region the step sizes have become considerably smaller.  Consequently the 

values tend towards their respective optimum convergence values in the second region.  The 

exception to this is the maximum constraint violation which demonstrates significant changes up 

until the last 3 iterations.   

The maximum displacement values for the initial and final iteration show a rise in almost 

all cases.  The exception to this is the torsional case which, when optimized, provides a smaller 

displacement than its initial counterpart.  Similarly the maximum Von Mises stress values all start 

well under the design criteria except for the bending load case.  The initial values are pushed up 

to their design limits to a value of 435 MPa, except for the bending load which gets reduced to 

that value.   

The likely driving factors for these results are how the optimization solver is 

implemented.  The solver begins the analysis with the provided design vector and notices a high 

constraint violation value, which implies that the starting guess is not within the feasible domain.  

This is caused by the infeasible bending load case scenario.  The algorithm wants to enter the 

feasible region as quickly and easily as possible and therefore increases the mass and thickness of 

multiple components in the attempt to reduce the induced stresses on the affected parts of the 

chassis.  The first 3 steps show significant rises in the mass until the maximum constraint 

violation is less than 15% moving the values closer to the feasible domain.  Moving forward the 

objective function of the solver wants to be minimized and pushes the algorithm to find smaller 

thickness values that satisfy the constraints.  This reduces the overall mass and pushes the 
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constraint values closer to their limits, effectively increasing the constraint violation values.  This 

has the consequence of raising the stress values on the components to the very limits of their 

design constraints of 435 MPa.  At this point the solver needs to be more ingenious in choosing 

how to change the thickness of various components, and the solver enters a pseudo minor 

fluctuation period to assess which components can be minimized or increased further in order to 

ensure a feasible design is met.  The final steps show small changes in very few components to 

drive the maximum constraint violation to an acceptably small value <1%.   

These results and patterns are typical of what one would expect from a gradient based 

optimization algorithm.  To achieve a stable convergence, design variable changes during each 

iteration are limited to a narrow range within their bounds, which is represented by the step size.  

The biggest design variable changes occur within the first few iterations.  (Venter, Review of 

Optimization Techniques, 2010) 

The overall mass reduction produced by this optimization is a weight loss of 13%, which 

represents a total weight saving of ~95 kg.  Although this is the desired outcome of this 

optimization it is possible to push this improvement further by implementing a more advanced 

optimization scheme that utilizes multiple materials.   
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5.3 Multi-Material Optimization 

The multi-material optimization looked to compare four different configurations of 

material distribution, including the all steel frame covered in the previous section, and come up 

with the ideal optimized model.  Distribution 0 is the all steel frame covered in the previous 

section; distribution 1 has steel for the two side rails as well as the second cross beam the 

remaining components are aluminium.  Distribution 2 is an all aluminium frame, while 

distribution 3 uses the method outlined in the previous chapter to choose components based on a 

previous optimization routine.   

All optimizations were able to find suitable thickness distributions for their respective 

material distributions and consequently converged to feasible designs.  Whether they are suitable 

for a final design choice is another matter that will be discussed.   

Firstly, it is interesting to note that apart from distribution 0 all the other distributions 

finish with an optimized mass that is higher than their respective starting mass.  Distribution 1 

and 3 are about 3 and 23% heavier respectively.  The most noticeable difference is the change in 

mass from the all aluminium model, distribution 2.  The model begins with the frame distribution 

thickness of 10mm for all components which in turn gives it a starting mass of 323kg.  After 

optimization the final mass is found to be 823kg, which is roughly a 155% increase in mass.  This 

increase in mass is due to many of the design parameters (13 out of 32) being pushed up to the 

maximum design space of 50mm thickness to ensure a feasible design.  This poses a problem for 

manufacturability.  Although the design constraints are met, having this many components with 

such a large thickness will prove difficult not only in assembly, but also in costs, which will be 

evaluated later.   
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Looking at the overall thickness distribution of all the optimized material layouts, it is 

difficult to spot an overarching trend.  For most of the distributions the overall thickness has 

dropped below the starting value of 10mm.  The exception to this is the all aluminium frame 

which tended to increase the thickness throughout its components to values close to the maximum 

of 50mm.    

There are a few points (components) that share very similar thickness values with the 

other material distribution.  In component Left Rail 1, which is located at the front and left of the 

rail on the ladder frame, all 4 material distributions have pushed its thickness toward the upper 

thickness design space of 50mm.  This highlights the impact sensitivity and importance of the 

loading on this particular component.  The fact that all the distributions have pushed the thickness 

near its maximum indicates that this rail is either structurally important and should be reinforced 

accordingly, or that the loading scenarios are over straining it.  Considering the fact that this rail 

is subject to point loads in almost all cases, the high thickness highlights the need for structural 

reinforcement.  However the problem lies in the implementation of the yaw load case.  In that 

case the large point load acts on the component directly and may contribute to large stress 

concentration on the elements near application.  It is therefore believed that in reality, it would 

not be entirely necessary to reinforce that component by the amount prescribed by the 

optimization routine.  Similar to the Left Rail 1 component, the thickness of Right Rail 6 and Left 

Rail 6 which are on the back end of the rails, show very similar thickness values for all the 

material distributions.  In this case the value hovers around the initial starting point of 10mm, and 

remains there for the optimized case in all material distributions.  This indicates again a certain 

tendency of the model to be equally sensitive of the area in question.  Similar to Left Rail 1 these 
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components are subject to the bulk of the loading in all cases, and consequently highlight the 

components’ importance.   

It should be noted that there are also a few components within distributions 0 and 1 that 

either reach or very nearly reach the minimum thickness value of the design space.  Left Rails 2, 

4 and crossbeam 5 in both material distributions finish the optimization with thickness values 

close to 1mm.  Since these two distributions are steel focused, these results indicate areas of 

possible improvements for other designs in terms of weight loss.  It is desirable to have 

components tend towards the minimum thickness value without quite reaching it, and if it is 

possible to change to a lighter material there can be even greater weight savings. 

The thickness value spreading in the material distribution 3 shows very promising results.  

Firstly the majority of its values are reduced thickness from the original 10mm.  The largest 

thickness is Left Rail 1 as discussed previously, and its smallest value is within crossbeam 5 at 

~2mm which is not pushed to the minimum of 1mm.  Since distribution 3 used the method 

discussed in the previous chapter, this spread in thickness values indicates that the choice of 

material for various components seems justified.  The overall thickness is reduced while 

maintaining appropriate rigidity where needed.  Looking at these values there is no 

straightforward way to further improve this distribution.   

In terms of the objective function value of mass, the evolution and transformation over 

each iteration follows a very similar pattern for all the distribution cases.  Since they all have 

different material-component distributions their starting and ending values are different but the 

overall pattern is the same.  The objective value increases steadily over the first few iterations 

until it reaches a maximum.  Following this, the mass values decrease until reaching a steady state 

with minor fluctuations.  This second section has the form of an inverse logarithm.  In all but the 
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steel distribution (distribution 0) the second section of reduction does not go lower than the 

starting mass.  Furthermore the all aluminium distribution has the largest climb in the first section 

followed by the smallest decrease in the second section. 

Before trying to explain these results let us first link these values with that of the 

constraint violations, so that we may compare and contrast.  The maximum constraint values of 

all the distributions range from 250% to 570%.  Similar to the objective function, the constraint 

values follow a similar pattern from one another in each material layout.  The constraint violation 

value decreases in large steps for the first few iterations (<5 iterations) until it reaches a small 

enough value of less than 25% violation.  At this point the constraints increase a little and 

fluctuate for a few iterations.  Finally, the constraint violation values drop to very small values for 

the final iterations of each respective distribution.   

These results show a distinct problem with the initial design assumptions.  All the 

material distributions begin their optimization within the infeasible domain.  This is to say that 

the initial guess for the design vector (the component thicknesses) is not suitable for the problem 

definition and consequently in all cases, the objective function of mass for the first iterations does 

not reflect a realistic value for the design constraints.  The universal distribution thickness value 

of 10mm is not suitable to meet the design constraints put on by the optimization scheme in all 

the material distribution.  Because the initial design has such high maximum constrain violations, 

the optimization algorithm pushes the thickness, and consequently the mass of the frame, up in 

order to try and meet the requirements.  This takes place over the first few iterations, pushing the 

objective value up while lowering the constrain violations.  Once the optimization reaches the 

feasible domain the algorithm can start reducing component thickness and finding appropriate 

values that remain within this domain.  This explains the reduction of the objective value for the 
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second part of the curves.  Meanwhile this sensitivity approach to changing the component 

thickness fluctuates the violation constrain values and the algorithm can learn which components 

are suitable for reduction.  After several more iterations of reduction the algorithm has 

determined which components (design variables) affect the model appropriately and in the final 

iterations can accommodate what it considers to be the optimized design vector that achieves the 

minimum objective function without violating any constraints.   

5.4 Material Cost Comparison 

The simplified cost analysis looked to calculate the material costs of the given original 

model and to compare it to those of the optimized distributions.  By looking at all the optimized 

weight values together with the original mass, the three distributions that stand close together in 

terms of cost effectiveness are Distribution 0, 1 and 3. 

The three aforementioned distributions form a Pareto frontier of optimal designs.  A 

Pareto frontier is a case where it is impossible to choose a solution which is objectively better 

than the rest.  The cost effectiveness of each is not significantly different from one design to the 

next and depends on personal preference to choose which design is suitable for manufacturing.  

The optimized distribution 0 provides the greatest savings in cost due to its singular use of cheap 

steel.  Meanwhile distribution 3 provides the greatest weight savings for marginally higher costs 

because it uses many more aluminium components.  Finally distribution 1 provides a middle 

ground between the other two by being both cheaper than distribution 3 and lighter then 

distribution 0 since it uses some aluminium components but not as many as in distribution 3.  

Conversely, it is clear from the results that distribution 2 is much too costly for its weight class.  

The all aluminium model is not able to provide thin enough components to reduce its weight less 

than thinner steel models and thus is unable to be a competitive alternative. 
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If one only looks at the cumulative weight loss as the primary objective, more in depth 

comparisons can be made with the chosen design.  Since distribution 3 provides the smallest 

optimized weight, it will be chosen as the main item for comparison with the original model.  

There are two possible comparisons that could be made with the original model.  The first ignores 

the infeasible nature of the original design that would fail within the given design parameters.  

The second uses the first feasible design found by that of the optimization process.  So as not to 

make the results seem exaggerated, compared to the actual vehicle, the comparison is made with 

the original model assumptions.  In this case distribution 3 provides a 111 kg weight reduction 

with a relative cost increase of 67.25$ in material costs.  This would result in an approximate fuel 

efficiency increase 1 MPG.   

The cost increase is not significantly large.  This is due to the effective use of aluminium 

which only contributes little to the overall mass of the structure.  Because the objective value 

pushes the design vector to minimize the thickness of components, any changed part is trying to 

get as thin as possible.  The method used in adding the aluminium to the model does not look to 

replace structurally significant regions of the chassis, which need to be thick and sturdy.  Instead 

it looks to find regions that are already being thinned out with steel optimization in order to find 

higher weight savings.  This allows the distribution to use components of aluminium that save 

weigh without adding to the mass significantly.  In this distribution, the total weight of the 

aluminium components was 10% that of the total chassis.  However, because of the expensive 

nature of aluminium, the cost fraction is almost one third.  The total weight savings provided by 

distribution 3 is a 15% reduction.    



 

 

 

 

97 

 

5.5 Conclusion 

A multi-material size optimization of a ladder frame chassis was conducted in this 

research.  It was found that while other load cases are important, those contributing most to 

pushing the models past their allowable design domain was that of the bending and torsional load 

cases.  The bending load cases affected the rails most significantly while the torsional load case 

affected the crossbeams.  The bulk of the loading is transmitted through the suspension and axle 

of the vehicle which are located on the ends of the chassis.  Consequently this has the effect of 

making those regions the most affected and needing the most material reinforcement.  The 

frequency design constraint did not really play a vital role in the simulations/optimization 

schemes and therefore it seemingly did not drive the optimization of the models.  

Previous research in ladder frame designs was mostly limited to static analysis and 

simple optimizations.  This research constructed a ladder frame as close as possible to that of an 

existing pickup truck, the Chevy Silverado. Multi-material optimizations were investigated in 

other research but not for larger complicated structures such as the ladder frame chassis. 

Meanwhile this research successfully implemented a multi-material implementation routine to 

minimize the mass of a ladder frame. The limitations of this research are twofold. Firstly, as with 

any gradient based optimization, the final outcome is heavily dependent on the initial design 

vector. This has the consequence of guaranteeing a local optimum which may or may not be the 

global optimum.  Secondly the method for implementing a multi-material design does not 

represent an eloquent mathematical approach. It utilizes the experience gained from this research 

and the set cut-off value of 5mm could be modified from component to component.  

In terms of thickness optimization, a single-material optimization can provide a very 

good design that meets all the design requirements.  It was even found to be on the Pareto frontier 
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which provides a cost for weight distribution equally as well as others on the line while not being 

able to be improved upon.  However if one wants to truly try and reduce the mass as much as 

possible (which is in fact the objective function), one needs to look at implementing the multi-

material approach.   

By selectively choosing sections of the chassis that do not provide as much in terms of 

structural stability, and replacing their steel components with those of aluminium, higher weight 

savings can be achieved.  Even if an all aluminium frame is possible, the reduced yield strength 

of that material pushes the design to higher thickness levels that do not provide a reasonable 

design.  In the case of distribution 3 it is found that it can provide weight saving of 15% of the 

original design while the aluminium only contributes to 10% of the total weight.  One can see that 

most of the reductions are not in fact provided by the material change but by the thickness 

optimization.  Only by combining these two processes can one obtain the true optimum design.  

The entire goal of the study is to find locations that can provide weight savings in order to 

increase fuel efficiency.  Distribution 3 provides the largest weight drop while keeping the 

material costs to a minimum. 
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Appendix A 

Additional Graphs and Tables of the Mesh Convergence Study 

 

Figure 52: Percent change for each refinement iteration load case A in the convergence 

study  

 

Figure 53: Load case B displacement values for location 1 
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Figure 54: Load case B displacement values for location 2 

 

Figure 55: Load case B displacement values for location 3 
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Figure 56: Percent change for each refinement iteration in load case B of the convergence 

study 

 

Figure 57: Load case C displacement values for location 1 
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Figure 58: Load case C displacement values for location 2 

 

 

Figure 59: Load case C displacement values for location 3 
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Figure 60: Percent change for each refinement iteration of load case C in the convergence 

study 
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Appendix B 

Comparison Report 

The table below highlights the geometric properties and differences between the 

Structural Multidisciplinary Systems Design (SMSD) lab and NCAC model.  The only important 

aspects that are not shown are the relative component positions and shapes.   

Table 14: SMSD and NCAC property comparison 

Property SMSD NCAC  

Length 5342 m 5.423 m  

Front Inner separation  width 0.753 m 0.715453 m  

Outer separation width 0.903 m 0.896292 m  

Rail width 0.075 m  0.091.98 m  

Back Inner separation  width 0.950 m 0.943.48 m  

Outer separation width 1.070 m 1.072.023 m  

Rail width 0.060 m 0.063.563 m  

Total area 8.567 m
2
 8.143  m

2
  

Total volume 0.02584 m
3
 0.02443m

3 
  

Element size 0.005 m 0.010 m  

Shell Thickness 0.003 m 0.003 m  

Weld joint diameter 0.003 m n/a  

Total nodes 1044064 108646  

Total elements (w/o joints) 343963 108704  

Total elements 349373 105704  

 

The following pages show the various loading cases (loads and boundary conditions) used for the 

verification analysis.   



 

 

 

 

108 

 

 

Figure 61: Load case A used in the comparison study. There are 4 loads applied to the front 

of each rail, each with a 1kN. The model is constrained on the back ends of the rail. 
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Figure 62: Load case B used in the comparison report. There are 4 upwards point loads 

applied to the front right rail and rear left rail. There are 4 downward loads applied to the 

front left rail and back right rail. Each load corresponds to a 1kN force. The model is 

constrained in the center of the rail. 
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Figure 63: Load case C used in the comparison report. There are 2 downwards loads 

applied to the first crossbeam and to the back right rail. There are 2 upwards loads applied 

to the back left rail. Each load represents a 1kN force. The model is constrained on the rail 

at the locations of the rear suspension. 
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Figure 64: Load case D used in the comparison report. There are 2 downward loads applied 

to the back right rail and back left rail. Each load represents a 1kN force. The model is 

constrained on the front ends of the rails. 
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Figure 65: Load case E used in the comparison report. The loads are applied all along the 

top right edge of the right rail. Each load represents a 100N force. The model is constrained 

on the top left edge of the left rail. 
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Table 15 summarizes the results of the verification analysis.  5 load cases were 

investigated for each of the models.  For each loading scenario 3 different locations were 

evaluated for vertical displacements.  On the following pages the results are displayed in charts 

for each loading case. 

Table 15: Displacement value comparison summary for all load cases 

LOAD CASE LOCATION SMSD (m) NCAC (m) 
Percent 

Difference 

 

Location 1 0.01418 0.02296 47% 

Load Case A Location 2 0.006164 0.01054 52% 

 

Location 3 0.005509 0.001032 137% 

 

Location 1 0.0001274 0.0002369 60% 

Load Case B Location 2 -0.000157 -0.0002056 27% 

 

Location 3 0.0002106 0.000373 56% 

 

Location 1 -0.001945 -0.00214 10% 

Load Case C Location 2 0.0001662 0.0002597 44% 

 

Location 3 -0.00001559 -0.0000278 56% 

 

Location 1 -0.0229 -0.04468 64% 

Load Case D Location 2 -0.02293 -0.04473 64% 

 

Location 3 -0.0133 -0.02139 47% 

 

Location 1 -0.02563 -0.02685 5% 

Load Case E Location 2 -0.04749 -0.04303 10% 

 

Location 3 -0.02625 -0.01991 27% 

 



 

 

 

 

114 

 

 

Figure 66: Displacement differences between the SMSD and NCAC models for load case A. 
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Figure 67: Displacement differences between the SMSD and NCAC models for load case B. 
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Figure 68: Displacement differences between the SMSD and NCAC models for load case C. 
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Figure 69: Displacement differences between the SMSD and NCAC models for load case D. 
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Figure 70: Displacement differences between the SMSD and NCAC models for load case E. 
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Figure 71: Percent difference between the SMSD and NCAC models for each load case. 
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When compared to each other the SMSD and NCAC finite element models do not 

produce displacements results within a small difference margin.  The average percent difference 

from all loading conditions is 47%, which demonstrates that the values are within the same order 

of magnitude but do not converge to a narrow value.   

A simple beam analysis was conducted to evaluate the range of plausible values for 

loading case A.  Using the simplest scenario of a simply supported beam with a hanging free end, 

the loading values of case A were used for the calculations.  The analysis yielded a displacement 

of 0.0364 m, which when compared to the SMSD model shows an 88% difference.  However 

when compared to the NCAC model the difference is 45%.  At the very least the analysis, NCAC 

and SMSD values are within the same order of magnitude. 

Finally, there is reliability within the behaviours of the models.  The SMSD model 

displacement values are consistently (2/3) smaller than those produced by the NCAC model.  

This implies that the SMSD model is stiffer (or more rigid) than its counterpart model.  This is in 

agreement with the geometric differences as the SMSD model is shorter than the NCAC model 

by 81mm and consequently should have smaller displacements.  Something to note would also be 

that the differences in displacements are highlighted in loading scenarios that exploit the extremes 

of the beam, such as the loading cases of A and D.   

The displacement variance values are quite small and at a maximum characterize a 

change of 2cm which for the scale of the model represents approximately a 0.4% difference.  

However these difference results are much too high to be considered as a verified model.  

Acceptable values usually fall within the 5% or 10% difference domain.  The reasons behind such 

discrepancies can be explained via the following traits and implementation methods in the two 

models.   
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As mentioned in Appendix C the two models use different order elements.  The NCAC 

uses 1
st
 order while the SMSD uses 2

nd
 order elements.  Generally speaking one can achieve a 

higher degree of accuracy with higher order elements.  The order of the elements refers to the 

order of the shape function used for calculation.  The most important thing to know about shape 

functions is that they describe how the dependent variables one wants to calculate (e.g. 

displacement) vary as a function of the spatial coordinates of the element (e.g. x and y) in terms 

of some unknown scalar parameters.  The finite element method discretizes the solution domain 

into an assemblage of elements, each of which has its own approximating functions.  Specifically, 

the approximation for the displacement within an element is written as a combination of the (as 

yet unknown) displacements at the nodes belonging to that element.  These interpolation 

functions are usually simple polynomials (generally linear, quadratic, or occasionally cubic 

polynomials) that are chosen to become unity at one node and zero at the other element nodes.  

The interpolation functions can be evaluated at any position within the element by means of 

standard subroutines, so the approximate displacement at any position within the element can be 

obtained in terms of the nodal displacements directly.  In this case the SMSD model uses a 2
nd

 

order function while the NCAC uses a 1
st
 order.  This can result in differences up to and greater 

than 25%.   

Since the SMSD model was partially based on the NCAC model and GMC drawings 

specifications, the models do not share identical geometries.  These differences have been 

measured and quantified and show on average a 10% difference between the two.  Even a small 

modeling difference can compound the error from its previous component and spread from one 

area of the model to the next.  Unfortunately these small differences contribute to the overall 

difference in the models.   
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The mesh densities of the models are both different.  The SMSD uses 5mm elements to 

truly capture local variations while the NCAC uses a more computation friendly 10mm element 

size.  Succinctly put the higher the element density is, the more results can be found and in 

general the more accurate the values will be.  This regrettably causes a difference in values for the 

models.  In this case, for each NCAC element there are 2 SMSD elements.  This means that there 

are at least twice as many locations for the algorithms and calculating functions to deviate from 

one another.  For each small difference between the models per element, it can propagate twice as 

fast from one element to the next, building up the differences between the models.   

More or less due to the slight geometric and mesh density differences, the SMSD model 

has different component joint locations between the frame’s parts.  The joining methods outlined 

in Appendix D represent the best possible approximation to the actual joint locations and of that 

of the NCAC model.  Since the models are not 100% laid out the same way the joints are 

sometimes not situated in the exact same locations.  They represent the closest copy as possible 

while maintaining the appropriate recreation procedure.   

The final culprit for contributing to the model differences are the unknown integration 

schemes.  Stated briefly, the integration consists of evaluating the integrand at optimally selected 

integration points within the element, and forming a weighted summation of the integrand values 

at these points.  In the case of integration over two-dimensional element areas the location of the 

sampling points and the associated weights are provided by standard subroutines.  In most 

modern codes, these routines map the element into a convenient shape, determine the integration 

points and weights in the transformed coordinate frame, and then map the results back to the 

original frame.  The shape functions used earlier for interpolation can be used for the mapping as 

well, achieving a significant economy in coding.  This yields what are known as numerically 
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integrated isoperimetric elements, and these are a mainstay of the finite element industry.  The 

computer will carry out the analysis by looping over each element, and within each element 

looping over the individual integration points.  At each integration point the components of the 

element stiffness matrix are computed and added into the appropriate positions of the global 

stiffness matrix.  In the case of this analysis HyperWorks does not share its integration scheme 

with its users.  Consequently it cannot be said for certain that they mimic the unknown shape 

functions of the elements or if they developed a different algorithm.  However if it is the case of 

mimicking the shape functions, then these model elements enlarge even further their difference 

from the 1
st
 order elements to those 2

nd
 order. 

There is no doubt that the differences between the SMSD and NCAC models are caused 

by a combination of the aforementioned reasons.   
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Appendix C 

Comparison Isolation Study 

An isolation study was performed to investigate the localized differences between the 

SMSD and NCAC models.  This was prompted by a previous verification report that found 

significant percent difference between the reported displacements of the two models.  The 

purpose of this report was to determine whether particular errors and irregularities of 

displacement could be found within a specific section of the model.  In this regard it was the hope 

of this process to find a significant, isolated, source of error.  The following figure shows a top 

view of the model and how the sections were divided into 15 different areas (red boxes).   

 

Figure 72: Top view of the section map for the SMSD model. 

For each section of the model under investigation a simple centric loading case would be 

evaluated.  The vertical displacements of 2-3 different locations would be used for the 

comparison.  In order to make the completion time reasonable, the 10mm element size SMSD 

model was used to reduce simulation times.  Once approximately ½ of the analysis was complete, 

the discrepancies between the two model’s values were still high.  This prompted a simple 

analysis between the differences between a 1
st
 order element, and a 2

nd
 order element being used 
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in HyperMesh.  Consequently the 4
th
 column of Table 16 represents displacement values of the 

SMSD model, where a simple 2
nd

 to 1
st
 order element change was performed.   

 

A summary of the results can be seen in Table 16.   

Table 16: Summary of displacement values for the isolation study 

Isolated Section Location SMSD (m) NCAC (m) SMSD 1st 

order (m) 

Area 1 Location 1 -1.36E-05 -2.83E-05  

Location 2 -1.35E-05 -2.21E-05  

Location 3 -3.36E-06 -6.51E-06  

Area 2 Location 1 -1.02E-05 -4.95E-06  

Location 2 -1.68E-05 -1.95E-05  

Location 3 -1.48E-05 -5.32E-06  

Area 3  Location 1 -9.77E-06 -5.38E-06  

Location 2 -9.76E-06 -5.53E-06  

Area 4 Location 1 -1.62E-05 -1.37E-05  

Location 2 -1.40E-05 -1.08E-05  

Location 3 -1.32E-05 -1.07E-05  

Area 5 Location 1 -2.01E-05 -1.01E-05  

Location 2 -1.29E-05 -7.33E-06  

Location 3 -9.19E-06 -7.57E-06  

Area 6 Location 1 -4.54E-06 -5.71E-06  

Location 2 -3.26E-05 -4.38E-05  

Location 3 -1.58E-05 -2.06E-05  

Area 7 Location 1 -5.58E-06 -5.79E-06  

Location 2 -8.65E-06 -1.05E-05  

Location 3 -8.55E-06 -1.06E-05  

Area 8 Location 1 -8.50E-05 -2.44E-05  

Location 2 -5.05E-05 -2.57E-05  
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Location 3 -6.64E-07 -2.63E-06  

Area 9 Location 1 -5.97E-06 -9.25E-06 -7.23E-06 

Location 2 -5.14E-06 -9.21E-06 -5.27E-06 

Location 3 -5.46E-06 -6.25E-06 -4.10E-06 

Area 10 Location 1 -5.07E-05 -3.47E-05 -3.82E-05 

Location 2 -1.08E-04 -6.38E-05 -8.80E-05 

Location 3 -5.00E-05 -3.45E-05 -3.28E-05 

Area 11 Location 1 -6.03E-06 -7.58E-06 -5.19E-06 

Location 2 -6.05E-06 -8.51E-06 -5.19E-06 

Area 12 Location 1 -4.19E-09 -1.03E-08 -1.60E-08 

Location 2 -2.18E-05 -1.05E-05 -2.07E-05 

Area 13 Location 1 -9.88E-06 -1.11E-05 -9.34E-06 

Location 2 -9.92E-06 -1.13E-05 -9.22E-06 

Area 14  Location 1 -1.90E-05 -1.04E-05 -1.17E-05 

Area 15 Location 1 -6.20E-04 -6.82E-04 -6.06E-04 

Location 2 -3.97E-04 -3.52E-04 -4.05E-04 

Location 3 -6.84E-05 -6.61E-05 -6.40E-05 

 

In order to consider and compare these results with the previous report, the percent 

differences were extracted from the values.  Similarly in order to give some more contexts, a few 

measurements were made of the defining geometric values of each section and compared between 

the models.  The percent differences were calculated for: the SMSD and NCAC, SMSD 1
st
 order 

and NCAC, SMSD and SMSD 1
st
 order, Geometric features.  These values can be seen in Table 

17, Table 18, and graphically visualized in Figure 73, Figure 74 and Figure 75. 
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Table 17: Various geometric location measurement differences between the SMSD and 

NCAC models. 

SMSD 

Geometry (m) 

NCAC 

Geometry 

(m) 

Percent 

Difference 

0.37 0.5 30% 

0.748 0.705 6% 

0.1456 0.153094 5% 

0.2946 0.304392 3% 

0.748 0.713867 5% 

0.743 0.752989 1% 

0.969 0.958391 1% 

0.1656 0.169872 3% 

0.98 0.99094 1% 

0.5428 0.366965 39% 

0.994 0.964956 3% 

0.3971 0.609472 42% 

1.016 1.075868 6% 

0.5183 0.437829 17% 

1.127 1.1138727 1% 

0.7026 0.718585 2% 

1.105 1.100305 0% 

1.07 0.94261 13% 

0.1177 0.130777 11% 

 Average 10% 
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Table 18: Summary of displacement percent differences for the isolation study. 

Isolated Section SMSD-

NCAC 

SMSD 1
st 

- 

NCAC 

SMSD - SMSD 1
st
 

Area 1 52%   

39%   

48%   

Area 2 51%   

14%   

64%   

Area 3  45%   

43%   

Area 4 16%   

23%   

18%   

Area 5 50%   

43%   

18%   

Area 6 20%   

26%   

23%   

Area 7 4%   

18%   

19%   

Area 8 71%   

49%   

75%   

Area 9 35% 22% 19% 

44% 43% 3% 

13% 34% 28% 

Area 10 32% 9% 28% 
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41% 27% 21% 

31% 5% 42% 

Area 11 20% 32% 15% 

29% 39% 15% 

Area 12 59% 36% 117% 

52% 49% 5% 

Area 13 11% 16% 6% 

12% 18% 7% 

Area 14  45% 11% 47% 

Area 15 9% 11% 2% 

11% 13% 2% 

3% 3% 7% 

Average 33% 23% 23% 
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Figure 73: Percent differences in the geometric areas of the NCAC and SMSD models. 
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Figure 74: Percent difference of the displacement values used for the isolation study. 

 

Figure 75: Percent difference of the 1st order displacement values used for the isolation 

study. 
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As mentioned previously, the early results of the analysis prompted a simple comparison 

between 1
st
 and 2

nd
 order problems within HyperMesh.  The simple case of a flat plate, 

constrained at one end with a point load at its center demonstrated a 25% difference between 

models using 1
st
 order elements compared to one using 2

nd
 order elements.  This difference could 

be compounded to greater lengths if the geometries differ even slightly.  Consequently it was 

believed that changing the model’s element order might reduce the percent difference between 

the two models.  This secondary comparison was initiated for section 9 and beyond. 

The results show that on average there is a 33% difference between the sections of the 

SMSD and NCAC models.  This is a much lower value when compared to the verification 

analysis of 80% but is to be expected on a higher constrained model.  However the purpose of 

this report was to find areas with higher anomalies and differences to the rest of the model.  

Unfortunately by simply looking at the percent difference of the models it is not so easy to 

determine faulty sections.  The values range between 4% and 75% and fluctuate immensely, even 

within a given section.  The average difference lowers when looking at the values for the SMSD 

1
st
 order comparison.  The 1

st
 order model only has a 23% difference with the NCAC model.  

This result highlights one of the major problems with these comparisons.  Similarly when 

comparing the SMSD 1
st
 order with the SMSD 2

nd
 order values, an average of 23% difference is 

found.  1
st
 and 2

nd
 order models cannot be easily compared and verified to each other.   

It is easy to spot areas of greatest geometric differences.  The results show significant 

differences in the areas 1, 7,9,11 and 15.  Similarly it is easiest to find the areas of greatest 

differences between the 1
st
 order and 2

nd
 order models.  (Area 12 and 14) This result indicates that 

there is a higher difference in the models where curvature is prominent.   
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Appendix D 

Weld Location Report 
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Joint 

number  
CAD Figure True Joining Information Finite Element Approach 

1 

 

There are a total of 96 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edge 

which is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer member  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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2 

 

There are a total of 120 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: Where overlap occurs, only the outer most 

rigid elements are used as weld locations. 

3 

 

There are a total of 22 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding.  The 

side lap joints are only connecting with the 

inner beam. 

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece 

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections.  Note: Where overlap occurs, only 

the outer most rigid elements are used as weld 

locations. 
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4 

 

There are a total of 141 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding.  There 

is no welding between the two parts where 

the flat plate is positioned.   

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

5 

 

There are a total of 25 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding.  The 

inside flat edge is actually supposed to be 

over the other part and thus covering it. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Note: Where overlap occurs, only the outer most 

rigid elements are used as weld locations. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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6 

 

There are a total of 38 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding.  The 

joints are only up to the slanted section. 

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

7 

 

There are a total of 34 weld points for this 

joint.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding.  The 

welds stop as seen on the figure, where the 

slant is located.   

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  ~2 rigid elements per 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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8 

 

There are a total of 380 weld points for this 

joint.  Using the total frame as a reference 

point, the distribution of welds are 194 on 

the top and 186 on the bottom.  The layout 

of the geometry suggests the use of lap 

joint.  The original FE model used a series 

of spot welds along the edges which is 

suggestive of seam welding.   

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

9 

 

There are a total of 34 weld points for this 

joint.  The flanged outer rim that has 

approximately 45 degree from the sides 

suggests the use of T- joint.  The original FE 

model used a series of spot welds along the 

edges which is suggestive of seam welding.  

The joints only remain on the inside of the 

beam. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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10 

 

There are a total of 34 weld points for this 

joint.  Comprised of flanged/flattened 

surface under the rail consequently 

changing a T- joint to a lap joint, however 

on the outer side of the rail elements remain 

perpendicular and are thus a T-joint.  Model 

needs drastic changing on this part.  Using 

the total frame as a reference point, the 

distribution of welds are 18 on the outside 

and 16 on the underside.  The original FE 

model used a series of spot welds along the 

edges which is suggestive of seam welding.   

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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11 

 

There are a total of 136 weld points for this 

joint.  Using the total frame as a reference 

point, the distribution of welds are 69 on the 

front and 67 on the back.  The layout of the 

geometry suggests the use of lap joint.  The 

original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece 

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: There are extra connections to an external 

un-modeled part. 

12 

 

There are a total of 66 weld points for this 

joint.  The joints go all the way around the 

edge.  The layout of the geometry suggests 

the use of lap joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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13 

 

There are a total of 35 weld points for this 

joint.  The joints go all the way around the 

edge which is flanged but still mostly 

resembles a T-joint on the inner beam 

surface.  The original FE model used a 

series of spot welds along the edges which 

is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: The height needs to be significantly reduced. 

14 

 

 

There are a total of 14 weld points for this 

joint.  The joints go along the flat surfaces 

under the beams, there are 7 per side.  The 

layout of the geometry suggests the use of 

T-joint.  The original FE model used a 

series of spot welds along the edges which 

is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections.  Note: needs to be shortened 
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15 

 

There are a total of 32 beam elements for 

this joint.  The 4 bolts each have 8 elements 

per connection and resemble the layout of a 

spider bolt.  The spider bolt simulation 

substitutes line elements for the head, nut, 

and stud.  A series of beam elements 

represent the head/nut in a web-like fashion. 

Description: A web of beam elements connecting 

both components 

Origin:  1 node for each bolt at the center of a mild 

dent on the surface of the inner part. Target: 4 

nodes of 1 element on the outer surface that are 

conically spread from the origin node, and 4 nodes 

on the edge of the dent on the original surface 

Density:  1 rigid element connection for each outer 

node on the edge.  2 rigid elements for each 2D 

surface element.   

Element type/number: Bolt elements, beam like 

1D elements with 2 nodes used to model bolted 

connections.  They are stored in the ConNodRB 

collector. 

16 

 

There are a total of 23 weld points for this 

joint.  There are 15 joints that go along the 

two outside edges and 8 weld locations 

along the top edge, all with the inside of the 

beam.  The layout of the geometry suggests 

the use of T-joint.  The original FE model 

used a series of spot welds along the edges 

which is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: The height should be reduced. 
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17 

 

There are a total of 23 weld points for this 

joint.  The joints go along the top edge of 

the part along the under section of the beam.  

The layout of the geometry suggests the use 

of T-joint.  The original FE model used a 

series of spot welds along the edges which 

is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: only on the straight edge 

18 

 

There are a total of 28 beam elements for 

this joint.  The 4 bolts each have 7 elements 

per connection and resemble the layout of a 

spider bolt.  The spider bolt simulation 

substitutes line elements for the head, nut, 

and stud.  A series of beam elements 

represent the head/nut in a web-like fashion. 

Description: A web of beam elements connecting 

both components 

Origin:  1 node for each bolt at the corner of an 

element on the surface of the inner part. 

Target: 4 nodes of 1 element on the outer surface 

that are conically spread from the origin node, and 

3 nodes on the remaining nodes of the originating 

element. 

Element type/number: Bolt elements, beam like 

1D elements with 2 nodes used to model bolted 

connections.  They are stored in the ConNodRB 

collector. 
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19 

 

There are a total of 24 weld points for this 

joint.  The joints go along the bottom edge 

which is flanged but still mostly resembles a 

T-joint on the inner beam surface.  There 

are 12 joint locations per side of the part.  

The original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding.   

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

20 

 

There are a total of 36 weld points for this 

joint.  The joints go all the way around the 

edge which is flanged significantly and only 

remains on the inside section of the beam.  

The original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding.   

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: The top section needs to be removed, and 

the outer rim should be modeled to be more 

flanged.   
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21 

 

There are a total of 39 weld points for this 

joint.  The joints go all along the straight 

edge of the part, and should be on the inside 

section of the bottom beam.  The original 

FE model used a series of spot welds along 

the edges which is suggestive of seam 

welding 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: only on the straight edge and needs to be 

shorted to the inside of the beam only. 

22 

 

There are a total of 34 weld points for this 

joint.  There are 14 joints per side that go 

along the two outside edges.  The layout of 

the geometry suggests the use of T-joints.  

The original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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23 

 

There are a total of 111 weld points for this 

joint.  Using the entire model as a reference 

there are 55 joints along the front edge and 

56 along the back.  The layout of the 

geometry suggests the use of T-joints.  The 

original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding. 

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: there are no joints in the small square 

gaps.(make gaps smaller) 

24 

 

There are a total of 58 weld points for this 

joint.  The part is a perfectly flanged 

connecting surface on both the top of the 

rail and the inner side of the rail, resulting in 

lap joints.  The top edge has 22 joints along 

the surface and the inside beam edge has 36.  

The original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding. 

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

Note: The top should follow the beam more 

closely, and the bottom/inside surface does not 

resemble original model and needs modification. 
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25 

 

There are a total of 45 weld points for this 

joint.  Using the entire model as a reference 

there are 23 joints along the inside radius 

and 22 along the outside one.  The joints are 

along circular interfaces both on the inner 

and outer rail holes and are perpendicular to 

the cylindrical crossbeam; hence T-joints 

are suggested.  The original FE model used 

a series of spot welds along the edges which 

is suggestive of seam welding. 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece that 

align with the rails holes. 

Target: nodes normal or closest to the edge of the 

original surface that coincide with the hole 

elements on the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

 

26 

 

There are a total of 46 weld points for this 

joint.  Using the entire model as a reference 

there are 22 joints along the inside radius 

and 24 along the outside one.  The joints are 

along circular interfaces both on the inner 

and outer rail holes and are perpendicular to 

the cylindrical crossbeam; hence T-joints 

are suggested.  The original FE model used 

a series of spot welds along the edges which 

is suggestive of seam welding.   

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece that 

align with the rails holes. 

Target: nodes normal or closest to the edge of the 

original surface that coincide with the hole 

elements on the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 
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27 

 

There are a total of 19 weld points for this 

joint.  Using the total frame as a reference 

point, the distribution of welds are 9 on the 

top and 10 on the bottom.  The layout of the 

geometry suggests the use of lap joint.  The 

original FE model used a series of spot 

welds along the edges which is suggestive 

of seam welding.   

 

Description: Continuous rigid elements connecting 

both components. 

Origin:  nodes on the edge of the outer piece  

Target: nodes normal or closest to the edge of the 

original surface that coincide with the second part. 

Element type/number: Weld elements, rigid 1D 

elements with 2 nodes used to model welded 

connections. 

 


