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ABSTRACT
The design of spanning systems is a common task that structural engineers perform, and
beam theory is one of the first things taught in a mechanics course. This thesis studies a range
of spanning systems, and evaluates their performance in a systematic way. The systems
considered are beams, trusses, funicular structures, and cable-stayed systems.
The first part of the thesis examines system selection by evaluating the limits to each structural
system and the relative efficiency of structural systems at different spans, depths, and loading
constraints.
In the second part, dynamic performance and global buckling are investigated to determine
their influence on the performance of beams and trusses. These failure mechanisms should be
examined early in the design process, but similar types of studies rely only on static behavior
to evaluate performance.
The third part analyzes the effect of the length-to-depth ratio on the performance of beams
and trusses. In conceptual design, rules of thumb for this ratio are used as a starting point, but
may not always be appropriate depending on the situation.
Finally, the effect of design constraints on the performance of beams and trusses are studied.
Depending on the situation, these design constraints may negatively affect the spanning
system’s performance. Specifically, the constraints of deflection, local buckling, uniform sizing
of truss members, and support conditions are explored.
Thesis Supervisor: Pierre Ghisbain
Title: Lecturer of Civil and Environmental Engineering
Thesis Supervisor: John Ochsendorf
Title: Professor of Architecture and Civil and Environmental Engineering
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1 Introduction
This thesis addresses the problem of designing structures based on experience and
understanding trends of spanning systems. This chapter will present this topic and motivate
the work by commenting on the current state of practice and research. Chapter 1 also poses
the specific goals and outlines the remainder of the thesis.

1.1 Overview
The topic of this thesis is the design of spanning systems made of steel. The design of
spanning systems is common to structural engineers, and their design is multi-objective: the
designer must consider strength, deflection, space, aesthetics, stability, dynamics, fabrication,
erection, availability of materials, and cost.
In the education of a structural engineer, understanding of trusses, arches, cable structures,
and other typologies are developed, and qualitative knowledge is understood about relative
performance. For example, every engineer knows that for supporting a uniform load, a truss is
more structurally efficient than a beam, and an arch more structurally efficient than a truss.
This research focuses primarily on structural objectives and relies on engineering principles to
evaluate various spanning systems. Specifically, system selection, dynamic performance and
global buckling, the effect of the length-to-depth rati0, and the effect of design constraints are
examined in depth.
The availability of fast computation has allowed researchers and engineers to solve
complicated problems without the time required to solve equations by hand. The use of
scripting with MATLAB is used as a tool to gain understanding through many iterations of
design. In most cases, these trends can be justified using structural principles, and
determining specific magnitudes and running multiple test cases is also possible with the use
of computation.
Studies of a similar nature may be done in practice, but are typically done for a specific
project’s needs. By exploring a range of scenario’s in a systematic way, trends can be seen that
allow engineers and designers to make smarter design decisions and reduce material usage for
equivalent performance.
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1.2 Common Approaches
A common approach to design is a heuristic approach. As Clune (2010) writes, “Typically, the
engineer uses past experience and heuristic 'rules of thumb' to arrive at this first iteration.”
Designs that have performed well before can be adopted and modified to fit specific
requirements. In order to refine the design, a preliminary design is modeled and is analyzed,
then refinements are made. Due to the multi-objective nature of the design problem, this
method works well and is safe, saving the designer time and effort having to reanalyze
tradeoffs or work through each design decision from basic principles.
On the other hand, it may cause the loss of design information over time reducing the ability
of designers and engineers to adapt to changes such as material properties and construction
technology. For example, improving fabrication techniques may allow more complicated
structures to be built at low cost and one may wonder how structural engineers will adapt. In
addition, the current approach can reduce the amount of innovation. Schodek (2004) writes
the following:
Since [rules of thumb] were derived by looking at previously built structures,
their use in design tends to propagate the past state of the art rather than be
forward looking. Hence, they inherently tend to preclude innovative structural
solutions based on an understanding and application of the theory of structures.
A search through a design guide such as Allen’s The Architect’s Studio Companion (2010)
gives the engineer or architect an idea of what system to use for a given span. The
recommendations are likely based on historical practice, and much of the information
regarding other characteristics, such as deflection or dynamic properties, is omitted, leaving
the designer to determine what behavior to consider in the design.

1.3 Problem Statement
The purpose of this thesis is to compare spanning systems through dynamics, global buckling,
rules of thumb, and design constraints so that engineers can better understand design choices
and underlying structural trends, and ultimately find better solutions. This work also has the
potential to justify or overturn design guides and best practices for engineers and designers.
The following are specific goals that this thesis will attempt to address:
• Help engineers better select a spanning system
• Investigate dynamic performance and global buckling
• Determine the effect of the length-to-depth ratio
• Explore the impact of design constraints on performance
10

1.4 Outline of Thesis
In Chapter 2, the background of relevant research in structural design is presented. It includes
the merits and shortcomings of design guides, parametric studies, and optimization. This
chapter presents an overview of the research already performed and shows where this work
contributes to the field.
Chapter 3 explains how the questions posed will be answered; it presents the methodology by
explaining what assumptions were made and the process that is used to generate each
spanning system.
Chapter 4 contains the results of the studies performed. The first section shows the relative
structural efficiency of a variety of systems in a few alternative scenarios. The second section
explores the impact of frequency and global buckling on conceptual design. The third looks at
the effect of the length-to-depth ratio, and the final section studies the impact of design
constraints on the performance of trusses and beams
Chapter 5 will conclude the thesis with a summary of the original contributions and
suggestions for future work.
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2 Background
This section will present an examination of the relevant content. It includes the inspection of
design guides, parametric studies, and structural optimization. This chapter will also show
how this work contributes to the field.

2.1 Design Guidelines
The starting points for this research are rules of thumb that engineers learn through
experience; these are passed down through companies and people and are documented in
textbooks, design guides, and other publications.
The Federal Highways Administration and many Department of Transportations have a guide
for bridge design, providing guidance for system selection. Figure 2.1 is taken from Montana’s
Structures Manual (2002) and shows the suggested spans for various types of bridges. Figure
2.2 gives an example of advantages and disadvantages that are discussed, most of which are
qualitative in nature.

Figure 2.1 A table showing suggested ranges for bridge types (Montana Department of
Transportation, 2002)
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Figure 2.2 An example of the characteristics and advantages of a bridge type found in Montana’s
bridge design guide. (Montana Department of Transportation, 2002)

Experienced engineers are also resources for knowledge. In an interview, David Fujiwara
(2014), a structural engineer in Hawaii, confirmed that the methods for selecting a structural
system are often chosen based on experience and not usually on a rigorous study of all the
options or quantitative structural rationale. However, there are often non-structural
considerations that impact the design.
Other source of design guidelines can be found in structural engineering or architecture
textbooks. Schodek (2004) uses graphics such as Figure 2.3 to illustrate the practical limits of
steel structural systems from steel decking to domes. These are useful for high-level design
decisions, but he does not list any rationale for the charts. This chart was likely developed after
many years of experience and interactions with engineers.
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Figure 2.3 Visual design guide showing feasible spans and depths for various types of structural
systems in steel. (Schodek, 2004)

2.2 Parametric Studies
Other publications explore the variation in structures in a more systematic way through
parametric studies.
Xanthokos (1994) shows curves such as Figure 2.4 for various types of bridges and how the
cost of structural systems varies with the span. The graphs were likely useful at the time of
publication and show trends of unit cost vs. span, but are difficult to apply or learn from today
because of the changing levels of cost and absence of the methodology.
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Figure 2.4 Graph showing the relationship between unit cost and span for various girder spacing
(Xanthakos, 1994)

Malek (2012) considered how geometric parameters affect the load capacity of a grid shells.
This work quantifies how these parameters affect the performance by normalizing the load
carrying capacity by the self-weight of grid shells. Her research is detailed in a specific
structural system type, but does not consider how the performance of a grid shell compares to
other structural systems.
Samyn (2004) explored at a wide range of structures, performing volume comparisons for
varying structural systems and also extending his work to study variation within each system.
Figure 2.5 shows an example of his work, which focuses on the performance in volume of
material of each structural system across variations in geometries. However, it lacks other
metrics for performance and applicability in design.

16

Figure 2.5 Graph showing the efficiency of varying structural systems by plotting volume vs. lengthto-depth ratio (Samyn, 2004)

2.3 Structural Optimization
Although this research does not focus on structural optimization, understanding its use in
research and industry is important to understand its impact and influence on structural
design.
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Hemp (1973) and Cox (1965) both explore the theory of optimization of structures. They use
Maxwell’s theory to show that certain arrangements yield minimum volume structures and
explore examples of simple load cases as well as plates and sandwich plates, whose application
lie in structural, mechanical, and aerospace engineering. These works are among the early
works of optimization that were moved forward by computation and application to the
automotive and aerospace industry, but was not adopted as much by the civil engineering
industry.
Baker (2010) uses the Michell truss as a way to benchmark his designs and further investigate
the theory. His research examines different truss types and uses the Maxwell’s theorem on
load paths to understand why certain trusses perform better than others.
𝑝! ∙ 𝑟! =   

𝐹𝐿!

!"#$%&#

−   

𝐹𝐿!

!"#$%&''(")

Equation 2.1

Where F is the force in each member, L is the length in each member, p is the force and r is the
distance from the origin.
One conclusion is that among truss configurations whose members are proportional to the
force, the stiffest structure is also the lightest. One of the limitations of this work is the lack of
comparison between other structural systems, and the scope may not be applicable to
practicing engineers.
Clune (2013) examines the effectiveness of optimization algorithms in the design of multiple
types of bridges. His work is based on the idea that optimization algorithms are well
understood and documented, but seldom used in the structural engineering. Through
optimization selection techniques, he shows that the volume of material can be reduced by an
average of 9.4% for a family of bridge configurations.

2.4 Summary
The background on the topic of structural design ranges from practical design guides based
on experience to parametric studies of structural systems. The field of structural optimization
has been explored from as early as the 1960’s up to continuing work today. The current status
of research leaves room for work that links theoretical and practical applications. This chapter
motivates the topic of applying research and theory to practice.
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3 Methodology
This thesis considers four types of spanning systems: beams, trusses, cable-stayed systems, and
funicular structures. This chapter explains the process of design spanning systems and
extracting performance measures. The following will explain the assumptions and how design
functions were implemented. Design functions are step-by-step procedures used to design a
structural system.

3.1 Assumptions
The scope of the thesis was limited to single spans with linear-elastic behavior in 2
dimensions. In addition, these methods do not consider nonlinearities such as those caused by
geometry or material behavior. In addition, this study does not consider how secondary
systems are affected by the loading and span, but assumes that the loads are applied directly to
the primary structure. This work also assumes that the spans are straight, and if spans are
curved, it can result in additional bending moments and torsion. The sections for each design
function include their specific assumptions.

3.2 Cost
Cost is important to an owner and a critical factor in the decision to select a specific structural
system; however, it was not considered here for a few reasons, instead the weight of the
structure normalized by the span length was the most frequently used metric. Including costs
does not provide insight into the structural behavior and would provide trends that were
developed using assumptions on cost in addition to assumptions for the structural behavior.
Furthermore, costs are often regionally specific, vary by fabricator or contractor, and may
dependent on economics of the steel, equipment, energy, and labor industry. These factors
contribute to the notion that cost will change more rapidly than the material properties of
steel.
Cost may be roughly correlated to the volume of material used, but in places with high labor
costs, material cost is secondary to cost from fabrication and assembly. Being able to compare
costs may be another direction of research. However, this is likely very correlated to historical
data, which may be difficult to obtain and interpret.

3.3 Material Choice
Steel was chosen instead of other common construction materials such as concrete,
aluminum, or wood. Steel has characteristics that make it attractive to use: 1) its material
behavior is similar in both tension and compression 2) steel can be used to construct almost
19

any structural system 3) it is used frequently in the construction industry 4) its behavior is
relatively simple to understand. Table 3.1 shows the material properties used for steel.

Table 3.1 Material properties of steel used in this study

3.4 Design Constraints and Performance Measures
An important consideration is choosing the design constraints and performance measures. A
design constraint is a criterion that the design must meet (e.g. length). A performance
measure is a quantity that describes the structure’s performance (e.g. weight). In practice,
other design constraints and performance measures, such as the aesthetics, cost, speed of
construction, constructability, and ease of fabrication, are used, but cannot be easily evaluated
quantitatively.

Table 3.2 List of design constraints and performance measures.

Table 3.2 shows a list of design constraints and performance measures used. Depending on
the project, design constraints could be chosen as performance measures and vice versa. For
example, one might design the longest possible span that has a fundamental frequency under
4 Hz. Some were not applied to certain spanning systems depending on the level of detail and
applicability. Two especially important performance measures are the fundamental frequency
and global buckling. Dynamic behavior is important for long span and lightweight structures
such as footbridges.
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3.4.1 Design Constraints
This section discusses the chosen design constraints. Length, loading, and yield are kept as
design constraints, meaning that any structural system must meet a specified length and
support a specified loading in addition to its self-weight.
3.4.1.1 Length
The spans that exist in the real world range greatly, and in this thesis, a range of 10 ft to 4000+
ft is considered. The majority of spans are less than 100 ft including most road bridges, floor
systems, and roofs. Longer spans are typically required for large bridges, stadia, and open
spaces such as performance halls and atria.
3.4.1.2 Depth
This thesis uses the length-to-depth ratio, the “L/d ratio”, to specify the depth. L/d ratios
considered here range from 5 to 40. Figure 3.1 shows changing aspect ratio from 5 to 40 to
show the range of values that are used. The design method keeps the angle of the diagonals as
close to 45° as possible, explaining the increase in the number of members and the L/d ratio
increases.

Figure 3.1 L/d ratios shown here present the slenderness.
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3.4.1.3 Loading
The applied loading is variable since it depends on usage of the structure. For example, a roof
may only be subject to 20psf loading while a floor supporting heavy equipment may have a
loading of 200psf or higher. The tributary width also ranges greatly - the tributary width for a
cable-stayed bridge might be 100ft while for a floor beam might be only 10ft. Taking extreme
combinations for loading and width reveals that linear loading can differ by as much as a
factor of 100, ranging from 200 pounds per linear foot (plf) to 20,000 plf.
3.4.1.4 Yield
The most basic requirement for all structures is that they support the applied load; therefore,
the strength requirement for every structure is enforced. This thesis uses the assumption of
yield strength shown in Table 3.1 along with a safety factor used from allowable strength
design of 1.67. The material properties of steel are chosen using typically values used in
practice, but might not represent all cases since steel with different material properties is
available.
3.4.1.5 Local Buckling
Local buckling was considered for elements of a truss in compression. A safety factor of 2 was
used for buckling, and the specific implementation is shown in the truss design function.
3.4.1.6 Deflection
Similar to loading, the deflection constraint is heavily influenced by the usage of the structure.
For example, a roof might be allowed to have a deflection limit of L/120 while a floor
supporting sensitive equipment or façade may only be allowed to have a deflection limit of
L/480. In this thesis, the deflection is based on live and dead load. There were a number of
potential values to use from building codes: L/240 for floors, L/180 for roofs supporting
plaster ceilings, and L/120 for roofs supporting non-plaster ceilings; in most cases, L/240 was
used unless otherwise specified.

3.4.2 Performance Measures
This section explains the performance measures used to quantify performance and compare
one design to another.
3.4.2.1 Self-Weight
Volume of material used is the most common metric for comparing the performance of
structures. This thesis uses the weight of the structure normalized by the span length as a
measure of efficiency to allow comparison between different lengths. Furthermore, the
amount of material is may be a significant portion of the cost.
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3.4.2.2 Global and Local Buckling
Global buckling is quantified by the factor that should be applied to the load such that the
structure becomes unstable. This can be implemented by finding the eigenvalues of physical
and geometric stiffness matrix. In practice, global buckling is rarely investigated and other
methods such as the direct analysis method from AISC are used to check stability. In this
thesis, it is only applied to the trusses and can be seen as a safety factor for stability. Equation
3.1 shows the eigenvalue problem whose eigenvalue solutions correspond to the global
buckling scale factors.
𝑲𝒑 + 𝜆𝑲𝒈 = 𝟎

Equation 3.1

𝑲𝒑 is the physical stiffness matrix established by the elements, and 𝑲𝒈 is the geometric
stiffness, established by the forces in the structure. 𝜆 is the factor that makes the sum of both
stiffness matrices, i.e. the total stiffness matrix, become 𝟎, making the structure unstable.
Similarly, local buckling is quantified by calculating the minimum factor that must be applied
to reach the critical buckling force for any single member.
3.4.2.3 Fundamental Frequency
As structures become more flexible, depending on its application, its frequencies may become
more susceptible to periodic external loading such as wind, footfall, and earthquakes. The
fundamental frequency in the direction of loading is used as a measure of the dynamic
performance of the system. It is possible that the fundamental frequency could be below the
range of excitation frequencies, but in this case, higher modes could be excited. The out-ofplane frequencies are not considered here, but in practice should also be studied. The dynamic
response also varies with location; a bridge in California or Japan may require much stricter
dynamic performance than a bridge in a lower seismic zone.
For a truss, the stiffness and mass matrix can be used to determine the fundamental frequency
by finding the first eigenvalue from Equation 3.2.
𝑲 − 𝜔! 𝑴 = 𝟎

Equation 3.2

For a beam, the fundamental frequency is calculated using Equation 3.3.
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𝜔 =   

π
𝐿

!

𝐸𝐼
𝜌! 𝐴

Equation 3.3

Where L is the length, E is the modulus of elasticity, I is the moment of inertia, 𝜌! is the mass
density, and A is the area.

3.5 Design functions
Design function are step-by-step procedures used to design beams, trusses, cable-stayed
systems, and funicular structures. They take inputs such as length, L/d ratio, and loading and
return performance measures such as weight per ft. Each function must be able to take any
combination of inputs in order to simulate many design scenarios and explore trends. The
following section outlines the design functions that were used to generate the spanning
systems.

3.5.1 Trusses: Pratt and Warren
Two design functions were developed to generate Pratt and Warren trusses. The support
conditions are simply supported; therefore the structure is statically determinate and forces
can be determined without knowing the size of each member.
The depth of the structure is determined by the L/d ratio and the diagonals are kept as close to
45° as possible. The uniform line load is applied to the structure and modeled as discrete point
loads applied to the nodes of the top chord by multiplying the uniform loading by the length
of each bay. In practice, local deflection of the chords may become an issue if node distances
become large. To accommodate deflection constraints, the area of each tube is scaled
proportionally until the deflection limit is reached.
Figure 3.2 and Figure 3.3 show the elevation view of the Pratt truss and Warren Truss
geometry used.

Figure 3.2 An example Pratt Truss
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Figure 3.3 An example Warren Truss

Figure 3.4 shows the design procedure for a truss.

Figure 3.4 Flow chart for the design of a truss

3.5.1.1 Cross Section Area of Members
If truss members are sized proportionally to their forces, trusses with zero force members
become unstable. To combat this effect, the zero-force members are sized based on the
smallest non-zero force. This allows the dynamic performance to be analyzed for all types of
structures. When a member is in tension or not considered for buckling, the area is related to
the force through Equation 3.4.
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𝐴=

𝐹Ω
𝜎!

Equation 3.4

Where F is the applied force, Ω is 1.67, the safety factor for yield, and 𝜎! is the yield stress.
3.5.1.2 Design for Local Buckling
A solid circular geometry was chosen for the cross section of each truss member. Members
under compression are subject to yield and local buckling failure mechanisms. The method
implemented here uses the geometry whose outer radius is given by Equation 3.5. This
particular method may overestimate the material required for buckling since it is more
common to use hollow sections for compression members that have a larger buckling
resistance than a solid section of the same area.

𝑟 = max  

Ω𝐹 ! 4Ω! 𝐹𝐿!
,
  
𝜋𝜎!
𝐸𝜋 !

Equation 3.5

𝐴 =   𝜋𝑟 !

Equation 3.6

Where  𝐹 is the applied force, 𝜎! is the yield stress of steel, 𝐿 is the length of the member, and 𝐸
is the modulus of elasticity, Ω is 1.67, the safety factor for yield, and Ω! is 2, the safety factor
for buckling.

3.5.2 Michell Truss
This design function for the Michell Truss is an analytical solution for the continuous Michell
truss under uniformly distributed loading (Pichugin, Tyas, & Gilbert, 2011). The boundary
conditions here are pin-pin, and the only design constraints are length and loading. The depth
is not governed by the L/d ratio and is always 𝐿
. The purpose of including this spanning
2
system is to provide a benchmark for the other systems. The expression for the weight per foot
is shown in Equation 3.7.
W =   

4 𝜋 𝑤𝐿Ωρ
+
3 2 4𝜎!

Equation 3.7

Where w is the loading, L is the length, Ω is 1.67, the safety factor for yield,  ρ is the weight
density, and 𝜎! is the yield stress.
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Figure 3.5 Elevation view of a single span of a Michell truss

3.5.3 Beams: W Flange and Square Hollow Structural Section
The W Flange Sections and Square Hollow Structural Sections (HSS) available in the AISC
Manual and in a few larger sections were used to design the beams. The appropriate sections
are chosen by calculating the maximum bending moment of a simply supported beam using
Equation 3.8. Shear was not a consideration for this design function and typically will not
control unless used in a short span.
𝑀!"# =

𝑤𝐿!
8

Equation 3.8

Where w is the linear loading, and L is the length.
The plastic modulus, Z, shown in Equation 3.9 is used to size the W Flange, and the cross
section is kept uniform throughout the length of the beam. This method is not the most
efficient way to size a beam, but is practical when constructability, fabrication, and
asymmetric loading are considered.
𝑍!"# =   

Ω𝑀!"#
𝜎!

Equation 3.9

Where Ω is 1.67, the safety factor for yield, and 𝜎! is the yield stress.
When deflection was considered as a design constraint, the section inertia is required to satisfy
Equation 3.10.
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5wL!
𝐼 ≥   
𝐸𝛿

Equation 3.10

Where w is the loading, L is the loading, E is the modulus of elasticity, and 𝛿 is the deflection.
Figure 3.6 shows the schematic flow chart for the beam section selection process.

Figure 3.6 Flow Chart for Beam Design

One key observation of this methodology is that the depth of the beam is not always the L/d
ratio, but rather is the lightest shape that fits within the specified envelope. This is different
than the design method for a truss whose depth is specified by the L/d ratio.

3.5.4 Beam: Solid Section
An extension of the beam, a solid rectangular section was considered. Equation 3.11 shows
how the width was determined using strength and slenderness. It considers a uniform section
along the entire span.
𝑏 = max  

𝜎!
4𝑀Ω 𝑑
,
!
𝑑 𝜎! 0.38 𝐸

Equation 3.11

Where M is the moment determined by Equation 3.8, Ω is 1.67, the safety factor for yield, d is
the depth,  𝜎! is the yield stress, and E is the modulus of elasticity.
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3.5.5 Cable-Stayed
The cable-stayed spanning system was designed by placing cables from the top of a tower to
the deck approximately every 10ft. A rigid deck assumption is used and the vertical
component of the force is determined by the loading, and the horizontal component is
determined by the angle made with the horizontal. Subsequently, the deck is put in
compression by the cables, and this compression accumulates toward the pylon. A yield stress
of 120ksi was used for the cables and 36ksi for the deck and towers. Figure 3.7 shows a
schematic of the design for a cable-stayed system.

Figure 3.7 Elevation view of a single span of the cable-stayed system

3.5.6 Funicular Structures: Suspension Bridges and Arches
This design function was used to represent the design of a suspension bridge or arch. The
maximum axial force was used to size the cross section and 36 ksi steel was used for the
design. Buckling, asymmetric loading, and deflection were not considered in this design.

Figure 3.8 Schematic view of a parabola used to design the funicular structures

Length of the structure was found by integrating the parabolic function that describes the
geometry. This procedure is shown in Equation 3.12.
!

L =     
!

𝑑𝑦
1+
𝑑𝑥

!

Equation 3.12

𝑑𝑥

The thrust, maximum axial force, and cross section area is given by Equation 3.13, Equation
3.14, and Equation 3.15, respectively.
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T =   

𝑤𝐿!
8𝑑

𝑤𝐿
F=T 1+
2𝑇
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Equation 3.13

!

Equation 3.14

FΩ
𝜎!

Equation 3.15

Where w is the loading, L is the length, d is the depth, Ω is 1.67,the safety factor for yield, and
𝜎! is the yield stress.

3.6 Self-Weight
In order to account for the self-weight of the structure, designs were iterated three times by
reapplying the self-weight in addition to the applied loading. Figure 3.9 shows that three
iterations is sufficient to account for the self weight of the structure.

Figure 3.9 Iterations of the W Flange design function, showing how three iterations is sufficient to
account for the self-weight of the structure.
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3.7 Validation of Results
Previous results are derived from a small number of scenarios, but in fact, there are a large
number of possible cases where these results may or may not be true. To show the entire
design space, it is possible to use 3D plots to show the three inputs of length, L/d ratio, and
loading and use a marker with changing shade of color to represent the performance measure.
Figure 3.10 shows one potential implementation of the 3D plot. However, these types of
graphs may be difficult to interpret and in this study, 2D plots are used, but many more cases
can be observed using the same infrastructure.

Figure 3.10 Iterations of the Warren Truss design function, showing the interaction between the
three inputs of length, L/d ratio, and loading.

3.8 Summary
This chapter presented the assumptions and setup of the design functions for a variety of
structural systems. The design functions for the trusses and beam are more detailed than the
remaining systems because they are more commonly used in practice and simpler to analyze.
These design functions allow a variety of spanning systems to be evaluated under any
combination of constraints, allowing a more complete view of potential scenarios.
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4 Results
This chapter is divided according to the four goals posed in Chapter 1:
• Help engineers better select a spanning system
• Investigate dynamic and stability performance
• Determine the effect of the length-to-depth ratio
• Explore the impact of design constraints on performance

4.1 System Selection
This section examines the selection of spanning systems. For a given scenario, choosing the
appropriate spanning system is extremely important because the minimum amount of
material used is based on the system chosen. The structure’s weight per foot was used as the
performance measure for this section.

4.1.1 Self-Weight
One consideration for the selection of spanning systems is the impact of self-weight and the
feasibility of a system for a given span. Zalewski (Appendix 7.1) analyzes the limit to beam
span. He finds the maximum length of a beam to be function of the allowable stress, density,
shape factor, and L/d ratio shown in Equation 4.1.
𝐿!"# =   

16𝜎! 𝑑Ω!
Ω𝜌𝐿

Equation 4.1

Where 𝜎! is the yield stress, d is the depth, Ω! is the shape factor,  Ω is 1.67, the safety factor for
yield, 𝜌 is the weight density, and L is the length.
The shape factor, Ω! , is a factor that measures the efficiency of a beam’s section inertia; the
maximum value is 0.25 for a beam whose cross section area is concentrated at the furthest
distance from the neutral axis.
Applying the properties of steel and an L/d ratio of 20, and assuming a shape factor of 0.15,
the limit length for a W Flange beam is approximately 1100ft. Figure 4.1 shows the effect of
self-weight on an idealized W Flange beam geometry. This confirms the validity of my model
and Zalewski’s expression since it reaches a limit length of approximately 1200 ft.
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Figure 4.1 The percentage of material needed to carry the self-weight of an idealized W F beam. The
efficiency of the section rapidly decreases at spans shorter than 300ft, but shows that the limit length
is near to the solution given by Zalewski’s expression.

A loading of 200 plf was chosen to examine the upper limit to a variety of spanning systems,
and a deflection criterion was not enforced since they could be applied to only a few of the
structural systems. Figure 4.2, Figure 4.3, Figure 4.4, and Figure 4.6 show the performance of a
solid section, W Flange, Pratt Truss, and Catenary spanning system.
Besides examining the limit of the span, it is also instructive to observe the pattern at which
each structural system reaches their limit. The W Flange beam’s material required grows
quickly while a truss’ or catenary’s grows much slower. The phenomena observed in the
systems confirm the importance of geometry in structural design.
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Figure 4.2 The percentage of material needed to carry the self-weight of a solid section. The
efficiency of the section rapidly decreases at relatively short spans.

Figure 4.3 The percentage of material needed to carry the self-weight of a W Flange beam. Beyond
200ft, there are no available shapes that can support its own weight.
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Figure 4.4 The percentage of material needed to carry the self-weight of a truss when local buckling
of members is considered. Between 100 and 250ft, the graph suggests that the efficiency rapidly
decreases; however, this model does not agree with practice since trusses regularly span 300ft.

Figure 4.5 The percentage of material needed to carry the self-weight of a truss when local buckling
of members is not considered. This may be a more realistic model because large members can be
built up, creating large moment of inertia, which cause yield to govern the design.
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Figure 4.6 The percentage of material needed to carry the self-weight of a catenary system. This
system is efficient and the model used can theoretically reach spans over 5000ft, corresponding to
the trend that the longest spans are typically suspension bridges.

The preceding graphs confirm the structural engineer’s intuition that funicular structures
span farther than trusses, and trusses farther than beams. It is interesting to see that a
structure can span over 5 times longer by changing the system. Figure 4.7 shows the various
systems on a single graph, revealing the difference in spanning capabilities.
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Figure 4.7 The percentage of material needed to carry the self-weight for a range of systems.

4.1.2 Relative Performance
Once a system is established as feasible for a specified length and loading condition, the
designer may want to examine relative performance for those particular conditions. In specific
cases, such as an extremely long span, choices are limited a few systems. In the majority of
cases, i.e. less than 150ft spans, there are many potential solutions. The following graphs use
self-weight per unit length as a metric to quantify the performance of each system. For a
specific span and loading, the best performance within the range of L/d values is chosen. In
general, a deeper system will perform better since greater depth allows a reduction in forces.
A deflection constraint of L/240 is enforced to the beam and truss systems, and the
performance of all systems is inspected at 200 plf loading. In theory, very large depths could
be used, but this is not practical; therefore, the L/d ratio is limited to a minimum of 5.
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Figure 4.8 The relative performance of a large range of typologies at 200 plf. There are losses in
efficiency when beams and trusses are used, but these are typically much easier to construct and
maintain than other systems.

Figure 4.9 The relative performance of a large range of typologies at a loading of 2000 plf. At higher
loading, the difference between systems is more pronounced.
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It is interesting to observe the parity of the cable-stayed, funicular, and Michell solutions over
a range of lengths. This confirms that these systems are close to optimal structural forms. A
considerations not included quantitatively is the additional demands on the foundation of a
funicular structure which must resist thrust in addition to vertical load. For lightly loaded
structures, a majority of the systems stay under 50 lb/ft for spans under 100ft, while for more
heavily loaded structures, weight of material used for beams and trusses starts to grow rapidly
past roughly 50ft.

4.2 Dynamic Performance and Global Buckling
Dynamics and global buckling are not typically explored in the conceptual design phase or in
parametric studies because statics are presumed to control the design. This section will
explore the impact of dynamic performance and global buckling on spanning systems.

4.2.1 Dynamic Behavior
Engineers consider dynamic performance for structures that could be excited by loading with
frequency near resonance. Dynamic properties are not been examined in parametric studies,
but become important behavior to study at long spans or if exposed to special types of
loading, such as machinery with a specific forcing frequency. Equation 4.2 shows the basic
equation for the frequency of a single degree of freedom system. From this expression, the
stiffness and the mass are the only factors that affect frequency. In a truss, the stiffness and
mass are distributed, and therefore, the arrangement also plays a role in the fundamental
frequency. Figure 4.10 shows the first and second mode of an example truss.

𝜔=

𝑘
𝑚

Equation 4.2
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Figure 4.10 First and Second Mode Shapes for a Pratt Truss

The out-of-plane mode is not considered since bracing, provided to prevent out-of-plane
buckling or by the floor slab, typically restricts the out-of-plane mode.
If a truss and beam have a similar stiffness, the additional mass in the beam will reduce its
fundamental frequency. Figure 4.11 shows the impact that the additional mass on the dynamic
behavior. Beams and trusses are typically not standalone structures and are affected by the
mass of a floor, roof, or bridge deck that the beam or truss supports; therefore, the values
derived here can be viewed as upper bound values for the fundamental frequency. Their
frequency would decrease depending on the amount of mass that could vibrate with the
structure.
Excitation due to footfall is typically avoided with a frequency above 4 Hz (Heinemeyer, et al.,
2009). In design, higher frequencies are generally better to avoid resonance as lowering the
frequency usually means reducing the stiffness, which can cause static deflection issues. In
addition, structures with low fundamental frequencies have higher modes with higher
frequencies that can also be excited. In seismic design, earthquakes typically excite frequencies
above 1 Hz, and softening the structure might not be feasible. The only potential solution
would be to use a base isolation or damping system.
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Figure 4.11 Fundamental frequency for a truss and beam types. Size optimization, and deflection
ratio of 240. As expected, the frequency decreases when length is increased.

Figure 4.11 shows beams and trusses behave similarly. For lengths under 100ft, the threshold
of 4 Hz is below any of the first mode frequencies.
Figure 4.12 shows that at long spans, the dynamic response drops below the critical values of 4
Hz and is reached at roughly 125 ft. It also shows how the fundamental frequency varies with
size optimized and uniformly sized truss design strategy. Although the uniformly sized truss
improves dynamic performance by increasing frequency at each span, its impact is reduced
due to the mass added by the larger members. Changing the frequency cannot be achieved by
simply scaling up the members and stiffness matrix, as this will increase the stiffness matrix
and mass matrix by the same amount, leaving the eigenvalues unchanged. Therefore, another
strategy may be more effective such as increasing depth, changing spanning system, or adding
damping.
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Figure 4.12 Fundamental frequency of trusses with local buckling considered and minimum
deflection ratio of 240. Although the uniformly sized truss improves dynamic performance, its
improvement is may not be worth the added material.

4.2.2 Global Buckling
Global buckling is applied only to the truss spanning system, and the performance measure
produces a factor by which the load should be multiplied to create instability in the geometry.
This is one potential failure mechanism and may not govern if yield and local buckling occur
prior to the global buckling phenomenon.
The first relationship explored is the relationship between the global buckling factor and
length. At longer lengths, one would expect the factor to decrease since forces in the members
increase. Figure 4.13 shows that the buckling factor decreases with increasing span and as the
L/d ratio is increased.
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Figure 4.13 The global buckling scale factor for a truss with an L/d ratio of 20. At shorter lengths, the
scale factor is large, meaning that yield or local buckling will occur prior to global buckling.

Another effect is the impact of uniform sizing of diagonals and chords on global buckling. The
results shown in Figure 4.14 show that the factor is constant for the uniform sizing strategy.
Both the geometry and forces increase proportionally in the uniform sizing strategy, making
the factor remain constant. Equation 4.3 shows that if the area, length, and force in each
member increase proportionally, the global buckling factor will remain constant.

𝑲𝒑 + 𝜆𝑲𝒈 =

𝐸𝐴
𝐿

+   𝜆

𝐹
𝐿

Equation 4.3

Where E is the modulus of elasticity, A is the area, F is the force in the chord at mid-span, and
L is the length.
Figure 4.15 shows as loading increases, the global buckling factor reduces. This can be
interpreted as forces in the members increase, the truss is more susceptible to global buckling
failure.
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Figure 4.14 The global buckling factor for a truss with an L/d ratio of 20 and loading of 1000 lb/ft.
Using the uniform sizing method, the global buckling factor is constant.

Figure 4.15 The global buckling factor for a truss with an L/d ratio of 20 with varying levels of
loading. At heavier loading, the truss is more susceptible to global buckling.
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Figure 4.16 The global buckling scale factor compared to the local buckling scale factor for a truss
with an L/d ratio of 30 lightly loaded with 200 plf. At spans less than 800 ft, global buckling
remains larger than local buckling.

As mentioned in Chapter 3, considering global buckling has limited applicability as it is
theoretical and does not always occur when predicted in practice. However, from these few
examples, global buckling is typically not a concern in short, lightly loaded spans, but could
become a failure mode in heavily loaded, long span trusses. Another consideration is that a
floor or bridge deck could brace truss members, improving its global buckling resistance.
An interesting phenomenon is the discontinuity in the global buckling factors. This is caused
by way that the members are sized. The shear for a beam at mid-span is zero; therefore, the
cross section area of the diagonals become small near mid-span. In order to prevent the
stiffness matrix from becoming singular, the members’ cross sectional area is not allowed to
be smaller than 0.5 sq. in., and the next larger size is used for the members who do not satisfy
this requirement. However, this value is chosen arbitrarily and impacts the global buckling
factor. Another design strategy would be to assign a minimum size to small force members,
but choosing the next larger size allows the member to be a reasonable size for any span.
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Figure 4.17 shows an example of a truss considered in Figure 4.13. The span, L/d ratio, and
loading is the same, however, the global buckling factor changes from 47.1 to 90.8. This can be
explained by the smaller members, causing it to be more susceptible to global buckling.

Figure 4.17 The member sizes for the same spans with different minimum cross section area allowed.
If smaller sizes are allowed, the minimum area would reduce, but there would be a risk of numerical
matrix singularity.

4.3 The Length-to-Depth Ratio
In preliminary design, a common rule of thumb for sizing the depth of a spanning member is
to use L/20. This section explores this rule of thumb for beams and trusses and the effect of
the L/d ratio on a variety of structural systems.
In a beam, the L/d = 20 rule of thumb can be understood analytically by choosing an L/d ratio
such that strength-based design and deflection-governed design are both satisfied. Figure 4.18
shows a derivation of the optimal L/d ratio using this method.
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Figure 4.18 Justification for L/d in beams, showing analytically why the rule of thumb for the depth
is used in practice; however, if the material properties change, this rule of thumb may no longer be
valid.

The following figures were generated to see the performance of trusses, W Flange, and Square
HSS beams. A loading of 1000 lb/ft, corresponding to a loading of 100psf and a 10ft tributary
area, was considered over spans of 25 ft to 100 ft. The rule of thumb is observed to be valid in
Figure 4.19. At L/d > 20, the section is slender and material use increases, requiring additional
material for strength and deflection demands. At L/d < 20, no advantage is gained by
increasing the allowable depth. In this example, the truss performs best at low L/d ratio where
the depth can reduce forces in the top and bottom chord, but at large depths, diagonals and
chords become long and buckling can cause the amount of material use to increase.
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Figure 4.19 Optimal L/d Ratio at 25 ft span. The material usage in the W Flange beams tends to
increase after L/d = 20, but for the other systems, different L/d ratios seem to be optimal. The W
Flange and Square HSS exhibit step-wise variations since only discrete sizes are used.

In Figure 4.20, considering a span of 100ft, the optimal L/d ratio is observed to be occurring
around 27 for the W Flange beam. This is different than the predicted L/d = 20 because this
study uses the fully plastic moment as the strength capacity rather than the moment for first
yield. This difference accounts for the increase in optimal L/d ratio.
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Figure 4.20 Optimal L/d Ratio at 100 ft span. Here, it appears that the optimal L/d ratio is around 27
for the W Flange beam, while for the truss, it appears to be optimal at L/d ~ 22.

Figure 4.19 and Figure 4.20 show the impact of L/d ratio on the performance of beams and
trusses. The L/d ratio of 20 is a good starting point for beams, but it is not always true for
trusses.
Regarding the truss, the trade off between a reduction in forces and increase in diagonal
length and node spacing is magnified, and for a span 100ft this effect produces the least
volume solution to an L/d ratio of approximately 22.
For the trusses, the optimal L/d ratio is dependent on the span. For shorter spans, greater
depth means better material efficiency, while in longer spans slenderer structures correlates
with better performance. Figure 4.21 shows the optimal L/d ratio when ignoring local
buckling, and in this case, larger depths correspond to better performance. It is interesting to
observe that in lightly loaded short-span trusses, slender profiles are better performing and is
likely due to the larger contribution of the diagonals. Figure 4.22 shows the optimal L/d ratio
if the local buckling of members is considered; this trend implies that slenderer structures
perform better at greater lengths. In truth, the reality lies in between the two idealized models
since buckling should be considered, but rather than increasing the size of the members,
bracing, additional diagonals, or another geometry such as a bow or lenticular truss might be
used.
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Figure 4.21 Optimal L/d Ratio for a truss at 2000 plf loading with local buckling not considered

Figure 4.22 Optimal L/d Ratio at 2000 plf loading with local buckling considered
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4.3.1 Impact of the Length-to-Depth Ratio on Performance
In this section, the effect of the L/d ratio is considered on other systems. Figure 4.23 shows the
relative performance of a variety of systems when L/d ratio of 10 is used. Here, the cable
stayed and funicular structures behave close to the Michell Truss, while the truss and beams
trend toward impractical values at longer spans.

Figure 4.23 The performance of a variety of structural systems at a fixed L/d ratio of 10. Cable stayed
and funicular structures perform well, while trusses and beams trend toward infeasible solutions.

Figure 4.24 considers the performance of the same systems at an L/d ratio of 40. Although this
L/d ratio is unlikely to be used for cable stayed, or funicular structures, it is informative to
show that as their slenderness increases, “efficient” systems lose material efficiency and
become comparable to a truss or beam. From these two examples, the importance of choosing
the “best” depth is important to the structural performance.

52

Figure 4.24 The performance of a variety of structural systems at a fixed L/d ratio of 40. Cable stayed
and funicular structures perform much closer to trusses and beams than at smaller L/d ratios.

4.4 Impact of Design Constraints
The following section will investigate the impact of design constraints. Specifically, effects
from the constraints of deflection, local buckling, uniform sizing of truss members, and
support conditions will be studied here.

4.4.1 Deflection
This section explores the impact of deflection demands on beams and trusses. In design,
deflection is a common constraint and differs depending on the use. For beams, their
deflection criteria is more sensitive than trusses since they derive their deformation from
bending while trusses develop stiffness from axial deformation in their members.
In beams, when the L/d range is less than 20, as observed in Section 4.3, a small increase in
material is required to increase the stiffness of the beam. As the slenderness and deflection
demands increase, Figure 4.25 shows that more material is required to satisfy the deflection
requirement. At larger spans, this increase in material is magnified.
Figure 4.26 depicts the material increase needed for a truss short span. At short spans and
large depths, deflections criteria are easily met, but as L/d ratios increase, almost 3 times more
material is needed in the worst case considered.
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Figure 4.25 The impact of greater deflection demands on the amount of material needed for a W
Flange beam. This graph examines the impact at a short span of 30 ft.

Figure 4.26 The impact of greater deflection demands on the amount of material needed for a truss.
This graph examines the impact at a short span of 30 ft and show that in shallow structures, high
premiums are required to achieve deflection demands.
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4.4.2 Local Buckling of Truss Members
The effect of local buckling could be ignored or considered in the design of truss members. In
order to study the impacts of each approach, an example was developed to determine when
local buckling should be considered in design.
Figure 4.27 shows the performance of a truss at a 50 ft span and 1000 lb/ft loading. This
example reveals that considering local buckling or not would produce very similar results at
an L/d ratio greater than 20. This result is logical because in deep trusses, lengths of each
member are longer and more material is needed to resist buckling.

Figure 4.27 Impact of local buckling on a Warren Truss

4.4.3 Uniform Sizing of Truss Members
In truss design, the diagonals and top and bottom chord are typically sized uniformly to
provide ease of fabrication, economy in the connections, better dynamic performance, and
aesthetic benefits. The method used here uses the maximum force in the diagonals and chords
to size all the members. Figure 4.28 shows the impact of using this design choice on the
material usage of a truss.
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Figure 4.28 A Pratt Truss, without local buckling considered, shows the impact of sizing
optimization vs. uniform chord and diagonal sizing.

In this simple example, the uniform sizing of truss members has impacts on the material
efficiency and at long lengths, can nearly double the amount of material used in the worst case
considered.

4.4.4 Support Conditions of Beams
Fixing the ends of a beam or adding overhangs reduces the maximum bending moment
developed by allowing the bending moment to be more uniformly distributed. Equation 4.4
and Equation 4.5 show that the end condition reduces the max moment by a factor of 1.5, and
decreases the deflection by a factor of 5. In order to implement this, the loading was reduced
by a factor of 1.5 and the allowable deflection limit was reduced by a factor of 3.33 to account
for the effect of reduced loading. The results of the study are shown in Figure 4.29; the general
trend is predictable since both loading and deflection is lower. However, the graph shows that
below a certain length, approximately 40ft in these cases, the gains from these different
support conditions are around 15%.
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Where w is the linear loading, and L is the length, E is the modulus of elasticity, and I is the
moment of inertia.

Figure 4.29 Effect of fixed ends on W Flange selection showing that the benefit is magnified at longer
lengths.

Fixing the ends of a beam is typically more expensive than a simple shear connection. In
addition, fully fixed conditions are difficult to achieve in practice since columns and
connections can usually rotate. These reasons and results from Figure 4.29 point toward using
simply supported beams rather than fixed conditions for short spans. In addition, at higher
load levels, the difference between support conditions does not result in much material
savings.
On the other hand, fixed connections allow as much as 3 times greater limit loads to be
developed because 2 more plastic hinges are required to cause collapse, increasing the
structure’s resistance to progressive collapse. In addition, using fixed ends or overhangs, can
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potentially allow beams to be used for longer spans than otherwise possible.

4.5 Summary
This chapter’s first section explored system selection by examining their limit spans and the
relative efficiencies of spanning systems. In theory, beams were found to be able to span over
1000 ft, but in practice do not span more that 200, while catenaries could reach as far as
5000ft, consistent with the observation that the longest spans are suspension bridges.
The next section looked at dynamic performance and global buckling. Beams and trusses were
found to exhibit fundamental frequencies below 4 Hz in spans larger than 100ft. Global
buckling is a concern for long span, heavily loaded trusses, and is sensitive to the minimum
member size.
The third section examined the length-to-depth ratio. Specifically, the L/d = 20 rule of thumb
often works for beam design, but the optimal L/d ratio for a truss is dependent on the span.
The final section contains a number of studies that address design constraints. Studies include
the effect of deflection constraints, local buckling, uniform sizing of truss members, and
supporting conditions of beams. As expected, more material is needed to satisfy deflection
constraints and local buckling has little effect on the performance at large L/d ratios. The
increase in material usage from the uniform sizing strategy and reduction in material usage
from fixed connections are magnified at longer spans.
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5 Conclusion
5.1 Summary of Contributions
There are four main goals of this thesis:
• Help engineers better select a spanning system
• Investigate dynamic performance and global buckling
• Determine the effect of the length-to-depth ratio
• Explore the impact of design constraints on performance
This thesis addresses these goals by exploring trends and providing engineering rationale to
further understand the behavior of spanning systems.
Help engineers better select a spanning system:
Limiting spans and the effects of self-weight for beams, trusses, catenaries are studied in a
quantitative way, showing why suspension systems are typically used for long spans and
beams are not. In addition, the relative performance of each system is examined at fixed L/d
ratios showing the efficiency of cable structures, but at large L/d ratios, funicular structures
can use comparable amounts of material to beams and trusses.
Investigate the dynamic performance and global buckling:
Parametric studies of structural systems typically do not include global buckling and
fundamental frequency as performance measures. Here, these performance measures are
studied for beams and trusses. Long spans, over 125 ft in the cases tested here, are the most
susceptible to problems with frequency and heavily loaded, long span trusses are most
vulnerable to global buckling.
Determine the appropriateness of the length to depth ratio rule of thumb:
The rationale behind the rule of thumb is shown to be valid under conditions that are true in
many common situations. This rule of thumb is typically used for beams while the optimal
L/d ratio for trusses is dependent on the span.
Explore the impact of design constraints on performance:
In the design process, certain constraints may be applied early on or reviewed later in the
detailed design and analysis phase where they will hopefully have little impact on the overall
design. The effects of deflection, local buckling, uniform sizing of truss members, and end
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conditions seem to have relatively small impact at short spans while their effects are magnified
at long spans and can affect material usage by factor of 2 or 3.
Another contribution outside of the results is the methodology and code infrastructure. They
can be used as a tool to investigate specific situations that arise in design practice and provide
quantitative comparison between systems or between design strategies.

5.2 Future Work
This section discusses the work that could be included and ideas for further research.
A performance measure that can be incorporated is the resistance to progressive collapse. This
topic is important for civil structures because almost all involve life safety and are exposed to
natural disasters. This parameter is simple to define, but difficult to quantify. In line with
progressive collapse, future work might also consider limit design or limit loading to each
structure. One possibility would be to explore the reliability of a truss design over a beam or
cable structure.
Another future study could be studying a different material. For aluminum or wood, this is
straightforward to implement by changing material properties. 7075 Aluminum has a yield
strength 46% higher than 50ksi steel, and its stiffness and density is about 1/3 that of steel.
These different properties could allow aluminum to span longer, but would require more
material for the purposes of deflection.
For concrete, the procedures to develop a reinforced or prestressed concrete structure are
different that those used in designing with steel, wood, or aluminum. Concrete is not always
used in the same way as steel, for example, as a suspension bridge or truss, meaning that there
might be gaps in the research. In general, the use of concrete is governed more strictly by selfweight and it would be interesting to explore the limits to such systems.
Another step could be to incorporate 3 dimensional structures and analysis. The structures
could include grid shells, domes, and space trusses, and the analysis could include the out-ofplace behavior, stability in two directions and torsional stiffness. 2D systems considered here
would likely require additional bracing material.
Another aspect that was not considered in this research was the performance of each structure
under asymmetric loading. A general trend is that the more efficient a structure becomes, the
less resistance it is to asymmetric loading i.e. consider an arch compared to a beam of uniform
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depth. Interesting further research might be to consider an asymmetric load as part of the
design inputs. In the arch example, it might require the use of secondary system to distribute
the load more evenly, or additional material to develop bending capacity.
Another potential area of study is the use of multiple beams or trusses to carry a particular
load. This is applicable to practice since multiple structures are usually installed. Each
structure would have less demand, but there would be more pieces. There is likely an optimal
number of structures that would minimize the material usage. Similarly, the effect of installing
another support could also be determined; in general, this would decrease the demand on the
spanning structure, but the cost of the additional support might outweigh the benefit to the
superstructure.

5.2.1 A Tool for Designers
This code infrastructure developed can be adapted to more robust software in which designers
can input their known parameters and obtain results for their specific situations. Additional
details and further options and refinements are necessary if this software tool would be made
available. Another critical feature is the ease of the user interface that would allow designers to
explore and easily see quantifiable impact between structural systems or design parameters.
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7 Appendix
7.1 Effect of Self-Weight on Spans
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