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Abstract

This dissertation explores novel topologies for integrated, movable bridge design

utilizing linkages as the main kinematic and structural elements. A design method-

ology is presented which includes 1) developing conceptual designs through physical

shape-�nding, 2) generating parametric models and kinematic equations of these de-

signs, and 3) shape and sizing structural optimization using heuristic algorithms such

as simulated annealing. Multi-objective structural optimization for minimum self-

weight and minimum power required for operation is utilized to determine a pareto-

optimal set of designs that meet the constraints of current bridge design code and

meet compatibility equations for prescribed kinematic behavior. Based on design

priorities, this approach allows for the selection of a �nal solution. This methodol-

ogy is validated through two simple studies and has potential applications for the

design of a variety of deployable systems comprised of linkages. Three new forms

for linkage-based movable bridges are presented which were designed utilizing this

methodology.
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Chapter 3

Review of Movable Bridges

Movable bridges can provide an economic means to cross navigable waterways, par-

ticularly in low, at regions which would require long approaches. For example, if

one were to build a �xed span bridge requiring 100ft of vertical clearance in a at

region with an approach grade of four percent, then the approaches would need to

be 2500ft long on each side. These approaches would need to be even longer for a

railway bridge which requires an even smaller grade. A movable bridge would not

require such approaches and therefore have a lower construction cost than a �xed

bridge in low elevation regions. Movable bridges, however, have disadvantages that

must be considered. For example, there is a tra�c delay created for each opening. A

failure in opening would result in a delay and water tra�c has a higher risk of colliding

with the structure [Anon., 1993]. The drive systems add to the initial cost and can

fail due to the di�cult environment of a movable bridge which includes temperature

variations, humidity, and corrosion. Furthermore, these systems require maintenance

which adds to the lifetime cost [Koglin, 2003]. The advantages and disadvantages of

a movable bridge must be weighed for each site, but they can o�er a less expensive

alternative to a high elevation �xed bridge.
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Figure 3.1: Sketch of Xerxes' Pontoon Bridge (left) and an Elevation of a Typical
Drawbridge (right). Images courtesy of Koglin (2003).

This chapter provides a brief history of movable bridges, describes three main

types of movable bridges (bascule, swing, and vertical lift), discusses new forms and

ideas which have developed recently, and �nally suggests the need for exploring new

topologies for integrated, movable bridge design.

3.1 A Brief History of Movable Bridges

The earliest known record of a movable bridge dates back to the fourteenth century

B.C. Egypt, where bascule bridges (meaning movable bridges which rotate about a

horizontal axis) were utilized to cross moats (in the closed position) and to o�er

protection against invasion (in the open position). Retractable and oating bridges

were also built primarily for military use, such as Xerxes' Pontoon Bridge which was

built to cross the Hellespont around 480 B.C. (left image of Figure 3.1) [Koglin, 2003].

Later, during the Middle Ages, the drawbridge was utilized both as a means

of crossing moats (in the closed position) and as protective barrier (in the open

position) for castles (right image of Figure 3.1) [Koglin, 2003, Waddell, 1916]. These

forms typically rotated about a horizontal axis on trunnions (a shaft about which
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analysis of mechanisms was at its glory [Koglin, 2003, Hartenberg & Denavit, 1964].

As a result, many complicated forms of bascule, vertical lift, and retractable bridges

were developed that utilized new developments in mechanisms (roller bearings, etc).

However, these mechanisms proved di�cult to maintain and eventually faded from

fashion. Today only the three main types of movable bridges - the bascule, swing,

and vertical lift - dominate movable bridge design [Koglin, 2003].

Though the invention of the steamboat resulted in a great increase in naviga-

tional tra�c, the boom of the railroad industry in the mid-nineteenth century and

the trucking industry after World War I made commercial land transportation much

more prominent and signi�cantly decreased navigational tra�c. The only main water-

ways in the United States today which carry commercial tra�c include the waterway

between Lake Superior and Lake Huron, the Mississippi River, and the Gulf Intra-

coastal Waterway. Most water tra�c elsewhere is now for pleasure boats. However,

these boats still necessitate the opening and closing of movable bridges [Koglin, 2003].

Today there are about 3000 movable bridges in the United States. 1900 of these

movable bridges - 770 are bascules, 750 are swing, 270 are vertical lifts, and 110 other

miscellaneous types - are still operational. Bascule bridges are the most common

type being constructed today (65 percent of the movable bridges built in the last two

decades were of the bascule type) [Koglin, 2003].

3.2 Typical Movable Bridges: Bascule, Swing, and

Lift Types

Most movable bridges fall into three categories: 1) bascule, 2) swing, and 3) vertical

lift as illustrated previously in Figure 1.1 [Wallner & Pircher, 2007]. The next three

sections describe these traditional forms of movable bridges. Bascule bridges are
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type, also known as a Strauss Bascule, features an overhead counterweight which

is connected to the deck by a four-bar linkage (see linkages highlighted in Figure

1.3). The operating pinion moves along the rack, thereby collapsing the linkage.

The counterweight rotates backward as the span rotates about the main trunnion.

This design o�ers two main advantages over the simple trunnion design: 1) since the

counterweight is elevated, there is no need to build a counterweight pit to prevent it

from going into the water (as is typically done for a simple trunnion), and 2) the pivot

point is more forward than a simple trunnion, thereby reducing the length of the span

which must be lifted. The rolling lift type, designed by William Scherzer and often

called the Scherzer Rolling Lift, actually rotates away from the water (the center of

gravity shifts) on a track as shown in the bottom image of Figure 3.3. This system

has the advantage of providing additional clearance and limiting the required angle of

opening since the span actually moves away from the water [Koglin, 2003]. However,

additional foundation design would be required since the point of application of the

load changes as the bridge moves [Waddell, 1916]. Each of these bascule forms o�ers

di�erent advantages and disadvantages which an engineer must weigh based on the

site.

A Bascule bridge can have one or two cantilevered leaves which either rotate about

a �xed point or roll backward along a track (Figure 3.2). For a single-leaf construction,

the structure acts as simply-supported beam when closed and a cantilever when open.

A double-leaf construction requires that each leaf act as a cantilever when closed

and open (with a shear connection between the two leaves) [Anon., 1993]. Some

advantages include 1) the leaves can be opened and closed quickly, 2) the bridge

does not need to be completely opened for small boats, and 3) counterweights can

reduce power requirements [Anon., 1993]. When compared against the swing form

(described in the next section), it also provides the following advantages: 1) when

open, the bridge takes up no additional land space, 2) the width of the bridge does
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not a�ect the width of the free navigational channel, 3) additional lanes can be

added after completion, and 4) since there is no in-water pier, costly pier protection

systems can be avoided [Schneider, 1907]. Key disadvantages include 1) high wind

loads on the deck while open, 2) increased power requirements under certain weather

circumstances (such as high wind loads acting on the leaves or snow load adding to

the weight of the deck to be lifted), 3) typically short level arms between counter-

weight and pin do not make the best use of mechanical advantage, 4) the clearance

of the waterway is not unlimited close to the piers, and 5) the span must be designed

for two di�erent structural systems (when open and closed) [Anon., 1993].

Waddell best summarizes the bascule form in the following statement: \All of them

are ugly, and for all but comparatively short spans are uneconomic in comparison to

the vertical lift; but they are scienti�c and they represent, probably, the best and

most profound thought that has ever been devoted to bridge engineering" [Waddell,

1916; p. 713]. Since the bascule type is the most commonly constructed type today,

this dissertation will consider new, integrated topologies for linkage-based bascule

forms (using the broad de�nition of the term bascule to mean any bridge that rotates

about a horizontal axis).

3.2.2 Swing Bridges

Swing bridges rotate horizontally about a central vertical axis to open navigational

channels (Figure 3.4) [Koglin, 2003]. This vertical axis is typically located on an

in-water central pier, so that when the bridge opens, two navigational channels with

unlimited vertical clearance are available. Alternatively, this vertical axis can be on

land at which point the bridge swings onto the land and only one navigational channel

is available (as shown in Figure 3.4). The bridge acts as two cantilevers (on either

side of the vertical axis) when open, but as a continuous beam (supported by two

abutments and the central pivot) when closed [Anon., 1993]. As the bridge rotates,
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Multi-Objective Simulated Annealing (MOSA) Algorithm

This dissertation will be focused on the optimization of deployable structures, specif-

ical movable bridges, for minimum self-weight and minimum power required for op-

eration. To optimize for these two competing objective functions, a multi-objective

approach must be used. The traditional approach to multi-objective optimization is

to form one objective function using a weighted combination of the individual func-

tions. Then the problem is treated as a single-objective problem. Unfortunately, the

quality of the results depends on the user's selection of the weighting of the objec-

tive functions. Instead Suppapitnarm et al (2000) advocate not forming one combined

objective function, but evaluating the value of each objective function for each con�g-

uration of design variables [Suppapitnarm et al., 2000]. The result of this approach is

a pareto-optimal set of solutions, where a pareto-optimal solution is a solution which

is not overshadowed by any other solution [Paya et al., 2008]. Figure 4.5 illustrates

potential solutions from a multi-objective optimization algorithm in which F1 and

F2 represent two objective functions. The red dots highlight the pareto-optimal set

of solutions. The black dots represent other solutions which are overshadowed by

the pareto-optimal set. The engineer can select a �nal solution from this pareto-

optimal set based on design priorities. The measure of a good algorithm is one which

does not give priority to any objective function and �nds a diverse distribution of

pareto-optimal solutions [Suman, 2004].

Many di�erent multi-objective algorithms have been proposed, including some

which utilize the simulated annealing algorithm. Suman (2004) provides a survey

of these algorithms and evaluates �ve di�erent multi-objective simulated annealing

(MOSA) algorithms. He found that the quality of the results from each MOSA al-

gorithm were dependent on the problem studied [Suman, 2004]. This dissertation

employed a version of the MOSA algorithm based on that described in Paya et al

(2008) and proposed by Suppapitnarm et al (2000) known as the SMOSA (Suppapit-
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ploying pantograph form is demonstrated. In Section 8.5, the e�ectiveness of shape

optimization using SA for minimum weight of a deploying pantograph form is demon-

strated. These studies serve as a validation of this optimization methodology which

was used for the design of three linkage-based movable bridges discussed in Part III.

All sections of the structural optimization code were written by the author using

MATLAB, unless otherwise cited [The Mathworks, Inc, 2010]. Note that the random

number generator used throughout all of the algorithms was written by David Fass

[Fass, 2004]. While MATLAB does o�er a random number generator, only a certain

number of machines can access the number generator at any given time. To run

multiple jobs simultaneously, this freely available script was used instead.

8.3 Structural Analysis: Direct Stiffness Method

During the structural optimization process, a given structure must be analyzed through-

out deployment to determine the internal forces in each member given a speci�ed

geometry and set of section pro�les. This structural analysis is performed using

a two-dimensional, linear elastic frame analysis routine that calculates the internal

forces in each member as the system deploys. This calculation is based on the routine

developed in Princeton University course CEE 361/MAE 325/CEE 513 taught by

Jean H. Prevost [Prevost, 2007]. The deployment is divided into a discrete number of

stages. Given a speci�ed geometry, the coordinates of each joint are calculated using

kinematic equations developed for each system. Analysis is performed using the di-

rect sti�ness method which enables quick calculation of internal forces. This method

involves calculating the global sti�ness matrix at each stage based on the speci�ed

section properties and the nodal coordinates at that stage. The nodal displacements

at each stage are found by simply inverting the global sti�ness matrix and multiplying

it by the speci�ed forces on the system. Based on these results, the nodal reactions
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Figure 8.2: Case Study for Pro�le Optimization. Note that the diameters of the
members do not reect the size of the �nal design.

as do Members 3 and 4 (hereafter referred to as 3-4). Neglecting symmetry, this case

study has 1286 or 4.4x1012 possible solutions which justi�es the use of optimization

algorithms as it would be computationally too expensive to perform an exhaustive

exploration of the solution space.

8.4.3 Traditional Design of a Deployable Structure

While it is computationally expensive to perform a complete exploration of the solu-

tion space, symmetry and some simpli�cations can be employed to design the system

traditionally using a hand analysis. The resulting design is used to con�rm the results

of the optimization performed using the FBG and SA algorithms.

The worst case loading scenario is when the system is fully deployed (the right

diagram of Figure 8.2) since it is loaded only under its own self-weight and the struc-

ture has the least depth at this stage. Therefore all other stages can be ignored. By

symmetry, the right half the structure can be removed and replaced by a roller at

the joint between members 2 and 3 (see Figure 8.3). Members 5 and 6 are tensile

members that only load Members 1-2 and 3-4. Therefore, they should be designed

with the smallest possible cross-sectional area while still meeting slenderness require-
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1

2

Self-weight
of Member 5

Figure 8.3: Simpli�cation for Hand Design. The vertical arrows above member 1-2
represent its self-weight. Member 5 loads member 1-2 at its midpoint. This load is
represented as horizontal and vertical arrows below member 1-2.

ments for tensile members (HSS 3.5 x .125, where the �rst index corresponds to the

diameter and the second to the thickness of the tube in inches). Then in a hand

analysis, the self-weight of these members can be applied as a point load on Member

1-2 (as shown in Figure 8.3). Governed by slenderness requirements for compressive

members, Members 1 and 2 (and by symmetry 3 and 4) are HSS 5.563 x .134. The

total self-weight of the system is 0.68k. While it is trivial to design the section pro-

�les of this case study by hand, with a more complicated structure the advantages of

heuristic algorithms are clear.

8.4.4 Single Objective Optimization for Minimum Self-Weight

Both the FBG and SA algorithms were used to optimize the case study shown in

Figure 8.2. All results were run on a personal computer with an Intel(R) Core(TM)2

Duo CPU T8100 Processor at 2.10GHz.

For both FBG and SA, the user must select certain parameters (v, pm, r, m, etc.).

By the very nature of heuristics, each numerical test of an algorithm with the same

parameters may yield a di�erent �nal result. For the purpose of this case study, ten

numerical tests were performed for each combination of parameters of the algorithm
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concentrate on deck design. Therefore, the same deck is assumed for all case studies.

Figure 10.2 shows a very simpli�ed diagram of the cross-section of the deck.

The Woodrow Wilson Bridge Competition requires twelve lanes of tra�c

[MDOT, 1998]. This would be an extraordinarily wide movable bridge. The en-

tries for the design competition assumed two, six lane bridges instead and the same

will be done for the case studies presented here [Anon, 1998b]. In accordance with

the 12ft lane requirements of AASHTO 3.6.1.1.1, each deck is assumed to have a

width of 80ft [AASHTO, 2007a]. The movable bridge deck design provided by the

engineering �rm has a width of 55.5ft. Despite the di�erence in the widths, for the

purpose of this study, the same section pro�les will be assumed for girders, stringers,

and oor beams. Spacing between stringers (8ft) will be maintained.

The components contributing to the self-weight of the deck include: 1) reinforced

lightweight concrete, 2) girders, 3) stringers, and 4) oor beams. A typical 65psf

load for reinforced lightweight concrete across the 80ft deck was assumed. The two

built-up I-shaped steel girders are assumed to have 24in x 12in anges and 72in x 1in

webs. The stringers of the deck range from W24x84 to W24x76 across the span of

the bridge, so an average 80plf load for each is assumed. The oor beams are built-

up I-shaped sections (22in x 1/8in anges and 7/16in x 60in web) spaced at 37.5ft

increments along the deck. A density ofρ = 2 .836� 10−4 was assumed for steel. See

Table 10.1 for a breakdown of the self-weight of each component leading to a total

assumed dead load of 7.21klf. For half of the deck, this corresponds to a dead load

of 3.61klf.

Based on these assumptions, the sections properties of the deck were calculated

as A = 552in2 and I = 342, 339in4 for half of the deck. Appendix C describes these

calculations.
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Figure 10.2: Cross-Section of Assumed Deck.Note that the oor beams are not
pictured here but lie laterally across the width of the deck.

Material Load (klf )
Reinforced Lightweight Concrete 5.20
2 Steel Girders 1.14
8 Stringers 0.64
Floor Beams 0.23
Total 7.21

Table 10.1: Components Contributing to Dead Load of Deck.

10.3 Materials

All bars in the linkages utilized in these designs (aside from the deck) are assumed to

be steel, API Line Pipe available through WOODCO [WOODCO, 2006]. Appendix

D lists the assumed possible section sizes. 52ksi grade is assumed. A Modulus of

Elasticity of 29,000ksi is utilized for all steel sections.

10.4 Load Combinations and Load Factors

As prescribed by the design competition, the design method will be load and resistance

factor design (LRFD) [Anon, 1998a].

Three planar loads will be considered: 1) dead load (DL), 2) live load (LL), and 3)

wind load (WL). The load combinations will be given from American Association of

State Highway and Transportation O�cials (AASHTO) LRFD Bridge Design Spec-

i�cations 2007 (hereafter AASHTO) and AASHTO LRFD Movable Highway Bridge
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AASHTO 3.6.1.2.4 speci�es a uniform lane load of 0.64klf. HS loadings were only

speci�ed in earlier version of the design code (the Woodrow Wilson Bridge Design

Competition predates the current version). Since the call for Expression of Interest

speci�cally required HS 25 lane loading, the 1996 version of the design code was used

to identify HS loadings (Section 3.7 of the design code) [AASHTO, 1996]. Based on

this, a lane load of 0.84klf was adopted. This corresponds to a load of 2.52klf for

the three lanes of tra�c on one plane of the bridge. Figure 10.3 shows the applied

loading for a double-leaf bascule bridge in the closed position.

The design truck or tandem load should be applied, in combination with the lane

loading, for worst e�ect as directed by AASHTO 3.6.1.3 [AASHTO, 2007a]. This load

was not implemented in the structural optimization process for two reasons. First,

the e�ects of this vehicular load would highly depend on the properties of the deck.

The deck will not be designed until a �nal shape is selected. At this point, it would

be appropriate to add the vehicular load and test that the system can support it.

Secondly, it would add considerable computational time to the structural optimization

process. Since the shape of the system (speci�cally the location where the deck is

supported) changes throughout the structural optimization process, the worst e�ect

location of this truck would need to change for each geometry. This would require the

calculation of inuence lines for each geometry and add considerable computational

time. Based on this reasoning, the point load was not included in the loadings, but

should be considered for a �nal design.

10.6 Wind Load

The magnitude of the wind load is dictated by AASHTO 3.8. According to AASHTO

Equation 3.8.1.2.1-1, the design wind pressurePD , is given by:
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Live Load

Wind Load

Figure 10.3: Diagram Showing the Applied Loads in the Closed (top) and Open
(bottom) Positions.

PD = PB

� VDZ

VB

� 2
(10.3)

where PB is the base wind pressure assumed to bePB = .05ksf for a base design

wind velocity VB = 100mph (given by AASHTO Table 3.8.1.2.1-1).VDZ is the design

wind velocity at the elevation of the design (Z) which is given by AASHTO Equation

3.8.1.1-1:

VDZ = 2 .5V0

� V30

VB

�
ln

� Z
Z0

�
(10.4)

whereV0 is the friction velocity, which is assumed to be 8.20 for open country (given

by AASHTO Table 3.8.1.1-1). Z0 is the friction length of upstream fetch, which

is assumed to be 0.23 for open country (given by AASHTO Table 3.8.1.1-1). As

suggested by AASHTO 3.8.1.1, it can assumed thatV30, which is the wind velocity

30 ft above water level, is equal toVB . Z is the height of the structure measured

from the water level. For the case studies considered here (except the Piston Bascule
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Member Diameter (in ) Thickness (in )
AD 30.00 0.500
BE 24.00 1.219
ED 10.75 1.125

Table 11.4: Final Section Pro�les.

Self � Weight (k) Force in Operating Rope(k)
Minimum Weight 64.43 222.79
Minimum Force 24.00 1.219
Multi-Objective 51.22 262.19

Table 11.5: Comparison of Designs.

slightly more skewed toward the minimum force in the operating rope result since the

capacity of the operating rope was prioritized in selecting this �nal design.

Note that in the structural analysis performed throughout the optimization pro-

cess, linear elastic behavior was assumed even for the ropes. Though this simpli�-

cation was made for the purpose of this study, clearly in any �nal design the full

nonlinear behavior of the ropes would need to be considered.
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Chapter 12

Piston Bascule Design

12.1 Conceptual Design, Parametric Model, and

Kinematic Equations

A second design - the Piston Bascule Design - was derived from the physical model

shown in Figure 12.1. This model is the same four-bar linkage as the model for

the Back-stay Bascule Design, but rotated by 90 degrees. Nodes 1 and 2 remain

�xed. Ignore the colors and connections between members as these are de�ned by

the K'NEX toys and do not indicate design decisions. If node 4 is driven counter-

clockwise (middle image of Figure 12.1), then the gap between node 3 and the member

connecting nodes 2 and 4 widens. Alternatively, if node 4 is driven clockwise (lower

image of Figure 12.1), then that gap decreases in size. Rather than driving the system

by an external force such as the hand in Figure 12.1, a piston can be used to control

the size of this gap and therefore actuate the motion. Based on this idea, the Piston

Bascule Design was developed as conceptualized in Figure 12.2. Here E is node 1, B is

node 2, D is node 3, and C is node 4 in the physical model. Member BC is the deck of

the bridge. The angleβ, which is assumed to range from 0 (when closed) to 60 (when

open) degrees, de�nes the angle of opening of the deck. Members ED and DC, the
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deck, and the �xed length between pins B and E form a four bar linkage. Pins B and

E would be supported by a pier. Member DG is a telescoping piston which expands

to the lift the deck (shown as a black rectangle in Figure 12.2). This member, which

also supports the deck at point G, serves both structural and mechanical purposes

thereby achieving integrated design. Note that member ED is not connected to the

deck. Moment releases are shown in the diagram as circles.

With this conceptual design in mind, a parametric model was developed so that

a few geometric variables - the initial positions of points E,G, and D relative to point

B (YEo , XGo, XDo , and YDo ) - de�ne the system. Given these geometric variables,

kinematic equations can calculate the coordinates of each node as a function of the

opening angleβ. The o index indicates that these are the initial positions of each

coordinate. The rest of this section describes these equations. Point B is a pin

restraint at the origin with the �xed coordinates XB = 0 and YB = 0. Point E is the

second pin restraint with the �xed coordinatesXE = 0 and YE = YEo . Note that the

horizontal coordinate of E is prescribed to be at zero, but the vertical coordinate is one

of the variables to be determined. Since the distance between points B and G (lBG )

is prescribed by the initial horizontal coordinate of point G (XGo), the coordinates of

point G are calculated by:

XG = XGo � cosβ (12.1)

YG = XGo � sinβ (12.2)

Likewise the coordinates of point C can be calculated as a function of the span length

s which is assumed to be 125ft:

XC = s � cosβ (12.3)

YC = s � sinβ (12.4)
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Figure 12.2: Conceptual Design.
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13.2 Shape and Sizing Optimization Problem Def-

inition

Section 8.1.1 provides the formal problem de�nition for multi-objective shape opti-

mization for minimum self-weight and minimum power required for operation. For

this case study, the self-weight objective function is de�ned as the self-weight mem-

bers ED and DB. The minimum power objective function is directly related to the

force in the operating rope (member AD) which is calculated by the maximum value

of axial force in this member at any stage of opening. Section 8.1.2 provides the

formal problem de�nition for minimum self-weight sizing optimization. The following

sections provides details related to the design variables and constraints speci�c to the

Main-span Operating Rope Bascule Design.

13.2.1 Design Variables

As with the other two case studies, there are two sets of design variables: 1) geometric

variables which de�ne the geometry of the entire system and 2) section pro�le variables

that provide the section properties of the key elements of the bridge.

The geometric design variables are the initial coordinates of points of E, B, and D

relative to point A ( XEo , YEo , XBo , and, XDo ). Given these variables, the geometry

of the entire system is de�ned and one can calculate the positions of all nodes as

a function of the angle of openingβ. The values of these variables are permitted

to range between 0 and 125ft (the span length) in 1ft increments as long as they

meet the constraints discussed in the following section. Note that the value ofYEo

is automatically assigned a negative sign since this coordinate lies below the origin

point A as prescribed by the conceptual design.

The section pro�le variables include the sections for members ED and DB which

are selected from a database of API line pipe (see list of API line pipe in Appendix
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Parameters Minimum Weight Minimum Force
Name v pm it µ (k) σ (k) % µ (k) σ (k) %
FBG 1 1 5 500 20.07 4.18 21 738.90 131.08 18
FBG 2 1 5 1000 19.39 5.19 27 720.05 197.42 27
FBG 3 1 5 5000 20.11 5.28 26 779.68 185.84 24
FBG 4 1 10 500 18.00 4.19 23 789.71 139.99 18
FBG 5 1 10 1000 20.45 5.86 29 729.93 120.28 16
FBG 6 1 10 5000 19.70 6.33 32 719.87 69.04 10
FBG 7 1 15 500 17.27 2.67 15 860.43 136.25 16
FBG 8 1 15 1000 18.45 3.16 17 744.04 111.91 15
FBG 9 1 15 5000 15.60 1.91 12 707.81 105.61 15

Table 13.2: First Best Gradient Numerical Tests. The �rst four columns list the name
of the combination and the parameters, the next 3 columns provide the results for the
minimum weight objective function, and the �nal 3 columns provide the results for the
minimum force in the operating rope objective function. The most robust combination
is shown in bold.

section. The average values of these runs (µ) the standard deviation (σ) as de�ned

in Equation 8.7, and the percent value of the standard deviation (�
� � 100) are given

in Table 13.2 for the FBG algorithm and in Table 13.3 for the SA algorithm. These

tables demonstrate the relative robustness of each of the combinations.

As found in the previous designs and in Section 8.5, the SA algorithm found lower

average values and smaller standard deviations for each objective function compared

to the FBG results (see Table 13.2 and Table 13.3). The most robust FBG com-

bination (FBG 9) for minimum weight optimization found an average self-weight of

15.60k which is 5 percent higher than the most robust SA combination (SA 28). For

minimum force in the operating rope, FBG 9 (the most robust combination) found an

average force of 707.81k which is 16 percent higher than the most robust combination

using SA (SA 6). Based on the comparison of these results, the SA algorithm was re-

lied on again for geometry optimization. For minimum weight optimization, the most

robust combination of parameters is SA 28 with an average weight of 14.90k and a

corresponding average force in the operating rope of 1028.61k. This is also evident

from a plot of the pareto-optimal solutions for minimum weight optimization shown
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Parameters Minimum Weight Minimum Force
Name v pm r m n µ (k) σ (k) % µ (k) σ (k) %
SA 1 1 5 0.8 100 1 16.13 2.62 16 649.14 65.25 10
SA 2 1 5 0.8 100 2 15.06 1.08 7 718.18 164.90 23
SA 3 1 5 0.9 100 1 16.61 1.52 9 620.81 12.21 2
SA 4 1 5 0.9 100 2 16.01 2.34 15 613.69 17.07 3
SA 5 1 5 0.8 200 1 15.71 3.03 19 636.13 40.56 6
SA 6 1 5 0.8 200 2 15.47 3.27 21 608.18 5.53 1
SA 7 1 5 0.9 200 1 16.26 4.03 25 645.42 40.28 6
SA 8 1 5 0.9 200 2 16.05 5.66 35 626.70 25.44 4
SA 9 1 10 0.8 50 1 16.02 3.02 19 717.65 69.32 10
SA 10 1 10 0.8 50 2 15.54 2.54 16 839.91 248.27 30
SA 11 1 10 0.9 50 1 19.50 3.91 20 815.30 153.28 19
SA 12 1 10 0.9 50 2 16.79 3.60 21 712.61 83.99 12
SA 13 1 10 0.8 100 1 16.71 2.22 13 696.11 38.63 6
SA 14 1 10 0.8 100 2 15.92 1.59 10 636.11 25.67 4
SA 15 1 10 0.9 100 1 18.41 3.20 17 666.50 69.14 10
SA 16 1 10 0.9 100 2 15.60 1.85 12 663.43 50.99 8
SA 17 1 10 0.8 200 1 15.73 2.93 19 660.23 44.75 7
SA 18 1 10 0.8 200 2 15.40 2.35 15 617.73 22.34 4
SA 19 1 10 0.9 200 1 15.62 2.07 13 652.33 52.63 8
SA 20 1 10 0.9 200 2 15.92 2.88 18 623.01 26.58 4
SA 21 1 15 0.8 100 1 17.64 3.98 23 703.99 88.37 13
SA 22 1 15 0.8 100 2 16.88 2.96 18 716.74 78.00 11
SA 23 1 15 0.9 100 1 15.68 2.88 18 699.11 115.88 17
SA 24 1 15 0.9 100 2 16.46 2.55 15 667.83 63.39 9
SA 25 1 15 0.8 200 1 16.36 3.51 21 651.55 62.23 10
SA 26 1 15 0.8 200 2 15.87 3.01 19 737.30 286.30 39
SA 27 1 15 0.9 200 1 15.20 1.96 13 676.87 83.44 12
SA 28 1 15 0.9 200 2 14.90 1.18 8 622.31 23.47 4

Table 13.3: Simulated Annealing Numerical Tests. The �rst six columns list the
name of the combination and the parameters, the next 3 columns provide the results
for the minimum weight objective function, and the �nal 3 columns provide the results
for the minimum force in the operating rope objective function. The most robust
combinations are shown in bold.
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United States (devastation immediately following Hurricane Katrina in 2005) and in

events abroad (2004 Indian Ocean tsunami, 2010 Haiti earthquake, and 2011 Tohoku

Earthquake and Tsunami). Civil Engineers must investigate this type of research to

promote innovative solutions for disaster relief.

To this end, the author intends to develop this research for the design of rapidly

deployable shelters and bridges using linkages as the main structural elements. A

similar design methodology can be utilized for these structures. To improve upon

this methodology, a geometric parameterization software package could be utilized to

streamline the process of generating the parametric model and kinematic equations

from a design concept found through physical shape-�nding. This would enable the

user to explore more potential designs quickly. Furthermore, based on the demands

of this type of structure, the objective functions could include cost and time to deploy

as well as the self-weight and power for operation utilized in this research. Depending

on the robustness of the data from the structural optimization procedure, alternative

algorithms could also be explored. Finally, full-scale prototypes of the �nal selected

designs should be built and tested under various loadings to evaluate their behavior in

comparison to analysis. With these basic improvements on the design methodology,

a robust procedure could be developed for the design and analysis of deployable

structures.
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kl
r

� 120� 0 (A.6)

given by AASHTO 6.9.3 (note that all members are conservatively assumed to be pri-

mary). Compression members must also meet the following local buckling constraint

given in AASHTO 6.9.4.2:

D
t

� 2.8
s

E
Fy

� 0 (A.7)

For tension members, the slenderness of the member must meet the following

constraint:

kl
r

� 200� 0 (A.8)

given by AASHTO 6.8.4.

A.2 Members Subjected to Bending

AASHTO 6.12 de�nes the constraints for miscellaneous exural members. The fol-

lowing section summarizes these constraints for tube sections [AASHTO, 2007a].

For all members subject to bending, the constraint related to strength is de�ned

by:

Mu � ϕMn � 0 (A.9)

whereMu is the maximum bending in the element due to factored loads andϕ=1.0.

Mn is calculated as given in AASHTO 6.12.2.2.3:

If D
t < 2

q
E
Fy

then

Mn = FyZ (A.10)
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else if D
t <8.8

q
E
Fy

then

Mn = FyS (A.11)

whereZ is the plastic section modulus andS is the elastic section modulus.

A.3 Members Subjected to Combined Bending and

Axial Load

If members are subject to combined bending and axial load, then the design must

meet the following criteria:

If Pu

�P n
< 0.2 then

Pu

2ϕPn
+

Mu

ϕMn
� 1 (A.12)

else

Pu

ϕPn
+

8
9

Mu

ϕMn
� 1 (A.13)

This is dictated for tensile members in AASHTO 6.8.2.3 and for compression members

in AASHTO 6.9.2.2.

A.4 Members Subjected to Shear

AASHTO 6.10.9.2 de�nes the constraints for members subjected to shear. The fol-

lowing section summarizes these constraints for tube sections [AASHTO, 2007a].

For all members subject to shear, the constraint related to strength is de�ned by:

Vu � ϕVn � 0 (A.14)
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Appendix B

Section Properties for HSS Tube

Sections

The section pro�les for elements of the pantograph are selected from a list of HSS

Tube Sections ordered in terms of decreasing radius of gyration [AISC, 2005]. See

Table B.1 for the list of section properties corresponding to each pro�le.

Table B.1: Section Properties of HSS Tube Sections.D

refers to the diameter, t refers to the thickness, A refers

to the area, I refers to the moment of inertia, and r refers

to the radius of gyration [AISC, 2005]

Index D (in) t (in) A (in2) I (in4) r (in)

1 20 0.375 21.5 1040 6.95

2 20 0.5 28.5 1360 6.91

3 18 0.375 19.4 754 6.24

4 18 0.5 25.6 985 6.20

5 16 0.25 11.5 359 5.58

Continued on next page
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Table B.1 – continued from previous page

Index D (in) t (in) A (in2) I (in4) r (in)

6 16 0.3125 14.4 443 5.55

7 16 0.375 17.2 526 5.53

8 16 0.4375 19.9 606 5.51

9 16 0.5 22.7 685 5.49

10 16 0.625 28.1 838 5.46

11 14 0.25 10.1 239 4.87

12 14 0.3125 12.5 295 4.85

13 14 0.375 15.0 349 4.83

14 14 0.5 19.8 453 4.79

15 14 0.625 24.5 552 4.75

16 12.75 0.25 9.16 180 4.43

17 12.75 0.375 13.6 262 4.39

18 12.75 0.5 17.9 339 4.35

19 10.75 0.25 7.70 106 3.72

20 10.75 0.375 11.4 154 3.68

21 10.75 0.5 15.0 199 3.64

22 10 0.1875 5.37 64.8 3.47

23 10 0.25 7.15 85.3 3.45

24 10 0.3125 8.88 105 3.43

25 10 0.375 10.6 123 3.41

26 10 0.5 13.9 159 3.38

27 10 0.625 17.2 191 3.34

28 9.625 0.1875 5.17 57.7 3.34

29 9.625 0.25 6.87 75.9 3.32

Continued on next page
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Table B.1 – continued from previous page

Index D (in) t (in) A (in2) I (in4) r (in)

78 5.563 0.5 7.45 24.4 1.81

79 5.5 0.5 7.36 23.5 1.79

80 5 0.125 1.78 5.31 1.73

81 5 0.1875 2.64 7.69 1.71

82 5 0.258 3.59 10.2 1.69

83 5 0.25 3.49 9.94 1.69

84 5 0.3125 4.30 12.0 1.67

85 5 0.375 5.10 13.9 1.65

86 5 0.5 6.62 17.2 1.61

87 4.5 0.125 1.60 3.84 1.55

88 4.5 0.1875 2.36 5.54 1.53

89 4.5 0.237 2.96 6.79 1.52

90 4.5 0.337 4.12 9.07 1.48

91 4.5 0.375 4.55 9.87 1.47

92 4 0.125 1.42 2.67 1.37

93 4 0.1875 2.09 3.83 1.35

94 4 0.237 2.61 4.68 1.34

95 4 0.226 2.50 4.50 1.34

96 4 0.22 2.44 4.41 1.34

97 4 0.25 2.76 4.91 1.33

98 4 0.3125 3.39 5.87 1.32

99 3.5 0.125 1.23 1.77 1.20

100 3.5 0.01875 1.82 2.52 1.18

101 3.5 0.216 2.08 2.84 1.17

Continued on next page
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Table B.1 – continued from previous page

Index D (in) t (in) A (in2) I (in4) r (in)

102 3.5 0.203 1.97 2.70 1.17

103 3.5 0.25 2.39 3.21 1.16

104 3.5 0.313 2.93 3.81 1.14

105 3.5 0.3 2.82 3.69 1.14

106 3 0.134 1.12 1.16 1.02

107 3 0.125 1.05 1.09 1.02

108 3 0.152 1.27 1.30 1.01

109 3 0.1875 1.54 1.55 1.00

110 3 0.203 1.67 1.66 0.996

111 3 0.216 1.77 1.74 0.992

112 3 0.25 2.03 1.95 0.982

113 2.875 0.125 1.01 0.958 0.976

114 2.875 0.1875 1.48 1.35 0.957

115 2.875 0.203 1.59 1.45 0.952

116 2.875 0.25 1.93 1.70 0.938

117 2.5 0.125 0.869 0.619 0.844

118 2.5 0.1875 1.27 0.865 0.825

119 2.5 0.25 1.66 1.08 0.806

120 2.375 0.125 0.823 0.527 0.800

121 2.375 0.154 1.00 0.627 0.791

122 2.375 0.1875 1.20 0.733 0.781

123 2.375 0.218 1.39 0.824 0.771

124 2.375 0.25 1.57 0.910 0.762

125 1.9 0.12 0.624 0.251 0.634

Continued on next page
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