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ABSTRACT

Panelized bridge systems (e.g., Bailey, Mabey-Johnson, Acrow) are intended for girder-type
bridges and have been implemented for military, civilian, and disaster relief applications. Design
challenges, however, include material efficiency (span squared per number of panels), lateral brac-
ing, and achieving longer spans. These challenges are addressed by investigating the promise of
implementing panels in new configurations with longer spans and evaluating bracing strategies.
Three new forms (Pratt truss, bowstring truss, and network tied arch) composed of standard length
panels, with shapes determined based on geometric considerations and structural performance (re-
sistance to buckling), are presented. A parametric study evaluates lateral bracing strategies for
girder- and column-like configurations. The promise of the new forms, also incorporating the
developed bracing strategy, is demonstrated through finite element analyses. Following this in-
vestigation using a standard length panel, an optimization procedure for minimum self-weight and
maximum structural performance is developed to determine an optimized panel length and form.
This paper addresses the design challenges of efficiency, bracing, and span length for panelized
bridge systems and indicates future areas for improvement through optimization.

CE Database subject headings: Bridges; Modular structures; Prefabrication; Bracing

INTRODUCTION

Modular panelized bridge systems are appealing since they are comprised of prefabricated
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components, can be rapidly erected in the field, and offeifsignt versatility. Standard, commer-
cially available systems - including the Bailey, Mabey4stn, and Acrow systems (Figure 1) -
consist of 3.05 m (10 ft) long panels and are typically areghigngitudinally to form a girder-type
bridge. Additional panels can be combined transverselyaanertically to increase the width,
span, or load carrying capacity of the bridge. They have véadely used for military, civilian,
and disaster relief applications since World War 1l (Joji28901; Russell and Thrall, 2013).
Design challenges for these systems which this paper ailmddiess include (1) efficient use
of material (quantified as span squared per number of paK2Jsateral bracing, and (3) achieving
longer spans. To reach long spans [on the order of 61.0 m 4081200 to 300 ft)], these systems
must take a double-triple (i.e., two panels transversetiytaree panels vertically for each plane of
the bridge; shown for the Bailey system in Figure 2) or trplple configuration (i.e., three panels
transversely, three panels vertically). These stackefigrgations, however, result in material
being placed where it is not needed. More specifically, bendi resisted primarily by the upper
chord of the highest panel and the bottom chord of the lowasel while the remaining chords
approach the neutral axis and contribute little to bendaqgacity. Furthermore, stacking does not
vary with the moment demand along the length of the span. |&ilyithe same shear capacity is
provided throughout the span despite varying demand. Hsiglts in material inefficiency as a
large number of panels are required to achieve desired samesall, the span of the girder-type
configurations is limited by buckling of the upper chord oé thighest panel. Lateral bracing is
required to mitigate this behavior. However, lateral bmgdis expensive and time-consuming to
install. Geometric challenges also result in a stackedutiinetype bridge. When stacked three
high vertically in a through-type bridge, lateral bracirande implemented on top of the highest
panel as shown in Figure 2. If stacked only one or two pangjk, tihis bracing is not practical
as it would interfere with traffic flow. As demonstrated by thgplementation of triple-triple
configurations, longer spans are desired. Due to the flebefzvior of the conventional girder-
type configuration, barriers to achieving longer spanaiithell) material inefficiency that results

from stacking and 2) lateral bracing strategies which rategouckling of the upper chord.
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To achieve longer spans with enhanced material efficiemty,daper investigates truss and
arch forms which primarily carry load axially as opposedtte primarily flexural behavior of the
conventional girder-type configuration. More specificalhis paper investigates the potential for
implementing panels in 1) Pratt truss, 2) bowstring trussl, 3) network tied arch forms. These
new forms, comprised of standard 3.05 m (10 ft) long paneds, the length of each of the panels
in the Bailey, Mabey Johnson and Acrow systems, Figure &)irwestigated for a span exceeding
91.4 m (300 ft). The geometry of the forms are determined dasegeometric considerations
and structural performance (quantified by a metric relabelouickling resistance). Integral to in-
vestigating these forms is an evaluation of lateral bracifayvard this end, a parametric study is
performed on a girder-like and a column-like configuratibpanels which investigates the effect
of spacing between planes of panels and bracing membersostingibehavior. With a bracing
scheme determined, three-dimensional finite element seslgre performed to show the promise
of these forms. The material efficiency of these forms arepared to a conventional girder-type
configuration. Following this analysis using the standaf$3n (10 ft) long panels, the solution
space is widened to investigate alternative panel lendtinsulti-objective optimization procedure
for minimum self-weight and maximum structural performaigdeveloped to determine an opti-
mized panel length and form for panelized bridge systemis locedure is demonstrated for the
bowstring truss form. This paper ultimately addresses #ségth challenges of material efficiency,
lateral bracing, and achieving longer spans for panelizietjp systems and indicates future areas

for improvement of panelized systems through structurahapation.

BACKGROUND

The Bailey Bridge, designed following World War |, was thesfipanelized system that fea-
tured rapid erection through the implementation of pin @mtions between standard, prefabri-
cated panels and versatility in its stackability both txeemsely and vertically (Joiner, 2001). The
Bailey panel is comprised of top and bottom chords, vertiaatl diagonal components that are
welded together. Panels are joined together longitudirall pins connecting male and female

lugs at the top and bottom chords of adjacent panels. Floambgecalled transoms, are clipped
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to the lower chord of panels and support stringers and ulélyahe deck (Department of the
Army, 1986). It can serve as a simple-span, through, gitglee-bridge (Figure 3A), with addi-
tional capacity by adding panels transversely and/orcadhi (Figure 3B) as well as by adding a
cable reinforcement set (Figure 3C) (Thierry, 1946; Dapartt of the Army, 1986). They can be
adapted to be a two-lane, through-type (i.e., combiningiplalsingle-lane, through-type spans,
Figure 3D) or a two-lane deck type (i.e., applying a deck gndabpanels to facilitate wider road-
ways and overhangs, Figure 3E) (Department of the Army, 1986hen supported by barges,
a Bailey Bridge can also serve as a floating bridge (Figure BR@ utility and versatility of the
Bailey Bridge has been demonstrated since World War 1l, whess the principal tactical fixed
bridge of the Allied Forces and the British Army’s standamhfing bridge (Thierry, 1946). The
U.S. Army currently uses the Standard US Army M2 panels astdétsdard panelized system (Pi-
oneer Bridges, a Division of Bailey Bridges, Inc., 2015).lléwing the expiration of the patent
on the Bailey system, Mabey Johnson Ltd. and Thos Storeyiiigags) Ltd./Acrow Group com-
panies made further advances in panelized bridging sygteBR Engineering Consultants, Inc.,
2005).

Mabey Johnson Ltd. began manufacturing Bailey panels ir¥ 3@l made significant im-
provements upon panel design. Mabey Johnson Ltd. develiygellabey Super Bailey which
featured higher grade steel, changes to web members anthesetsi to improve shear and fatigue
performance, new swaybraces and transom clamps, steehdeakd all components were galva-
nized. Mabey Johnson Ltd. replaced the Mabey Super Bail@@88 with the Mabey Compact
Bridge System (also known as Compact 100) that includedorgments in steel grade, channel
sections for vertical and diagonal members, and high sthesigel transoms. In 1986, Mabey
Johnson Ltd. developed the Compact 200 (Figure 1B) whicliorgnd upon the Compact 100 by
increasing the panel depth to 2.13 m (7 ft) and used thickérab@nnel sections. These changes
led to an increase in strength of 80% compared to the Com@caad 110% compared to the
Bailey panel. Mabey Johnson Ltd. also developed the Mabeyedsal Bridge, featuring longer
and deeper panels [4.50 m (14.75 ft) long by 2.35 m (7.75dfhiadditional chord reinforcement,
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and shear panels (Joiner, 2001).

The Acrow Panel Bridge, produced by Thos Storey (Enginddds)in 1971, improved upon
the original Bailey panel by utilizing higher grade steelgtangular hollow sections, and moving
the transom position, resulting in an increase in shearaiyday 25% and in bending capacity by
25%. The panels and their components were either paintedlwargzed and various decking op-
tions (in both wood and steel) were developed. Further ingarents were made in 1987 with the
Acrow Panel 500 Series which utilized a stronger and vagifhigth transom, different placement
of the transom (the same as that used in the Mabey CompaadeB8gistem), as well as stiffer
deck components (Joiner, 2001). To compete with the Cong¥rpanel, the Acrow Panel 700
Series Bridge was developed which features deeper pan2l iz (7.5 ft), Figure 1C] (Joiner,
2001; Acrow Corporation of America, 2009).

While each of these systems has made significant improvenfremb the first Bailey panel-
ized bridges, design challenges for all of these paneligstéms in their conventional girder-type

configurations include material efficiency, lateral bragciand achieving longer spans.

PRECEDENT

Precedent exists for adapting panelized bridge systems twibnted in vertical and diagonal
configurations - carrying axial and flexural loads - for aitive applications such as bridges and
buildings (Figure 4). These examples are prior relevankwdrich demonstrates the feasibility
of orienting panelized systems to carry loads differertbrt originally designed. The Pratt truss,
bowstring truss, and network tied arch presented in thigpapplement similar orientations of

panels to carry both axial and flexural loads. This prior pdemnt is reviewed here.

Bridge Piers

Bridge piers can be constructed from panelized systemseXample, during World War 11,
piers were built of Bailey panels to support greater declrelece for conventional Bailey systems
(Figure 4A). Only minimal additional parts were required.the field, piers up to 21.3 m (70 ft)

high were successfully constructed (Thierry, 1946).
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Suspension Bridges

In much the same fashion, towers fabricated from panels edwulit for a suspension bridge
and the deck can also be comprised of panels (Figure 4B) rfThi&946; Hempsall and Digby-
Smith, 1952). While this suspension bridge adaptation tsasauick to erect as a conventional
system, the Bailey suspension bridge can support 356 kN)(B@d#s over spans between 61.0 and
122 m (200 and 400 ft). This was the only suspension form depaftcarrying vehicular loads

during the World War Il and was a great asset, particularmpauntainous regions (Thierry, 1946).

Movable Bridges

Panelized systems can be implemented as retractableaiMéticor bascule bridges (Figure
4C) (Thierry, 1946; Joiner, 2001). For a vertical lift, thect (comprised of girder configuration
panels) is lifted between two towers (also comprised of [gfldempsall and Digby-Smith, 1952).
Recently, Acrow panels have been implemented in this fastuothe Quincy-Weymouth bridge
over the Massachusetts Fore River. This bridge feature6dm® m (210 ft) spans that provide
a clearance of 65.5 m (215 ft) when lifted (Acrow CorporatadnPAmerica, 2014). For bascule
bridges, the deck is also comprised of girder configuratanmegts. Acrow panels have been utilized

for 30.5 m (100 ft) span bascule bridges (Joiner, 2001).

Construction

Panelized systems have been utilized for a variety of coatn practices, including form-
work supports and concrete-placing runways (Figure 4Dh{ptsall and Digby-Smith, 1952). Bai-
ley panels have been widely implemented as falsework focgmstruction of long-term bridges
(Anon., 1958; Harris, 1952). They have also been utilizesjoport the shuttering of large rein-
forced concrete structures, such as dams (Anon., 1954; shgnd Digby-Smith, 1952). More
recently, an Acrow Bridge was installed at “Ground ZeroJldwing the events of September 11,
2001 as a ramp to aid in the removal of debris and eventuahstaetion (SDR Engineering Con-
sultants, Inc., 2005). They have also served as shoringragsfor up to 2400 kN (540 k) (Acrow
Bridge, 2015).
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Buildings

Bailey panels can and have been used to construct buildiitgsclear spans of up to 45.7
m (150 ft) (Anon., 1954; Hempsall and Digby-Smith, 1952).e$& buildings are constructed by
connecting Bailey panels to form both the vertical walls aodf of the structure (Figure 4D)

(Anon., 1954).

NEW FORMS USING STANDARD PANELS

Toward achieving higher material efficiency and longer sgapproximately 91.4 m (300 ft)],
three new configurations for panelized bridge systems hege teveloped: 1) Pratt truss, 2) bow-
string truss, and 3) network tied arch. Each form was assumbd comprised of 3.05 m (10 ft)
long panels, i.e., the length of the commercially availdddey, Mabey Johnson, and Acrow sys-
tems (Figure 1). Developing these forms is a challengingsasce members need to be composed
of a discrete number of panels. First, simplified geometnit structural analyses were performed
to select forms. These simplified analyses do not requirevledge of section properties, and
therefore the results of this section are applicable to ady B (10 ft) long panelized system. For
the Pratt and bowstring trusses, the maximum number of pgreelmember was restrained to 10
[i.e., 30.5 m (100 ft) long]. This was selected to limit thadgh of vertical members and therefore
require that the span to depth ratio exceed 3. Typically $patepth ratios between 5 and 8 are
economic for simply supported trusses (Kulicki and Rei@6d,1). This requirement therefore sets
a lower bound on this ratio to limit the solution space towaroke economic forms. An upper
bound on span to depth results from the constraint that mesi@ecomprised of a discrete num-
ber of panels (e.g., for the Pratt truss, the vertical memuest have a minimum length to satisfy
the pythagorean triple). For the Pratt truss this is a spaepoh ratio of 10 and for the bowstring

truss this is 20.

Pratt Truss Bridge
The Pratt truss form was developed by evaluating combinsibd a discrete number of panels
for each global truss member (i.e., upper chord, lower cheedical, and diagonal members).

The upper and lower chords were constrained to be horizoftaé possible combinations for
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each triangle of the truss are primitive pythagorean tsigled multiplications thereof. Since the
maximum number of panels per member was limited to 10, foorpations result: 3-4-5, 4-3-5,
6-8-10, and 8-6-10 (where identifiers are the number of gam&lizontally-vertically-diagonally,
Figure 5).

Each of these forms was then evaluated for structural pedoce. Structural performance can
be measured in many ways. For new panelized forms developthdsiresearch, global buckling
is a design limitation that is mitigated by lateral bracingteral bracing, however, is expensive
and time-consuming to install. With the aim of minimizingthmount of lateral bracing required,
a structural performance metric related to susceptibiftynember buckling was selected. This
metric is quantified as the maximum magnitude of the forEg times the member length}
squared for all compressive members to relate to the driiaker buckling load. This metric was
evaluated using a simplified approach: forces in each mewdxer calculated under a uniform unit
load [14.6 kN/m (1 k/ft) discretized as point loads at eacparghord joint] across the full length
of the span and across just half of the span (i.e., to simula&en live loads) using the method
of joints. This analysis assumes that forms are comprisegnefdimensional truss members
with identical section properties (i.e., the analysis doesinclude the detail of the individual
components of a panel). This simplified approach enablediek quethod for evaluation. In
Figure 6, the structural performance metric/(?) for the four forms is compared to the total
length of members in the truss - an indication of its totalgheior amount of material required in
a panelized context. The highlighted form features the &wd.? and the lowest total length of
members showing a good balance between performance anddmhitwThis form is selected for

further study in this paper.

Bowstring Truss Bridge

Forms for the bowstring truss (Figure 7) were developed e/tie diagonalD), vertical ),
and lower chord /) members were restrained to be a discrete number of pandis. upper
chord was assumed to span between lower chord énds Every permutation of integer number

(ranging from 1 to 10) of panels for membels Y, and N in each bay that results in a span
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exceeding 91.4 m (300 ft) was determined to develop a solsebof forms (1,999 forms in total).
Similarly to the Pratt truss, each form was evaluated in $eainthe structural performance
metric (FL?) and total length of members (Figure 8). To calculate thecstiral performance
metric related to buckling susceptibility, the forms wevaleated under a uniform unit load [14.6
kN/m (1 k/ft) discretized as point loads at each upper chomdt] across the full length of the
span and across just half of the span using the method o§j(ihnt same approach as for the Pratt
truss). In Figure 8 there are many forms along the Paretiorapset (i.e., solutions that are not
overshadowed by other solutions). Again, the goal is torizadd@he need for lateral bracing (related
to the structural performance metiid.?) and the weight or amount of material. For very l6ui?
values, there is a family of solutions with different vanyitotal length of members. A solution
among this family with the lowest total length of members #relsecond lowest value fétL? is

highlighted and investigated further.

Network Tied Arch Bridge

A network tied arch form was investigated since the arch @wdpy light as bending is dis-
tributed through the hanger system (Tveit, 1987) and thelireinates the need to resolve the
arch’s horizontal thrust in substructure. The arch (Fidgrevas designed to be polygonal, with
each segment equal to one panel length. It is semi-circalanable the relative angle between
each panel to remain constant, thereby facilitating unifoonnection design throughout the arch.
A span to depth ratio of 5 is typical for arches. To enable tioh and the deck to be comprised of
an even number of panels, the span to depth ratio is slightherd: 4.39. Hanger cables should be
inclined and intersect to minimize bending in the arch. Btaegles of cable inclination are more
effective in carrying load, but can relax under asymmetadks resulting in bending in the arch.
Flat angles can cause higher bending in the arch (Tveit,) 19®7balances these effects and also
facilitate hanger attachment to each panel (at panel middbag the arch and the girder, hanger

angles vary from 45.5 to 67.2 degrees.
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Discussion

Three new forms have been developed through these sim@ifiglgses, each offering differ-
ent advantages and disadvantages. The Pratt truss forordeatpeated member joint angles,
meaning that only a few member-to-member connection typmddibe needed throughout the
form. This would result in savings in terms of design, mantifeng of the connection details, and
erection. In comparison, the bowstring truss forms may vavging member connection angles,
but less overall panels could be used. As shown in Figureefethre many bowstring solutions
with less than 300 m (984 ft) of member lengths with comparafllue for’L2. The network
tied arch offers an alternative option which features reggeaonnection angles and a means of
distributing bending through its hanger system. Overbhbse studies demonstrated a technique

for rapidly evaluating panelized bridge forms and devetbipeee forms for further study.

PARAMETRIC EVALUATION OF LATERAL BRACING STRATEGIES

For each of the forms considered in this paper, global bngks a design limitation that must
be mitigated by lateral bracing. To determine an effectivategy for lateral bracing, parametric
studies were performed to evaluate the effect of (1) traisgvepacing between panels and (2)
stiffness of lateral struts connecting panels through mumesisting connections [quantified by
a multiplier of the moment of inertia of the panel chord whigas taken as the base property for
this member (I factor, hereafter)] on the behavior of paaétged in girder-like and column-like
configurations under horizontal and vertical loads (sdp8fa These configurations were chosen
to explore the efficacy of the bracing strategies in a berdmgerned (i.e., where the lower chords
are primarily in compression and the upper chords are piliynatension for a cantilever scenario)
and an axial load-governed environment (i.e., where altadhare in compression), respectively.
Members in the new forms developed for this research woulduigect to both bending and
axial load, making an investigation of both loading envir@nts necessary. Note that the girder-
like configuration is oriented as a cantilever as opposed somply supported beam. If load
were applied to nodes (i.e., locations where vertical ogali@al components meet the chords)

in a simply supported beam environment with the same lerigghdominant behavior would be

10
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shifted towards local buckling of the vertical or diagonambers in the panel. To focus instead
on the global buckling behavior, a cantilever configuratia@s selected. These studies focused on
(1) intra-plane strategies to connect closely spaced paaeks and (2) inter-plane strategies to
connect planes of panels across the deck. A linear (eigesvhlckling analysis was performed
in the software package SAP 2000 to evaluate the bracintggies by solving the following

problem:

[Ks = Ag(p)]¥ =0 (1)

wherekK, is the stiffness matrix) is the eigenvalue matrix;, is the geometric stiffness for loags
andV is the eigenvector matrix (Computers and Structures, 28d.5). This analysis is performed
using the cross-sectional properties of the Bailey pameadesit was the first panelized system
developed. However, this analysis is focused on globallmgkehavior and therefore the findings
should be similar for any of the panelized systems. Thisxtiele does not indicate any preference
by the authors for one system over another.

Note that the strategies investigated here could also eehthie performance of conventional

configurations for panelized systems.

Intra-plane Bracing Strategies

To investigate intra-plane bracing strategies, threeedsional finite element models of a 15.2
m (50 ft) long girder-like configuration (Figure 10A) and 48.m (30 ft) tall column-like config-
uration (Figure 11A) featuring two planes of panels werdtbilihe girder is a cantilever with pin-
restraints (i.e., translation restrained in all direcsipat four nodes. The column is pin-restrained at
four nodes at the bottom. At the top four nodes, translasaestrained in the horizontal direction
only. Vertical (emulating gravity loads) and horizontaini@ating wind loads) loads were applied
separately to each, with a total magnitude of 4.45 kN (1 kY. tRe girder-like configuration, the
total vertical load was applied via point loads on nodesrg@762 m (2.5 ft)] along the upper

chord of each panel plane. For the column-like configuratibe total vertical load was applied

11
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via four point loads at the top of the column. For both confagiens, the total horizontal load was
applied via point loads on one plane of panels at nodes atstadgitonnection [every 3.05 m (10
ft)].

In a girder-like configuration (Figure 10) under verticahdh gains in the buckling factor (i.e.,
factor by which the load would need to be multiplied by to indiuckling) begin to asymptote as
the spacing and | factor are increased at approximatelyargpaf 0.914 m (3 ft) and an | factor of
2. Under horizontal loads, these gains are closer to linaa.column-like configuration (Figure
11) under vertical load, the gains in the buckling factoribég asymptote while more linear gains
are observed under horizontal load. In both configuratitmespanel spacing has a larger impact
on performance under horizontal loads than the | factorxpeaed. Under vertical loading, both
the spacing and | factor are important parameters for design

To achieve a strategy that is effective in girder-like aniom-like configurations under hori-
zontal and vertical loads, a spacing of 0.914 m (3 ft) and antbir of 2 (i.e., two times the moment
of inertia of the panel chord) was selected. This is apprataty where the girder buckling factor
under vertical loads asymptotes and close to where the eoltwkling factor under vertical loads
also asymptotes. While higher spacing and higher | factoutdcfurther improve performance,
this combination was selected as a balance between perioenaad the additional cost of stiffer

and longer struts.

I nter-plane Bracing Strategies

To investigate inter-plane bracing strategies, threeedsional finite element models in girder-
like and column-like configurations that feature two setshef intra-plane bracing systems con-
nected by struts were built (Figure 12 and Figure 13). A spgpof 4.57 m (15 ft) for inter-plane
bracing is used (and not varied) as this would be needed ferdame of vehicular traffic. The
intra-plane bracing scheme selected from the previougoseistused. This study varies the | fac-
tor for the inter-plane strut only. The boundary conditifmsthese studies are the same as that in
the intra-plane studies. To make these studies comparmlthe intra-plane studies, vertical and

horizontal loads were applied separately, with a total ntage of 8.90 kN (2 k), i.e., twice that

12
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of the intra-plane systems. The vertical loads were app@liedg the top chords of each plane of
panels at the same nodes as the intra-plane study. The hialikmads were applied along just one
plane of panels at each strut connection.

In both girder-like and column-like configurations undertiaal loads, the inter-plane strut
| factor has limited effect on buckling behavior. The inplane configurations are effectively
acting independently under this loading as the bucklingpfacare approximately the same as that
from the intra-plane studies. The inter-plane bracing bezoactivated under horizontal loads as
expected.

Ultimately, an | factor for the inter-plane strut was sedecto be the same as that for the intra-
plane bracing: 2. This contributes to the overall focus onlatar construction and minimizing the

number of different parts.

ANALYSIS OF NEW FORMS

The previous sections developed new forms for bridges caeghof 3.05 m (10 ft) long panels
and evaluated bracing strategies for panels. To show thmipeoof these forms, implementing
also the selected bracing strategy, three-dimensiona¢ felement analyses of the forms were
performed. Like the parametric bracing study, these apalyse the Bailey panel. However, this
research is focused on global buckling behavior and thezdfee findings should be similar for

any of the panelized systems.

Modeling Assumptions and L oading

These forms (Figure 14) are analyzed using three-dimeakforite element models in the
software package SAP 2000 (Computers and Structures,20t5) under dead, distributed live
load as per American Association of State and Highway Tramiapon Officials (AASHTO) Load
and Resistance Factor Design Specification (AASHTO, 20920[kN/m (0.64 k/ft), across the
entire span and half of the span], and wind load [2.39 kPa §B0. A linear (eigenvalue) buckling
analysis (as discussed in the previous section) was pegfbfar each form.

Each form is comprised of four planes of panels. Individwaigl components are welded to-

gether to form a complete, prefabricated panel. Therefomment-resisting connections between
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panel components are modeled. Experimental and numetichés by King et al. (2013) indicate
that this is a reasonable modeling assumption. Panelrielgannections are achieved by pins at
the upper and lower chords. This transfers moment betweeglpand therefore panel-to-panel
connections are modeled as moment-resisting. All compasraea A242 steel with a yield strength
of 345 MPa (50 ksi) (Pioneer Bridges, a Division of Baileyd®yes, Inc., 2015). Panel planes are
connected by the intra- and inter-plane bracing schemesrdeted in the previous section. Live
load is applied to a single longitudinal member which is sarpgd by inter-plane struts that carry
the load to the panel planes.

Longitudinal and vertical boundary conditions (i.e., pindaoller restraints) are indicated in
Figure 14. For the Pratt and bowstring trusses, a longialdgim restraint is applied to just one
plane of panels on one end; the rest of the longitudinalagds are rollers (i.e., translation re-
strained in the vertical direction). For the network tiedrarall planes are restrained by longitu-
dinal pins at both ends. In reality, the tie would carry theZzantal reaction from the arch. The
design of the tie would occur in a final detailed design stagesa it is not modeled here for sim-
plicity. For all forms, translation in the transverse dtren is restrained at the end of each plane

of panels.

Pratt TrussBridge

With a geometry of the Pratt truss determined (Figure 6) reetldimensional finite element
model was built (Figure 14A) and analyzed as discussed abBeeh truss plane is comprised
of 117 panels, meaning a total of 468 panels are needed tp caer lane of vehicular traffic.
The upper and lower chord are braced by the intra- and iléerepbracing schemes selected.
Intra-plane bracing is implemented in the verticals andyainals, but no inter-plane bracing is
required for these members. With these bracing strateiiesystem buckles in the upper chord
in localized regions toward the center of span (Figure 15ah & buckling factor of 4.09 under
dead, live (dominant buckling mode corresponds to case Vileeload applied across entire span),

and wind loads.
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Bowstring Truss Bridge

Using the form of the bowstring truss highlighted in Figureadinite element model of this
form was built (Figure 14B) and analyzed. Each truss plaremsprised of 124 panels (a total
of 496 for the span). Like the Pratt truss, the upper and laherds are braced by the intra-
and inter-plane bracing, with the verticals and diagoredgiiring only intra-plane bracing. Under
dead, live (dominant buckling mode corresponds to case Vieeload applied across entire span),
and wind loads, the dominant buckling mode of the systenufieid5B) is global with a factor of
6.03.

Network Tied Arch Bridge

A finite element model of the network arch from (Figure 14C¥waalyzed. The arch includes
four planes of panels (34 panels each) connected by the arrhinter-plane bracing strategies.
The girder is just two planes connected by inter-plane hraciA total of 196 panels would be
needed for the entire span (including the girder). The dlbbekling analysis showed the stability
of the form. The critical buckling factor under dead, liv@fdinant buckling mode corresponds
to case when live load applied across entire span), and wandslis 2.48 with a global buckling
mode observed (Figure 15C).
Discussion

These preliminary finite element analyses have shown thmipeoof each form and the de-
veloped bracing strategy. These forms can be compared totheentional girder configuration
which requires 378 panels to span 64.0 m (210 ft) using theeBaianelized system. The Pratt
truss [468 panels for a 96.0 m (315 ft) span], the bowstringst[496 panels for a 104 m (340 ft)
span], and the network tied arch [196 panels for 91.4 m (30€pfn] can achieve longer spans.
To compare these forms, a material efficiency metric is défasethe span length squared divided
by the number of panels. The numerator of this metric is setesince the moment demand for
a simply supported beam in a uniformly loaded environmenilditve proportional to the span
squared. The efficiency metric for the conventional bailestesm is 117, for the Pratt truss is 212,

for the bowstring truss is 233, and for the network tied asch69. In summary, all three new forms
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show significantly higher efficiency than the conventionatem, with the network tied arch far
exceeding the rest.

This study focused on analyzed forms with an approximatglg gn (300 ft) span carrying one
vehicular lane of traffic. Longer spans and/or higher loamgdabe achieved by further improving
the lateral bracing strategy or by increasing the strenfitheopanels. For example, if the | factor
for the intra- and inter-plane struts of the bowstring trfiasm is increased from 2 to 5, the buckling
factor increases by a factor of 1.47. If the intra-plane Bats increased from 0.914 m (3 ft) to
1.52 (5 ft), the buckling factor increases by a factor of 1 BSture areas for research include also
investigating the impact of stronger panels on system hehav

This analysis has focused on global behavior of the systeougjn a linear (eigenvalue) buck-
ling analysis. To further develop these forms and the brasinategy for field implementation,
nonlinear buckling analyses (incorporating geometriclinearities) should be considered to ac-
count for manufacturing imperfections and deformatiomsiced by lateral loads. The strength of
individual components would need to be evaluated undeoffedtloads as per AASHTO specifi-
cations (including also the moving design vehicle pointig)a Detailed connection design, both
panel-to-panel along a member and at member juncturesgvbeutequired. Substructure design
would also be necessary. Cyclical loading and fatigue liéeidt also be a critical area for future

investigation.

OPTIMIZATION OF PANEL LENGTH

The first part of this paper has focused on new bridge formspcied of standard, commer-
cially available 3.05 m (10 ft) long panels. However, monarie could be developed if the solution
space is widened beyond this standard length panel usimgfstal optimization. An optimization

procedure is developed and demonstrated for the bowsttisg torm.

Optimization Problem
To determine optimized panel lengths and forms, a multecidje optimization procedure
has been implemented for minimum self-weight (quantified as the total length of panels and

calculated as the length of the pankgl,..;, times the total number of paneld)) and maximum
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structural performance/ i.e., minimizing the structural performance metric rethto buckling
resistance, quantified as the maximum valué'@f, whereF is the force in the member and
is the member length, for alV. number of compression members in the form) as defined in the

following problem formulation:
minimize W(z) = lyane(2) N(2)
z

(@)

such that c(z) <0

wherezis a design variable that defines the form, including the blamgth, the total number of
panels, and the geometric coordinates of the form. Thigdesriable is selected from a database
that includes every permutation of form for a bowstring $rusth a span exceeding 91.4 m (300
ft) with panel lengths ranging from 1.52 m to 6.20 m (5 ft to2®h increments of 0.305 m (1
ft). Constraints ) have been implemented in the generation of this databagesonly feasible
forms are considered. For the the bowstring truss form,nf@ans that the diagonal, vertical, and
lower chord members were constrained to be a discrete nuofilpemels. Each member is also
constrained to be less than 30.5 m (100 ft) as considereeé pprévious studies. Note that duplicate
forms result in which the same form can be comprised of dgifiepanel lengths [e.g., a form using
a 3.05 m (10 ft) panel length could also be comprised of 1.52 ft) panels using twice the number
of panels]. In these cases, the database entries usingdlterspanel length were eliminated in
favor of the form with the longer panel length (as reducingiber of panel-to-panel connections
would improve the design). These constraints resulted iatabéise of 523,136 possible forms.
The database was ordered by increasing span to depth raigofolce in members is determined
using the method of joints as discussed earlier in the papdena uniformly distributed unit load
across the full span and across half of the span.

It is important to note in the development of this optimieatprocedure that minimum self-

weight does not necessarily indicate lowest cost sincentleisic does not include fabrication or
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field labor costs. In this context, fabrication costs willate to the design of individual panels
which is not considered in this study. Field labor coststesldo the number of global joints of
the structure (i.e., number of member-to-member connes}tiavhich is evaluated in the results

sub-section. Minimum self-weight is simply used as one imefrefficiency.

Optimization Algorithm

The heuristic search algorithm Simulated Annealing (SA3 waplemented for this optimiza-
tion problem since it is a fast and effective iterative immgnment algorithm which has been imple-
mented for a broad range of structural optimization prolsi¢eng., Shea and Smith (2006); Paya
et al. (2008); Ohsaki et al. (2009)], including modular [eAjegria Mira et al. (2015); Quaglia
et al. (2014); Martinez-Martin and Thrall (2014); Russdllaé (2014)] or deploying structures
[e.g., Thrall et al. (2014, 2012)].

The SA algorithm, based on the process of controlled coalingetals, begins by selecting
an initial random solution (in this research, a form from taabase discussed above). A new
solution is then found by randomly perturbing the initialestion [i.e., moving up or down the
database of forms by a random magnitude]. If the value of tijective function for this new
solution is less than that of the first solution, it becomesdurrent solution for further iteration.
If not, a probability of keeping this second solution as therent solution is calculatedP =
e 2F/T where I is the value of the objective function arfdis the temperature [a parameter
that is initially chosen to select between 20 and 40 percéhigher value solutions (Medina,
2001)]. This probability of continuing to iterate upon hegtvalue solutions enables the algorithm
to avoid local minima. This iteration continues for a usefiwged number of iterations called a
cooling cycle. After each cooling cycle, the temperatuneduced by a user-defined number. The
algorithm continues until there has been a user-defined auwftcooling cycles in which there
has been no improvement in the solution (Kirkpatrick eti83).

A multi-objective version of this algorithm (MOSA) was usedthis research. In this case,
the algorithm iterates as mentioned above. However, newtisnk are compared against a Pareto-

optimal set of solutions. If the new solution is Pareto-oyati, it becomes the current solution. If
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it is not, there is a probability that the algorithm will conie to iterate on this solution, calculated

by:

Q
P = H e—[Fz'(21)—1*1'(22)}/71'7 (3)
i=1

Here,( is the total number of objective functions (in this case2)is the value of an objective
function, z; is the current solution, ang is the new solution. To explore the solution space fully,
the algorithm uses an intelligent return-to-base stratelgich selects a different Pareto-optimal
solution upon which to iterate at the end of each coolingeey€his strategy initially selects from
any of theA, number of Pareto-optimal solutions, but increasingly ergs the more isolated (or

extreme edges) of the Pareto-optimal set. Isolation of atiswl is calculated as follows:

As Q 2
= E E {Fl %) (ZJ>} 4)
. zmam - Emm ’
k=1 i=1
k]

wheref,, .. and F,,;, are the maximum and minimum values of each objective functiespec-
tively, across the Pareto-optimal set. The solutions adered by amount of isolation and the
algorithms selects from a smaller number of the more isdlatdutions as it progresses (the num-
ber of solutions selected from is reduced by a factor of O€aah cooling cycle). The algorithm
continues to iterate until there have been the user-definatbar of cooling cycles in which no
new Pareto-optimal solutions were found (Suppapitnarnh. e2@00). With a final set of Pareto-

optimal solutions at convergence, an engineer can choosptanized solution.

Optimization Results and Discussion

Figure 16 shows the Pareto-optimal set developed throudti-aljective optimization. The
entire database was exhaustively evaluated to determéngldibal minimum for each objective
function which are indicated by square markers. In additiashowing the values of each objective
function, the plot indicates the length of the panel by thekmasize and the number of global
joints of the structure by the color.

As expected the global minimum for the sum of the member lengbjective function is a
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very shallow truss, while the global minimum for the struatuperformance metric{L?) is a
very deep truss. Both found the smallest panel length: 1.%2 ft). This is also expected as the
smaller panel lengths provide more flexibility in the glofmaim.

The Pareto-optimal set spans between these extremesaSeiggnlighted forms show that as
the sum of the member lengths increases and the susceaptibilbuckling decreases (i.e., along
the curve from right to left), the truss form evolves from algtw triangle to a deeper truss with a
curved lower chord. The number of global joints also incesaas expected. Most forms have the
smallest panel length [1.52 m (5 ft)], while a few have lon@ledicated by larger marker sizes).
There is a family of solutions at the knee of the Pareto-ogiticurve which feature low values for
both objective functions with also a low number of globahjsi This family would be particularly
appealing from a design and constructability perspectivare specifically, a low number of
global joints would reduce cost and construction compyexs noted earlier, these factors were
not explicitly included in the optimization procedure. BExaing this family of solutions, which
already achieves low values for the objective functionslifates incorporating these factors into

design.

CONCLUSION

This paper addressed three design challenges for panélizige systems: (1) efficient use of
material, (2) lateral bracing, and (3) achieving longemspa

Toward achieving material efficiency and longer spans,ghger developed forms for a Pratt
truss, a bowstring truss, and a network tied arch (Figurewitt) spans exceeding 91.4 m (300
ft). Each is comprised of standard 3.05 m (10 ft) long paneds, the length of each of the panels
in the Bailey, Mabey Johnson and Acrow systems, Figure 1) giomise of these forms was
demonstrated through linear (eigenvalue) buckling armslys these forms under dead, live, and
wind loads. A material efficiency metric was used to compachef these forms to one another
and to a conventional configuration. Each new form was shovire tmore efficient, with the net-
work tied arch far out-performing the rest. The network &edh also features some construction

advantages. This includes repeated connection anglesjmgeaat only one member-to-member
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connection type is needed for the entire system. With thdgardages and the enhanced material
efficiency, the network tied arch can be considered the mostiging form.

To also develop an effective lateral bracing strategy, ipateéc studies were performed on
girder-like and a column-like configurations of panels Whiavestigate the effect of spacing be-
tween planes of panels and bracing members on buckling leh#@n effective bracing strategy
was developed based on these parametric studies and impikmhfer the three-dimensional anal-
yses discussed above. With further research, the lateaairy strategies developed in this paper
could also be implemented for conventional configuratidizamelized bridge systems.

Toward the field implementation of these new bridge formsrieiareas of research include de-
tailed final analysis and design. These analyses shoulddacnalysis and design under strength,
extreme event, service, and fatigue limit states as ple=tmper AASHTO. As noted earlier, non-
linear buckling analyses (incorporating geometric nadirities) should be considered. Further
investigation of the modeling assumptions implementee sould be performed, including the
panel-to-panel connections. Substructure design wostdraed to be performed.

To open the solution space beyond standard panelized sysé@noptimization procedure was
developed to determine an optimized panel length and fompdoelized bridge systems. This
optimization procedure was demonstrated for the bowstrimgs form showing that a lower self-
weight and a lower susceptibility to buckling can be achielvg moving away from the standard
length panel. This opens a new opportunity for research weldping new panelized systems

toward further improvements.
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FIG. 1. Elevation views of (A) Bailey [Standard US Army M2 (Pi
[Compact 200 (Mabey,

Division of Bailey Bridges, Inc., 2015)], (B) Mabey Johnson
2015)], and (C) Acrow [700XS, (Acrow Corporation of America
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FIG. 2. Double-triple configuration of Bailey Bridge panels , including isometric and
section views. Images courtesy of US Army (Department of the Army, 1986).
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A. Single Lane
Through-Type

B. Added Capacity
via Additional
Modules

C. Added Capacity
via Cable
Reinforcement Set

D. Two-Lane
Through-Type

E. Deck Type

F. Floating

FIG. 3. Conventional implementations of Bailey Bridge syst em, including (A)
single-lane through-type, (B) with additional panels for a dded capacity, (C) with a
cable reinforcement set for added capacity, (D) two-lane th rough-type, (E) two-lane
deck type, and (F) floating. Images courtesy of the US Army (De partment of the

Army, 1986)
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A. Piers

B. Suspension
Bridges

C. Moveable
Bridges

D. Runways

E. Buildings

FIG. 4. Precedent for alternative implementations of panel ized bridge systems, in-
cluding (A) piers (Thierry, 1946), with permission from the Society of American Mil-
itary Engineers, (B) suspension bridges (Thierry, 1946), w ith permission from the
Society of American Military Engineers, (C) moveable bridg es, image courtesy of
US Army (Department of the Army, 1986), (D) runways (Hempsal | and Digby-Smith,
1952), with permission from Roads & Bridges, and (E) buildin gs (Hempsall and
Digby-Smith, 1952), with permission from Roads & Bridges.
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— Restrained Length N,
Unrestrained Length N,

FIG. 7. Partial elevation view of bowstring truss form.
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91.4 m (300 ft)

FIG. 9. Elevation of network tied arch form.
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FIG. 10. Parametric study of intra-plane bracing in a girder  -like configuration, in-
cluding (A) isometric view indicating dimensions and bound ary conditions, (B)
buckled shape under vertical load (for selected option), (C ) buckling factor under
vertical load as a function of spacing and | factor (selected option is highlighted)
(D) buckled shape under horizontal load (for selected optio n), and (E) buckling fac-
tor under horizontal load as a function of spacing and | facto r (selected option is
highlighted).
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FIG. 11. Parametric study of intra-plane bracing in a column -like configuration,

including (A) isometric view indicating dimensions and bou ndary conditions, (B)
buckled shape under vertical load (for selected option), (C ) buckling factor under

vertical load as a function of spacing and | factor (selected option is highlighted)
(D) buckled shape under horizontal load (for selected optio n), and (E) buckling fac-
tor under horizontal load as a function of spacing and | facto r (selected option is
highlighted).
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FIG. 12. Parametric study of inter-plane bracing in a girder -like configuration, in-
cluding (A) isometric view indicating boundary conditions , (B) buckled shape un-

der vertical load (for selected option), (C) buckling facto r under vertical load as a
function of | factor (selected option is highlighted) (D) bu ckled shape under hori-
zontal load (for selected option), and (E) buckling factor u nder horizontal load as a
function of | factor (selected option is highlighted).
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FIG. 14. New bridge forms in elevation view (left) and sectio
truss, (B) bowstring truss, and (C) network tied arch.
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FIG. 15. Buckled shapes of the new bridge forms: (A) Pratt tru ss, (B) bowstring
truss, and (C) network tied arch.
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FIG. 16. Results of multi-objective optimization procedur
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