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ABSTRACT

Recently, the Bridge Division at Measka Department of Roads (NDOR) has added to its menu

of bridge systems a new system, the tied arch system. This system would be suitable for
overpasses where vertical clearance is restricted and center pier is undesirable or impractical,
such as waterrossings and railroad crossings. This systeasfirst applied to the construction

of the Ravenna Viaduct in 2006r a single span of 174 fover a major railroad route with a
structural deptlof 35 in. and total width of 56.5 ft.

In this project, theiéd arch system imcluded inthe construction of the Columbus Viaduct on
US Hwy 30 in Platte Countilebraska. The viaduct has a single span of 260 ft and total width of
approximaely 84 t. Three tied arches are used to facilitate staging of construatiie
replacing the old bridge. The objective of this project is to provide technical support for the
analysis, design, and detailing of the Columbiasiuct and prove the feasibility did tied arch
system in applications where spans over 250 ft areinetjand vertical clearance restrictions
exist. The report presents the detailed analysis of the systdiffieagnt construction phases as
well as the design checks of itgain componentsinder various loading conditionghe finite
element model develeg to analyze the tie beam to arch connecéind norlinear analysis

performed folateral stabilityof arches are also presented
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SECTION 1: INTRODUCTION

1.1 Background

The positive design and construction experience of the tied arch system in Ravenna Viaduct
encouraged Nebraska Department of Roads (NDOR) to use this system in prmjetwith a

longer spanColumbus Viaduct on US Hwy 30 in Platte CoulNgbraskahas two spans; arch

span of260 feet and beam span of 96 #ind a width of approximately 84 fedtigure 1.1.1

shows he proposedied arch systerthatconsists otoncrete filled steel tubder the arch, post
tensionedconcrete filled steetubesfor the tie, threaded rod hangerand steel floor beams
composite withposttensioned concrete deck. This systems proven to be thmost efficient
systemfrom structural ad economicapoints of view The report focuses on the analysis and
design of the main components of the arch span.
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Figurel.1.1:General fan andelevation of Columbus viaduct



The structural efficiency of th system is mainly due idl) the effects ofconfinementon the
concrete capacityn compressiommembers 2) the use of podensioning to eliminate tensile
stresses in the tie;) 3he significant reductiomn bending moments through the use of top and
bottom chord; 4) the composite action witla ful width bridge deckio enhance the flexural
capacity of the tieeven without diaphragmdhe economic efficiency of this system is mainly

due to the optimal use of different materials (i.e. steel and concrete) and the prefabrication of the
tied arch, whib significantly saves the construction tirmued allows the replacement projects to

be completed with minimal traffic disruptioMoreover,this system makes it possible to design

a superstructure that provides the required overhead clearance for ramead\Iso, the non

linear P-deltaanalysisof the tied arch system may indicate tbiaiss braceare not necessary for

lateral stability which improves the aesthetics of the structure

1.2 Objective

The immediate goal of this research is to providdnéal supportluring the analysis,design
and detailing of the Columbus Viaduct Arch Systdrhe results of the research will form the
basis for standardizing the system for future use in applications where spand@\veraé

requiredand vertical @arance restrictions exist.

1.3Report Organization

This report is divided into four sections. Section one provide$dokground, objective, and
reportorganization Section twaoresents the models used for system analysis, section properties,
loads, ad analysis stages and resul&ction three presents the desaipecksof the various
system components including the arch, tie, hang@&ssbeams, and connectiorss well as
checks for lateral stabilitySection foursummarizes the analysis and desigsults and research

conclusions



SECTION 2: SYSTEM ANALYSIS

2.1 Analysis Model

The structural analysis of the Columbus Viaduct is performed using the structural analysis
software SAP2000 v.10.1.3. The viaduct is modeled a®aBBucture using framdeamentsfor

ties, arctes crossbeams, end beamand rails,cable elementfor hangerstendon elements for
posttensioning strands; anshell elementdor concretedeck Figure2.1 shows theplan and
profile views of the model, its different componeraisd centerline dimensions.
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Figure2.1.1: Plan and profile views of the viaduct model

2.2 Section Propertiesand Materials

Figure 2.2.1 shows the cross section of each element in the model. The geometric and
mechanical properties tfiese elementare Isted in Table.2.1 It should be noted that section
properties are calculated ftwo different stages of constructiostage I: steel sections onlgnd

stage Il: steel sections filled with concresppendix A shows in details the section properties

usel in developing the computer models.
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Table2.2.1: Section properties of: a) median arch; b) outside arch; and c) other elements

a) Median Arch

Dimensions | Eroncrete Equivalent
Element Property

Parameter Value (in) 29000 5098 Steel Concrete
Arch (Schedule | Quter Diameter 15 Afind) 101 408 172 980
80 steel pipe Spacing CL-to-CL El L. (i d) 3,670 6,636 4,837 27,9132

filled with8 ksi [T o x n : : ’ ’
SCC) Thickness 0.933 l,Gin® | 36,251 | 138951 | 60,679 | 345,154
Depth 24 ,,n.(inz) a9 805 201 1,141

Tie (Grade 50V
steel box filled Width 36 I, (ina) 5,985 35,487 12,224 69,531
with 8 ksi SCC)

Thickness 0.3 I (ind) 11,135 82,177 25,582 145,515
End Tie (Grade Depth 36 Afind) 71 1,225 286 1,629
SOW steel box wWidth 36 I, (i 4) 14,916 125,032 36,900 209,897
I il gl il J
filled with 8 ksi « Gin
5C0) Thickness 0.500 | 1, (in%) | 14316 | 125052 | 36,900 | 209,837
b) Outside Arch
Dimensions Espec [— Equivalent
Element Property
Parameter Value (in) 29000 5098 Steel Concrete
Quter Diameter 13 A(inz) 53 434 133 TeT
Arch (Bxtra heavy
steel pipe filled |Spacing CL-to-CL 36 1, (in® 2,106 8,200 3,548 20,181
with 8 ksi SCC)
Thickness 0.3 I (ina) 15,519 155,283 47,218 268,588
Depth 24 n(inz) 53 a05 201 1,141
Tie (Grade 50W
steel box filled wWidth 36 I, (ina’) 3,983 35,487 12,224 69,531
with 8 ksi SCC)
Thickness 0.5 |1,| (ina‘) 11,135 82,177 25,5872 145,515
End Tie (Grade Depth El A(inz) 71 1,225 286 1,629
SOW steel box wWidth 36 I, (i 4) 14,916 125,032 36,900 209,897
. . . 1 mn i I 1 il
filled with 8 ksi ¢
5CQ) Thickness 0.50 I, Gin%) | 14916 | 125052 | 36900 | 209,897
¢) Other Elements
Element haterial A (in?) 1, (in") I, {in")
End Beam 4 ksi Concrete 1,728.0 | 186,624 331,776
Cross Beam Structural Grade S0M¢ weathering steel 477 5,170 443
Hanger 1% in diameter Grade 150 ksi steel rods 2.4 0 ]
Median Rail 4 ksi Concrete 508.3 (5,137 7,136
Qutside Rail 4 ksi Concrete 431.3 38,930 6,195

12



2.3 Loads
Table2.3.1 lists the own weightf different viadut componentsised in themodel analysis. In
addition to the own weight, the following loads are considered:
1 Posttensioningof ties is calculated assuming 2 tendons 60196 0 st rautsides i n t
arch and 2 tendons &7-0 . 6 0 st r ands iDeckishleo lomgtutinalyn ar c |
postt ensi oned wusing 0. 60 JakngSiresdorceigasslimed®t 120
be210.6 ksi (0.78270pnd an anchor set of O0.250. For c
strand.
1 Vehicular Ive loadis calculatedn acordance to AASHTO LRFD Section 31&, which
includesthe design truck showm Figure 2.3.1in addition to a lane load of 0.64 Kif
uniformly distributed over 10 ft widthMultiple presence factorare used based on the
number of loaded lanes (maximumafraffic lanes and 2 pedestrian lanes) according to
AASHTO LRFD Section 3.6.1.1. ymamic load allowance of 33% usedin accordance
to AASHTO LRFD Section 3.6.2.
1 Pedestrian live load is calculated in accordance to AASHTO LRFD Section 3.6.1.6,
which includes a uniform load of 0.075 ksf over pedestrian lands withmultiple
presence factor or dynamic load allowance.
1 Fatigue load is calculated in accordance to AASHTO LRFD Section 3.6.1.4, which
includes a fatigue truck that has a 30 ft fixed distance betwes two 32 kips axles
shown below. bad factor of 1.5 (0.75 x)2s usedfor infinite life check Dynamic load
allowanceof 15% is used in accordance to AASHTO LRFD Section 3.6.2.

I !
8.0KIP 320 KIP 320 KIP
L] " L] L L] " 1
| w0t 0" T0 300"

6-0

Figure 23.1: Characteristics of théesigntruck
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Table2.3.1: Own weigpt values of different viaduct components

Own Weight Value Unit
Median Arch (Steel Only) 0.342 kip/ft
Outside &rch (Steel Only) 0.187 kip/ft
Tie (steel Only) 0.201 kip/ft
End Tie (Steel Only) 0.242 kip/ft
hedian Arch Concrete 0,425 kip/ft
Outside Arch Concrete 0.473 kip/ft
Tie Concrete 0,839 kip/ft
End Tie Concrete 1.276 kip/ft
Cross Beam 0,162 kip/ft
Metal Deck 0,004 kip/ft?
Future Wearing Surface 0.0z0 kip;’ftz
Pedestrian Wearing Surface 0.038 kip,fftz
Deck 5lab 0.100 kip/ft’
hedian Rail 0.530 kip/ft
Outside Rail 0.450 kip/ft
FPedestrian Fence 0.025 kip/ft

14



2.4 Analysis Stages and Results
Due to the proposed construction sequence of the Columbus viaduct, three analysis stages are
performed as follows:
Stage I:
9 Structure: Arch and tie (steel only) acidssbeams.
1 Loads: Own weight of arch, tiefossbeams, metal decking and filling concrete.
Stage Il:
9 Structure: Arch and tiffilled with concret¢ andcrossbeams.
1 Loads:Posttensioningof tiesand own weight of concrete deck.
Stage Ill:
1 Structure: Arch and ti€filled with concrete)crossbeams and 7. 50 concrete
composite with tie beams and cross beams
1 Loads: Postensioning ofdeck
Stage V:
1 Structure: Arch and ti€filled with concretg, crossbeams a n doncfetesleck
composite with tie and credeams
1 Loads:Railing, wearing surfacanovinglive load (truck+ impactandlane load,

pedestrian logcandfatigueload.

A summary of analysis resulfisr each load casarelistedin Table 2.4.1and the analysis results
for service and strength litnstates are listed in Table 2.4.2he€lsix critical sectiondisted in
these tableare defined as shown Figure 2.4.1Appendix B shows the detailed presentation of
the model used in each stage along with the loads applied and the resulted defobmadiiom,

moment, and axial force.

Sec. 4

Sec. 3 Sec. 2 Sec. 1 Sec. 2 Sec. 3

Figure 2.4.1: Location of the critical section
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SECTION 3: DESIGN CHECKS

3.1 Arch

The increase in the flexural capacity of a steel pipe when filled with conessteestimated
experimentally in an earlier researchvd 10 in diameter 21 ft long specimens were purchased
from Scoco Supply in @aha, NE. One hollow specimen was tested as a 20 ft simply supported
beam with point load at the midspahfhe other specimen was tested exactly the same way after
being filled with seic ons ol i dati ng concr et e -dayhcanipreshives a
strength of 7 ksi. To ensure that the second specimen was fully filled with concrete, concrete was
pumped from bottom to top while the specimen was leaning at a steep angle. Both specimens
were tested at the PKI Structures Lab using a single 110 kip hiydjack for loading and a

LVDT at the midspan for measuring deflecticas shown in Figure 31.The loaddeflection

curves of the two specimengere plotted as shown in Figure 2.1The hollow specimen had an
ultimate load of 39.8 kip, corresponding léetion of6.83in, and ultimate deflection df0.7 in

The concrete filled specimen had an ultimate load of 55.3 &muscorrespondingultimate
deflection of14 in. By comparing load and deflection values of the two specimens, it can be
concluded that fiing a steel pipe with concrete increased its flexural capacity and ductility
approximately 40% and 60% respectivellhe measured flexural capacity of the hollow pipe
(199 kip.ft) is very close to the theoretical flexure capacity of a steel pipe cattulsing plastic
section properties (189 kip.ft). On the other hand, the measured flexure capacity of the-concrete
filled pipe (277 kip.ft) is similarly close to the theoretical flexure capacity calculatea for
circular concrete section uniformly reinfed along its perimeter wita steelarea equal to that

of thesurrounding pipe.

Service design checks at the critical sections of the outside and median arches before being filled
with concrete are listed in Appendix Eigures 3.1.3 and 3.1.4 show theessstrain diagram of

the confined concrete for the outside and median arches and the corresponding caladetgpn

the theory of confinemeniThe estimated confined concrete compressive strength is used to
develop the interaction diagrams shown in Apgix D using the computer program PCA

Column version 4.0These diagrams were used to perform strength desigeksat the critical
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sections. It should be noted that @dsignchecks are done on a single pipe, while the analysis
results listed in Table®.4.1 and 2.4.2 are for the full section (i.e. two pipes)

Figure 3.1.1: Test setup for hollow and conciféted pipes

60,000 , ,
Hollow Pipe
50,000 |+ ConcreteFilled Pipe
yd g
40,000
b
)
s /
S 30,000
(1]
S
20,000
10,000 -
o |
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Deflection{in)

Figure3.1.2 Loaddeflectionrelationshipgor hollow andconcretefilled pipes
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Compressive Strength of Confined Concrete {Median Arch)

Area of Spirals A (in%) 0.938 UsetxSincase of atube
Spacing of Spirals 5 [in) 1
Diameter of Spirals d ., (in) 18 €41 = € 03+17 2L
Spirals Yield Strength f, (ksi) 46 d,sf.q
Steel Modulus of Elasticity E. (ksi) 25000 24
Unconfined Compressive Strength f ., (ksi) 8 J;:E = _:Lpfsp
Unconfined Concrete Strain £, 0.00201 d sp
Initial Stress in Spirals f ., (ksi) 46.00
Strain in Spirals 4, 0.01083 jf;z = ‘f;D + 4f22
Actual Stress in Spirals (ksi) 46.00
Confining Stress f;; (ksi) 4.79 f
Confined Compressive Strength f; (ksi) 27.66 .4 =&y 5 2 4
Confined Concrete Strain £; 0.0266652 cll
450 | |
400 Unconfined —|

35.0

30.0

250

20.0

Stress (ksi)

15.0

10.0

5.0

0.0

Confined _|

a 0.005 001 0.015 002 0.025 003z 0.035 004 0.045 0.05

Strain

Figure 3.13: Stressstrain diagram of confined concretaddianarch)
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Compressive Strength of Confined Concrete {Outside Arch)

Area of Spirals A (in%) 0.5 UsetxSincase of atube
Spacing of Spirals § {in) 1
Diameter of Spirals d ., (in) 18 €41 =&, 0.3+17ﬁ
Spirals Yield Strength f,, (ksi) 46 L
Steel Modulus of Elasticity £, (ksi) 29000 .
Unconfined Compressive Strength f , (ksi) k) f — ¥
22 5
Unconfined Concrete Strain £, 0.00201 d SPS 4
Initial Stress in Spirals f ., (ksi) 46.00
Strain in Spirals £.,, 0.00605 j;z — j;:D + 4f22
Actual Stress in Spirals (ksi) 46.00
Confining Stress f 5, (ksi) 2.56 f
Confined Compressive Strength f ., (ksi) 18.48 £, =& 5 °d_ 4
Confined Concrete Strain £, 0.0151511 el
30.0 | |
/ Unconfined
250 oL _ —
f'\ Confined
/ \ t=0.5 )
200
_ PR A B B SN
=2 i
w150 I
’ 100 : T~
L i i
i
i
5.0 A
\ |
|
o0 4

0 0.005 001 0015 0,02 0025 003 0035 004 0045 005

Strain

Figure 3.14: Stressstrain diagram of confined concrete (outside arch)
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3.2 Tie

Due to the unigugess of the tie design, an experimental investigation was carrieh aut

earlier studyto estimate the flexural capacity of the ptesisioned concrete filled steel tube. A

40 ft long steel tube was fabricated at Capital Contractors in Lincoln, NEhgoped to PKI
Structures Lab for testing. The tube is 240 X
thick. The top plate of the tube was left off to facilitate the installation of thetg@asibning

hardware. End plates had two holes thatvéerei 6 i n di a {teasioming anchmrages. t p o <
DSF posttensioning hardware, which includes wedge plates, wedges, anchorage plates, duct
couplers, ducts, and grouting accessortbat can accommodatsvo 190 . 6 0 swvere and s
installedand properlyfat ened i n the steel t ube.sothatéghe 40 di
center of the ducts i s Daachdirs were useth ® maintédnd om o f
concrete cover below the duct ail bars were placed directly on top of the ducts aspdcing

to prevent the upward movement of the ducts by buoyant forces when concrete is poured. In
addition, 20 x 20 stiffeners were added with
plates and achieving the composite actions between tleeeterand surrounding steel. The top

pl ate was then welded to close the steel box.
for concrete pumping and twelve 10 diameter
assuranceA self-consolidatinpc oncr et e (SCC) with -da@strengtpbofead a
7000 psi was pumped into the steel tube. Only 20 strands (10 perveereklused ang@ost

tensioned at 202.5 ksi using mesiwand jackafter the filling concrete strength has reached 4000

psi After all strands were tensioned, dalift of
prestressing after initial losses. This was found to be averaged at 170.5 ksi, which means 16%
initial losses.Following posttensioning, the two ducts weggouted using a very simple grout
consisting of Type | cement and water (w/c = 0.44). Toggle bolts and washers were used to block

the 9 additional holes in the anchor plate (only 10 strands insatl9 and pl ate) and

pipe fitting were used to btk the grout access holes.

The specimen was tested using two 300 kip hyd
of the fixed support locations in the lab floor. The span of the specimen from centerline to
centerline was 39n6t s3owearned Itohcea tleoda daitn gl 3pboi7 . 50

in Figure 3.2.1.
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Figure 3.2.2 plots the loadkeflection curve of the tested specimen. The ultimate load was found
to be 445 kip, which corresponds to a moment of 3032 kip.ft, and tiheatd deflection at the
mid-span was 4.5 in. The ultimate moment capacity of the specimen was calculatestrasing
competibility was found to be 2979 kip.ft, which is yecloseto the measured valu&herefore,

strain compatibility concept was useddetermine the capacity of the outside and median ties

for the Columbus Viaduct project.

500,000
450,000
400,000
350,000
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250,000
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200,000
150,000
100,000

50,000

a

Figure 3.22: Load-deflection relationship of the tie specimen

Figure 3.21: Tie specimen during loading
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Service design checks at the critical sections of the outside and median ties before being filled
with concrete are listed in Appendix C. Table 3.2.1 summarizes the stress ratio at all the critical

sections of the tie and arch during construction stage I. All the listed values are well below 1.0

Table3.21: Stress ratio at critical sections for constittstage |

Stress Ratio
Section #
Median Arch Outside Arch
1 0.52 0.45
2 0.52 0.44
3 0.38 0.31
4 0.35 0.43
5 0.35 0.45
6 0.34 0.45

The interactiordiagramsfor four tie sections (migection in outside tie, ergkction in outside

tie, midsection in median tie, ergbction in median tiewere developed using strain
compatibility. For each section, diagrams were develdipe two construction stages: nron
composite tie for construction stage Il, and composite tie for construction stagaskld on the

results of an alier experimental investigatiomthe effective deck width for composite sections

was taken as the distee between the centerlines of the deck panels between ties. Appendix D
presents the interaction diagrams developed using 19, 27, and 37 strands per tendon. Plotting the
bending moment and axial force values obtained from Tables 2.4.1 and 2.4.2 ontdrasgdn
diagrams indicate that using 19 strands per tendon for the outside tie and 37 strands per tendon
for the median tie is adequate.
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3.3 Hangers

Hangers are designed as tension members made of 150 ksi high strength rods that have a
minimum yieldst r engt h of 120 ksi . Al l the rods are
According to the analysis results shown in Taldld.1land 2.4.2the hangers of the median arch

are more critical than those of the outside arch. The maxitansion force fothe service limit

state is 128 kips, which results in a working stress of 53 ksi; and the maximum tension force for
the strength limit state is 179 kips, which results in an ultimate stress of 75 ksi. These stresses are
well below the allowable stress€3.6 F,,  a rFdrespgectively).Based orthe results of the

testing performed earlier on one of the hangers and its connection to the arch at the PKI
structural lab, the ultimate capacity of the rod is 385 &gpshown in Figure 3.3.This provides

a capacityto-demand ratio of 2.15.

The maximum tension force in the hanger rod due to the fatigue truck is 10 kips, which results in
a fatigue stress of 4.2 ksi. This stress is well below the limiting fatigue §h@&&sksi for detail
category B).The fatigue tsting performed earlier on tHengerarch connection has indicated

that both the hanger rod and the connection can withstand two million cycles under a cyclic load
from 65 kipsi 85 kips, which is twice thimadthat the hanger rod is subjected to in fingject

400
|
._._._._._._._.-—'-"
350 /____,_...-
300 /""
= 250
-1 /
=
- 200
~
i 0/
150 /
100
50
0
0.0 05 1.0 15 2.0 25 3.0 35 40

Deflection (in)

Figure 33.1: Load-deflection relationship of a 1 % in. diameter hanger

25



3.4CrossBeams

Crossbeams are designed as 396 110 simply suppor

section of W24x162. Figure 3.4.1 shows the different loadscasé the corresponding bending
moment, shear force, and nsgan deflection values. Table 3.4.1 shows the design check

calculatiors for both the nottomposite and composite secson

Own Weight

b (kip. f) 32.3

W (kip) 32

& [ft) 0.0053
Deck Weight

b (kip. f) 199

W (kip) 19.96

A (ft) 0.0328
Wearing Surface

M (kip. ) 567
v (kip) 13
& [ft) 0.0078

Rail

b (kip. f) 31.2

W (kip) 6.5 i
&4 (ft) 0.0055
Lane Load

b (kip. f) 103.4

W (kip) 10.4

A (ft) 0.017

Truck Load + Impact
m (kip. f) 635
W (kip) 47.6
& [ft) 0.095
E M (kip.f) 1047.6
IV kip) 92.0

I Af(in) 2.00

Figure 34.1: Load cases of the cross beams
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Table3.4.1: Stresscalculations for cross beams under different loading conditions

Description
Beam Area
Beam Weight
Beam Moment of Inertia
Beam Height
Top Flange Width
Y
Section Modulus
Beam Span
Beam Spacing
Structural Deck Thickness
Total Deck Thickness
Haunch Thickness
Deck Compressive Strength
M (non-composite)

Bottom Stress on Non-Composite
Modular Ratio
Transformed Deck Width
Transformed Deck Area
Y (composite)
| composite)
S(composite)
M (composite)
Bottom Stress on Composite
Unfactored Total Stress
Factored Total stress

Fatigue Stress

W24x162
a47.7
0.162
5,170.00
25.00
13
12.5
413.6
39.92
10.00
7.50
8.00
1.0
4000
2776
6.71
8.04
14.92
111.88
24.59
15,646
636
12,082
18.99
25.70
34.82
8.98

Units
in?

Kip/ft

kip.in
ksi
ksi
ksi
ksi

Limit (ksi)
30 ok
50 ok
12 ok
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3.5 Arch-Tie Connection

The connection between the tie and aoththe median archs consideredthe most critical
connection in the structur@hus, a detailedinite element(FE) modelwas developedising
structural analysis prograliNSYS 11.0to determine the principle stressestla¢ connection
location Figure3.51 shows the dimensigrof the connection that has been considered for the

analysis.

Figure3.51: Dimensiors of thearch-tie connection

Figure 3.5.2 shows theHELL43 element used for modeling both the tie and the arc. SHELL 43
is well suited to model linear, warped, moderathigk shell structures. The element has six
degrees of freedom at each node: translatiotheamnodal x, y, and z directions and rotations
about the nodal x, y, and z axes. The deformation shapes are linear in-platheirdirections.

Thecomplete3D FE model of the joint is shown iRigure 3.5.3
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X Trianguiar Cplicn

;= Element x-azis £ ESTS is not supplied.

% = Element x-ams £ E3T3 12 suppled.

Figure3.52: Shell element used for the dyss (SHELL43)

Figure3.53: FE modelof the connection

The load applied to this connection were obtained from Table 2.4.1 and factored according to
the 2007 AASHTO LRFD. These loads include dead |padttensioning force, super imposed

dead load antive loads. Figures 3.54 and3.55 show the principle stressat the connection

and welding locations respectively. Based on the presented stress contours, it can be concluded
that the average principle stresst the weld location is $s than20 ksi Higher stress values

occur at very few locations (i.e. the intersection of the pipe and box) due to stress concentrations
However, these stresses are still below the ultimate strength of the steel section and the weld
used (i.eFy = 46 ksi)
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NODAL SOLUTION

STEP=1

SUB =5

TIME=5

sl (AVG)
DMX =5.893
SMN =-13722
SMX =311264

-13722

20000 30000 35000
25000 32000

NODAL SOLUTION
SUB =1

35000

Figure3.5.5:FE model for the Joint
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3.6 Lateral Stability

Lateral stability analysis was performed to confirm the stability of the three arches of the
Columbus viaduct in the transverse direction when subjected to wind. Ibaklinear static
analysis (i.e. due to geometric nonlinearityyas applied to the three dimensionaimodel
developed earlier using SAP2000 version 10.1.3 to account-tw@lt® effects on the arch
elementsArches, ties, cross beamand railswere modied using frame element, hangers were
modeled using cable elements, p@stsioning strands were modeled using tendon elements, and
concrete deck was modeled using shell elements that have both bending and membrane
capabilities.Wind loadwas calculated amording to AASHTO LRFD Section 3.8.1.2, which is

50 psf in windward direction, and 25 psf in the leeward direction on the arch components. The
calculated values should not be less than 300 plf in the plane of windward chord, and 150 plf in
the plane of leward chord.Figure 3.6.1 shows thierces applied to the model to represent the
calculated wind load. Figure 3.6.2 shows the deformed shape of the structure when only wind
load is applied. This deformed shape does not account fordleétePeffects of thaxial force in

the arch elements.

Figure 36.1: Wind load applied to the model for lateral stability analysis
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Figure 36.2: Deformed shape of treructuredue to wind loadnly

To check he lateral stability of Columbugaductarcheswind loadis appliedwhile increasing

the deadload gradually until lateral instability (i.e. buckling) occur-delta effectsdue to the
compressive force in the aehwill increase as the dead load increasEsese effects are
calculated in several iterationstilrthe solution converged-igure 3.63 shows the increase of the
lateral deflection of the median and outside arches when dead load multiplier ranges from 0 to 4.
In all these cases, the arches remain stable as the solution conkatees.instabilityoccurred

when a dead load multiplier of 5 is uséd convergingsolution could not be reached.dead

load multiplier of 4confirms that the structure is very stabledlenthe static design wind load

with a factor of safety of 4. Figure 3.6.4 shows theodwaéd shape of the structure when wind
load in applied in conjunction with four times the dead load.
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Figure 3.6.4 Lateral deflections due to wind load + 4 xddead
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SECTION 4: SUMMARY AND COLCLUSIONS

The tied arch system provides a unique solutiorthe several challenges associated with the
construction of railroad overpassesich agestrictedvertical clearanceinadequate space for
intermediate piersand very limited traffic control during constructiofhe systemwas first
applied to the construction tiie Ravennaviaduct toprovide a structural depth less tha®in.
while crossinga span of 174 fwithout anyintermediatepiers. Additionally, mostof the
assembly and constructiavasdone before the bridg@asover the railroagdwhich keptworker

time over the railroadnd rail traffic disruptiorito a minimum.

In this project, the analysis and design of Colummasiuct using the tied arch systemas
investigated. Although the system has the same components of that treeRanennaviaduct,

it is considered significantly different due to the use of three parallel tied arches instead of two
and spanning 260 ft instead of 174 Tthreedimensionh models were developed fdhe
structural analysis of the viaduct at different construction stagesmodek consist offrame
elements (i.e. tie, arcltrossbeams, and end beams), cable elements (i.e. hangers), and shell
elements (i.e. deck)Design lads were calculated according to the 2007 AASHTO LRFD
specifications. Theory of confinement and strain compatibility were used to develop the
interaction diagrams required to check the design of the tie and archnabgheritical sections.

A finite elenent model waslsodeveloped to checthe stresgsat the arcko-tie connectiorof

the median archP-delta analysis wagerformed to checKateral stabilityof the outside and

median archedue todesignwind loads

All these checks have indicated thlé current design of the Columbus Viaddeveloped by
NDOR bridge engineeiis adequatéor the specified loads.
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APPENDIXES

Appendix A: Section Properties
Appendix B: Analysis Diagrams
Appendix C: Service Checks

Appendix D: Interaction Diagrams
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Section Name
Properties
Crozs-zection [axial] area
Torzsional constant
Moment of Inertia about 3 axis
Maoment of Inertia about 2 axis
Shear areain 2 direction

Shear area in 3 direction

Section Hame
Froperties
Cross-zection [axial] area
Tarsiohal constatt
Moment of Inertia about 3 auiz
Moment of Inertia about 2 axiz
Shear area in 2 direction

Shear area in 3 direction

Section Name
Froperties
Crogzz-gection [axial] area
Tarsional constant
Maoment of Inertia about 3 axiz
tament of Inertia about 2 axiz
Shear area in 2 direction

Shear area in 3 direction

Section Name
Properties
Crozs-zection [axial] area
Torsional constant
Moment of Inertia about 3 axis
Moment of Inertia about 2 axis
Shear areain 2 direction

Shear areain 3 direction
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Froperties
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APPENDIX B: ANALYSIS DIAGRAMS
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StagdV: Future Wearing Surface
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