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ABSTRACT

Recently, the Bridge Division at Nebraska 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 water crossings and railroad crossings. This system was first applied to the construction
of the Ravenna Viaduct in 2005 for a single span of 174 ft over a major railroad route with a
structural depth of 35 in. and total width of 56.5 ft.

In this project, the tied arch system is included in the construction of the Columbus Viaduct on
US Hwy 30 in Platte County-Nebraska. The viaduct has a single span of 260 ft and total width of
approximately 84 ft. Three tied arches are used to facilitate staging of construction while
replacing the old bridge. The objective of this project is to provide technical support for the
analysis, design, and detailing of the Columbus viaduct and prove the feasibility of the tied arch
system in applications where spans over 250 ft are required and vertical clearance restrictions
exist. The report presents the detailed analysis of the system at different construction phases as
well as the design checks of its main components under various loading conditions. The finite
element model developed to analyze the tie beam to arch connection and non-linear

analysis

performed for lateral stability of 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 another project with a
longer span. Columbus Viaduct on US Hwy 30 in Platte County-Nebraska has two spans; arch
span of 260 feet, and beam span of 96 ft; and a width of approximately 84 feet. Figure 1.1.1
shows the proposed tied arch system that consists of concrete filled steel tubes for the arch, posttensioned concrete filled steel tubes for the tie, threaded rod hangers, and steel floor beams
composite with post-tensioned concrete deck. This system was proven to be the most efficient
system from structural and economical points of view. The report focuses on the analysis and
design of the main components of the arch span.

Figure 1.1.1: General plan and elevation of Columbus viaduct
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The structural efficiency of this system is mainly due to: 1) the effects of confinement on the
concrete capacity in compression members; 2) the use of post-tensioning to eliminate tensile
stresses in the tie; 3) the significant reduction in bending moments through the use of top and
bottom chords; 4) the composite action with a full width bridge deck to enhance the flexural
capacity of the tie even without diaphragms. The 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, which significantly saves the construction time and allows the replacement projects to
be completed with minimal traffic disruption. Moreover, this system makes it possible to design
a superstructure that provides the required overhead clearance for railroad lines. Also, the nonlinear P-delta analysis of the tied arch system may indicate that cross braces are not necessary for
lateral stability, which improves the aesthetics of the structure.

1.2 Objective
The immediate goal of this research is to provide technical support during the analysis, design,
and detailing of the Columbus Viaduct Arch System. The results of the research will form the
basis for standardizing the system for future use in applications where spans over 250 ft are
required and vertical clearance restrictions exist.

1.3 Report Organization
This report is divided into four sections. Section one provides the background, objective, and
report organization. Section two presents the models used for system analysis, section properties,
loads, and analysis stages and results. Section three presents the design checks of the various
system components including the arch, tie, hanger, cross beams, and connections as well as
checks for lateral stability. Section four summarizes the analysis and design results and research
conclusions
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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 as a 3-D structure using frame elements for
ties, arches, cross beams, end beams, and rails; cable elements for hangers; tendon elements for
post-tensioning strands; and shell elements for concrete deck. Figure 2.1 shows the plan and
profile views of the model, its different components, and centerline dimensions.

Figure 2.1.1: Plan and profile views of the viaduct model

2.2 Section Properties and Materials
Figure 2.2.1 shows the cross section of each element in the model. The geometric and
mechanical properties of these elements are listed in Table 2.2.1. It should be noted that section
properties are calculated for two different stages of construction: stage I: steel sections only, and
stage II: steel sections filled with concrete. Appendix A shows in details the section properties
used in developing the computer models.
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Figure 2.2.1: Cross section of different model elements
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Table 2.2.1: Section properties of: a) median arch; b) outside arch; and c) other elements
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2.3 Loads
Table 2.3.1 lists the own weight of different viaduct components used in the model analysis. In
addition to the own weight, the following loads are considered:


Post-tensioning of ties is calculated assuming 2 tendons of 19-0.6” strands in the outside
arch and 2 tendons of 37-0.6” strands in the median arch. Deck is also longitudinally
post-tensioned using 0.6” mono strands at 12” spacing. Jacking Stress force is assumed to
be 210.6 ksi (0.78*270) and an anchor set of 0.25”. Force after anchor set is 41 kip per
strand.



Vehicular live load is calculated in accordance to AASHTO LRFD Section 3.6.1.2, which
includes the design truck shown in Figure 2.3.1 in addition to a lane load of 0.64 klf
uniformly distributed over 10 ft width. Multiple presence factors are used based on the
number of loaded lanes (maximum of 4 traffic lanes and 2 pedestrian lanes) according to
AASHTO LRFD Section 3.6.1.1. Dynamic load allowance of 33% is used in accordance
to AASHTO LRFD Section 3.6.2.



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 with no multiple
presence factor or dynamic load allowance.



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 between the two 32 kips axles
shown below. Load factor of 1.5 (0.75 x 2) is used for infinite life check. Dynamic load
allowance of 15% is used in accordance to AASHTO LRFD Section 3.6.2.

Figure 2.3.1: Characteristics of the design truck
13

Table 2.3.1: Own weight values of different viaduct components
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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:


Structure: Arch and tie (steel only) and cross beams.



Loads: Own weight of arch, tie, cross beams, metal decking and filling concrete.

Stage II:


Structure: Arch and tie (filled with concrete) and cross beams.



Loads: Post-tensioning of ties and own weight of concrete deck.

Stage III:


Structure: Arch and tie (filled with concrete), cross beams, and 7.5” concrete deck
composite with tie beams and cross beams



Loads: Post-tensioning of deck.

Stage IV:


Structure: Arch and tie (filled with concrete), cross beams, and 7.5” concrete deck
composite with tie and cross beams



Loads: Railing, wearing surface, moving live load (truck + impact and lane load),
pedestrian load, and fatigue load.

A summary of analysis results for each load case are listed in Table 2.4.1, and the analysis results
for service and strength limit states are listed in Table 2.4.2. The six critical sections listed in
these tables are defined as shown in Figure 2.4.1. Appendix B shows the detailed presentation of
the model used in each stage along with the loads applied and the resulted deformation, bending
moment, and axial force.

Figure 2.4.1: Location of the critical section
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Table 2.4.1: Analysis results for different load cases
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Table 2.4.2: Analysis results for service and strength limit states
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SECTION 3: DESIGN CHECKS

3.1 Arch
The increase in the flexural capacity of a steel pipe when filled with concrete was estimated
experimentally in an earlier research. Two 10 in. diameter 21 ft long specimens were purchased
from Scoco Supply in Omaha, NE. One hollow specimen was tested as a 20 ft simply supported
beam with point load at the midspan. The other specimen was tested exactly the same way after
being filled with self-consolidating concrete that has a 30” spread and 28-day compressive
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 hydraulic jack for loading and a
LVDT at the midspan for measuring deflections as shown in Figure 3.1.1. The load-deflection
curves of the two specimens were plotted as shown in Figure 3.1.2. The hollow specimen had an
ultimate load of 39.8 kip, corresponding deflection of 6.83 in, and ultimate deflection of 10.7 in.
The concrete filled specimen had an ultimate load of 55.3 kips and corresponding ultimate
deflection of 14 in. By comparing load and deflection values of the two specimens, it can be
concluded that filling a steel pipe with concrete increased its flexural capacity and ductility
approximately 40% and 60% respectively. The measured flexural capacity of the hollow pipe
(199 kip.ft) is very close to the theoretical flexure capacity of a steel pipe calculated using plastic
section properties (189 kip.ft). On the other hand, the measured flexure capacity of the concretefilled pipe (277 kip.ft) is similarly close to the theoretical flexure capacity calculated for a
circular concrete section uniformly reinforced along its perimeter with a steel area equal to that
of the surrounding pipe.

Service design checks at the critical sections of the outside and median arches before being filled
with concrete are listed in Appendix C. Figures 3.1.3 and 3.1.4 show the stress-strain diagram of
the confined concrete for the outside and median arches and the corresponding calculations using
the theory of confinement. The estimated confined concrete compressive strength is used to
develop the interaction diagrams shown in Appendix D using the computer program PCA
Column version 4.0. These diagrams were used to perform strength design checks at the critical

18

sections. It should be noted that all design checks are done on a single pipe, while the analysis
results listed in Tables 2.4.1 and 2.4.2 are for the full section (i.e. two pipes)

Figure 3.1.1: Test setup for hollow and concrete-filled pipes

Figure 3.1.2: Load-deflection relationships for hollow and concrete-filled pipes
19

Figure 3.1.3: Stress-strain diagram of confined concrete (median arch)
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Figure 3.1.4: Stress-strain diagram of confined concrete (outside arch)
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3.2 Tie
Due to the uniqueness of the tie design, an experimental investigation was carried out in an
earlier study to estimate the flexural capacity of the post-tensioned concrete filled steel tube. A
40 ft long steel tube was fabricated at Capital Contractors in Lincoln, NE and shipped to PKI
Structures Lab for testing. The tube is 24” x 24” and consists of four welded plates that are ½”
thick. The top plate of the tube was left off to facilitate the installation of the post-tensioning
hardware. End plates had two holes that were 6 ½” in diameter to fit post-tensioning anchorages.
DSF post-tensioning hardware, which includes wedge plates, wedges, anchorage plates, duct
couplers, ducts, and grouting accessories, that can accommodate two 19-0.6” strands were
installed and properly fastened in the steel tube. The 4” diameter ducts were installed so that the
center of the ducts is 4” from the bottom of the tube. Duct chairs were used to maintain 2”
concrete cover below the duct and #4 bars were placed directly on top of the ducts at 3 ft spacing
to prevent the upward movement of the ducts by buoyant forces when concrete is poured. In
addition, 2” x 2” stiffeners were added with 1” clearance from each corner to help stiffening the
plates and achieving the composite actions between the concrete and surrounding steel. The top
plate was then welded to close the steel box. The top plate has two 4” diameter holes at each end
for concrete pumping and twelve 1” diameter holes spaced at 3 ft for venting and quality
assurance. A self-consolidating concrete (SCC) with 30” spread and specified 28-day strength of
7000 psi was pumped into the steel tube. Only 20 strands (10 per suck) were used and posttensioned at 202.5 ksi using mono-strand jack after the filling concrete strength has reached 4000
psi. After all strands were tensioned, “lift off” tests were performed to determine the true level of
prestressing after initial losses. This was found to be averaged at 170.5 ksi, which means 16%
initial losses. Following post-tensioning, the two ducts were grouted using a very simple grout
consisting of Type I 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 in a 19-strand plate) and 2” diameter
pipe fitting were used to block the grout access holes.
The specimen was tested using two 300 kip hydraulic jacks spaced 12’ from each other because
of the fixed support locations in the lab floor. The span of the specimen from centerline to
centerline was 39’ 3” and the loading points were located at 13’ 7.5” from each support as shown
in Figure 3.2.1.

22

Figure 3.2.1: Tie specimen during loading

Figure 3.2.2 plots the load-deflection curve of the tested specimen. The ultimate load was found
to be 445 kip, which corresponds to a moment of 3032 kip.ft, and the ultimate deflection at the
mid-span was 4.5 in. The ultimate moment capacity of the specimen was calculated using strain
compatibility was found to be 2979 kip.ft, which is very close to the measured value. Therefore,
strain compatibility concept was used to determine the capacity of the outside and median ties
for the Columbus Viaduct project.

Figure 3.2.2: Load-deflection relationship of the tie specimen
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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

Table 3.2.1: Stress ratio at critical sections for construction stage I
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 interaction diagrams for four tie sections (mid-section in outside tie, end-section in outside
tie, mid-section in median tie, end-section in median tie) were developed using strain
compatibility. For each section, diagrams were developed for two construction stages: noncomposite tie for construction stage II, and composite tie for construction stage III. Based on the
results of an earlier experimental investigation, the effective deck width for composite sections
was taken as the distance 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 on these interaction
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 yield strength of 120 ksi. All the rods are 1 ¾” in diameter with a variable length.
According to the analysis results shown in Tables 2.4.1 and 2.4.2, the hangers of the median arch
are more critical than those of the outside arch. The maximum tension force for the 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 stresses (0.6 Fy, and φ Fy respectively). Based on the 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 kips as shown in Figure 3.3.1. This provides
a capacity-to-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 stress (16/2 ksi for detail
category B). The fatigue testing performed earlier on the hanger-arch connection has indicated
that both the hanger rod and the connection can withstand two million cycles under a cyclic load
from 65 kips – 85 kips, which is twice the load that the hanger rod is subjected to in this project.

Figure 3.3.1: Load-deflection relationship of a 1 ¾ in. diameter hanger
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3.4 Cross Beams
Cross beams are designed as 39’ 11” simply supported beams that have 10’ spacing and a cross
section of W24x162. Figure 3.4.1 shows the different load cases and the corresponding bending
moment, shear force, and mid-span deflection values. Table 3.4.1 shows the design check
calculations for both the non-composite and composite sections.

Figure 3.4.1: Load cases of the cross beams
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Table 3.4.1: Stress calculations for cross beams under different loading conditions

Description

W24x162

Units

Beam Area

47.7

in2

Beam Weight

0.162

kip/ft

Beam Moment of Inertia
Beam Height
Top Flange Width
Yb
Section Modulus

5,170.00

in4

25.00

in

13

in

12.5

in

413.6

in3

Beam Span

39.92

ft

Beam Spacing

10.00

ft

Structural Deck Thickness

7.50

in

Total Deck Thickness

8.00

in

Haunch Thickness

1.0

in

Deck Compressive Strength

4000

psi

M(non-composite)

2776

kip.in

6.71

ksi

Modular Ratio

8.04

N/A

Transformed Deck Width

14.92

in

Transformed Deck Area

111.88

in2

Yb (composite)

24.59

in

Bottom Stress on Non-Composite

I(composite)

15,646

S(composite)

636

M(composite)

4

in

in3

12,082

kip.in

Bottom Stress on Composite

18.99

ksi

Limit (ksi)

Unfactored Total Stress

25.70

ksi

30

ok

Factored Total stress

34.82

ksi

50

ok

8.98

ksi

12

ok

Fatigue Stress
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3.5 Arch-Tie Connection
The connection between the tie and arch of the median arch is considered the most critical
connection in the structure. Thus, a detailed finite element (FE) model was developed using
structural analysis program ANSYS 11.0 to determine the principle stresses at the connection
location. Figure 3.5.1 shows the dimensions of the connection that has been considered for the
analysis.

Figure 3.5.1: Dimensions of the arch-tie connection

Figure 3.5.2 shows the SHELL43 element used for modeling both the tie and the arc. SHELL 43
is well suited to model linear, warped, moderately-thick shell structures. The element has six
degrees of freedom at each node: translations in the nodal x, y, and z directions and rotations
about the nodal x, y, and z axes. The deformation shapes are linear in both in-plane directions.
The complete 3D FE model of the joint is shown in Figure 3.5.3.
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Figure 3.5.2: Shell element used for the analysis (SHELL43)

Figure 3.5.3: FE model of the connection
The loads applied to this connection were obtained from Table 2.4.1 and factored according to
the 2007 AASHTO LRFD. These loads include dead load, post-tensioning force, super imposed
dead load and live loads. Figures 3.5.4 and 3.5.5 show the principle stresses at the connection
and welding locations respectively. Based on the presented stress contours, it can be concluded
that the average principle stresses at the weld location is less than 20 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.e. Fy = 46 ksi)
29

Figure 3.5.4: FE model for the Joint

Figure 3.5.5: 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 loads. Non-linear static
analysis (i.e. due to geometric nonlinearity) was applied to the three dimensional model
developed earlier using SAP2000 version 10.1.3 to account for P-delta effects on the arch
elements. Arches, ties, cross beams, and rails were modeled using frame element, hangers were
modeled using cable elements, post-tensioning strands were modeled using tendon elements, and
concrete deck was modeled using shell elements that have both bending and membrane
capabilities. Wind load was calculated according 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 leeward chord. Figure 3.6.1 shows the forces 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 for the P-delta effects of the axial force in
the arch elements.

Figure 3.6.1: Wind load applied to the model for lateral stability analysis
31

Figure 3.6.2: Deformed shape of the structure due to wind load only

To check the lateral stability of Columbus viaduct arches, wind load is applied while increasing
the dead load gradually until lateral instability (i.e. buckling) occur. P-delta effects due to the
compressive force in the arches will increase as the dead load increases. These effects are
calculated in several iterations until the solution converge. Figure 3.6.3 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 converges. Lateral instability occurred
when a dead load multiplier of 5 is used. A converging solution could not be reached. A dead
load multiplier of 4 confirms that the structure is very stable under the static design wind load
with a factor of safety of 4. Figure 3.6.4 shows the deformed shape of the structure when wind
load in applied in conjunction with four times the dead load.
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Median Arch

Lateral Deflection (in)
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Outside Arch

20
15

10
5
0
0

1

2

3

4

5
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Figure 3.6.3 Lateral deflections calculated using nonlinear analysis with P-delta effects

Figure 3.6.4 Lateral deflections due to wind load + 4 x dead load
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SECTION 4: SUMMARY AND COLCLUSIONS

The tied arch system provides a unique solution to the several challenges associated with the
construction of railroad overpasses, such as restricted vertical clearance, inadequate space for
intermediate piers, and very limited traffic control during construction. The system was first
applied to the construction of the Ravenna viaduct to provide a structural depth less than 35 in.
while crossing a span of 174 ft without any intermediate piers. Additionally, most of the
assembly and construction was done before the bridge was over the railroad, which kept worker
time over the railroad and rail traffic disruption to a minimum.

In this project, the analysis and design of Columbus viaduct using the tied arch system was
investigated. Although the system has the same components of that used in the Ravenna viaduct,
it is considered significantly different due to the use of three parallel tied arches instead of two
and spanning 260 ft instead of 174 ft. Three-dimensional models were developed for the
structural analysis of the viaduct at different construction stages. The models consist of frame
elements (i.e. tie, arch, cross beams, and end beams), cable elements (i.e. hangers), and shell
elements (i.e. deck). Design loads 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 arch at the most critical sections.
A finite element model was also developed to check the stresses at the arch-to-tie connection of
the median arch. P-delta analysis was performed to check lateral stability of the outside and
median arches due to design wind loads.

All these checks have indicated that the current design of the Columbus Viaduct developed by
NDOR bridge engineers is adequate for the specified loads.
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APPENDIX A: SECTION PROPERTIES

A-1

A-2

A-3

APPENDIX B: ANALYSIS DIAGRAMS

Stage I: Own Weight

B-1



Median Arch



Outside Arch

B-2

Stage I: Filling Concrete

B-3



Median Arch



Outside Arch

B-4

Stage I: Service I Combination

B-5



Median Arch



Outside Arch

B-6

Stage I: Strength I Combination

B-7



Median Arch



Outside Arch

B-8

Stage II: Tie Post-Tensioning

B-9



Median Arch



Outside Arch

B-10

Stage II: Deck Weight

B-11



Median Arch



Outside Arch

B-12

Stage II: Service I Combination

B-13



Median Arch



Outside Arch

B-14

Stage II: Strength I Combination

B-15



Median Arch



Outside Arch

B-16

Stage III: Deck Post-Tensioning

B-17



Median Arch



Outside Arch

B-18



Longitudinal Stresses in the Deck



Transversal Stresses in the Deck

B-19

Stage IV: Railing Load

B-20



Median Arch



Outside Arch

B-21

Stage IV: Future Wearing Surface

B-22



Median Arch



Outside Arch

B-23

Stage IV: Moving Live Load

B-24



Median Arch



Outside Arch

B-25

Stage IV: Pedestrian Live Load

B-26



Median Arch



Outside Arch

B-27

Stage IV: Service I Combination

B-28



Median Arch



Outside Arch
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Stage IV: Strength I Combination
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Median Arch



Outside Arch
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Stage IV: Fatigue Load


Median Arch

B-32



Outside Arch

B-33

APPENDIX C: SERVICE CHECKS

Stress calculations at section 4 in median and outside arches
C-1

Stress calculations at section 5 in median and outside arches
C-2

Stress calculations at section 6 in median and outside arches
C-3

Stress calculations at section 4 in median and outside ties
C-4

Stress calculations at section 5 in median and outside ties
C-5

Stress calculations at section 6 in median and outside ties
C-6

APPENDIX D: INTERACTION DIAGRAMS

Sec. 6

Sec. 5
Sec. 4

Interaction diagram for median arch
D-1

Sec. 6

Sec. 5

Sec. 4

Interaction diagram for outside arch

D-2

Interaction diagram for the tie mid-section without deck

D-3

Interaction diagram for the outside tie mid-section with deck

D-4

Interaction diagram for the median tie mid-section with deck

D-5

Interaction diagram for the tie end-section without deck

D-6

Interaction diagram for the outside tie end-section with deck

D-7

Interaction diagram for the median tie end-section with deck

D-8

