8. BXREH
8-1. XX FER

HiGEW G N TR L7 lR 2 G T 272012, 2 0 il R 7 A 2012 THEE LT,
FHELUIZWmILLTO®EY Th 5,

Y FF a— TR
DRATY - hy Ak, PR R B R F 2 — T IO SRS & AR B 5 B
SSRGS 520% (20124E11H) pp. 485~490

s =T NF 2a—TEA

PR O L EE B TA R A HE S — 7 AR I A O 2 e T R
A SHEEERERCREE  H20% (012461103 pp. 499~502

3-101



EEBUN
1) WYL HLfE 2011 Vol. 45 35 (M) HRala A&
2) CURATED HOME THE DAIRY NEWS
[http://www. curatedmag. com/news/2009/08/14/santiago—calatravas—peace-bridge/]
3) AT 4 =T A VA TA NE RNRMEGR : EMOENAF AT =2 A p. 47, 151, 152,
R AR, 1989.
4) Fibers and Fabrics. Exciting Prospectives for Architecture and Construction
[Category No. 5: Composite Structure [http://www. fibersource. com/textile_Arch/Cat—5. htm]
5) UAXNT 4T 7Y —EHR M
[http://ja. wikipedia. org/wiki/%E3%83%95%E3%S2%A1%E3%S2%A4%E3%S3%AB : Dougenzaka—pedestri
An-walk08060101. JPG]
6) UAFXST 4T 7Y —EHREM
[http://ja. wikipedia. org/wiki/%E3%83%95%E3%S2%A1%E3%S2%A4%E3%S3%AB : Dougenzaka—pedestri
an-walk08060102. JPG]
D UAXRT T 7Y —ER
[http://ja. wikipedia. org/wiki/%E3%83%95%E3%S2%A1%E3%S2%A4%E3%83%AB : HamamatsuchJPG. j
pg]
8) U4 XAT 4T 7V — R
[http://de. wikipedia. org/wiki/Gustav-Heinemann—-Br%C3%Bccke]
9) AAIEREE « ST AN - [FfERL, p. 35-36
10) TR BEBORFATA K74, p.67-68, 2011.1
11) mHNE,
[http://www. publicdomainpictures. net/view—image. php?image=336&picture=]
12) JIlF, HARS - BTEIC L0 bk S D BT OIS EMEOHEE 15, i L5 CHE Vol. 54A
13) TARFE  BEEORGTTA KT 4, p. 79, 2011.1

3-102



Proceedings of Constructional Steel

Vol.20 (November 2012)

FEZRNT 2 — T ROBHRIEERE & RBEEICET 228

Static structural characteristic and collapse behavior of tubular bridges with steel pipes
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ABSTRACT A new type of footbridge, the tubular bridge with steel pipe girders, is proposed.
The walkway is covered by tubular section consisting of several steel pipes. The upper pipe
girder is in compression, the lower pipe girder is in tension, and the center pipe girder has no
axial force. Bending moments decrease or increase between the adjacent two rings. All of the
pipe girders behave as a one piece because the vertical displacements are the same. The
collapse process and the ultimate strength of the model bridge are obtained by elastic plastic
and large deformation analysis. Plastic hinges are formed in the center pipe girders near the
pier ends, which leads to the collapse of the model bridge.

Keywords: 7 = — 771G, S0, #iEEh, #&/RmEE
Tube Bridge, Steel pipes, Static behavior, Ultimate strength

1. Introduction

A new and attractive footbridge was designed by
Calatrava: the Peace Bridge in Calgary, Canada
(Fig.1). The walkway is covered by circular closed
consisting of steel
transparent covers. Although this bridge looks nice,
the structural detail is very complex and its
construction cost is high, which delayed the
construction schedule”. This bridge was completed
in March, 2012.

sections members and

v el

Fig.1 Peace Bridge

The authors have proposed a similar footbridge:
a tubular bridge with steel pipe girders (Figs.2, 3, 4,
5, 6). The walkway is covered by tubular section
consisting of several steel pipes. These steel pipe
girders are connected together with steel rings.

Advantage of the proposed bridge is low
construction cost keeping the same function and

» £ e
»

Fig.2 Tubular Bridge with steel pipes

esthetics as the Peace Bridge. As steel pipes are
produced at steel mills, fabrication cost to make
them to structural members is much lower.

However, as this tubular bridge with pipe
girders is original and new, its structural behavior
is not known and needs to be studied. Sectional
forces and displacements of the steel pipe girders
must be clarified. Resistance against global
buckling must be also confirmed. Complex
non-linear analysis, elastic plastic and large
deformation analysis, is necessary to find the
ultimate strength.

2. Bridge Model
The model bridge with a span length of 50.0 m
is studied (Fig.3). Six steel pipe girders are used to

SRR AR
PhD. AT EATER i

tARTHE= =2 (F259-1292 #4315 L& B 4-1-1)
(7259-1292 #hZ=) I PR AL 4 A 4-1-1)

PR E3=
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Fig.4 Cross section

form a tubular section with an outside diameter of
5.7 m (Fig.4). The pipe girder is 502 mm in
diameter and 14 mm in thickness with steel grade of
SM490 (Fig.5). These dimensions are determined
by the allowable stress method so that the stress due
to the design load is within the allowable stress”.
The steel ring with I-section is assumed (Fig.6).
The steel ring is welded to the steel pipe and the
connection is assumed to be rigid in the analysis.

Static structural behaviors of a tubular bridge
with pipe girders are studied in two steps. In the
first step, sectional forces and deflections are
obtained due to the design load, the dead load (D)
plus the live load (L). It is assumed that the live load
intensity of 3.5 kN/m’ is distributed on the whole
deck width of 2.5m ?. The design load is applied as
a concentrated load at the nodes, the intersections of
the pipe girders and the rings.

In the second step, the collapse process and the
ultimate strength of the model bridge is obtained
by elastic plastic and large deformation analysis.
The design load of D+L is incrementally applied
and the resultant deformation and stresses are
obtained until the bridge collapses.

It is reminded that the pipe girder has the
radius over thickness ratio of 251/14=17.9 and
local buckling does not occur.

3. Static behaviors due to the design load

Fig.7 shows axial forces of the pipe girders.
The upper pipe is in compression with the
maximum force at the span center. The lower pipe
is in tension with the maximum force at the span
center. Axial force of the center pipe is zero. Fig.8
shows in-plane bending moment of the pipe girders.
The upper, lower and center pipe girders show
similar curves: bending moments decrease or

2000 T
- ﬁ

1000

N(kN)
[an]

___________________

2000 _I\II;IIIIIIIIIIIIIIIIII\II\IIIIIIIIII\IIIIIIIIII\I
20 25 30 35 40 45 50
X(m)
***** center pipe

upper pipe ————— center pipe ——— lower pipe

Fig.7 Axial force of pipe girders (D+L)
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Fig.8 Bending moment of pipe girders (D+L)

increase between the adjacent two rings. This
tendency arises because the pipe girders are
restrained by the rings and work like a fixed beam.
The center pipe girder has larger bending moment
than others, and the maximum occurs at the end
rings. Out-of-plane bending moment of the pipe
girders is much smaller than the in-plane bending
moment.

Fig.9 shows the vertical displacements of the
three pipe girders, which are all equal. This
indicates that all pipe girders behave as a one piece
and the bridge is stable. The steel rings play an
important role to hold the parallel pipe girders in
positions and to restrict their individual behaviors.
Therefore, the steel rings should have sufficient
rigidity and be arranged at appropriate distance.

x(m)
0 5 10 15 20 25 30 35 40 45 50
DI
25 4
= 50 £
£ 75 4
(2=}
100
125 £
-150 £
upper pipe —---- center pipe -~ lower pipe

Fig.9 Vertical displacement of girders (D+L)

As the tubular bridge behaves as a beam, the
upper and lower pipe girders mainly take bending
moments. That is why the upper pipe girder is in

compression and the lower pipe girder is in tension.

The center pipe girder is on the neutral axis and no
axial force occurs. On the other hand, shear force
is taken by the rigid frame consisting of the pipe
girders and the rings, and bending moments occur.
Maximum stress, consisting of axial stresses

SR 5 A Uk SO AR
£520% (20124E11)7)

and bending stresses, occurs at the upper edge of
the center pipe girder (diameter of 502mm and
thickness of 14mm) at the end ring. The stress
check ratio at this position is nearly 1.0. In this
study the same size steel pipes are used for all the
pipe girders. The stress of the end rings is larger
than other rings, and it is also within the allowable
stress.

The vertical deflection due to live load is 36.2
mm which is within the allowable value of 100
mm (=L/500, L: span length)?. This confirms that
the serviceability of the tubular bridge is satisfied.
However, further study is required to verify its
dynamic behaviors in vertical and lateral directions,
which is out of scope of this paper.

Stress

Oy

Strain

_ _O"y

Fig.10 stress vs. strain (SM490)

4. Collapse process and ultimate strength

Elastic plastic and large deformation analysis is
conducted for the model bridge. Fig.10 shows the
assumed stress versus strain relation, an idealized
bi-linear curve, for steel pipe. Yield stress of steel
grade SM490 is 315 MPa. The analytical model is
three dimensional, and steel pipe girders and the
steel rings are divided into fiber elements. The
FEM program, FRAME/3D (Forum 8), is used for
this calculation.

The design load D+L is first applied and, then,
it is incrementally applied until the model bridge
collapses. It is expressed by:

P=K(D+L) (1)
where, P: applied load, K: load incremental

coefficient. The load increment is varied
depending on the resultant deformation and the

minimum load increment is set at 0.05.
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Fig.11 Vertical displacement at span center

Fig.11 shows the vertical displacements of the
three pipe girders at the span center. All follows
the same tendency until collapse. The vertical
displacement increases proportionally until K of
about 1.70. Then, it becomes non-linear and
increases very sharply after K of 2.30. It diverges
at K of 2.35, which is taken as the collapse load.
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7
)
! — ' f . . ‘ 0.00
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Fig.12 Longitudinal displacement at R10

Fig.12 shows the longitudinal displacement of
the pipe girders at the end ring R10. As the whole
tubular section rotates at the end ring, the upper
pipe girder moves to the left (towards the span
center) with K, the lower pipe girder to the right
(away from the span center) and the center pipe
girder does not move. However, they all moves to
the left very sharply after K of 2.30 and diverge at
K of 2.35, which corresponds to the vertical
displacement. The lateral displacement in
transverse direction is negligibly small.

Fig.13 and Fig.14 show stresses of the three
pipe girders at R8 and R10 with K. Edge of the

center pipe at R10 first reaches yield stress when K
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Fig.13 Stress vs. K of girders at R8
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Fig.14 Stress vs. K of girders at R10

is 1.55, and then continues to be in yield
afterwards. Edges of the lower and upper pipe
girders reach yield stress, which occurs after the
yield of the center pipe girders. This can be
understood by the bending moment diagram of
Fig.7. Stresses of the steel rings are below the yield
stress except near the divergent load.
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Fig.15 Vertical deflection of lower pipe girder

Fig.15 shows the vertical deflections of the
lower pipe girder with different K. The deflections
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with K less than 1.70 are similar to those of a
simple beam with fully distributed loads. Then, the
deflections with K over 2.30 have sharp inflections
at the rings of R2 and R8.

P=2899kN K=1.55

RS R6 R7 R8 R9 R10

P=336.6kN K=1.80

P=3749kN K=2.00
P=4395kN K=235

yv

\

m Tensile Yield

Fig.16 Progressive yield process of pipe

1 Compressive Yield

Fig.16 shows how yielded areas spread in steel
pipe girders with increasing K and the process of
collapse is clarified. At K of 1.55 the first yielded
part appears in the center pipe girder at the end

SR 5 A Uk SO AR
#520% (20124E11)7)

ring R10. At K of 1.80 the yiclded areas spread and
deepen at R10, R9 and R8. At K of 2.00 the upper
and lower pipe girders at the end ring R10 and the
center pipe girder at the ring R8 become yielded.
At K of 2.35 the whole cross section becomes
yielded and plastic hinges are formed in the center
pipe girders at R10 and RS, which leads to the
collapse of the model bridge. These plastic hinges
cause the inflections at R2 and R8, as shown in
Fig.15.

4. Conclusion

A new type of footbridge, the tubular bridge
with steel pipe girders, is proposed and its static
behaviors and ultimate strength is studied in this
paper.

Static
deflections, are obtained due to the design load.
The upper pipe girder is in compression, the lower

behaviors, sectional forces and

pipe girder is in tension, and the center pipe girder
has no axial force. Bending moments decrease or
increase between the adjacent two rings. The
center pipe girder has the larger bending moments.
The vertical displacements of the three pipe girders
are all equal, indicating that all pipe girders behave
as a one piece and the bridge is stable.

The collapse process and the ultimate strength
of the model bridge are obtained by elastic plastic
and large deformation analysis. The vertical
displacements at span center increases linearly
until K of about 1.70, increases very sharply after
K of 2.30, and diverges at K of 2.35. At K of 1.55
the first yielded part appears in the center pipe
girder at the end ring R10. At K of 2.00 the upper
and lower pipe girders at the end ring R10 and the
center pipe girder at the ring R8 become yielded.
At K of 2.35 the whole cross section becomes
yielded and plastic hinges are formed in the center
pipe girders at R10 and RS, which leads to the
collapse of the model bridge. These plastic hinges
cause the inflections at R2 and R8.

As mentioned above, the fiber elements are
used in this study. The shell elements can be of
course applied to find the ultimate strength, which
may produce more accurate results. However, the
present method with fiber elements can clarify the
collapse process and the ultimate strength. The
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analysis with fiber elements needs less calculation
time and is useful from a practical point of view.

This study concludes that the proposed tubular
bridge is statically stable under the design loads,
and has sufficient ultimate strength. Therefore, the
proposed bridge is structurally rational and
feasible.
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A conceptual design of the footbridge supported by cables settled

on an elliptic hyperboloid of one sheet
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ABSTRACT The authors tried to propose a new form of footbridge based on the conceptual
design. It is "no discomfort to pedestrians, new tubular girder bridge". The outline design were

conducted varying the shapes and the structural system in order to embody such emphasis on

novelty, approved as a bridge. As a result, the footbridge supported by cables settled on an elliptic

hyperboloid of one sheet has been proposed. The structural design was confirmed by the static

behavior under dead load. In addition, the results of buckling eigenvalue analysis and natural

frequency analysis also showed the feasibility of the structure related to the static stability and

serviceability.
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