,mit Bay Bridge, Steel Towers
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Izmit Bay Bridge, Steel Towers
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Navigational clearance profile 64.3 x 1000m

Tower foundations at 40m water depth with base isolation
Steel towers

Bridge deck continuous trough towers with no vertical supports
Bridge deck supported in transverse direction by wind bearings
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xﬂr €-Tower leg
x | U Detail
Steel Towers, facts sk » T
> Steel towers gain from low weight and increased || | |[[| ‘ NG
flexibility in seismic loading o - | B
1 i E - , —
> Fast construction I ! of Lo { _____ | G-Tow
I I o !
> Preferable to design for normal ULS 1o ~ 0 | |
combinations and then verify the towers for f B ’ B
seismic load combinations o T - ‘ D
. - B |
> The extreme seismic demands show however i T § 5 om
that plastic design is necessary for an optimized a s A ' of

down and maintain high flexibility)

and economical tower design (to keep weight i
I

> Constructed by 22 prefabricated blocks i
___Eﬂf;u
> Horizontal joints by combined welding and o %
bolting mo & & |
> Vertical joints welded for block 1-11, rest bolted | | l o
5 IR L 7




Longitudinal steel in legs:

-
Towe rS, N“”"’Q“ H [] I H ij "bﬂm‘-
layout & |
Feem 448x61mm
464x63m Phaoss -1
B i
- skin platés: 1
80mm-30mm -
All steel: NJ P4 f \-FH
S460 7m
< ' >
Longitudinal H | A
steel in cross — —
beams:
Stiffeners:
330x35mm (upper) = | —
400x42mm (lower)
Skin plate: - .
20mm - 80mm
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6m
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Towers,
layout

Typical block
length of 10-13m-

A typical block
consists of 4
cross frames and
1 diaphragm at
the top

The diaphragm is
also used as
working platform
during erection
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Towers,

layout
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B o - o e e - e = e

L

Y g

.

Panel erection
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Steel towers, load contributions

Load contribution in
elevation 143m

N: Mainly from dead
load and traffic, only
little from transverse
wind

My: Mainly from
traffic and
imperfection

Mz: Mainly from
transverse wind
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100%
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-40% -

-60% -
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-100% -

NE leg - Unfactored load contributions to section forces

Elevation 143 m (Block 11t)

Ns=-319.2

My[MNm]

Mz[MNm]

My= 416.8+260.1

Ns <0 Compression
My >0 Leaning towards main span (for NT les)
Mz<0 Leaning towards west

ETOTAL

M Differential Settlement Envelope

M Tandem system (TS) in LM1 (vertical only)

M udl system in LM1

Transverse wind (towards y+) gust wind

with liveload

B longitudinal 1st tower bending
-1.5000E-01m at peak (Worst gust
windload case with liveload 90 deg)

M Izmit Temp Combinations Envelope

Imperfection Bending moment
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Load cont';ributions

SP2
1
SspP4 SP3
p——

<)

spP12 7 sp11
—
— —
IBDAS global
system v
—
IBDAS local
system
— =
p— —
SP5 L__spe SP9 L_lspio0

SP7

SP8

> Stress contribution in elevation

143m

> 0: Mainly from dead load, traffic
load and imperfection
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NE leg - Unfactored load contributions to stress in SP1
Elevation 143 m (Block 11t) - Front panel SP

22.60%

W DL comb incl stressing for ULS

M Differential Settlement Envelope

B Tandem system (TS) in LM1 (vertical only)

M udlsystem in LM1

Transverse wind (towards y+) gust wind

with liveload

M longitudinal 1st tower bending - 1.5000E-
01mat peak (Worst gust windload case
with liveload 90 deg)

M Izmit Temp Combinations Envelope

Imperfection Bending moment
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Towers, special areas .& .. —

>

12

The special areas are in general
verified through local shell models
built into the global FE-model.
Thereby no boundary conditions
are necessary and 2.order effects
and plasticity are automatically
accounted for
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G- Tower

Tower at uppger
cross beam &
saddle

b Tower at lower
Cross beam

=7
=

_ ;iTower at deck

G-8ridge
G Tower leg G Tower leg
east

+246.900

+245,500
=z

+242500 B

Upper cross beam

Tower leg

Lower cross beam

\

+110.567

+72.387 RRL

10078 G

MSL +0,401

|
o0 £ Tower at base
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Tower at base | ﬁ

> 84 no. M110 anchor rods class 10.9, \|\| | e N
L=11m, 6MN preload | %__Y____-——:
=

> Shear resistance achieved by friction |
and 34 no. M115 shear rods ||

> Local ship impact of 10.5MN over | [~ NS
1m2 ’J_\T_ e

> 5 diaphragms installed due to ship
impact
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Tower at deck \ - |l

:|I|I |'||I |
| VL N
> Bridge deck is "floating" through the tower | I | ‘ \ ﬂ” Il

, ||W
legs I |

N
> Transverse loading is taken by one bearing
on each leg, designed for 13 MN in normal
ULS (primary due to wind) and 35 MN in
seismic load combination

> Large movements in both longitudinal and
vertical directions during seismic events

mguv > ‘t=Brldge
] ——— - & —— —  — —— ©Cross frame CF6A
Bottom of dlaphragm DEC
. Bearing Deck contour
a0 Top of dlaphragm DE8 /
I R, S R _————— e T
+70.666 Ll D= 3321
AN || _
A 3 — = E-3321
|
90° L
LN -
- __—__—-f—Tupnr
~)gc= D\apnmgm DGA - F-3321
e AL Ggss i q}
o ross frame CF6B G- 332"1’ -~
- a4 3—' —r—@ -Horizontal jolnt
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Tower at lower cross beam

i
et o atricanen weat

=

> Large bending
moments My due to
transverse wind
loading and seismic
load combination
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Tower at upper cross beam

Tsd:g-r:m /ﬂ ﬁl::w
\ 1
| i T
| T
BIERARIN A
e
e T
> Large bending moments Mz due traffic
loading giving uneven deflection of the two

tower legs in longitudinal direction

> QOthers as for lower cross beam
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N-a:s21

-arldge
©-Tower leg G-Tower leg
east "

Towers, design of leg members | . £
> Cross section class 1 to 3 are generally economical | -
for compression members 3 =
| - ‘ |
> Section class 1 and 2 have post elastic capacity ~ ‘ | ‘
- |
1 8 __ I I
> Initial proportioning made to correspond JLiaa s | | |
approximately to class 2 in regions with high | |
seismic demands |
> Class 2 cross-sections are those which can develop their plastic moment |
resistance, but have limited rotation capacity because of local buckling HR———
|
> Cross section class definition applies for _ | |
members where local buckling is e s e B e
controlled by plate proportioning only ‘7““5} ———— ﬁz “ﬂ:" T \‘ ‘E‘F | —
> For stiffened plates, transverse stiffener i | = ‘
spacing must also be considered y ‘
L7 X Y
Mg / |
18 ‘ 14 NOVEMBER 2013 O_Amkalfoldning/ oo ‘ ‘
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*) w £ -1 applies where either the compression stress G < £, or the tensile strain £, > f/E
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Towers, design of leg members

> From the figure is
seen that no
reduction in
capacity shall be
made within the
level from 120m up
to 205m
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Eower i
L M
Toon, /. % ey cable.

EN1993-1-5 4.5.4 - Reduction factor
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e
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® — tD(log)
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X

==
o
(=]
Koo % X
e .
l I

i S e e S e gt

Elevation, m

50

il

0

08 0.9 1.0
Reduction factor for global plate buckling

pc

COWI



Towers, ultimate limit state (ULS)

> Verification according to
EN1993-1-5 considering 12

stress points in the cross section

> All stresses are below yielding

> Plastic design generally not

allowed for ULS

S

SP1

SP3
sPa —I—[ SPIZL sP11
— o
z
— —
IBDAS global
system Y
—
Y
IBDAS local
system
— —
. —
SP5 1 SP6 SP9 1 SP10
SP7 SP8
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Elevation, m

EN1993-1-5 4.6 - Verification
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200 .
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shear
150 £
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o
= = = Limit I
M
100
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X
3
*
50
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XI x
-4
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0.0 0.2 04 0.6 0.8 1.0

Utilization Ratio
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St

Elevation, m

r
04

I
——
T o T T T T T 1
0.2 00 -02 -04 06 -08 -10 12

Utilization Ratio (<0 compression)
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Towers, seismic limit states

‘ Bow Imperfection | |

Sway imperfection |

Longitudinal | | Longitudinal |

> Seismic load case analyses in IBDAS: |
> Non-linear time history analysis e et e

> Elastic or plastic material 2 1 ?«9@ §-3‘-.-._§ a,
xS | B I bo-g S 8
> Road traffic corresponds to 20% of 22 || B2 | o =
full traffic load 28 || 2L | 323
_ 2% | 3232 | $ <3 &8
> Second order effects included by 232 || ¢33 ; % <t & @
. he® || Pod L &P & %
means of global geometric f?“’ﬂ‘@ % : S L B
B X ‘

imperfections

-"“94{‘»—-6.6, o o

10-00-0-0-0 ea!f

o000 00080

Boos oo,

Bh .
!:_l“
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Towers, seismic limit states

F”"“"’"&JEE‘S"":;E’"::r":hq”ake Safsty svaluation sarthquake No collapse earthquake > 3 seismic events
b4 (SEE) - 1000 vears (NCE) = 2475 years are shown:
MYmax_fn"n:—partllrFtl-_ MY max/min - NE leg - SEE MY max/min - part 11 - NCE 150 years (FEE)
/\\ L g Tl e dlll i 1000 years (SEE)
' ) ; A _ Q(’(‘( 0 2475 years (NCE)
%&. i W | 2 R )/ > Longitudinal
N\ o § & bending moments
) // e | Y - L &L ﬁ_\.
Jes [T ‘ e TR for north towe-r
- e e " T ' e e > Average of 7 time
Avg MY/ MZ max/min  part 11 FEE Avg MY/MZ max/min part 11 NCE hIStorIeS
\ : i > South tower less
k| (\ﬂ, 230 MNm 1 /. < } 1147 MNm Iy 71:3 q 1099 MNm O_nerous due to
\/ \,/ T TN i T different soil
' ’ e %}/ - : \4} )= conditions
e
// : \\&73 MNm = T 1904 | ot 11673 MNm COWI




Towers, seismic limit states

Average min/max sss SP2 - All legs - SEE. Max compr. -505 Mpa
— —
- -ﬁl:. T 250 ﬁl_ﬁ%
Plastic zane ApE T - e
- =
above lower ;-':‘..‘ T i o
cross beam -’_;d' e ‘ ‘ ‘ “
|| L] 200 H L
b1
3 I
r;‘ % i | ‘ !‘
.l ¥ || ‘
0l b ‘ | e
Wb ! “ o
_ 7 150 | ‘ \
E p .
i | il -
] — i o
=" we
ot oeq ‘; ‘
e Tl *?,4' 1 I———
) ] e
ol - |
*= = | sa . 1 | !
.y I | |‘
Pt ' I "
o, ‘ LL“ N
o \ / \ 401
500 500 400 300 200 100 0 100 200 200 =
555 [Mipal
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> Elastic design not
sufficient to verify
north tower legs

> For 1000 and 2475
year events,
inelastic response
is acceptable

> Limited damage,
so structure can
be restored
essentially to its
pre-seismic
conditions

COWI



Towers, seismic limit states

> Force demands calculated by IBDAS nonlinear, 2nd
order analysis using plastic material properties

> Realistic value of yield strength to be applied to ensure
that the benefit from reduction in peak moment is not
taken prior to the actual formation of the plastic hinge

> Seismic design items to be verified:

> Verification of plastic section capacity - cross section
to sustain force demands

> Verification of rotation capacity - code requirement
for ensuring ductility

> Verification of global integrity — done in global FE-
model ensuring no global buckling collapse

> Verification of permanent deformations -
"Repairable damage" after SEE, NCE and to be
restored to pre-seismic conditions
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Plastic

|
— Clasli ¢ material J

| = Plastic matenal EE

—Plastic bending
moment limited to Mpl

N
Elastic bending
moment "unlimited"

Longitudinal bending
' moment in tower leg
_(principle sketch)




Towers, seismic limit states

Average min/max sss SP2 - All legs - SEE. Max compr. -505 Mpa
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Plastic material -
characteristic yield stress

> Plastic verification according to EN1993 part 1-1

> No guidance whether formulas are applicable for
plated structural elements

> Need for FE modelling to prove plastic section
capacity of tower leg cross section

Plastic material - CO“]'
realistic yield stress



Towers, Abaqus FE-model

> Scope of model
> Derive plastic section capacity
> Derive plastic rotation capacity
> Basic model description
> Three blocks

> Load (N+M) applied at the top, bending
moment increased until failure

> Equivalent imperfections

> Accounting for structural and
geometrical imperfections

> Analyses
> Stain hardening
> 2.order with large deformations
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Towers, Abaqus FE-model
> Longitudinal bending moment only:

My bending moment-curvature

-1800
-1600 — = + al
1
-1400
|
-1200 |
|
-1000 |
= == Mormen t-curvature curve
Z a0 |
= 200 | == == Elaitic curvature
E 500 I Elastic capacity
i = = Plastic capacity
-0 I
/ !
-200
008+ 2 IDE-D4 & IE-Dd 6.0E-04 koEoa 1.0E-03 1.2E-03 14E-03 1.6E-03 1RE-03
" 1
o

> Conclusion: Cross section is almost

1 ]
< Curvature [rrg section CIaSS 2 (Nllclass 2.2")
Elastic Plastic

VMIS stresses -
yielding at both

ouneezo Y B — My _ 1603MNm _ 11 Wiy — 1.24 sides
29 | omsksthoaszois MY T f LW, T 430MPa-3.13m Way
s ¥




iewport: 1 ODB: C:/Documents and Settings...nNumber06/RunNumber06.odkfiewport: 2 QDB: C:/Documents and Settings...nNumber06/RunNumber06.od

Step: Static, Frame=: 0O

S, Mises ) S, Mises

SNEG, (fraction = -1.0) Total Time: 0.000000 SNEG, (fraction = -1.0)

{Avg: 75%) {Avg: 75%)
+4.907e+02 +4.907e+02
+4.498e+02 +4.498e+02
+4.089e+02 +4.089e+02
+3.680e+02 +3.680e+02
+3.2728+02 +3.2728+02
+2.863e+02 +2.863e+02
+2.454e+02 +2.454e+02
+2.045e+02 +2.045e+02
+1.636e+02 +1.636e+02
+1.227e+02 +1.227e+02
+8.179e+01 +8.179e+01
+4.089e+01 +4.089e+01
+0.000e+00 +0.000e+00

Zz QDB RunMumber0g. odb Abagus/Standa 11:12:31 Roma QDB RunMumber0s.odb Abaqu

¥Ftep: Static, NS
Increment 0: Step Time = 0.000

Frimary ‘“ar: 5, Mises
Deformed var: U Deformation Scale Factor: +2.000e+01

¥Ftep: Static, NS

Increment 0 Step Time = 0.0
Frimary ‘“ar: 5, Mises

Deformed var: U Deformation Scalf




Towers, Abaqus FE-model

> Longitudinal bending and axial force
My bending moment-curvature

-1400

$

-1200 t

-1000

800 /|

—4— Moment-curvature curve

. /

== == Elastic curvature

My [MNm]

okl

400 //
-200

- e e e e e s e -

VMIS stresses -

0.0B+0) 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03 1.26-03 yielding at one
0 side only
Curvature [m?] . . . -
) ] ) ] ] ] Bznding momeant resistanca Plastic curvaturs capacity
The bending moment capacity 1s considerably above the elastic moment capacity [MNm] [m]
of approxumately 900MNm (green line): 1206 5.3 X10™ (=1.07 X Ketsstic)
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Towers, seismic limit states

M . M .
IBEDAS IBEDAS . .
UR=———0a, =———- 105 (load magnification factor acc. to EN1993-1-5 annex C)
MAhaqus MAhaqus
Analysis Description Imperfections Applied ABAQUS Bending IBDAS Section *) The bending moment
na. axial bending memant bending utilization Capacity from Abaqus is
force Mcment capacity miomient [-] .
[MN] capacity | adjusted * | demand increased by factor 1.035
[MNm] [MNm] [MNm] as not all plates are fully
5 Single bow between 237 1206 1248 1150 0.57 modeled
adjacent cross
frames
N+M {2000/400=5mm)
& twist (1/50)
Double bow B twist

> Elastic UR =1.15 (peak stress) reduced to UR~0.97 (moment
capacity) by deriving the plastic capacity in Abaqus
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fowers, seismic limit states
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Towers, seismic limit states

> It must be verified that the plastic rotation demands are less than the plastic
rotation capacities divided by 1.4:

Kplastic,u

Kplastic E == 14

0.9 * Kapaeri . _ _
0.49  Kypuericp <= . Zlamc = 0.65 * Kopuric 0.9 is a conservative value, found to 1.07 previously
UR =049/065=0.75 (for single most critical time history)
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Towers, seismic limit states

> Tower to have "repairable damage" after event and to be restored to pre-seismic
conditions

> Result to be taken as average of 7 time histories
> Permanent deformations becomes 50mm or 1/4850xtower height - acceptable

US - disp - SEE s6 - NE leg

1

V

Longitudinal displacement vs. time at three levels %, Al I
[

1] 10 20 30 40 50 &0 70 — [ S
Time step [sec] -




Summary of seismic checks

Item Criteria Demand Capacity Result
calculation | calculation

1) Verification
of plastic
capacity

2) Verification
of rotation
capacity

3) Verification
of global
integrity

4) Verification
of permanent
deformations

Safety factor of 1.05

Safety factor 1.4

No buckling collapse
failure for "average time
history"

"Repairable damage".
Permanent deformations
less than initial tower
imperfections

Global FE- Abaqus
model
(IBDAS)

Global FE- Abaqus
model
(IBDAS)

Global FE- IBDAS
model
(IBDAS)

IBDAS -

UR = 0.97

UR = 0.75

All time
histories
pass

Only 50mm
permanent
deformation






