Application of the pushover method to the Warth bridge
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SUMMARY:
The Warth bridge was constructed in the 70’s in Austria. It is composed of seven spans of a box girder with six

hollow core piers. In order to evaluate seismic capacity of the bridge, a pushover analysis was performed. The
pushover method is the one developed in the Eurocode 8 adapted for having damage curves (according to the
French Setra guide “Seismic diagnosis and retrofit of existing bridges”). The analysis was done with a hand
calculation and with the Sofistik software in order to compare the results. This analysis is interesting because it
brings to light the high capacity of hollow core bridge piers, and consequently of the bridge, and it allows testing
the Eurocode 8 pushover analysis and its limits.
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1. INTRODUCTION

Using the example of the Warth bridge, the pushover analysis method was developed with a hand
calculation and on the software Sofistik. This analysis permitted to validate the principle of
modelisation, and to develop the whole method step by step to better understand the behavior of the
bridge. This way of calculation put in light some problems of modelisation, and limits of the Eurocode
8. In this article, we will fist develop the constitutive laws of materials, taking into account no-
conform detailing. Then, we will develop the pushover analysis, with moment-curvature curves, force-
displacement curves and then damages curves of the whole bridge.

2. DESCRIPTION OF THE BRIDGE

The Warth bridge is located in Austria, on the A2 highway, at 63 km in the south of Vienna. the bridge
was built in the 70’s for a horizontal acceleration of 0.04g. The bridge is composed of two identical
viaducts of 459m, with five spans of 67m and two extreme spans of 62m.
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Figure 1. Elevation of the Warth bridge

The deck is composed of a continuous box girder prestressed by post- tensioning. For calculation, an
axial force of 19MN is considered as dead load on each pier top. The deck is linked to piers by two
circular elastomeric bearings of 1.33m? of surface and 0.25m of height. The elastomeric bearings are
supposed free in all piers and abutments.
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Figure 2. Section of the box girder and piers
The Warth bridge piers are hollow core bridge p@r$.8m * 2.5m with a hollow core of 5.8m *
1.9m, that is to say a thickness of walls of 0.5 @.3m. Piers height varies from 17.5m to 39m. For
all piers, three areas of reinforcement are platedg the pier height. High level of reinforcemént
put in place at the bottom and reduced level incérger and the top. Transverse reinforcements are

spaced any 200mm along the pier, and are compdsatechook on each wall of the section. Those
hooks are 8mm diameter in current sections and 1@dmmeter in the bottom of the pier.

3. MATERIALS

Characteristics of materials are described in ¢llewiing table.

Table 3.1. Materials characteristigs

Concrete Reinforcement

fcm 43MPa fsy 545MPa
ftm 3.1MPa Esu 200000MPa
Ecm 35000MPa ssu 0.1

As the anti-seismic details are not in accordandd &urocode 8 prescriptions for new bridges,
material constitutive laws shall be adapted to take account phenomenon that result from those non
adapted details. In the Warth bridge case, thhesn@menon have been taken into account:confined
concrete, buckling of longitudinal reinforcementansufficient lap splices.

3.1. Confinement of concrete

In order to modelize confinement of concrete, tloelaeh of Mander J.B. Mander, M.J.N. Priestley and R.
Park, Theorical stress-strain model for confined concréteurnal of structural engineering V.114 No.8, 1988
has been used, according to the appendix E of Bdeo8-2. For the Warth bridge, the only parameter
that influenced the confined concrete law is thestg of transverse reinforcement, which is 0.006

at the center of the pier and 0%®at the top and bottom. We obtained the followawgs.
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Figure 3. Constitutive law for confined concrete

3.2. Steel reinforcement constitutive law



For an existing bridge, as the Warth bridge, thestitutive law of reinforcement shall take into
account the lack of transverse reinforcement, whanh lead to a premature buckling of longitudinal
reinforcement. This phenomenon can be taken intowd by the “Gomes and Appleton” model
(Augusto Gomes & Julio AppletoNonlinear cyclic stresstrain relationship of reinforcing bars including
buckling, Engineering structujefor buckling between two transversal reinforcetaenhe reduction of
capacity of the longitudinal reinforcement can kstineated considering the articulation of the
longitudinal reinforcement between two transversaiforcements:

2V2M 1
o5 = ASSP X \/TS (31)
As : area of the longitudinal reinforcement bar, Mlastic moment of the bar :, MD.4247R%,, s :
spacing of transversal reinforcement; strain of the bar,,f: yield strength of the longitudinal
reinforcements, R : radius of longitudinal reinfemeent
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Figure 4. Buckling principle between two layers of reinfomeent (Gomes and Appleton)

For buckling under several transversal reinforcantayers, the Gomes and Appleton model have
been adapted in the Setra guideliDéagnostic et renforcement sismiques des pontsaetss, as following

A
( t/st)présent 2+2Mp

1
%=1 *Tes (3.2)
* (At/st)nécessary Ass €s
With
A Y AL fys
(S_:)nécessary = T;i (3.3)

ZA.: sections of longitudinal rebars maintained byksogmm?),{; yield strength of the tiessf. yield
strength of the longitudinal rebars, Asection of one tie; sdistance between ties.

For the Warth bridge, this leads to the followirmmstitutive law (20mm diameter longitudinal rebars)

Buckling of reinforcement HA 20
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Figure5. Constitutive law for steel reinforcement, 20mmndéer in compression
As the previous curves for constitutive laws ang/wsfavorable, we considered that ultimate cagacit

of reinforcement in compression is reached whe®2ff capacity has been lost.

For tension in steel reinforcement, the followiagvlis consideredn this case, oligocyclic fatigue is



not considered in reinforcement. The ultimate liaiit0.1 of deformation is supposed to cover the
phenomenon.
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Figure 6. Constitutive law for reinforcement in tension
3.3. Lap splices

The lap splices length is verified according to tiedel of Xiao et al (Y. Xiao, R. Ma (1998gismic
retrofit of RC circular columns using prefabricatesbmposite jacketingJournal of structural
engineering, March 1998). We verified that lap cgdi length provided in the piers is sufficient to
transfer forces between bars without sliding.

’ Sb
T (e
bc (Sbc)

T, = (3.4)

r—1+(%)r
Tp: Stress at the boundary, :Sength of slidingz’ . : stress at the boundary between rebar and cencret

T'pe = T'po + 141}, , T'vo: Stress of boundary for rebars in the concrete €gg = 20\/f_'c/db1 <
5.52, fi: pressure of confinemefit= ap,, fym, Si.: calibration parametes,. = Syo(1 + af;/f",),
with $,0=0.25 mm an@=75, r : calibration parameter=r, — k,.f;/f’. with =2 and k=13, Ib, the

boundary lengthl, = f;dy;/(4tp), wheref; = /87, EsS, /dp; anddy, : the diameter of longitudinal
rebars

For the Warth bridge, for the different diametefrseinforcement, lap splices are sufficient.

Table 3.2. Lap splices analysis

Lap splices available Is Boundary length |b fsequiv
HA20 700mm 302 mm 545 MPa
HA16 560mm 267 mm 545 MPa
HA14 490mm 238 mm 545 MPa

4, PUSHOVER PRINCIPLES

In order to evaluate the seismic capacity of thertiivaridge, a pushover analysis was developed,
according to the Eurocode 8 method. In order td wetlerstand the behavior of the bridge, and to
find the weak points, the pushover analysis walizegshwith hand calculation on Excel, step by step.
First, the moment curvature curves were calculdtedcritical sections, considering the previous
constitutive laws for materials. Then the behawbthe piers was estimated using force displacement
curves. At least, the pushover analysis is don¢h®mwhole bridge, using Eurocode 8 spectrums. The



general principles of the analysis are summarinete following figure.

Moreover, in this study, we supposed that theopast of the piers control the behavior. It is not
really the case, because there is a brutal stapeofongitudinal bars between bottom sections and

central sections, which creates the weak sections.
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Figure 7. Pushover analysis developed with hand calculation



5 RESULTS
5.1. Moment-curvatur e curves

The moment curvature curves were determined usiagtevious constitutive laws corrected to take
into account no-conform detailing. For A40 and Adérs, we obtained the following results:

Moment curvature curve A40/A70
70000 Longitudinal direction
60000 A40, idealized curve
—_ I\ e AAQ, real curve
€ 50000 A70, idealised
. \ e 770, idealised curve
F‘_f, 40000 \ A70pier, reat curve
c
@ 30000 =
g k
s 20000
10000
0
0 0.02 0.04 0.06 0.08
Curvature[/m]
Moment curvature curve A40/A70
200000 Transversal direction
"E 150000 //
2
=3
+ 100000
g e N0, realized curve
o 50000 A40, idealized curve
= / e A70, real curve
e A\70, idealized curve
o
0 0.001 0.002 0.003 0.004
Curvature[/m]

Figure 8. Moment curvature curves for A40 and A70 piersoinditudinal and transversal direction

As it can be observed, moment curvature curvesvarg unfavorable, because of the buckling
consideration for steel, and because, for simglifcey in calculation, compressive law for stee$ ha
been considered for compression and tension inforegment. Nevertheless, as the curve is
considered to be stopped when 20% of the capazityst, this phenomenon is weakened for the rest
of the calculation.

5.2. Force displacement curves

The Eurocode 8 relations were used to calculatefahee displacement curves from the moment
curvature ones, using the following parameters:

Elastic displacementl,, = ¢,H?/3 (5.1)
Ultimate displacement, = d, + d,,,, = ¢yH2/3 + (¢, — ¢,)L,(H — 0.5L,)A(ay) (5.2)
Elastic strengtlf, = M, /H (5.3)
Ultimate strengtl¥, = M,,/H 45

Moreover force-displacement curves have to be ctadeto take into account shear, elastomeric
bearings and P-Delta effects. Shear is taken iotount using Eurocode 8 formulas.Then, bearings
are taken into account in force-displacement cureéshe piers, considering the increase of



displacement they provide. Last, P-delta effecttaken into account using the 1st order theory :

PA
Feorrectea = F — T3

( 5.5)
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Figure9. P-Delta theory

As a consequence, we obtained :
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Figure 10. Force-displacement curves for A40 and A70 pieflsmgitudinal and transversal directions

For A40 piers, maximum displacements are very higparticular in longitudinal direction. This is
due to the fact, that for the present calculatiotations have not been limited. Moreover, we can
observe that in transversal direction, a large plattte displacement is given by the elastomeric
bearings, whereas in longitudinal direction, as i is very flexible in longitudinal directiorhe
maximum displacement is provided by the pier. F@0 pier, conclusions are the same.



5.3. Damage curves

In order to realize the pushover analysis, theampispectrum of the Eurocode 8, was defined as
following

Spectrum of seismic demand (Aed=1m/s2)
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Figure 11. Spectrum from Eurocode 8-1

Then, for all points of the capacity curve of thielge, following characteristics shall be calcuthte

Secant equivalent rigidity,, = F,/d, (5.6)
Equivalent periody, = 21m,/M., /K., (5.7)
Ductility u =d /d, (5.8)
Equivalent dampingg,, = 0.05 + %(1 - (1_\/(%'03) — 0.03\/ﬁ) 5.9

This value is half the Takeda current value, duthéofact that for existing bridges, studies shbat t
energy is only 2 or 3 timesthe one of tficgcle (Diagnostic et renforcement sismiques des pontstants,
Setra guideline)

After, the spectrum is corrected with the acceienaat each step to intersect the capacity cufibeo
bridge on a determined displacement. To modeligecttmplete analysis, a macro was done in Excel.
For the whole bridge, we obtained the followingves:
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Figure 12. Damage curves for the whole bridge, longitudinedation

As a consequence, we can observe that the ruptloagitudinal direction is obtained by collapse of
the elastomeric bearings on abutments. Neverthellesscollapse is obtained for a very important
acceleration due to the important flexibility okthollow core bridge piers in this direction.
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Figure 13. Damage curves for the whole bridge, transverssction
In this case, the collapse is obtained for an acatbn of 6m/s2 in the shortest pier, the A70 one.

6. COMPARISON WITH SOFISTIK SOFTWARE RESULTS

Results are obtained using second order theorylasilen in Sofistik, using constitutive laws defthe
previously. For the A40 pier, we obtained the failog results:
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Figure 14. Comparison of Force Displacement curves from 8kfisalysis and hand calculation

We can observe several differences:

The difference of the initial stiffness is due dealization of the moment-curvature curve doneainch
calculation. In the case of the Warth bridge, we gate that this idealization is very importantstis
because piers is cracking a lot thanks to their walls.

The ultimate displacement is very low in Sofistidaulation, this is due to an internal limitation o
stresses on materials (0.6 on concrete and 0.8&ef)

At least, the modelisation as a beam is not réalstcause of the thickness of the wall, a moditisa
with shell elements would have been better (e<tBocode criterion for hollow core bridge piers).

7. CONCLUSION

We can conclude that the Warth bridge, regarddedhiypothesis done on plastic hinge sections and
elastomeric bearings free on abutments, has a gapacity under seismic solicitations (8fmin the
critical transversal direction).

Moreover this study permitted to develop pushovealysis tools and to better understand the real
influence of parameters. In fact, this study putight the important influence of idealization dfet
moment-curvature curves for high dimensions sestias the hollow core bridge piers of the Warth



bridge. Moreover, for such structure, cracking i®ey important parameter and the way to taketd in
account better shall be investigated, in orderffineathe parameters for idealization. At least the
method to take into account buckling shall be affimed, in order not to be so unfavorable.

To conclude, the case of the Warth bridge was watigresting because with their specified piers
shape, it permitted to put in light the limit ofggent pushover method with simplified modelisatam,
described in Eurocode 8 and in literature.
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