EC8 Webinars
Second Generation of Eurocode 8

Webinar 2.5
Integral abutment & cable-stayed bridges

Paolo Franchin
Member of SC8/MG
Former member of SC8/T3 and leader of SC8/T6

5th April 2024




EC8 Webinars

Second Generation of Eurocode 8

Specific rules for Integral abutment bridges

Force-based approach (linear analysis)
Displacement-based approach (nonlinear analysis)



EC8 Webinars

Second Generation of Eurocode 8 AEE : - curopean | EVE

Commission

(1) Clause 10 should be used for the modelling, analysis and verification of integral abutment bridges.

1 0 . I NT EG RA L A B UT M E NT B RI DG ES NOTE Integral abutment bridges are continuous bridges where the connections between the deck and both the

abutments are monolithic (Figure 10.1). Unless specific provisions are taken to avoid or minimize interaction, the
vibration of the structure cannot happen independently of that of the surrounding medium (the approach

1 0_1 General (1 / 5) ;embgnkments or the natural soil, depending on whether the bridge is above-ground or embedded up to the deck
evel).

+ Unless intentionally reduced, SSIis an
essential part of the response: vibration
cannot happen without engaging
embankment/soil

(a) Conventional backfill

ol

Abutment 1 Pier 1
10x45(m) ~

Figure 10.1 — Types of integral abutment bridges: i) full height integral abutment on pad
footing; ii) full height integral abutment on piles; iii) bank pad; iv) embedded wall integral
| abutment; v) full height integral abutment on single row of piles; vi) bank pad on single row of
piles. Other types are possible

_— . -y

(b) Stabilized backfill “(¢) Compressible inclusions

Abutmenn: I

I (2) Clause 10 may be applied when bridges are semi-integral, i.e. the rigid connection does not include
all degrees of freedom and is realized through fixed bearings or seismic links that restrain the relative
movement between the deck and one or both abutments.

'_ — — — —_— —

Tsinidis, G., M. Papantou, and S. Mitoulis. 2019. “On the response of integral abutment bridges under a sequence of thermal loading and ground seismic shaking.” Earthquakes and Structures, 16 (1): 11-28. Techno-Press.

Paolo Franchin 5 April 2024 10
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(1) Clause 10 should be used for the modelling, analysis and verification of integral abutment bridges.

1 0 . I NTEG RA L A B UTM E NT B RI DG ES NOTE Integral abutment bridges are continuous bridges where the connections between the deck and both the

abutments are monolithic (Figure 10.1). Unless specific provisions are taken to avoid or minimize interaction, the
vibration of the structure cannot happen independently of that of the surrounding medium (the approach

1 0.1 General (2/5) embankments or the natural soil, depending on whether the bridge is above-ground or embedded up to the deck
level).
- Integral vs [EINRIGOE bridges = =" I__,_<
(permission to use Clause 10 for the latter)
APPRCACH sua—J — SUPERSTRUCTLRE SLAB i) iii)
- ¥ \
4___.m'1 /e o i | L7 - 7 _FTm
PEMER RS Free rotation )
END OF GIRDER - \5 / i .
s sionma——HE" — —-PEOESTEL ¢ sype meau
Backwall v ] pe——— Figure 10.1 — Types of integral abutment bridges: i) full height integral abutment on pad
intearal with S footing; ii) full height integral abutment on piles; iii) bank pad; iv) embedded wall integral
9 s st abutment; v) full height integral abutment on single row of piles; vi) bank pad on single row of
the deck merisncutes cowoste —off ¢ 150 mm DIk, WEEPHOLE piles. Other types are possible

(2) Clause 10 may be applied when bridges are semi-integral, i.e. the rigid connection does not include

Pl — all degrees of freedom and is realized through fixed bearings or seismic links that restrain the relative
-

movement between the deck and one or both abutments.

White, H. 2007. Integral Abutment Bridges: Comparison of Current Practice between European Countries and the United States of America. FHWA.

Paolo Franchin 5% April 2024 10
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10. INTEGRAL ABUTMENT BRIDGES
10.1 General (3/5)

* Practice of IAB construction are different
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(d)
Ferretti Torricelli, A. Marchiondelli, R. Pefano, and R. Stucchi. 2012. “Integral bridge design solutions for Italian highway overpasses.” Proceedings of the Sixth International IABMAS Conference. Stresa, ltaly.
Paolo Franchin
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10. INTEGRAL ABUTMENT BRIDGES s abutment field without haunch
Liup/habutment Lup/hgieia Lup/hgieta
10.1 General (4/5) < 8 reinforced concrete 12-18 20-25 18-21
é !E” prestressed concrete 15-19 24-30 20-25
) ) ) = steel composite 15-19 25-35 21-25
« Practice of IAB construction are different - R T 0.5 20.25 16.18
E g’ prestressed concrete 15-20 20-25 -
€5 steel composite 15-18 25-30 18-21

Braun A., Seidl G. and Weizenegger G. Rahmentragwerke im Briickenbau, Beton-und-Stahlbetonbau 101. 2006. - Heft 3. - pp.187-197.

pan composite deck witllinclined abutments

mm“ Fl‘ T

- d "
— .

BAB A8 bridge structure 5, Germany

A73, Munich, Ger

Feldmann, M., J. Naumes, D. Pak, M. Veljkovic, J. Eriksen, O. Hechler, N. Popa, G. Seidl, and A. Braun. 2010. Design guide - Economic and Durable Design of Composite Bridges with Integral Abutments. CEN/TC 250/SC 10 N 0216.

Paolo Franchin 5% April 2024 10
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10. INTEGRAL ABUTMENT BRIDGES ; = ﬁ:';—
r
I !

- T 7 -
10.1 General (5/5) .\/* L '\/ !

+ Practice of IAB construction are different JESES S

I Three-span precast deck, mo

ﬁw

or| ass g(_ea_r Bled, Slovgnia | I % 5l

1!
T

Przulj, M. (2015). Mostovi: zasnova, projektiranje, konstruiranje, zanesljivost, gradnja, gospodarjenje, obnova. Beletrina, Ljubljana
Przulj, M. (2008). Integralni betonski mostovi. V: Zbornik 9. slovenski kongres o cestah in prometu. Portoroz, 22. — 24. Oktober 2008. Ljubljana, DruZba za raziskave v cestni in prometni stroki Slovenije: str. 53-72.

Paolo Franchin 5 April 2024 10
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10. INTEGRAL ABUTMENT BRIDGES
10.2 Basis of design (1/3)

« |[IWo seis of soll properiiesin general
« Often softer soil will lead to worst
condition in both piers,
abutments and foundations
*  Approach enbankment material
more controlled than natural soil
« Permission to consider:
« construction sequence
« thermal history

(1) The calculation of the effects of the seismic action should incorporate the effects of interaction
between soil and abutments.

(2) Action effects should be calculated using both upper and lower bound estimates of soil properties.

NOTE The requirement in (2) intends to arrive at results which are on the safe side both for the abutments and
for the piers.

(3) The calculation of the effects of the seismic action may incorporate the effects on the soil pressures
against the abutments of a) and b):

a) the construction sequence;

® ©

moment in steel girder
due to self weight of
structural steel

- e T

casting of edges

casting of super-
structure

moment in
composite section
due to self weight
(steel and concrete)

final moment
distribution in
composite section

Figure 6-5: Influence of casting sequence / time of restraint

Feldmann, M., J. Naumes, D. Pak, M. Veljkovic, J. Eriksen, O. Hechler, N. Popa, G. Seidl, and A. Braun. 2010. Design guide - Economic and Durable Design of Composite Bridges with Integral Abutments. CEN/TC 250/SC 10 N 0216.

Paolo Franchin
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(1) The calculation of the effects of the seismic action should incorporate the effects of interaction
10. INTEGRAL ABUTMENT BRIDGES  between soil and abutments.

(2) Action effects should be calculated using both upper and lower bound estimates of soil properties.

1 0 .2 BaSiS Of des i g n (2/3) NOTE The requirement in (2) intends to arrive at results which are on the safe side both for the abutments and
for the piers.
. | (3) The calculation of the effects of the seismic action may incorporate the effects on the soil pressures
[ ]
_II n genera against the abutments of a) and b):

« Often softer soil will lead to worst

- . . a) the construction sequence;
condition in both piers,

b) 'thermal cycling previous to the occurrence of an earthquake, if no special provisions are taken to

abutments and foundations prevent interaction and the material (soil or backfill) in contact with the abutments is coarse-
*  Approach enbankment material grained.
more controlled than natural soil NOTE1 Interaction between soil and structure occurs at the foundation and through earth pressures on the
° Permission 1o Consider: vertical abutment wall. The initial pressure distribution resulting from the construction sequence is important in
. determining the dynamic pressure distribution during the earthquake.
* consfruction sequence NOTE2 In coarse-grained soils and backfill, cyclic deformation induces particle realignment and progressive

compaction that cause stiffening. This phenomenon, known as ratcheting, is associated, e.g. with repeated thermal
cycling, and can lead to an increase in the initial at-rest pressures. Ratcheting is not present in fine-grained soils.

@ € Thermal pre-seismic | (b) T Seismic
E 300 : E 300
2 - Conventional | ]
3 1 £ 150 ' 1
E Stabilized E < : H
T 0 . : £ @ | :
E Compressive : - ' '
2 -150 inclusion ! g -150 ' : H
' E ' - ]
@ 1 @ ] 1
R : g -300 cycle 20 - Al cycle20- i 0 ——
» U SEEDRS SRS ® 0 35 7 105 14 expansion A expansion— | expansion—
X (m) X (m) ‘ .

Tsinidis, G., M. Papantou, and S. Mitoulis. 2019. “On the response of integral abutment bridges under a sequence of thermal loading and ground seismic shaking.” Earthquakes and Structures, 16 (1): 11-28. Techno-Press.

Paolo Franchin 5 April 2024 10
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(4) Seismic response should be calculated based on kinematic compatibility between the bridge
10. INTEGRAL ABUTMENT BRIDGES structure and the free-field seismic deformation of the soil and the embankment.

(5) Verification should be carried out considering, for each component of the seismic action, the most
10.2 Basis of desi gn (3 /3) g;;fea:tci):;able effects resulting from the application of the actions as defined in 10.3 in one or the opposite

(6) Integral abutment bridges and culverts may be considered to be embedded structures, if the

. Displacement-compatibility = abutments are embedded in stiff natural soil formations (FprEN 1998-1-1:2024, Table B.2) over at least
. . 80 9% of their lateral area.

displacement-dependent soil pressures

(7) Due to/difficulties in repair, damage to abutments in integral abutment bridges should be avoided.
ith the exception of (8), integral abutment bridges should be designed to DC1.

: evenin
r NOTE The ductility class for a bridge is unique.

8) If elastic response of abutments is ensured, integral abutment bridges may be designed to DC2 or
DC3 if the energy dissipation at piers’ plastic hinges rigidly connected to the deck is part of the design

- largerperormance s quasi-elastic (DC1) concept.

NOTE The displacement-based approach (10.3.3) is most suited to analyse integral abutment bridges where

* Not accessible for repair (not with
P ( non-linearity occurs both in the structure and in the soil. The force-based method is not suited (see 10.3.2(1), note

reasonable difficulty, especially for tall 1.
abutments)

* By extension, target performance for IABs
is the same

* Exception for piers framing into the deck,
if design wants to exploit their ductility
(e.g., Slovenian practice)->DBA most
suited

Paolo Franchin 5 April 2024 10
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (1/9)

» Target performance for the
abutments is substantially elastic
under the design seismic action

« DCl&gqg=qs=15

« Nofte: no Sa,red = Z—a put Sa - M},Ed,E and

!
M
_ “EdE
Meqz ===

10.3.1 General
(1) Structural members should be modelled as linear, accounting for cracking of concrete parts,
according to 5.1.1(4) to (6).

NOTE Design according to DC1 implies linear response.

(2) The seismic analysis of integral abutment bridges should comply with either a) or b):
a) force-based approach according to 10.3.2;

b) displacement-based approach according to 10.3.3.
10.3.2 Force-based approach

(1) A behaviour factor g = 1,5 should be used, according to Table 5.2. The behaviour factor should be
used to divide internal forces due to the seismic action, rather than the spectral acceleration acting on
structural masses.

NOTE1 Internal forces depend on pressures that, together with the foundation reaction, equilibrate the inertia

forces on the structural mass. Reduction of spectral acceleration on the structural mass by g would alter the overall
distribution of forces between foundation and abutment.

NOTE2  The value of q coincides with gs;, which accounts for the difference between expected and design
strength, not for reduction in spectral acceleration due to ductility.

. o 4= dx 9o
Type of Ductile Members Ty
DC2 DC3 DC2 DC3
Integral abutment bridges (see 10) 1,0 1,0 1,0 1,5 15

Paolo Franchin

5t April 2024 10
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10.3.2 Force-based approach

10. INTEGRAL ABUTMENT BRIDGES

(2) The actions in a) and b) should be taken into account in the longitudinal direction (Figure 10.2):

. . a) total (static plus seismic) earth pressures Eg acting on the abutments in the seismic design
10.3 MOdeIIIng and anaIVSIS (2/ 9) situation, calculated according to FprEN 1998-5:2024, 10.3.2, duly accounting for the effect of

friction between soil and abutment wall. The pressures Eq may be assumed to correspond to the

active limit on one abutment (away from which the structure’s mass is accelerated, denoted as

« Pressure distribution is not symmetric 'upstream') and intermediate between the at-rest and the passive limit on the other abutment
as for thermal expansion/contraction (towards which the structure's mass is accelerated, denoted as 'downstream’);

cycles

«  Mobilised passive stresses: distribution acc. to Vogt
pressures on the downstream side
(where the bridge leans against the
soil/enbankment), similarly to thermall
exapansion, are infermediate
between at rest and passive

» For thermal cycles they are self-
equilibrated stresses...

Soll behind abutment:

represented by a loading

- winter case: full active
earth pressure

- summer case; mobilised Cprosl(2) = Ky moe(2)Y'2Z

assive earth pressure v(z
s e Knm(z)=Ka+(Kp'Ko)'%

Feldmann, M., J. Naumes, D. Pak, M. Veljkovic, J. Eriksen, O. Hechler, N. Popa, G. Seidl, and A. Braun. 2010. Design guide - Economic and Durable Design of Composite Bridges with Integral Abutments. CEN/TC 250/SC 10 N 0216.
Paolo Franchin 5 April 2024 10
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (3/9)

«  Mobilised passive stresses:
Seismic case: different! external action!
PASSIVE  0p mob(2) = Kpgy - min(z; AH)
unfil AH = caH,,

increasing with intensity @ = ——a__
sBKpgYH

2
«  What doesn’t go to the abutment, goes
to the foundation
* Value of ¢ permitted not recommended,
can be reduced/increased depending on
foundation type (e.g., steel pipes)

1

08 € _‘?_,\),7:_;

TOAG
= o
04— .
Egoa Bridge-
02 Be g g - enbankment
| &Bfg SEEE i modes

0

0 5

10.3.2 Force-based approach

(2) The actions in a) and b) should be taken into account in the longitudinal direction (Figure 10.2):

a) total (static plus seismic) earth pressures Eg acting on the abutments in the seismic design
situation, calculated according to FprEN 1998-5:2024, 10.3.2, duly accounting for the effect of
friction between soil and abutment wall. The pressures Eq may be assumed to correspond to the
active limit on one abutment (away from which the structure’s mass is accelerated, denoted as
'upstream') and intermediate between the at-rest and the passive limit on the other abutment
(towards which the structure's mass is accelerated, denoted as 'downstream");

b) |inertia forces acting on the mass of the structure, evaluated as the product of structural masses
and the maximum response spectral acceleration corresponding to the constant acceleration
range of the elastic response spectrum S, as given in FprEN 1998-1-1:2024, 5.2.2.2.

BKAE)’Z H

rYTYYYYYYRYYY YR /MY

TTYTTYIYIYTYIYYYYYY ™YY

§

&

e BKpgyAH

NOTE2  Maximum internal forces occur when the structure moves towards the soil on the ‘downstream’ side.

NOTE3  The structure cannot oscillate with its natural vibration period as if it were not in contact with the
surrounding medium. On the other hand, determination of the predominant period of vibration for the structural
portion of the spil-embankment-structure system is not feasible within the context of the force-based approach.
This period is in general shorter than Tc. Plateau acceleration is thus conservatively employed as an approximation.

Marchi, A., and P. Franchin. 2023. “Equivalent static methods for seismic design of straight integral abutment bridges.” Earthg. Eng. Struct. Dyn. Wiley. https://doi.org/10.1002/eqe.4052.

Paolo Franchin
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10.3.2 Force-based approach

10. INTEGRAL ABUTMENT BRIDGES nvorte:

10.3 Modelling and analysis (4/9) ,
m\'“rz‘é »
+ Background to pressure distribution g :
g L
Validated NL dynamic model » Pressure distributions @ instant(s) of max internal forces
(see later) (A) (B) (D)
‘ ll)‘:: ’lizul-fmklm:-m » ‘"“‘n'u";,}{;:,VIHI.‘VIV’\ e - 10 Sa =0.46 : ::d |
Abutment J ’V:I & — high
] - A ~ Ss =6.13 )
1 L - - W, = 6
L. S B = :
- ” b) Interface eleanents (2 < 0, 3 by {l!)\\') 2

Pils = ] Flu)$
: 1 ) “~~.__. PR
Ly ' § rg v
' ' L I :.""’ h[li
r T
' '

I

1

a
1
4

i

BRpg bl

' 1 s
" Sk i+ i d >
¢) Soil-column elements u+ 4y (me ) -
- H
Soil Deposit - L
| 3¢ ,:_ -
1 sl 2 N
by @ \
- &
b = 22
J(0) = cu iilt, ) o R —_— 0 | o high \ L4
" ‘Bodrock or madel base + iy (high) 0 05 1 15 0 50 100 150 200 250
(i + tig) / Sa o (kPa)

Marchi, A., and P. Franchin. 2023. “Equivalent static methods for seismic design of straight integral abutment bridges.” Earthg. Eng. Struct. Dyn. Wiley. https://doi.org/10.1002/eqe.4052.

Maximum internal forces occur when the structure moves towards the soil on the 'downstream’ side.

10
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (5/9)

Parametric study (12+12+6 cases) B o —
Single span Three spans [Sr—
Soil ] gnil 2 Seil 3 Soil 1 Soil 2 Soil 3 ) <
- — — T T —— T BheodH "
= 1 =T [ Il I 1
] . . . - .
E— — NL dynamic vs Linear static: deck-abutment joint + piles head
gz [T 1 1 I [ I T I 80T . 45
o o M Phis o Ml (o} P
3 %70 o NA 7 £ 4011 o Na /
2 O AQ 7 = o AQ
— <9 . /o 2 35 .
I - 1 ‘ - I 1_1  m— T = 60 |——— median .7 e B median B
o) I I ’ l| | | < 7 q:, 30 O [O2e)
= 2 50r 2 SR as
il I — I i 325 9 7
% a0} = F43%
= [—1 I——] ) m T v * ¥ — g E 20 :
=2 e =] I I I I I :é 30 F E O o /%-/
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E 5 00f g te)
g £10
I i 1 I A‘ ] | — ! T T . | ::;H 10 - :::*
ok 1 M = l | °
- e | 0= — 0 —
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e T M; e (MNm) [NLDM, Reference] M, e (MNm) [NLDM, Reference]

Marchi, A., and P. Franchin. 2023. “Equivalent static methods for seismic design of straight integral abutment bridges.” Earthg. Eng. Struct. Dyn. Wiley. https://doi.org/10.1002/eqe.4052.
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (6/9)

« Static impedances = springs

* FprEN1998-5, 8.2.1:

* (2) Ground reaction may be represented
by springs for all degrees of freedom.

NOTE 1 In general, the springs are non-
linear and frequency-dependent.

* (4) For certain shallow foundation shapes
(circle, strip, rectangle), piles and ground
profiles (for example, homogeneous half-
space and soil layer on rock), values for
spring stiffnesses may be obtained from
available elasticity-based solutions.

* (5) A frequency-independent stiffness value
may be assigned to each spring, at the
fundamental mode period, accounting for
SSl'in the considered direction. If this period
is difficult to determine reliably, the static
stiffnesses may be used instead.

European
Commission

10.3.2 Force-based approach

|

(7) The model should account for the effect of the flexibility of the abutment and piers foundation.

(8) The effect of foundation flexibility may be accounted for through static foundation impedances
according to FprEN 1998-5:2024, Clause 8. Group effects may be taken equal to their static values.

NOTE
deep foundations.

D.5 Static lateral impedance of a single pile in a homogeneous layer

(1) The static impedance functions, defined in 8.2, 8.3 of an isolated flexible pile in a homogencous layer
(see Figure D.4) may be calculated using Formulae (D.19) to (D.21).

0.20

- ( F]‘
kHH = Esd‘ — E K 7y Ky King ﬂ’(mt (D.19)
| Eg ——= /
. 07s
s Ep | .
Ky = 0.15Egd” | — | (D.20)
| Eg )
£ 1050 :
K = Ky = 0‘2255"'-E EP (D.21)

s |
D.6 Static lateral impedance of a single pile in a linearly inhomogeneous layer

(1) The static impedance functions, defined in 8.2 and 8.3, of an isolated pile in an inhomogencous layer
(see Figure D.5) with a modulus increasing linearly with depth may be calculated using Formulas (D.22

to (D.24).
;035
: cun i)
Kyn = 0.6E5d X Ky Yy Ky Ky, ﬁ,’(uu (D.22)
\Eg | —tr iy —
3 0,80 /
- cprq3| Ep '
Ky = 0.15E50% | -2 (D.23)
\ Es )
. 080
K. =K. = -047Ed| CE
bops S e e | (D.24)
\Es )

FprEN 1998-5:2024, Annex D, gives guidance for calculating foundation impedances of both shallow and

Paolo Franchin
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— FprEN1997-3:2024 (CEN/TC250/SC7 N1753)

6.5.4 Transverse resistance of single piles

10. INTEGRAL ABUTMENT BRIDGES

(1) The transverse resistance of a single pile shall be determined by calculation or by testing.

(2) The transverse resistance of a single pile may be determined assuming rotation or translation of a
rigid body or bending failure and local yielding depending on the ground properties and the flexural
stiffness of the pile.

— EN1997-1:2004
7.7 Transversely loaded piles
7.7.1 General
(3) One of the following failure mechanisms should be considered:

10.3 Modelling and analysis (7/9)

« Static impedances = springs

. - must be designed with an _

— for short piles, rotation or translation as a rigid body;

Ned
AN Med — for long slender piles, bending failure of the pile, accompanied by local yielding and
Ved W~ Ved - 2500 KN Med=doKNm = Eoslesstsl presswres displacement of the soil near the top of the pile.
it ! ‘ 7.7.3 Transverse load resistance from ground test results and pile strength parameters
Ftt] (3) The calculation of the transverse resistance of a long slender pile may bé carried oulilising
- the theory of a beam loaded at the top and supported by a deformable medium characterised
. by a horizontal modulus of subgrade reaction.
2 Al m [ Az
S 3 ! 7 " 4 T m—
& b 20 : 1 |-2607.2
= P -1463.7 -1778.9
T “ - - 4|
i | -89856 - - p
A
! "“47;7_% 2000 ) =200 a 5001 1000 ‘
Shear Force [KN] Moment [KNm] Pressure [KN/m)] 10t -l y 10~ Y -
Piles that satisfy the geotechnical verifications e i R
(bearing capacity & seftlements under vertical Moment XNe) | Mot kN
. : 21 B RS v a
loads) may furn out to be too heavily reinforced

Hamasm Lepeer T30
14 18 |
"
4

Hpp= 20 l

Credits: Tomic, M. 2024

Paolo Franchin
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (8/9)

« Static impedances = springs

- CEVEREEIEEIoN: in general separate
model and even RSA (note that RSA not
considered for longitudinal direction)

«  Warning: some abutment types can
be very flexible, assuming them rigid
will decrease fransverse
deflections/internal actions

« Skew bridge = spatial model...
easier said than done, more easily
implemented with nonlinear analysis
methods (DBA)

10.3.2 Force-based approach

(7) The model should account for the effect of the flexibility of the abutment and piers foundation.
(8) The effect of foundation flexibility may be accounted for through static foundation impedances
according to FprEN 1998-5:2024, Clause 8. Group effects may be taken equal to their static values.

NOTE FprEN 1998-5:2024, Annex D, gives guidance for calculating foundation impedances of both shallow and
deep foundations.

(10) In the transverse direction, analysis may be carried out with any of the methods in 5.2, with due
consideration of the deck restraint at the abutments.

(11) For determining the soil-abutment stiffness at the deck-abutment connection, the abutment wall
may be considered rigid to the foundation level with flexibility contributed only by the foundation.

(9) If the bridge is skew (@ = 20°), response in the transverse direction should be obtained from the
same spatial model used for the longitudinal response. For smaller skew angles and straight bridges,
separate models may be used.

Figure 9-7: Sheet pile connection, type “INTAB" Figure 8-8: Sheet plle deformation

Feldmann, M., J. Naumes, D. Pak, M. Veljkovic, J. Eriksen, O. Hechler, N. Popa, G. Seidl, and A. Braun. 2010. Design guide - Economic and Durable Design of Composite Bridges with Integral Abutments. CEN/TC 250/SC 10 N 0216.
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10. INTEGRAL ABUTMENT BRIDGES
10.3 Modelling and analysis (9/9)

* DBA = nonlinear analysis

* NL-RHA: model should include everything
« Complete SSI, refer to EN1998-5

10.3.3 Displacement-based approach

(1) The displacement-based approach should be implemented by either a) or b):
a) non-linear static analysis;
b) response-history analysis.

(2) For the purpose of the displacement-based approach, the soil should be modelled as a discretised
inelastic continuum.

(4) Forresponse-history analysis, the model should include the entire soil-foundation-structure system.
The analysis model should allow for the transmission of seismic waves across the lateral and bottom
boundaries of the system, according to FprEN 1998-5:2024, 8.5(2).

NOTE 1 In (4), soil means the natural soil deposit beneath the structure, as well as the backfill material and soil,
natural or embankment, beside the abutments.

NOTE2  Informative Annex D also provides guidance on this aspect.

Marchi, A., D. Gallese, D. N. Gorini, P. Franchin, and L. Callisto. 2023. “On the seismic performance of straight integral abutment bridges: From advanced numerical modelling to a practice-oriented analysis method.” Earthg. Eng. Struct. Dyn., 52 (1): 164-182. Wiley.

Paolo Franchin
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10.3.3 Displacement-based approach

D. DBA for IABs (3) If(2)isnotapplied, mutually independent inelastic springs may be used to model the soil in contact
i i . with the abutment walls.
D.2 SCO pe & fleld Of appl |cat|0n NOTE Informative Annex D provides guidance on this aspect.

D.2 Scope and field of application

* No discretised inelastic continuum? (1) This Informative Annex provides indications on modelling of soil in contact with the abutment walls
Winkler qpprogch then through mutually independent inelastic springs and other aspects related to non-linear static and

« Relevant material in Informative Annex D response-history analysis for integral abutment bridges.

€ oF THe sRIDGE
= ATat
APPROACH SLAB  |«—nfa £
BRIDGE DECK
v—-—-——?_é-—n—
wINGwLL—_ ] | GIRDER
a— TRTEGRAL
ABUTHENT
wWA——F A
]
\i
I\

|
NORLINEAR % \
SPRINGS
(SOIL RESISTANCE) \Q\ ke~ FLEATBLE PILE

N

\

| [+-——DEFORHED FLEXIBLE PILE
J .
’,’ Well-established technique

’ “'% ¥ (at least from the '80s)

Greimann, L. F., P.-S. Yang, and A. M. Wolde-Tinsae. 1986. “Nonlinear analysis of integral abutment bridges.” Journal of Structural Engineering, 112: 2263-2280.
5% April 2024
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(1) If springs are used according to 10.3.3(3), they should describe a depth-dependent non-linear
pressure-deflection (o -6) relation between the active 0, and passive o, resistance limits (FprEN 1997-
D' DBA for IABS 1:2024, 9.5.4), in the seismic design situation, according to FprEN 1998-5:2024, Clause 10.

NOTE1  Mutually independent springs can be used to represent vertical or horizontal reaction of the soil. The

D.3 MOdel I | ng fO r N L analys IS former case is of interest when they model soil reaction along the horizontal contact surface of a shallow foundation.
In the context of integral abutment bridges, and more in general of retaining structures, springs represent soil

reaction along vertical contact surfaces. In the latter case, if the soil is granular, its stiffness and strength vary with
. depth, along with vertical stress.
« Common case, foundations:
horizontal distribution of costant Springs NOTE 2  FprEN 1998-5:2024, Annex F, F.3, gives guidance for calculating active and passive earth pressures in
the seismic design situation.

i Winkler spring k
inkler spring N . - ' :

z (2) The constitutive law of springs should be composed of at least four linear branches: one elastic, from
=E=== _— == the initial pressure oy to passive resistance o, one elastic from the initial pressure to the active resistance
- - - - <’ - <’ - . . . . .

b G S (57 T 7 o 5 SV TV 7 S y 04, and two horizontal branches at the active and passive resistance levels (Figure D.1a).

« Earth-retainin 9 structures ( and obu’rmen’rs)‘ (7) As anpapproximation; trilinear| springs with asingle elastic branch of stiffness k, may be used

. C L. . Figure D.2a).
vertical distribution of depth-dependent (Fig )
sprin gs (8) As an approximation, non-symmetric tension-compression springs may be used if the 'at-rest’
pressures are applied as a force distribution on the abutment back-walls (Figure D.2b).
Minimum four... ...but then again three... ...even tension-compression
A A
pn o o
_ _ (a) (b)
Winkler spring k.. (z)
0, — 00
kp
1 o
o. eph\
—] "1 )
> >
O3 — 0Op
Becci, B., and R. Nova. 1987. “Un metodo di calcolo automatico per il progetto di paratie.” Rivista Italiana di Geotecnica.
10
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D. DBA for IABs
D.3 Modelling for NL analysis

» At-rest pressure o, possibly increased
«10.2(3): ‘Calculation of the effects of the
seismic action may incorporate the effects of
the construction sequence and thermal cycling’

- Stiffnesses given in Annex D

« Strength from EN1998-5, Annex F
«D.3(1) NOTE 2: ‘FpreEN1998-5, Annex F,F.3 gives

guidance for calculating active and passive
earth pressures in the seismic design situation’

* 0y = Kppy(0y —u) + Kppqq — KppeCc +u
° Up - KPE]/(O-V - u,) + KPqu + KPECC +u
* in practice o, = Kagy0, aNd 0, = Kpg,, 0y

(3) Initial pressures may be assigned values different from 'at-rest' pressures, due to preloading,
according to 10.2(3).

(4) The secant stiffness for the active-side pressure may be calculated using Formula (D.1).

k,(z) = Es(2)Aco(z2) «— A, = contact area (D.1)
a La .
L, = gmin(Hab + D; 2H,,) tan G - %)4— H,, = abutment height (D.2)
(5) The secant stiffness for the passive-side pressure may be evaluated by Formula (D.3).
kp (Z) = w (D3)
P

where L, is the characteristic length, measuring the volume of soil involved in the deformation behind
the abutment, in passive conditions, which may be calculated using Formula (D.4).

Ly = 2min(D; Hy) tan (% +2) (D.4)

(6) The secant stiffness should be evaluated with soil properties compatible with its expected level of
deformation. In the absence of more accurate determinations, FprEN 1998-5:2024, Table 6.1, may be
used for the ratio of secant to initial soil stiffness.

NOTE The ratios of G/Go in FprEN 1998-5:2024, Table 6.1, apply also to E/Eo.

Becci, B., and R. Nova. 1987. “Un metodo di calcolo automatico per il progetto di paratie.” Rivista Italiana di Geotecnica.

Paolo Franchin
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(1) The non-linear static analysis should be carried out by imposing a) and b) (see Figure D.3):
D. DBA for IABS a) the free-field displacement profile at the soil-end of the springs on both abutments of the bridge;

b) equivalent lateral forces on the structure according to 10.3.2(2)b).

D.4 Nonlinear static analysis e e

» Lateral forces
« Concurrent displacement profile

1 I ‘ ] : (2) If the integral abutment bridge is above-ground and in contact with approach embankments, the

free-field displacements g should be taken equal to as given in Formula (D.5).

$ilYVYYY!"I

TYyYyYYy

é‘l‘f(z) = Sl)e(Temb)¢(z) (D.S]

4 i 3 £ -3 4 (3) If a more refined evaluation is not carried out, the embankment fundamental period in the bridge

First mode T= 0486 s Secondmode T=0.186s  Thirdmode T < 0.149's longitudinal direction may be evaluated by Formula (D.6), and a quarter-sine wave may be used as first-
Fundamental mode of the Second mode of the Fundamental mode of the mode Shape‘

deposit+embankment dapositsembankment embankment

Temp = 4Hepy ’Z::z (D.6)

(5) Iftheintegral abutment bridge is embedded, the free-field displacements should be taken as a linear
profile with maximum value given by Formula (D.7).
Hab (D.7)

PGV,
Vs H

Og(z=10) =

where PGV, is the design peak value of horizontal ground velocity, as given in FprEN 1998-1-1:2024,
5.2.2.4, for the limit state under consideration.

Franchin, P., and P. E. Pinto. 2013. “Performance-based seismic design of integral abutment bridges.” Bull. Earthquake Eng., 12 (2): 939-960. Springer.
Paolo Franchin 5 April 2024 10
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(1) The non-linear static analysis should be carried out by imposing a) and b) (see Figure D.3):

D. DBA for IABs a) the free-field displacement profile at the soil-end of the springs on both abutments of the bridge;

b) equivalent lateral forces on the structure according to 10.3.2(2)b).

»»»»»»»

D.4 Nonlinear static analysis

« Validation

Same NL dynamic model & parametric study
(12+12+6 cases) used for FBA
Moments @ deck-abutment joint + piles head

?VY"'$7‘7VYYY!|’I

L 7
__ Singls spim | Thea: apuns |
Soil 1 Sail 2 Soal 3 | Soil 1 Sodl 2 Soil 3
1 == m [—ﬁ I—r—‘—r—} —_—— 80r 45 T s
I ‘ . —_ O M /
H | % 70 v 40 O NA o
. L = 2 O AQ o 707
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i | T] q‘ﬁl 60 él- ————— median o s
= = | = 30 6.7
ﬁ M m T 1 —T T é 0 U:: 25 O/é/’/‘
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il g 30} z ? ¥
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Marchi, A., and P. Franchin. 2023. “Equivalent static methods for seismic design of straight integral abutment bridges.” Earthg. Eng. Struct. Dyn. Wiley. https://doi.org/10.1002/eqe.4052.
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D. DBA for IABs

D.5 NL response-history analysis

o Text

A

=

=3

(1) FprEN 1998-1-1:2024, 5.2.3.1, 6.6 and D.3 should be applied. Spectral compatibility should be
checked as for site-specific seismic soil amplification and geotechnical analyses (FprEN 1998-1-1:2024,

D.3(2)).
(2) 10.3.3(4) should be applied.

(3) If mutually independent non-linear springs are used, a) to ¢) should be applied:
a) for the soil-abutment interface, D.3 should be applied;

b) soil springs on the foundation members should comply with FprEN 1998-5:2024, 8.3(2);

c) the seismic action should be applied by exciting a one-dimensional soil column connected to the
soil-side of the above springs (Figure D.4), according to FprEN 1998-5:2024, 8.3(5). As an
alternative, if the soil is not included in the model, seismic action may be applied as displacement
time-series at the soil-side of Winkler springs, calculated by one-dimensional soil response
analysis according to FprEN 1998-5:2024, 8.3(4).

NOTE A one-dimensional soil column is a discrete shear-type (multi-degree of freedom mass-spring) model of
a soil deposit commonly used for one-dimensional site response analysis.

Marchi, A., D. Gallese, D. N. Gorini, P. Franchin, and L. Callisto. 2023. “On the seismic performance of straight integral abutment bridges: From advanced numerical modelling to a practice-oriented analysis method.” Earthg. Eng. Struct. Dyn., 52 (1): 164-182. Wiley.

Paolo Franchin
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Marchi, A., D. Gallese, D. N. Gorini, P. Franchin, and L. Callisto. 2023. “On the seismic performance of straight integral abutment bridges: From advanced numerical modelling to a practice-oriented analysis method.” Earthg. Eng. Struct. Dyn., 52 (1): 164-182. Wiley.
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D. DBA for IABs

D.5 NL response-history analysis
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+ Single three-dimensional model for
longitudinal and fransverse seismic action
analysis (mandatory for curved and/or B I T
skew bridges) B e e

«  Well-established, shown to be reliable for e
temperature and live (traffic) loads ot
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Deng, Y., B. M. Phares, L. Greimann, G. L. Shryack, and J. J. Hoffman. 2015. “Behavior of curved and skewed bridges with integral abutments.” J. Constr. Steel Res., 109: 115-136.
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9. CABLE-STAYED & EXTRADOSED BRIDGES

9.2 Basis of desig n (1) The calculation of the action effects in the seismic design situation should consider the influence of
the construction sequence on the effects of permanent actions.

Credits: Rellini Lerz, G. 2013
Paolo Franchin 5 April 2024 10
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9. CABLE-STAYED & EXTRADOSED BRIDGES

9.3 MOdelllng & analysis (1) Response-history analysis should be the preferred method of analysis for cable-stayed bridges. The
dynamic analysis should start from the deformed configuration of the bridge under the permanent

actions. «—— Effect of construction sequence (see 9.2)

o Sfrong statement: RHA recommended NOTE The seismic response of cable-stayed bridges can present significant material and/or geometric non-
linearities due to non-linear response of the cables, second-order effects in the deck and the pylons, and large

(only exception, permission for multimode  gispiacements.

equivalent RSA in low s.a.c.)
_ (2) Inlow seismic action class, multi-mode equivalent linear response spectrum analysis may be used

for cable-stayed bridges without antiseismic devices.

—3) The modelling of the bridge should reflect with sufficient accuracy the [coupling between the
transverse bending of the deck and its torsional response.

NOTE This coupling is governed by the distribution of mass and stiffness in the deck as well as the cable
arrangement.

—(4) Second-order effects should be taken into account in the calculation when they are relevant due to
slenderness of the deck and/or the pylons, according to 5.1.3.

—»(5) A global three-dimensional model should be used to capture the flexural-torsional coupling as well
as the geometric non-linearity of the cable elements, pylons and deck.

Paolo Franchin 5 April 2024 10
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9. CABLE-STAYED & EXTRADOSED BRIDGES

9.3 Modelling & analysis

» Further reason for NL-RHA: Damping is
non proportionall

Damping of cables easily < 5%

IENVIERSE often employed
(with damping >5%)

« Large forces trasnferred to
foundations — fadiafion damping
(at least impedances)

(6) The stay cable internal damping coefficient should be consistent with the calculated cable
displacement.

NOTE The total damping depends on the relative contribution of each member (pylons, cable-system and
deck), and their interaction, and can be significantly lower than 5 % of the critical damping.

(7) Energy dissipation of antiseismic devices located at the deck-pylon interface or at the cables should
be considered explicitly in the analysis by their non-linear response.

(8) Ifabutments' and piers' foundations are not included in the model, the model should account for the
effect of their flexibility through foundation impedances, according to FprEN 1998-5:2024, Clause 8.

NOTE FprEN 1998-5:2024, informative Annex D, gives guidance for calculating foundation impedances.

Paolo Franchin
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9. CABLE-STAYED & EXTRADOSED BRIDGES

9.4 Verifications

+ Performance requirement: except for
antiseismic devices, elastic!

« Avoid deck-pylon impact!

« AN

Rion-Antirion Main bridge deck damping @ Pylon with transverse viscous dampers, Greece

9.4.1 General

(1) In cable-stayed bridges, all the components except non-linear antiseismic devices should remain
within the elastic range in the seismic design situation.

(2) Inany horizontal direction, the displacement of the deck should be limited to avoid impact between
deck and pylon.

(3) Verification of displacement compatibility should take into account all potential aggravating effects

such as second-order effects, contribution of higher modes or spatial variability of seismic demand
(including active fault crossing).

(4) In multi-leg pylons, the additional axial load due to seismic response should be considered at each
individual leg.
9.4.2 Avoidance of brittle failure of specific non-ductile components

(1) Non-ductile structural components, such as fixed bearings, sockets and anchorages for cables and
stays, and other non-ductile connections, should be designed to resist capacity design effects. These
capacity design effects should be taken equal to the minimum of a) and b):

a) those obtained in the seismic design situation with ¢ = 1;

b) those obtained in the assumption that the relevant ductile members (e.g. the cables) have
developed their strength, multiplied by an overstrength factor yra > 1,3.

Paolo Franchin
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9. CABLE-STAYED & EXTRADOSED BRIDGES

9.5 Detailing

e Confinuous deck!

+ Devices @ deck-pylon inferface, for

horizontal deck restraint (cables
ineffective)

Rion-Antirion Main bridge deck damping @ Pylon with transverse viscous dampers, Greece

(1) In cable-stayed bridges, the deck should be continuous.

(2) [Antiseismic devices may be used at the/deck-pylon interface or at the/deck-abutment interface in
order to provide restraints and/or energy dissipation.

NOTE Other layouts are possible. For instance, special seismic cable damping devices can be used.

(3) 'Horizontal deck restraint in the transverse direction should be provided at the deck-pylon interface
and/or at the abutments.
NOTE1 In the transverse direction, the resistance is provided mainly by the deck-tower interface since the

cables provide little restraint to deck movements. In the longitudinal direction, the resistance is provided by both
the cable-pylon system and the deck-pylon interface, if any.

NOTE 2  The cables can be either connected to the pylon top (fan arrangement) or distributed over the heightin

a harp or semi-fan type of arrangement. Distributed type of arrangements provide a stiffer solution than a fan
arrangement.

(4) Vertical restraint of the deck at the deck-to-pylon interface may be used.

Paolo Franchin
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