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Abstract 

The national territory of the Republic of Croatia is in a very active seismic area, 
so earthquake influence on bridge structure is often relevant for the choice of 
span number, the type of bridge superstructure, piers disposition and their height 
and stiffness, the connection between piers and superstructure or piers and 
foundations, dimensioning of elements and reinforcement, detail solutions, 
material consumption, etc. Mechanical resistance and overall bridge stability 
must be provided by appropriate design aspects taking care of maximal function, 
economics and aesthetic performances. The results of the bridge seismic analysis 
according to the new Eurocode 8/2 code are greater seismic forces and higher 
seismic capacity of the structure compared to the results of the previous codes. 
Seismic isolation with elastomeric bearings, placed between bridge 
superstructure and bridge substructure, is used as a common way to reduce the 
seismic action to the structure and to prevent structural damage. The response of 
the seismically isolated bridges is in many cases more complicated than the 
response of the conventionally designed structures because some parameters 
which are usually neglected in the analysis of the traditionally designed 
structures should be taken into account. This paper presents comparative analysis 
of the results obtained by two different methods proposed in Eurocode 8/2, i.e. 
the fundamental mode method and the response spectrum method for several 
seismic isolated viaducts at the Adriatic highway. 
Keywords:  viaduct, seismic area, isolated bridge, elastomeric bearings, 
fundamental mode method, response spectrum method. 
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1 Introduction 

Structural conception of bridges is probably more strictly related to function, 
aesthetics and economics than in any other type of structures. Therefore, bridges 
give the impression of being simple structures whose seismic response could be 
easily predicted. Accordingly, seismic design of bridges in Croatia have received 
relatively little attention in the past, maybe because we have not been exposed to 
a single very strong event for a long time, or because of our inert behaviour.  

Seismic calculation of bridge structures in active seismic areas is a significant 
part of the overall calculations with the aim of proving the mechanical resistance 
and stability. Aseismic bridge design is of special importance because its 
serviceability during and after the earthquake depends on it. The territory of the 
Republic of Croatia is in a very active seismic area (Figure 1) so an earthquake 
influence on bridge structure is often relevant for the choice of bridge type 
structure, computation model, element dimensions, material consumption, detail 
solutions and for the overall bridge mechanical resistance and stability. 
 

 

Figure 1: Geological chart of the Republic of Croatia [1]. 

For the last half of the century we used very simplified, out-of-date and 
unharmonized regulations for the seismic calculation of bridge structures like 
“Rules on Temporary Technical Regulations for Construction of Structures in 
Seismic Ares” [2] dated 1964 and “Rules on Technical Standards for Design and 
Calculation of Engineering Structures in Seismic Areas” [3] dated 1990. 
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According to the mentioned regulations a greater reduction of inertial forces due 
to ground motion was permitted related to the modern European standards. 
Furthermore, verification of ductility was not requested although the ductility is 
a property which is important for dissipation of seismic energy. This approach 
raises a risk on bearing capacity and on serviceability of the bridge structure. 
Structural Eurocodes are based on the modern approach to the calculation of 
structures incorporating the idea of unification of the conditions for design and 
construction in European countries. The procedure of the seismic calculation of 
bridge structures according to Eurocode 8/2 is the result of modern theoretic and 
experimental analyses and construction experiences. The results of the bridge 
seismic analysis according to Eurocode 8/2 are greater seismic forces and higher 
seismic capacity of the structure compared to the results of the previous codes. 

2 Basic principles of the bridge seismic design according to 
Eurocode 8/2  

The calculation philosophy of the seismic resistant bridges according to the 
Eurocodes is based on the demand that, during the period of bridge exploitation 
after the occurrence of earthquake of the predicted intensity, the bridge must not 
collapse (ultimate limit state) and that the damage (serviceability limit state) 
must not influence the traffic. Eurocode 8/2 [4] gives recommendations for the 
seismic calculation of bridges with a description of basic principles and rules 
which follow the basic demands of the seismic calculations presented in 
Eurocode 8/1 [4]. These rules are destined for construction girder bridges 
supported by abutments and vertical or nearly vertical piers, arc and frame 
bridges, and are not recommended for suspension bridges, highly curved bridges, 
bridges with significant longitudinal grade and skew bridges. Eurocode 8/2 also 
incorporates some basic rules and principles for constructing special bridges and 
seismic protection of the bridges by the use of isolation devices for the purpose 
of reducing the seismic response.  

In designing the seismic resistant structures according to the European 
standards aimed to assure integrity and serviceability of the bridge structure 
during the earthquake with foreseen intensity, special attention should be 
focussed on aseismic shaping of bridges. Namely, seismic conditions, especially 
in the areas of higher seismic intensity, are often the decisive factor for choosing 
the type of structure, the load-bearing system, the connections between 
superstructure and substructure, dimensioning of elements and reinforcement, 
material consumption, detailing, etc. 

In seismic active areas the bridge superstructure should be designed as a 
continuous deck, i.e. as a statically highly indeterminate system. That means that 
the superstructure should have as few expansion joints as possible. As 
superstructure is leaned on substructure the stiffness of abutments and piers 
influence the seismic forces redistribution. The dispositions of the bridges with 
equal pier heights is more favourable because of a more even redistribution of 
the seismic forces on the supporting elements, i.e. the equalization of pier 
dimensions and the quantity of built in reinforcement and equable distribution of 
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stresses in the subsoil. Namely, the short very stiff piers as well as very high 
flexible piers should be avoided or expelled from the seismic forces acceptance 
system using flexible bearings. The first should be expelled due to the ability of 
accepting a greater part of the total seismic force, and the second due to the very 
high deformability. The ductile behaviour of bridge structure is ensured by the 
equalization of pier height and by making it possible to have a greater number of 
supporting elements to take part in the longitudinal and transverse bridge 
direction seismic forces acceptance with simultaneous opening of the plastic 
hinges in the majority of piers. The plastic hinges in piers (which are foreseen in 
the bottom parts) should be ensured according to the foreseen pier deformation 
by adequate reinforcement taking the damage into consideration which must not 
affect the traffic on the bridge. The eventuality of damage occurrence should be 
foreseen in easily accessible places due to the easy detection and repair. The 
opening of the plastic hinges in the bridge superstructure is not allowed. The 
plastic hinges will not open in the piers flexibly connected to the bridge 
superstructure and in the piers with the smaller stiffness compared with the other 
bridge piers. The bridge foundations should stay undamaged upon seismic 
actions. 

The behaviour of the bridge during an earthquake can be designed by the 
adequate disposition of the elastomeric bearings upon which the bridge 
superstructure is leaned on abutments and piers. The flexibility of the 
elastomeric bearings (increasing its height) causes the prolongation of the 
fundamental period of the bridge and the reduction of the seismic force. At the 
same time, displacements of the structure are increased which causes a need for 
placing bigger and more expensive expansion joints or increases the number of 
bridge dilatations. To reduce the displacements of the structure it is possible to 
direct the dissipation of the seismic energy to the abutments and piers with 
seismic dampers. Furthermore, for leaning the superstructure on the substructure 
over the movable bearings it is necessary to assure the satisfactory width of the 
superstructure overlapping in order to prevent the falling of the bridge 
superstructure during extreme movements. In that case, the structure should be 
additionally assured by designing seismic boundary stone on the piers, i.e. by 
appropriate design and reinforcement of the breast abutment wall. The 
combination of all the aforementioned points would be the most effective in high 
seismic areas. 

3 Design of seismic isolated bridges 

3.1 Basic principle of seismic isolation 

Seismic isolation is used as a common way to reduce the seismic action to the 
structure and to prevent the structural damage. Two systems can be used: 
isolators and dampers. Isolators are flexible devices which reduce the stiffness of 
the structure and the period of the structure becomes longer. Dampers reduce 
seismic load according to the principle of energy dissipation. Figure 2 shows the 
basic principle of seismic isolation [5].  
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Figure 2: Basic principle of seismic isolation [5]. 

Elastomeric bearings are frequently used as isolators to lengthen a natural 
period of bridges, especially viaducts. They are situated between the 
superstructure and columns. They have a great bearing capacity and stiffness in 
the vertical direction and less shear stiffness in the horizontal direction which 
implies the reduction of the total structural stiffness in the longitudinal and 
transversal direction, as well as reduction of the seismic load. An earthquake 
causes large horizontal displacements and deformation of the bearings. 
Therefore, the choice of the bearings has significant influence on the obtained 
results.  

3.2 Methods of analysis of seismically isolated viaducts 

Several methods can be used for the analysis of seismically isolated viaducts. 
The type of analysis can be linear or non-linear, while the dynamic model is 
single-degree of freedom or multi-degree of freedom. Eurocode 8/2 proposes the 
following methods for analysis of bridges: fundamental mode method, response 
spectrum method, alternative linear methods (power spectrum analysis, time 
series analysis) and non-linear time domain analysis. Some examples of the 
engineering modelling of seismically isolated viaducts with the discussion of the 
influencing parameters can be found in Ref. [6]. 

The corresponding dynamic equation in the analysis of seismic isolated 
viaducts includes mass, damping and stiffness matrix, time, acceleration, 
velocity, displacement and load vectors. The change of the damping matrix, the 
stiffness matrix and the load vector over time depends on the applied 
accelerogram. The change of stiffness matrix in isolated viaducts depends, not 
only on accelerogram, but also on the changing of elastomeric bearings stiffness. 
This change depends on the force in elastomeric bearings. The damping matrix 
in isolation systems also additionally changes due to the velocity in the bearings. 
The use of non-linear models in seismic analysis of isolated bridges is necessary 
to obtain relevant results especially for complex bridges with large spans, the 
stiffness changes, dilatations, etc.  

In spite of that, European codes have a tendency toward simplification of the 
analysis procedure. A linear method of analysis is more favourably received by 
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designers in relation to a non-linear dynamic analysis. The fundamental mode 
method and response spectrum method are preferred in engineering practice.  

The fundamental mode method gives equivalent static seismic forces which 
are derived from the inertia forces corresponding to the fundamental natural 
period of the structure in the direction under consideration. The method includes 
simplifications regarding the shape of the first mode and the estimation of the 
fundamental period. The method can be applied in all cases in which the 
dynamic behaviour of the structure can be sufficiently approximated by a single 
dynamic degree of freedom model. 

The response spectrum method can provide an acceptable approximation if 
the appropriate approximation of the elastomeric bearings is applied. However, 
the typical behaviour of elastomeric bearings is elastoplastic [5] so it is difficult 
to model their characteristics by a linear model. In addition, the modulus of 
elasticity is different in the vertical and horizontal directions, which should be 
considered in numerical modelling. The elasticity modulus can be expressed 
according to the literature [5, 7, 8]. 

The stiffness of bearings is a function of the shear modulus G. According to 
Eurocode 8/2 the shear modulus for normal laminated bearings is G=1.2 N/mm2 
for εS≤1.2 and G=1.6 N/mm2 for εS=2.0 where εS is the shear strain due to the 
total seismic displacement. The choice of shear modulus is not simple because 
whole seismic computation of the structure is performed for presumed 
magnitude. The verification of the shear modulus is performed during 
dimensioning of the bearings when the shear strains are computed. The 
difference in horizontal displacements of the structures for G=1.2 N/mm2 or 
G=1.6 N/mm2 can be 20%.  

In the application of the response spectrum method on isolated bridges it is 
necessary to apply several approximations in modelling of elastomeric bearings 
which can influence the results. 

4 Numerical examples 

Comparative analysis of the results obtained by the fundamental mode method 
and the response spectrum method for several viaducts at the Adriatic highway 
[9–12] will be presented. 

Viaducts consist of superstructure supported by abutments and piers. The 
reduction of the seismic action is performed with elastomeric bearings between 
superstructure and substructure. The behaviour factor of the structure is q=1.0 
and subsoil class is A. The elasticity modulus of the concrete is 31500 MPa. The 
cross sections of all piers are equal. The cross sectional area is A=2.64 m2 and 
the moments of inertia are Ix=2.8872 m4 and Iy=1.4512 m4. The weight of the 
structure consists of the deck weight, the weights of piers and 20% of variable 
load at the viaduct. The mass of piers is 6.73 kNs2/m. The total effective mass is 
less than or close to 1/5 of the mass of the deck. The theoretical eccentricity 
between the centre of stiffness of the supporting elements and the centre of mass 
of the deck does not exceed 5% of the length of the deck. The analyzed viaducts 
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are on the limit-line between the application of the fundamental mode method 
and the response spectrum method according to their characteristics. 

Longitudinal sections of the viaducts with design acceleration, characteristics 
of elastomeric bearings and the heights of piers are shown in Figure 3.  

 

a) Viaduct 1, ag = 0.1 g 

Heights of piers: 
h1=5.40 m, h2=13.16 m,  

h3=20.40 m, h4=10.09 m 

Elastomeric bearings: 
U1, U2: 2x 750/130mm  

  (tt=95 mm) 

S1, S4: 2x 750/90mm  

  (tt=65 mm) 

S2, S3 2x 750/50mm (tt=35 mm)

b) Viaduct 2, ag = 0.1 g 

Heights of piers: 
h1=6.29 m, h2=7.98 m,  

h3=9.74 m, h4=11.06 m,  

h5=9.45 m, h6=7.42 m 

Elastomeric bearings: 
U1, U2: 2x 750/150mm  

  (tt=110 mm) 

S1, S6: 2x 750/110mm  

  (tt=75 mm) 

S2, S5: 2x 750/90mm  

  (tt=60 mm) 

S3, S4: 2x 750/70mm (tt=45 mm)

30 30 30 30 30 30

180

c) Viaduct 3, ag = 0.1 g 

Heights of piers: 
h1=5.63 m, h2=7.82 m,  

h3=9.58 m, h4=10.40 m,  

h5=8.79 m 

Elastomeric bearings: 
U1, U2: 2x 750/150mm  

  (tt=110 mm) 

S1, S5: 2x 750/110mm  

  (tt=75 mm) 

S2, S3: 2x 750/90mm  

  (tt=60 mm) 

S3: 2x 750/70mm  (tt=45 mm)

30 30 30 30 30 30

180

d) Viaduct 4, ag = 0.1 g 

Heights of piers: 
h1=7.79 m, h2=12.94 m,  

h3=13.6 m, h4=13.25 m,  

h5=8.40 m 

Elastomeric bearings: 
U1, U2: 2x 750/150mm  

  (tt=110 mm) 

S1, S5: 2x 750/110mm  

  (tt=80 mm) 

S2, S3: 2x 750/90mm  

  (tt=65 mm) 

S2: 2x 750/70mm  (tt=50 mm)  

Figure 3: Main characteristics of the analyzed viaducts. 
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e) Viaduct 5, ag = 0.2 g 

Heights of piers: 
h1=8.31 m, h2=10.96 m,  

h3=10.07 m, h4=12.69 m 

Elastomeric bearings: 
U1, U2: 5x 500/159mm  

  (tt=115 mm) 

S1, S4: 10x 500/144mm  

  (tt=104 mm) 

S2, S3: 10x 500/99mm  

  (tt=71 mm)

f) Viaduct 6, ag = 0.29 g 

Heights of piers: 
h1=13.28 m, h2=16.77 m,

h3=14.48 m 

Elastomeric bearings: 
U1, U2: 5x 500/129mm  

  (tt=88 mm) 

S1, S3: 10x 500/114mm  

  (tt=77 mm) 

S2: 10x 500/84mm (tt=60 mm)

g) Viaduct 7, ag = 0.29 g 

Heights of piers: 
h1=19.11 m, h2=21.23 m,

h3=20.85 m, h4=10.44 m

Elastomeric bearings: 
U1, U2: 5x 500/159mm  

  (tt=110 mm) 

S1, S4: 10x 500/114mm  

  (tt=77 mm) 

S2, S3: 10x 500/99mm  

  (tt=71 mm)  

Figure 3: (continued). 

Table 1 shows the results in the longitudinal direction obtained by the 
fundamental mode method with the rigid deck model approach and response 
spectrum method. The fundamental mode is firstly computed for a rigid structure 
without elastomeric bearings, TS. After that, the period based on the stiffness of 
elastomeric bearings TEB is computed and finally the fundamental period of 

isolated viaducts is obtained with the expression 2
EB

2
SFP TTT += . For the 

computed period an ordinate of the design spectrum, 1k
C0g )TT(Sa)T(R ηβ= , 

and the equivalent seismic force,  FFP(T) = R(T) ⋅ M,  are calculated. The 
calculation of the stiffness of structure is based on the stiffness of piers Ks = Σ ki 
= 3EI Σ L / hi

3 where E is the modulus of elasticity, I is the moment of inertia, L 
is the span of the viaduct and hi is the height of each pier. The horizontal 
stiffness of elastomeric bearings is given by the expression kh = GA / tt, where G 
is the shear modulus, A is the area of the elastomers and tt  = Σ ti  is the total 
thickness of the elastomer layers. 
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The response spectrum method gives the first period TRS and the total seismic 
force FRS. 

Analysis of the viaducts by the response spectrum method shows that the first 
mode activates a considerable part of the total mass of the viaduct. The first 
mode activates more than 90% of the total mass in all viaducts, while the first 
transversal mode activates more than 85% of the mass. The influence of the other 
transversal modes on the total seismic transversal force, as well as horizontal 
forces in elastomeric bearings and piers is negligible. The difference of the total 
seismic horizontal force in the longitudinal direction obtained by the response 
spectrum method and fundamental mode method for analysed viaducts is less 
than 11%. Similar results are obtained in the transversal direction. If we take into 
consideration that the simulation of the elastoplastic behaviour of elastomeric 
bearings in the linear response spectrum method is not possible, the obtained 
differences in practical engineering can be tolerated.  

Table 1:  Comparative analysis by fundamental mode method (FP) and 
response spectrum method (RS). 

Viaduct TS (s) TEB (s) TFP (s) FFP (kN) TRS (s) FRS (kN) 
1 0.380 1.170 1.226 3080 1.330 2722 
2 0.394 1.370 1.426 6497 1.340 7132 
3 0.368 1.340 1.390 5625 1.350 6064 
4 0.553 1.464 1.565 5342 1.430 6076 
5 0.548 1.113 1.241 9560 1.140 8638 
6 0.909 0.929 1.300 9011 1.127 10320 
7 1.010 1.078 1.477 13055 1.437 13710 

 

5 Conclusion 

As the national territory of the Republic of Croatia is in a very active seismic 
area, earthquake influence on bridge structure is often relevant for the choice of 
span number, the type of bridge superstructure, piers disposition and their height 
and stiffness, the connection between piers and superstructure or piers and 
foundations, dimensioning of elements and reinforcement, detail solutions, 
material consumption, etc.  

So, in this paper we present comparative analysis of the results obtained by 
two different methods proposed in Eurocode 8/2, i.e. the fundamental mode 
method and the response spectrum method for several seismic isolated viaducts 
at the Adriatic highway. 

The performed analyses show: (i) obtained seismic forces by these two 
methods are almost the same; the difference is within 10%; (ii) the fundamental 
mode method gives the results of sufficient accuracy although the viaducts are at 
the limit which Eurocode 8/2 recommend for use of the fundamental mode 
method. 
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