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ABSTRACT 
Safety in seismic areas is an undeniable and important actual theme. 

As a consequence of the increase of seismic safety criteria and due to misconception design, 

the need to reinforce and to retrofit existing structures is now an important task.  

The principal purpose of this dissertation is to present, the different techniques for the seismic 

retrofitting of existing concrete bridges, as well as the new guidelines and design regulations in 

accordance with Eurocode 8.  

A summary is presented concerning, the new guiding principles and concepts presented in the 

European rules, the regulations for the simulation of the seismic action and the proceedings in 

seismic analysis. 

Subsequently, structural damage in existing concrete bridges, a number of different techniques 

for the seismic retrofitting of bridges and their applicability conditions are analysed.  

A case study of a bridge concerning seismic retrofitting systems is analysed. 

 

 

1. INTRODUCTION 

Safety in seismic areas is an undeniable and important actual theme. 

As a consequence of the increase of seismic safety criteria and due to misconception design, 

the need to reinforce and to retrofit existing structures is now an important task. One of the 

challenges in bridge engineering is to develop new and better methods of designing new 

bridges and to retrofit existing ones against destructive effects of earthquakes. The principal 

purpose of this paper is to present the different techniques for the seismic retrofitting of existing 

concrete bridges, as well as the new guidelines and design regulations in accordance with 

Eurocode 8 [1]. A summary is presented concerning, the new guiding principles and concepts 

presented in the European rules, the regulations for the simulation of the seismic action and the 

proceedings in seismic analysis. Subsequently, structural damage in existing concrete bridges, 

a number of different techniques for the seismic retrofitting of bridges and their applicability 

conditions are analysed.  

A case study of a bridge concerning seismic retrofitting systems is analysed. 

 

2. SEISMIC BEHAVIOUR 

Two types of (recommended) spectral shapes, depending on the characteristics of the most 

significant earthquake contributing to the local hazard: 
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• Type 1 - High and moderate seismicity region 

• Type 2 - Low seismicity regions[2]. 

 

2.1. Quantification of the seismic action 

For the horizontal components of the seismic action, the elastic response spectrum )(TSe  is 

defined by the following expressions [3]: 








 ×
×=⇒≤≤








×=⇒≤≤

×=⇒≤≤









−×+=⇒≤≤

2D

DC

CB

B

5.2)(0.4T T

5.2)(TT T

5.2)(TT T

)15.2(1)(TT 0

T
TT

SaTSs

T
T

SaTS

SaTS
T
TSaTS

DC
ge

C
ge

ge

B
ge

η

η

η

η

 (Eq.1) 

T  vibration period of a linear single-degree-of-freedom system 

ga  design ground acceleration 

BT , CT  limits of the constant spectral acceleration branch  

DT  value defining the beginning of the constant displacement response range of the 

spectrum 

S  soil factor 

η  damping correction factor, 55.0
5
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=
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η  

 Seismic zonation 

Competence of National Authorities, Seismic zonation is described by gRa  (reference peak 

ground acceleration on type A ground), corresponds to the reference return period TNCR and is 

modified by the Importance Factor  to become the design ground acceleration (on  type A  

ground) gRIg aa ×= γ . 

 

 

 

 

 

 

 

 

 

 
                                      (a)            (b)    

Figure 1 – National Zonation. Type 2(a) and Type 1(b) 
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 Soil classes 
Ground types A, B, C, D e E, described by the stratigraphic profiles and parameters, may be 

used to account for the influence of local ground conditions on the seismic action[1]. 

(A – Rock; B - Very dense sand or gravel or very stiff clay; C - Dense sand or gravel or stiff clay; 

D - Loose to medium cohesionless soil or soft to firm cohesive soil; E - Surface alluvium layer C 

or D, 5 to 20 m thick over a much stiffer material 2; special ground types S1 and S2 requiring 

special studies).  

 
Figure 2 – Recommended Type 1 (a) and Type 2 (b) elastic response spectra for ground types 
A to E (5% damping) 

 

The elastic displacement response spectrum is obtained by  direct transformation of the elastic 

acceleration spectrum using the following expression: 
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The values of the parameters above are competence of National Authorities, although EC8-1 

establish recommended values. A vertical elastic spectrum may only be considered in zones of 

high seismicity when the bridge is located within 5 km of an active seismotectonic fault. 

Seismic action may also be represented in terms of ground acceleration time-histories and 

related quantities (velocity and displacements). For structures with special characteristics, such 

as those for which the assumption of the same excitation at all support points cannot 

reasonably be made, spatial models of the seismic action shall be used. 
 

2.2. Basic requirements and compliance criteria EC8-2 

EC8-2 has the following basic requirements: 

 Non-collapse requirement  

A bridge should retain its structural integrity and adequate residual resistance after the 

occurrence of the design seismic action, although at some parts of the bridge considerable 

damage may occur. The bridge should be design in such manner as to ensure that, following 

the seismic event, the structure can sustain the actions from emergency traffic, and inspections 

and repair can be performed easily.  

For ordinary structures this requirement should be met for a reference seismic action with 10 % 

probability of exceedance in 50 years (recommended value) i.e. with 475 years Return Period. 
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 Minimisation of damage 

A seismic action with a high probability of occurrence may cause only minor damage to 

secondary elements and to those parts of the bridge intend to contribute to energy dissipation 

[2]. 

 

Two classes of intended seismic behaviour are foreseen for bridges [2]: 

 Ductile behaviour: corresponding to values of the behaviour factor 5,1≥q  

 Limited ductile behaviour: corresponding to values of 5,11 ≤< q  

 

The compliance criteria for bridges [6]: 

 Resistance verifications: In bridges of ductile behaviour, the regions of plastic hinges 

shall be verified to have adequate flexural strength to resist the design seismic action effects. In 

bridges of limited ductile behaviour, all sections should be verified to have adequate strength to 

resist the design seismic action effects. 

 Ductility verifications: Conformance to special detailing values is deemed to ensure the 

availability of adequate local and global ductility. 

 Control of displacements: The linear analysis and the resulting displacements are based 

on stiffness of the ductile members equal to their secant stiffness at the theoretical yield point at 

the cracking stage. 

The compliance criteria for non-linear analysis [6]: 

 Ductile members: The verification that deformation demands are safely lower than the 

capacities of the plastic hinges, is performed in terms of plastic hinge rotation demands by 

comparison to relevant design rotation capacities. 

 Non-ductile members: Verifications of non-ductile members is performed, in accordance 

with the relevant rules for linear analyses, assuming as design actions the maximum values of 

the responses of the ensemble of the analyses for the ground motions used. 

 

3. METHODS OF ANALYSIS 

The normal analysis is the linear analysis using a global force reduction factor (behaviour 

factor). Response spectrum analysis may be applied in all cases, while equivalent static 

analysis with various simplifications is permitted under certain conditions. 

A  non-linear dynamic time-history analysis is, in general, used in combination with a normal 

response spectrum analysis to provide insight into the post-elastic response and comparison 

between required and available local ductilities.  

A pushover analysis, which is a static non-linear analysis of the structure under constant vertical 

(gravity) loads and monotonically increased horizontal loads, representing the effect of an 

horizontal seismic component, should be used in the case of irregular bridges, alternatively to 

non-linear dynamic time-history analysis [2]. 

Seismic combination: ikIEDk QAG ,1,2Ψ+×+ γ  (Eq.3) 

kG  Permanent actions with their characteristic value 
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Iγ   importance factor of the bridge that relates the differentiation of target reliability  

Table 1. Importance class 

 

 

 

 

 

 

EDA  Design seismic action, IEKED AA γ×=  ( EKA - characteristic seismic action) 

ikQ ,1,2Ψ  Quasi-permanent value of actions of long-duration  and combination factor 

01,2 =Ψ  (normal traffic)  

 

 

4. SEISMIC BEHAVIOUR OF EXISTING BRIDGES 

During the past earthquakes, the observed behaviour of bridges has indicated several 

deficiencies in their design due to the fact that many of them were not designed in accordance 

with the recent seismic design procedures. All tend to be a direct consequence of the elastic 

design philosophy that was almost uniformly adopted for seismic design of bridges prior to 1970 

and still used in some countries [7]. 

The consequences of an elastic design approach were: 

 Span failures: A direct consequence of underestimated seismic displacements. The 

span failure is caused by unseating at movements joints, amplification of displacements due to 

soils effects and pounding of the bridge structure. 

 
Figure 3 – Span failure. Nishinomiya-ko bridge, Kobe 1995. 

 Abutment slumping: The slumping of abutments fill and rotation of abutments is related 

to response of soft soils where the earth pressure of abutments increase due to seismic 

acceleration which may generate high passive pressures. 

 Column failures: Failure of columns of bridges may result from specially two 

deficiencies. The first is flexural strength and ductility failures because low seismic lateral forces 

levels were typically used to characterize seismic action and because a linear interaction 

between the moment and the axial load was considered. Structures must have ductility. Low 

levels of ductility caused a rapid strength degradation, that could result in the inability to support 

gravity loads. Also observed was the premature anchorage of column reinforcement seeing that 

bar termination was based on the design moment envelope, without accounting for the effects 

Importance Class Description  Iγ  

 III Greater than average 30,1=Iγ  

II Average 30,185,0 << Iγ  

I Less than average   85,0=Iγ  
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of tension shift due to diagonal shear cracking. The second reason is column shear failures. As 

shear design was not considered essential, the columns had a premature anchorage of 

longitudinal reinforcement and inadequate confinement (Fig. 4). 

 
Figure 4 – Column failure. Hanshin Expressway, Kobe 1995. 

 Joint and cap beam failures: Transfer of members forces through connections result in 

horizontal and vertical joint shear forces that may be many times the shears in the connected 

members. 

 Footing failures: As consequence of an inadequate development of column longitudinal 

reinforcement. 

 Piles failures [8]: Due to the high inertia forces and moments inducing shear or flexural 

failure as driving force of piles was limited at the early days, radius and lengths of piles were 

generally insufficient based on the current design criteria [8][11]. 
 

5. RETROFITTING TECHNIQUES 
5.1. Global structural retrofitting 

 Base Isolation 

 The use of special devices that reduce the seismic forces can be effectively utilized in the 

structure. By decoupling the structure from seismic ground motions it is possible to reduce the 

earthquake-induced forces. The natural period of the structures increases with base isolation, 

by energy-dissipating devices. Those devices are, for instance: 

 The Fequency Pendulum System. FPSs are structural supports that use an innovative 

way to achieve a pendulum motion of the supported structure. By placing these concave 

spherical bearings at each support point, the structure sways with a gentle pendulum motion 

during earthquake ground shaking [3][4]. 

 The Lead Rubber Bearing. LRBs are Laminated Elastomeric Bearings with one or more 

lead cylinder / plug in the center. These lead plug facilitates very effective damping during 

extreme movements of these bearings [5]. 

 The high dumping rubber bearing. HDRBs consist of alternate layers of rubber and 

vulcanized reinforcing steel plates of limited thickness. They are characterised by high vertical 

stiffness, supporting elevated vertical loads [9]. 

 Tunned Mass Dampers 

 TMDs are devices mounted in structures to prevent discomfort, damage or outright structural 

failure by vibration [10]. 
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 Dampers 

 There is a variety of dampers, such as friction dampers, metallic dampers, visco-elastic 

dampers and viscous dampers. The dissipation of energy is concentrated on the damper so that 

the damage of the main structure is reduced and the functions of the structure can then be 

possibly preserved [5]. 

 

5.2. Structural elements retrofitting 
 Columns retrofit 

Reinforced concrete columns, which were designed in accordance with the practice which did 

not take account of the importance of plastic deformation and ductility capacity, are commonly 

deficient in flexural ductility, shear strength and flexural strength under strong seismic excitation. 

Columns retrofit techniques include steel jacketing, active confinement by wire prestressing, use 

of composite materials jacketing involving fiberglass, carbon fiber and other fibers, and jacketing 

with reinforced concrete. 
 Steel jacketing: The jacket is effective in passive confinement. A steel jacket enhances 

the shear and flexural strength and the ductility capacity of the column. 

The level of lateral confinement induced in the concrete by flexible restraint as the concrete 

attempts to expand laterally in the compression zone depends on the hoop strength and 

stiffness of the steel jacket. Steel jacketing is the most common retrofit technique implemented 

to date [11]. 

 Composite materials jacket: Composite-materials such as carbon-fiber-sheet (CFS) 

jackets and aramid fiber reinforced plastics jackets are used for seismic retrofit of reinforced 

concrete columns. Because composite materials are generally light and easy to handle, they 

are useful at the sites where construction space for steel jacketing is limited. Carbon fiber 

jacketing is used to laterally confine the concrete. Aramid fiber jacketing has benefits similar to 

carbon fiber jacketing. It is light and easy to wrap without heavy machines [11]. 

 Precast concrete jacket: Precast concrete jacket is specially used because construction 

is faster and for columns in rivers, lakes and seas where the conditions are not favourable to 

steel jacketing [11].  
 Retrofit of connexion regions 

A number of options are available, including joint force reduction, damage acceptance with 

subsequent repair, joint prestressing, jacketing, and joint replacement. 

 Retrofit of abutments 

It is not very common to retrofit abutments. One option would be the enhancement of the soil 

strength or the replacement of the back-fills with expanded polystyrene (EPS) blocks to reduce 

the dynamic earth pressure. 

 

5.3. Retrofit of foundations 
 Retrofit of foundations with micro piles 
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 Micro piles improve the shear and flexural capacities of the footings. They are fundamentally 

used for retrofit of foundations where only limited space is available and can be constructed 

without suspending the traffic of this bridge.   

 Retrofit using jet-grouting 

Jet-grouting is an injection technique for ground improvement where ultra high-pressure fluids 

or binders (highly viscous grout) are injected at a high pressure through a special device. These 

binders break up the soil structure completely and mix the soil particles in-situ to create a 

homogeneous mass, which in turn solidifies [11]. 

 

6. EXAMPLE 

A case study of a bridge [13] concerning seismic retrofitting systems is analysed to illustrate the 

above described. The Ponte dos Arcos over River Sado, near Grândola, dates from 1944 and 

was designed by Prof. Edgar Cardoso. The bridge has two 31,5 meters long spans and a 5 

meters column. 

 
 SECTION 

 

 

 

 

 

 

 

 
 

 DECK CROSS SECTION 

 
 
 
 
 
 
 
 
 
 

Figure 5 – General Dimensioning (dimensions in meters). 
 

The column is hinged at the top and the metallic support over both abutments allows relative 

horizontal movements (sliding bearings). The foundation of the column is composed by 24 

Ф0,50 meters piles connected to a class E soil [1]. 
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6.1. Assessment of the seismic resistance of the existing bridge 

A three dimensional frame model of the whole bridge (SAP2000) was performed using the 

elastic response spectrum to quantify the seismic action. The design seismic action was defined 

based on Eurocode 8 [1]: 

Seismic zonation: Earthquake Type 1: seismic zone 2 

   Earthquake Type 2: seismic zone 1 

Soil type E 

Importance class I 85,0=Iγ  (less than average) 

Behaviour factor   5,1=q  (limited ductile) 

Seismic combination ikIEDk QAG ,1,2Ψ+×+ γ , where 01,2 =Ψ  and IEKED AA γ×=  

kG    Characteristic value of the permanent actions 

 

 

 

For the fundamental Mode, in the longitudinal direction, the frequency was 0,675 Hz. 

 

 

 

 

 

 
Figure 6 – Vibration 1st Mode in the 3D Model. 

 

For the design seismic earthquake action the displacement of the deck and top of the pier 

obtained in the calculation is 75 mm, which shows the flexibility of the structure. 

The model showed that  the design acting forces in the central column and in the piles 

exceeded the section and soil strength capacity and that the displacements was too high. 

 
6.2. Conceptual Design for the seismic retrofitting 

The purpose was to control the forces between the deck and the column introducing high 

dumping rubber bearing (HDRB) and to retrofit the foundations using micro piles. 

 

6.3. Assessment of the seismic resistance after intervention 

Introduction of HDRB device 

Table 1 presents the forces in the central column before and after the introduction of HDRB 

devices at the foundation level [9]: 
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Table 2 . 

Existing Bridge Bridge with HDRB device 
 

Msd,3 [KNm] Msd,2 [KNm] Msd,3 [KNm] Msd,2 [KNm] 

E. Type 1 9582,7 2657,0 3208,1 911,5 

E. Type 2 2980,3 8557,9 61,1 4283,1 

 

The absolute displacement of the deck increased to 90,4 mm which was expected with base 

isolation. At the top of the pier, the absolute displacement is 33,4 mm.  

The forces results in the piles showed that the design acting forces were at the most 4 times 

bigger than the section strength capacity: 

2
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Comparing the acting forces to the soil strength capacity, the safety wasn’t satisfied either: 

KNNKNN Rdsd 8,6472,752 −=>−=   

The results showed that foundation retrofit is essential. 

 

 

Introduction of Micro piles 

To retrofit the foundation of the pier, 16 inclined micro piles were introduced (ROR95X10).  

After the foundation retrofit, the results showed that the strength capacity of the piles section 

was satisfied, 
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and that the soil strength capacity was verified in both cases of piles and micro piles: 

 KNNKNN Rdsd 8,6477,552 −=<−=  (piles) 

KNNKNN Rdsd 9,4492,274 −=<−=  (micro piles) 

 
7. CONCLUSIONS 

The structural deficiencies, in many of the existing bridges, have been observed from seismic 

behaviour in recent earthquakes. It is observed that bridges, designed, detailed and constructed 

with appropriate seismic considerations can withstand any severe earthquakes, although there 

may be some repairable damage. The bridges need retrofitting primarily, because of two 

reasons (i) because they were designed for smaller forces than those that can occur, and (ii) 

lacking in ductility in the absence of ductile detailing of reinforcement. Several bridges 

constructed prior to existence of modern seismic codes fail to meet the safety requirements 

[14]. EC8-1 and EC8-2 define the new guidelines and design regulations, as well as the 

regulations for the simulation of the seismic action and the proceedings in seismic analysis . 
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Seismic retrofitting is required for protection of such bridges for future occurring earthquakes. It 

is possible to retrofit many of the existing bridges against falling of spans and other distress by 

simple retrofitting measures, as showed in the example, where Ponte dos Arcos has been 

retrofitted using an isolation system and micro piles in the central column.  
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