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Abstract 

The present study aims to analyse seismic retrofitting techniques that increase the performance of existing structures. 

The study is based on the concepts and philosophies introduced in Eurocode 8-Part 3, concerning the assessment 

and retrofitting of reinforced concrete buildings.  

Initially, methodologies for structural assessment are presented. These methodologies aim to quantify the shear 

strength and the deformation capacity of existing reinforced concrete elements. To apply the methodologies 

discussed, an assessment is carried out to determine the capacity of columns and beams of two old structures, built 

in the 50's and 70's. 

Based on the results obtained in the assessment, retrofitting techniques are defined. Three local retrofitting techniques 

are considered, such as concrete jacketing, steel jacketing and CFRP jacketing. The different solutions are analysed 

and compared. 

In a final phase, a viaduct whose columns have insufficient ductility and shear strength is assessed and retrofitted. 

Keywords: Seismic, EC8-3, structure, assessment, retrofit, reinforced concrete 

 

 

1 Introduction 

Nowadays, earthquake engineering research and 

development has made possible to design structures for 

earthquake resistance, even of high intensity. Despite 

this significant development, until recently, the technical 

progress achieved was exclusively directed towards 

code-writing and design of new structures and, 

therefore, only applied to new projects as well. As the 

knowledge improved, the standards were changed 

and/or corrected, so that subsequent projects already 

considered such changes. However, no safety 

assessment of substandard buildings was performed. 

This process has led today to the existence of multiple 

examples of seismically deficient structures, which in 

the event of an earthquake, represent a much greater 

threat to human life when compared to new structures.  

Given the risk involved, the European regulations 

created a standard exclusively for the seismic 

assessment and retrofitting of existing concrete 

buildings, which was published in 2005. This standard 

is included in Part 3 of Eurocode 8 and will be an 

important document for the study. 

2 Seismic assessment of existing RC 

members 

2.1 Ductile members and mechanisms:  

combined bending and axial load 

The deformation capacity of beams, columns and walls 

can be defined in terms of the chord rotation , i.e., of 

the angle between the tangent to the axis at the yielding 

end and the chord connecting that end with the end of 

the shear span.  According to EC8-3, the value of the 



2 

total chord rotation capacity (elastic plus inelastic 

part), , of concrete members under cyclic loading 

may be calculated from one of the following 

expressions: 

= 0,016 ∙ (0,3 ) ∙
( , ; ´)

( , ; )

,
∙

9;
,

∙ 25 ∙ (1,25 )  

(2.1) 

=
1

+ − ∙ ∙ 1 −
0,5

 (2.2) 

where  is equal to 1,5 for primary seismic elements and 
to 1,0 for secondary seismic elements; = /  is the 
ratio moment/shear at the end section;  and ´ are the 
mechanical reinforcement ratio of the tension (including the 
web reinforcement) and compression longitudinal 
reinforcement;  and  are the concrete compressive 
strength (MPa) and the stirrup yield strength (MPa), 
respectively, directly obtained as mean values from in-situ 
tests, and from additional sources of information, 
appropriately divided by the confidence factors and =

/  is the ratio of transverse steel.  

For beams and columns, the chord rotation attained at 

yielding, , may be evaluated as:  

= + 0,0014 1 + 1,5 +
 

  (2.3) 

Where  is the curvature exhibited by the end section at 
yielding,  is equal to fy/Es,  and are the depths to the 
tension and compression reinforcement, respectively, and 

is the (mean) diameter of the tension reinforcement. 

2.2 Brittle members and mechanisms: shear 

For the evaluation of brittle mechanisms, a distinction 

should be made between sections of RC members that 

remain elastic and sections that may form plastic 

hinges. For the sections that do not yield (sections 

outside the potential plastic hinges), the shear strength 

may be calculated in accordance with equation (2.4). 

The values of , , ,  ,  should be calculated as 

indicated in EN1992-1-1.  

V = min max V , ; V , ; V ,  (2.4) 

V , =
A

s
∙ z ∙ f ∙ cot θ (2.5) 

After flexural yielding, the shear strength degrades in 

the plastic hinge with increasing cyclic inelastic 

deformations. This phenomenon is expressed 

quantitatively as a reduction of the shear resistance with 

the plastic part of the ductility demand, expressed in 

terms of the factor , = -1. For these cases, 

equation (2.6) may be used to estimate the shear 

strength in the plastic hinges:  

V = min(N; 0,55A f ) + 1 −

0,05min 5; μ ∙ (V + V )   

(2.6) 

Where = 1.15 for primary seismic elements and 1.0 for 
secondary seismic elements.  

Terms  and  in equation (2.6) represent the 

contributions of the concrete compression zone and the 

web reinforcement to the shear strength. V  is 

determined as in equation (2.5), but considering a 45º 

angle shear truss, and V  is taken equal to: 

V = 0,16 ∙ max (0,5; 100ρ ) ∙ 1 − 0,16 ∙

min 5; ∙ f  ∙ A   
(2.7) 

2.3 Seismic assessment of the RC members 

This chapter is mainly devoted to the seismic 

assessment of reinforced concrete members with poor 

detailing belonging to old buildings. For this purpose, the 

maximum deformation capacity and the shear 

resistance of the elements illustrated in Figure 2.1 will 

be calculated, in accordance with Part 3 of Eurocode 8. 

The members analysed belong to buildings which were 

built in 1950 (Beam A and Column A) and 1975 (Beam 

B and Column B) and were designed and detailed 

according to the codes RBA and REBA.  

Column A Column B 

 
 

Beam A Beam B 

  

Figure 2.1 Reinforced concrete members analysed. 
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The mentioned codes did not have any provisions for 

seismic resistance. The mechanical proprieties of the 

concrete members are shown in Table 2.1. 

Table 2.1 Mechanical proprieties of the RC members.  

 
Column A  
Beam A 

Column B 
Beam B 

C
o

n
cr

e
te

 Class C20/25 C25/30 
fck (MPa) 20 25 
εcu (%) 0,35 0,35 

Ecm (GPa) 30 31 

R
e

b
a

r 

Class A235 A400 
fyk (MPa) 235 400 
εsuk (%) 7,50 5,00 
Es (GPa) 200 200 

 
2.3.1 Rotation capacity  

The value of the chord rotation at yielding, θ , of the 

members illustrated in Figure 2.1 was obtained from 

equation (2.3). The ultimate curvature of the members 

was determined from SAP2000, which has tools for the 

analysis of sections, assuming that they remain plane, 

even in a near collapse situation (Bernoulli hypothesis). 

Alternatively, the value of  (and, therefore, ) can 

also be calculated based on the rectangular diagram 

method. Although simplified, this procedure ensures 

good results as well. The results obtained for the 

rotation capacity are presented in 2.4.  

2.3.2 Shear strength  

Based on the small amount of transverse steel of the 

elements, it is reasonable to say, even before any 

calculations, that their shear strength is limited. Despite 

this, it is important to verify whether the shear strength 

is exhausted before or after the flexural yielding of the 

members, as presented at Table 2.2. The shear force 

demand, , was estimated from capacity design 

principles indicated in EC8-3 and the shear strength, 

, was obtained from EC2-1.  

Table 2.2 Shear safety verifications.  

 
Column 

 A 
Column  

B 
Beam 

 A 
Beam  

B 

 ( ) 110,1 311,9 72,4 80,1 

 
(eq. (2.4))  

89,0 152,0 81,3 81,1 

 
As can be seen in Table 2.2, the two columns fail in 

shear before flexural yielding is attained. On the other 

hand, both beams can form plastic hinges, so it is 

expected a much more ductile type of failure for these 

two elements.  

2.4 Assessment results 

The results obtained for the total rotation capacity of the 

elements, ,  are presented in Figure 2.2.  

 
Figure 2.2 Evaluation of the maximum rotation capacity.  

 

From this figure, it is possible to verify that the value of 

  is significantly lower for the columns than for the 

beams. It can also be seen that the plastic part of the 

rotation of the vertical elements is practically non-

existent when compared with the elastic part. This fact 

demonstrates the low ductility of these two elements.  

Based on the results shown in Figure 2.2 and Table 2.2, 

it was concluded that some members should be 

retrofitted in order to increase their shear strength and 

ductility. According to [1], unless very specific and 

substantial deficiencies are identified in some beams, 

upgrading of existing members may be limited to vertical 

elements. Due to the integral connection of the beams 

with the slabs, upgrading a beam is technically more 

difficult than upgrading a column or a wall. Besides, 

experience from past earthquakes shows that damage 

in beams is far less common than in columns and its 

impact on global stability minor. Moreover, the design of 

beams for gravity loads normally provides sufficient 

reinforcement at the supports and substantial shear 

reinforcement in the form of stirrups.  

For reasons mentioned, seismic retrofitting will only be 

applied on the columns.  

3 Seismic retrofit of concrete members 

3.1 Concrete jacketing  

For evaluating the strength and deformation capacity of 

concrete jacketed elements, some approximate 

simplifying assumptions should be made. Figure 3.1 

shows on the left side a scheme of the cross sections of 

the elements after being retrofitted and on the right side 

the monolithic elements to be considered for the 

0,60% 0,73% 0,38% 0,62%
0,27% 0,23%

3,22% 2,93%

0,00%
0,50%
1,00%
1,50%
2,00%
2,50%
3,00%
3,50%
4,00%

Column A Column B Column B Beam A

θ
(%

)

ULTIMATE CHORD ROTATION CAPACITY

Elastic Part Plastic Part
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calculation of the total deformation capacity and shear 

strength, respectively. 

 

 
Figure 3.1 Models for the calculation of the rotation 

capacity (above) and shear strength (below) of concrete 
jacketed members. 

3.1.1 Deformation capacity of concrete jacketed 

RC members 

The ultimate chord rotation of members strengthened 

with concrete jackets may be estimated from equation 

(2.1), with the exponent of the term due to confinement 

(i.e. the power of 25 before the last term) increased by 

. For the calculations, it should also be 

considered the geometric proprieties of the monolithic 

element illustrated in Figure 3.1. The materials used for 

the retrofit were concrete C30/37 and rebar A500.  

3.1.2 Shear strength of concrete jacketed RC 

members 

For the calculation of the shear resistance, EC8-3 

assumes that the jacketed element behaves 

monolithically, with full composite action between old 

and new concrete and that the concrete properties of 

the jacket are applied over the full section of the element 

(see Figure 3.1). For all sections that remain in linear 

regime, the shear strength should be obtained from 

equation (2.5), in accordance with EC2-1, but 

considering only the reinforcement of the added steel.  

For the plastic hinges, cyclic shear resistance should be 

determined in accordance with (2.6), also only 

considering the reinforcement of the added steel.  

3.1.3 Retrofitting of column A and column B with 

concrete jackets  

Figure 3.2 shows the geometry of columns A and B after 

being retrofitted. It was established that the two 

elements should be able to accommodate a 2,5% 

rotation after the intervention. For this end, it was 

necessary to consider the steel ratios indicated in  Table 

3.1. The results will be analysed in 3.4.  

Table 3.1 Geometric proprieties of the columns after 
concrete jacketing.  

 
Potential plastic hinges 

Outside plastic 
hinges 

Detailing 
ρ  
(%) 

Detailing 
ρ  
(%) 

Column 
A 

ϕ10//0,075  
4 legged stirrups 

1,05 
ϕ10//0,075  

4 legged 
stirrups 

0,13 

Column 
B 

ϕ12//0,100  
4 legged stirrups 

1,29 
ϕ12//0,100  

4 legged 
stirrups 

0,26 

3.2 FRP jacketing  

3.2.1 Deformation capacity of FRP-confined RC 

members 

The ultimate chord rotation of members strengthened 

with FRP confinement may also be estimated from 

equation (2.1), with the exponent of the term due to 

confinement (i.e. the power of 25 before the last term) 

increased by , . In this expression, the FRP ratio, 

 
Column A  

outside the plastic hinges 
Column B  

outside the plastic hinges 
Column A  

in the plastic hinges 
Column B  

in the plastic hinges 

  
Figure 3.2 Geometry of the columns A and B after being retrofitted with concrete jackets.  
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, is equal to 2 / , ,  is an effective stress given by 

expression (3.1)  and  corresponds to the confinement 

effectiveness factor calculated in accordance with 

equation (3.2) and Figure 3.3. 

, = , , , ∙ 1 − 0,7 , , , ∙  (3.1) 

where ,  and  are the strength and Elastic modulus of 

the FRP and ,  a limit strain, equal to 0,015 for CFRP 

(carbon-fibre-reinforced polymer) or AFRP (aramid-fibre 
reinforced polymer) and to 0,02 for GFRP (Glass-fibre-
reinforced polymer). 

= 1 −
1
3

( − 2 ) + (ℎ − 2 )

 ℎ
 (3.2) 

 is the radius of the rounded corner of the section. 

 
Figure 3.3 Effectively confined area in an FRP-wrapped 

section. 

3.2.2 Shear strength of FRP-confined RC 

members 

The expressions for shear strength design differ 

depending on whether the sections of the member 

analysed remain in the elastic regime or, by contrast, 

can form plastic hinges. For sections that remain elastic, 

the total shear capacity is evaluated as the sum of one 

contribution from the existing concrete member, 

evaluated in accordance with (2.5) and another 

contribution, , , from the FRP. The FRP contribution 

to shear capacity depends on the type of wrapping 

considered. For full wrapping, the value of ,  may be 

evaluated as shown in equation (3.4).  

, = 0,9 ∙ , ∙ 2 ∙ ∙ ∙ (cot( ) + cot( ))

∙ sin( ) 

(3.3) 

Where ,  is the design FRP effective debonding 
strength, which depends on the strengthening 
configuration;  is the thickness of the FRP sheet (on a 
single side);  is the strut inclination angle;  is the angle 
between the strong fibre direction in the FRP sheet and the 
axis of the member;  is the width of the FRP sheet and 

 is the spacing of FRP (=  for sheets).  

In members with their plastic hinge region fully wrapped 

in an FRP jacket over a length at least equal to the 

member depth h, the cyclic shear resistance, , may be 

calculated in accordance with expression (2.6), adding 

to  the contribution of the FRP jacket, which may be 

taken as: 

, = 0,5 ∙ ∙ ∙ ∙ ,  (3.4) 

Where ,  is the design value of the FRP ultimate 
strength, equal to the FRP strength, ,  , divided by the 
partial factor of the  FRP. NOTE: the value ascribed to  
for use in a country can be found in its National Annex. The 
recommended value is  = 1,5. 

3.2.3 Retrofitting of column A and column B with 

FRP jackets  

Finally, Figure 3.4 presents the two columns after being 

retrofitted. As can be seen, it was necessary to round 

the section edges in order to avoid stress concentrations 

that may lead to premature FRP rupture and to extend 

the confining action of the FRP at the corner to a larger 

concrete volume. The proprieties of the CFRP sheets 

are presented in Table 3.3. 

Column A FRP jacketing Column B FRP jacketing 

 
 

Figure 3.4 Geometry of the columns A and B after being 
retrofitted with CFRP jackets. 

Table 3.2 Number of CFRP layers applied in the columns. 

 

Potential plastic  
hinges 

Outside plastic hinges 

Detailing 
ρ  
(%) 

Detailing 
ρ  
(%) 

Column A 2 layers of CFRP 1,05 1 layers of CFRP 0,13 

Column B 3 layers of CFRP 1,29 1 layers of CFRP 0,26 

Table 3.3 Mechanical proprieties of the CFRP sheets.  

  
(mm) 

,  
 (%) 

 
(%) 

 
 (GPa) 

,  
 (MPa) 

,  
 ( ) 

,  
( ) 

0,117 1,55 0,93 240 3800 
3144* 
2938** 

1116* 
1152** 

* Column A; ** Column B  

3.3 Steel jacketing  

3.3.1 Rotation capacity of steel jacketed members  

As performed for the concrete and CFRP, the ultimate 

chord rotation of members strengthened with steel 
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plates can be calculated from equation (2.1), again with 

the exponent of the term due to confinement increased, 

in this case, by . The steel jackets around 

rectangular columns were built up of four corner angles 

to which thicker discrete horizontal steel straps were 

welded (see Figure 3.5).   

3.3.2 Shear strength of steel jacketed RC 

members 

For the design of the shear strength of steel jacketed 

members, equation (3.5) should be considered.  

= 0,5 ∙ ℎ ∙
2

∙ , ∙ (cot + cot ) ∙ sin  (3.5) 

Where  is the thickness of the steel straps;  is the width 
of the steel straps and ,  is the design yield strength of 
the steel of the jacket, equal to its nominal strength divided 
by the partial factor for structural steel in accordance with 
EN1998-1, 6.1.3(1) P.  

For sections that stay in elastic regime, the value 

obtained from equation (3.5) should be added to , , in 

order to calculate the total shear strength. On the other 

hand, for the plastic hinges, equation (3.5) should be 

added instead to the contribution of V  in equation (2.6).  

3.3.3 Retrofitting of column A and column B with 

steel jackets  

Figure 3.5 and Table 2.1 show the geometric proprieties 

of the retrofitted columns.  

Column A Steel jacketing Column B Steel jacketing 

 

 

Figure 3.5 Geometry of the columns A and B after being 
retrofitted with steel jackets. 

The amount of steel used in the sections corresponding 

to the potential plastic hinges allows a 2,5% rotation of 

the chord of the members. It was considered a steel 

S235 for the retrofit. The results will be discussed in 3.4. 

 

Table 3.4 Geometric proprieties of the columns after 
concrete jacketing. 

 

Potential plastic 
hinges 

Outside plastic 
 hinges 

t  
(mm) 

s 
(mm) 

b 
(mm) 

t  
(mm) 

s 
(mm) 

b 
(mm) 

Column A 7,0 100 50 6,0 300 50 

Column B 7,0 100 50 7,0 300 50 

3.4 Results analysis 

As shown in Table 3.5, all the techniques were effective 

on increasing the deformation capacity of the columns.  

Table 3.5 Rotation capacity of the columns after jacketing.  

 
Chord rotation capacity θum (%) 

Concrete CFRP Steel plates 

Column A 2,57% 2,51% 2,51% 

Column B 2,65% 2,66% 2,51% 

Although it is possible to achieve approximately the 

same rotation capacity with all the techniques, in order 

to reach the values presented in Table 3.5, different 

ratios of materials were required. Figure 3.6 shows the 

ratios of reinforcement applied in the plastic hinges 

sections. As can be seen, CFRP led to the lower values 

of  and steel plates to the highest. The need for 

different amounts of reinforcement material is related to 

the maximum strength of the material used, which 

assumes different values for the 3 cases considered.  

 
Figure 3.6 Ratio of reinforcement applied in the potential 

plastic hinges of the columns  

From the results obtained, it was concluded that CFRP 

jacketing was the most effective technique for the 

increase of ductility. It is important to note that the 

results achieved for this technique could still be 

improved if larger radius were considered for the 

corners of the column sections. The effectiveness of this 

type of retrofitting technique in relation to the others 

considered is more evident when the radius of the 

0,03% 0,06%

1,05%
1,29%

1,75%
2,00%

0,12% 0,20%

0,00%

1,00%

2,00%

3,00%

Column A Column B

ρ(
%

)

INCREASE OF THE DEFORMATION CAPACITY
RATIO OF TRANSVERSE REINFORCEMENT 

APPLIED 
Original Concrete jacketing
Steel jacketing CFRP jacketing
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rounded corner is increased, being maximum in the 

case of circular sections. 

Table 3.6 shows the values of the transverse forces 

obtained from capacity design and the values of the 

shear strength of the columns after being retrofitted. The 

three techniques proved to be effective in increasing the 

shear strength of the vertical elements, and it was 

possible to verify the safety for all the situations 

analysed.  

Table 3.6 Shear strength of the columns after retrofitting. 

 
VEd 

[kN] 
VRd [kN] 

Concrete CFRP Steel plates 

Column A 150,9 177,4 169,2 177,2 

Column B 393,9 426,8 414,2 401,6 

However, there are some differences between the ratios 

of transverse reinforcement applied. As can be seen in 

Figure 3.7, steel jacketing led once more to the highest 

values in terms of the amount of reinforcement needed 

to verify safety, standing out from the other two 

techniques analysed.  

 
Figure 3.7 Ratio of reinforcement applied in the sections 

outside the potential plastic hinges of the columns. 

It was found that the required ratio of reinforcement was 

a consequence of the tensile strength of the applied 

material, so it is natural that the steel jacketing 

corresponds to the higher areas of reinforcement 

required, since it has the lowest strength. CFRP 

jacketing proved to be the best technique in terms of the 

amount of reinforcement needed to achieve the same 

strength. The reason for this is again due to the strength 

of the material. 

4 Seismic assessment and retrofit of a 

viaduct 

This chapter refers to the assessment, analysis and 

seismic strengthening of an existing viaduct.   

4.1 Description of the viaduct   

The viaduct analysed is located in Faro and has an 

overall length of 287 meters, with spans from 19 meters 

to 44 meters. Figure 4.1 shows a scheme of the 

structure (the vertical scale was increased 3 times 

relatively the horizontal one). The viaduct has a 

continuous beam longitudinal structural system. The 

connection between the bridge deck and the two 

abutments is made though supports that allow 

longitudinal displacements. Most of the piers have 

pinned bearings on the top. Piers P1, P2 and P10 are the 

exception, which also allow longitudinal displacements. 

In the transverse direction, all the piers are pinned-

connected to the bridge deck.   

The viaduct in study has a total of 30 piers, one under 

each rib. The geometry and detailing of the piers are 

illustrated in Figure 4.2. As can be seen, there are only 

two types of cross-sections: piers P7,j and P8,j  are type 

2, and all the rest are type 1 (nomenclature according 

with Figure 4.1). The materials used in the viaduct were 

concrete C30/37 and steel A500 NR. In order to know 

the safety factors to be applied to the concrete and steel 

properties, it was considered that the inspection and the 

number of in-situ tests completed led to a level of 

knowledge of the structure (KL) of 2, which is associated 

to a confidence factor of 1,2. 

 
Figure 4.1 Scheme of the viaduct.   
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According to the philosophy of EC8-3, the adopted 

design values for the concrete and steel strength 

depend on the type of mechanism under evaluation. 

Table 4.1 shows all possible cases for the concrete and 

steel. 

Pier type 1 Pier type 2 

  
Figure 4.2 Geometry of piers of the viaduct.  

Table 4.1Design values for concrete and steel proprieties. 

 
Concrete fc 

(MPa) 
Rebar fy 
(MPa) 

Confidence factor (CF) 1,2 1,2 
Ductile mechanisms  31,7 479 
Brittle mechanisms 21,1 417 

Forces that transmit action to 
brittle mechanisms 

45,6 690 

4.2 Seismic analysis and assessment 

Structural modelling and analysis was performed using 

the finite element program SAP2000. The deck and the 

piers were modelled with frame elements, according to 

their geometry and cross-sections. For the frame 

elements corresponding to columns some 

displacements were released at the top, according to 

the longitudinal structural system defined before. The 

foundations of the piers were modelled with springs that 

have rotation stiffness in both flexion axes, maintaining 

the remaining degrees of freedom restrained. For the 

modelling of the abutments, it was also necessary to use 

springs, in order to consider the stiffness of these 

elements concerning transverse displacements. In 

Figure 4.3 the analytical model used for the seismic 

assessment is presented.  

 

Figure 4.3 Analytical model of the viaduct. 

4.2.1 Estimation of the effective stiffness 

To evaluate the response of a structure to a seismic 

action, it is first necessary to know the stiffness to be 

considered for the analysis. In linear analyses, EC8-1 

adopts a simplified approach for the calculation of the 

stiffness, admitting it equal to 50% of its initial value (i.e., 

= 0,5 ). In general, the rigidity obtained in this 

way corresponds to an estimate by excess of the actual 

value exhibited by the structural elements. Taking into 

account that the EC8-1 adopts a forced-based design, 

a higher value for the stiffness is associated with a 

greater spectral acceleration which, in turn, leads to a 

conservative estimate for the basal shear forces. 

On the other hand, in displacement-based seismic 

assessments, safety verifications are performed 

considering the maximum deformation capacity of the 

elements, so adopting simplified values or expressions 

that overestimate the stiffness leads, in this case, to 

results against safety. For this reason, EC8-3, following 

a displacement-based type of design, indicates that the 

stiffness of the elements should be estimated from 

equation (4.1), instead of the usual 0.5EI adopted in the 

EC8-1 (EI corresponds to the gross section of the 

uncracked pier) 

 =
3

 (4.1) 

Where  is the yield moment and  is calculate as in 
equation (2.3).  

The effective stiffness obtained from equation (4.1) was 

equal to 0,33 , for piers P1, P2, P3, P4, P5, P6, P9, P10, 

and equal to 0,25 , for piers P7 and P8.  

4.3 Evaluation of the rotation capacity 

As specified in paragraph 2.3.6.3 of (EC8-2), the total 

design value of the displacement for the seismic design 

situation, , shall be determined as follows:  

 = + +  (4.2) 

 design seismic displacement; 
 long term displacement due to permanent and 

quasi-permanent actions; 
 displacement due to thermal movements.  

 
Since it was used an elastic response spectrum, the 

design seismic displacements, , were determined 

directly from the results obtained in the analysis. The 

displacements +  were considered through an 

equivalent temperature of 65°C applied to the structural 

model. To know whether the safety is verified, in 

addition to the rotation demands, it is necessary to 

evaluate the maximum capacity of the columns. The 

values of  and  were calculated as specified in 

chapter 3 (equations (2.2) and (2.3), respectively). The 

comparison between demands and capacities is 
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presented in Figure 4.4. Note that the demands were 

estimated in terms of rotations, ,which are equal to 

/  and considering the response spectrum for Faro. 

 
Figure 4.4 Safety verification of the rotation capacity.  

As can be seen, none of the piers verifies safety to both 

combinations Ex+0,3Ey and 0,3Ex+Ey, so it will be 

necessary to retrofit all the elements.  

4.4 Evaluation of the shear strength 

Once deformation demands are being estimated from 

linear analysis, shear forces demands should be 

obtained from capacity design calculations according to 

EC8-3. The safety verification is exposed in Figure 4.5. 

The shear strength was determined from equation (2.6), 

for the plastic hinges, and from equation (2.5), for the 

sections outside de plastic hinges (and considering the 

concrete and steel proprieties indicated in the third line 

of Table 4.1). 

 
Figure 4.5 Shear safety verification for the RC piers. 

As can be observed, in the sections corresponding to 

plastic hinges, safety is not verified for any of the 

columns. Since the stability of the viaduct is mainly 

ensured by these vertical elements, all sections 

mentioned should be retrofitted to avoid a brittle failure 

mode.  

4.5 Upgrading the piers rotation capacity and 

shear strength 

To increase the deformation capacity, the end sections 

at the base of the piers can be confined with CFRP 

sheets. The dimensioning of the number of layers was 

performed iteratively, until it was possible to verify the 

safety to the rotations imposed by the seismic action. It 

was considered the same type of carbon sheets used in 

the previous chapter, whose main properties are 

indicated in Table 5.17. 

Table 4.2 Proprieties of the CFRP sheets adopted. 

 (mm) ,  (%) (%)  (GPa) ,  (MPa)  ( ) 

0,117 1,55 0,93 240 3800 2232 

The number of layers considered was not equal for all 

the piers, since there were differences concerning the 

level of the demands to which the elements were subject 

and the geometry and shear span. Table 4.3 shows the 

number of layers applied in the base of each pier and 

Figure 4.6 illustrates the rotation capacity of the 

elements after being retrofitted.  

Table 4.3 Number of CFRP layers applied to the piers.  

Number of CFRP layers applied  
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 

2 2 5 5 5 5 5 2 4 5 

 
Figure 4.6 Rotation capacity of the retrofitted piers.  

The values of ,  indicated in Figure 4.6 were 

determined from equation (2.2). To obtain the ultimate 

curvature, it was firstly necessary to estimate the 

constitutive relation for the FRP-confined concrete, as 

shown in Figure 4.7. After its definition, the function 

corresponding to the constitutive model was introduced 

in SAP2000 to obtain an approximate value for the 

ultimate curvature of the jacketed members, .  
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Figure 4.7 Constitutive relation adopted for the concrete 

piers after the application of the CFRP layers 

Regarding the shear strength, it was concluded in 4.4 

that only the sections corresponding to the plastic 

hinges needed to be retrofit. Thus, according to the 

values of  previously design, the shear safety of the 

CFRP-jacketed piers was verified, (Table 4.4). 

Table 4.4 Shear safety verification of the piers. 

 
ρ  

(%) 
V  

(kN) 
V  

(kN) 
V  

(kN) 
V
< V  

P1 0,12 212 462 431 Verify 
P2 0,12 212 463 433 Verify 
P3 0,29 529 738 432 Verify 
P4 0,29 529 738 432 Verify 
P5 0,29 529 739 434 Verify 
P6 0,29 529 735 425 Verify 
P7 0,23 662 949 597 Verify 
P8 0,09 265 535 401 Verify 
P9 0,23 423 628 361 Verify 
P10 0,29 529 736 356 Verify 

The shear strength of the jacketed members was 

determined according to equation (4.3). ,  was 

obtained from equation (4.4), which is indicated in [5] for 

circular sections.  

= ( ; 0,55 ) + 1 −

0,05 5; ∙ + + ,   
(4.3) 

= 0,5 ∙ ∙ ∙ ,  (4.4) 

where , = 0,004 
Finally, Figure 4.8 illustrates the retrofitted piers. 

 
Figure 4.8 Retrofitted piers at the base sections. 

 

The distance from the start of the CFRP sheets to the 

foundation should be 15 millimetres to avoid increasing 

the stiffness of the elements.  

5 Final considerations 

From the study developed, it it was possible to seismic 

assess reinforced concrete members and structures 

and to retrofit them, using for this purpose a 

displacement-based evaluation methodology and the 

guidelines indicated in EC8-3. This methodology 

enabled a better assessment of the actual capacity of 

structures to withstand an earthquake. It was also found 

that all the retrofitting techniques analysed were 

effective on enhancing the shear strength and ductility 

of RC members, with emphasis for the CFRP jacketing.  
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