
1 

 

Seismic Retrofit of a Reinforced Concrete Building 

Filipa Afonso Rodrigues Drummond Borges 

Department of Civil Engineering, Instituto Superior Técnico, Lisbon Technical University, Avenida Rovisco Pais, Lisbon 

1049-001, Portugal 

January 2018 

Abstract 

The seismic activity observed in the past has demonstrated that the level of destruction associated with a seismic episode 

is dependent on the vulnerability of constructions, and that it is possible to mitigate the damage through preventive 

measures. Therefore, inadequate seismic design represents a serious source of risk. Thus, this dissertation aims to assess 

the seismic capacity and to study reinforcement techniques of a reinforced concrete building, characterized by a wall 

equivalent dual system, in order to enhance its performance. The seismic assessment is performed using non-linear static 

analysis; this type of analysis allows to identify areas of concentration of damages and support the reinforcement design, 

with the aim to fulfil the performance requirements recommended in Part 3 of Eurocode 8. The non-linear static analysis 

performed using the N2 method, as stated in Eurocode 8, is applied as well as the extended N2 method, to take into 

account the effects of the torsional behaviour and the effects of higher modes of vibration. For the seismic structural 

evaluation of the building it is necessary to evaluate the shear strength and deformation capacity of the structural elements. 

Based on the results obtained in the seismic evaluation, proposals for retrofitting solutions are defined, aiming at mitigating 

the major structural deficiencies of the building case-study and improving the behaviour of the elements. Two local 

reinforcement techniques are considered, the reinforcement of sections with reinforced concrete and fibre reinforced 

polymer sheets. 
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1 Introduction 

Historically, the seismic activity has been responsible for 

numerous devastation scenarios, with economic 

repercussions and loss of lives. The destruction level 

associated with a seismic episode isn’t only related with its 

intensity, since it is possible to mitigate on a large scale the 

damages through preventive measures. 

In Portugal, the historic earthquakes of 1531 and 1755 are 

both characterized by very high estimated magnitudes, 

about 7.0 and 8.5 to 9.0 on the Richter scale, respectively. 

However, the return period associated with earthquakes of 

such a magnitude is also high, which leads to a rather 

careless attitude regarding the seismic risk issue. 

Nevertheless, the seismic vulnerability of the national 

housing stock makes it a preponderant issue. 

Until recently, the focus of earthquake resistance 

regulations laid upon exclusively on new construction, even 

though a strong earthquake threat comes from existing 

substandard buildings. In this context, in 2005, the 

Eurocode 8 Part 3 was published, as a norm fully dedicated 

to seismic evaluation and retrofit of existing buildings. 

A seismic retrofit intervention in existing structures, unlike 

the seismic design of new structures, represents a 

significant portion of the rehabilitation costs. Along these 

lines, to appropriately evaluate existing buildings, the 

nonlinear analysis seems interesting when compared with 

linear ones, since it provides a more realistic and detailed 

evaluation of the seismic structure’s behaviour, allowing to 

identify the areas where most of the damage occurs, which 

can result in a considerable reduction of the overall costs of 

the structural retrofit solution. 

2 Case Study 

The current dissertation proposes the seismic analysis of a 

building designed in the unit Building Structures – Project, 

as if it was an existing building. In order to assure this 

building into one that is in need of retrofitting, the design 

seismic action was increased, by assuming a different 

location and foundation conditions than the ones adopted 

in the design phase. 

The building considered for the seismic assessment is a 

reinforced concrete (RC), four-storey high, residential 

building, located in Sagres. Its dimensions in plan are 

15.50 m x 18.50 m and the total height is 14.40 m. The 

nomenclature of the structural elements and the definition 

of the global axis system to be referred in the following are 

presented in Figure 2.1. 
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Figure 2.1: Structural design plan and global axis system 

2.1 Structural Design 

The studied building was designed in accordance with the 

part 1 of Eurocode 8 [1] , hence designed to meet up-to-

date ductility requirements through the definition of a 

behaviour factor, 𝑞 (a value of q=3.3 was considered). It 

was designed in accordance with the capacity design 

principle, in order to ensure a proper inelastic deformation 

capacity, taking advantage of the dissipation capacity of the 

structure, to avoid a brittle failure mode. 

The structure features four contour frames and two central 

stairs and lifts cores. According with the original descriptive 

document, the two cores were designed as structural RC 

elements to grant a higher bending stiffness. However, due 

to their proximity to the centre of gravity, the shear walls 

from the cores do not contribute efficiently to the increase 

of the torsional stiffness. Hence, it was needed to add two 

structural 3.15 m long walls on the A and D frames. 

The structure is then characterized by a wall equivalent dual 

system, in accordance with EC8-1 [1]. The structure is 

regular in elevation and irregular in plan. 

2.2 Knowledge Level 

To the evaluation of an existing structure the EC8-3 [2] 

defines three confidence levels, associated with the 

reliability and amount of available information regarding the 

cross-sections geometry, reinforcement detailing and used 

materials. (i) Limited knowledge; (ii) Normal knowledge; 

(iii) Full knowledge. 

In the current dissertation was adopted a normal knowledge 

level, where all types of analysis are permitted, and the 

confidence factor is 1.20. Thus, for the definition of the 

capacity the properties of the materials will be reduced in 

accordance with this factor. 

3 Numerical Modelling 

For the numerical modelling of the building was used the 

SAP2000 v19.0.0 (CSI, 2016) software. 

3.1 Concrete 

For the correct definition of the concrete it is of the uttermost 

importance to understand the role that lateral confinement 

plays, particularly in the seismic response. Experimental 

tests have demonstrated that lateral confinement of 

concrete by appropriate shear reinforcement detailing leads 

to a significant increase of both resistance and ductility of 

the compressed concrete [3]. 

In the current case was adopted the model suggested by 

Mander [3], a unified stress-strain model for confined 

concrete. The confined concrete resistance was calculated 

in accordance with the expression provided by EC8-3 [2]. 

 
Figure 3.1: Stress-strain model for confined and 

unconfined concrete (C30/37) 

The structure studied was designed in accordance with the 

confinement principles of EC8-1 [1]. In Figure 3.1, it is 

possible to observe the increase of the resistance and 

ultimate strain at maximum force of the concrete due to its 

confinement. 

3.2 Modelling of the Structural Elements 

3.2.1 Columns, Shear Walls and Beams 

The columns, shear walls and beams were modelled as 

Frame elements. The cross-section dimensions and 

detailing were defined as is in the original project, using the 

Section Designer function. 

Both the central RC cores were modelled as a single U-

shaped section, at their respective centre of mass. As the 

shear centre, in each of the cores, is not coincident with its 

centre of gravity, it is necessary to introduce the cores in 

the global model in the location of their shear centres to 

guarantee a correct modelling of their behaviour to 

horizontal loads and torsional resistances. Nevertheless, 

the axial loads refer to the real position of the cores, to 

maintain the model as real as possible. 

3.2.2 Foundations 

For the seismic analysis performed it is not expected for the 

structural elements located on the underground floors to be 

relevant, therefore only the floors aboveground were 

modelled. To simulate the behaviour of the underground 

floors, the foundations were modelled at ground level as 

flexible, through the definition of rotational springs. 

3.3 Modelling of the Non-structural Elements 

3.3.1 Masonry Infill Walls 

In RC buildings, the structure’s seismic response can be 

considerably affected by the lateral stiffness given by the 

masonry infills attached to the structure. Nevertheless, in 

this work the infills were not modelled for the seismic 

assessment of building mainly as: (i) the structurure is wall 

equivalent dual system (this is explicitly recommended in 

EC8-1 [1]); and (ii) the infills along the x direction have large 

openings that strongly reduce their lateral stiffness. 
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3.4 Nonlinear Modelling 

3.4.1 Plasticity Models 

Commonly two types of nonlinearity modelling strategies 

are adopted, either distributed plasticity along a member’s 

length, or concentrated in its extremities, Figure 3.2. 

The distributed nonlinearity approach is more accurate and 

versatile, leading to results that are closer to real behaviour 

of the structure. On the other hand, is more complex and 

demanding on a computational level. 

 
Figure 3.2: Idealised plasticity models [4] 

3.4.2 Nonlinear Modelling of the Structural Elements 

In the current analysis was adopted the concentrated 

plasticity model with plastic hinges. 

The plastic hinges’ behaviour is characterized by a 

moment-curvature relationship and by its length, once the 

hinges rotation is given by the product of the cross-section’s 

curvature and the hinge’s length. The moment-curvature 

relationships are affected by the cross-section’s geometry, 

material properties, reinforcement detailing and the 

member’s axial load, [5]. 

The idealized moment-curvature relations adopted in the 

current study correspond to a simplified approach, where 

four points, A, B, C and D, are defined. The first point 

corresponds to the null load situation, the second one to the 

yielding point, the third to the ultimate moment and the 

fourth to the structure’s collapse. 

The rotational capacity of the hinge is evaluated resorting 

to the acceptance criteria Immediate Occupancy (IO), 

yielding curvature of the reinforcement, Life Safety (LS), 3 4⁄  

of the cross-section’s ultimate curvature, and Collapse 

Prevention (CP), ultimate curvature, Figure 3.3. The cross-

section’s ultimate curvature was defined for the material’s 

ultimate strain, corresponding to the collapse of the first 

fibre. In the present study, it was verified that this situation 

always corresponds to the rupture of concrete fibres. 

 
Figure 3.3: Moment-curvature relationship of the RC stairs 

core (𝑁 = −2600 𝑘𝑁; 𝑀𝑦 = 820,89 𝑘𝑁𝑚) 

                                                           
1 AE X+, AE X-, AE Y+, AE Y- 

In columns and walls were used biaxial compound bending 

hinges of the PMM type (N-M2-M3), defined for an 

observed set of axial load values. In beams were used 

simple bending hinges of the M3 type, that only account for 

bending along the strong inertia axis. The plastic hinges 

length, 𝐿𝑝, of both columns and beams, was defined in 

accordance with the expression (3.1), as proposed in EC8-

2 [6]. 

 𝐿𝑝 =  0.10𝑙 + 0.015𝑓𝑦𝑘 ∙ 𝑑𝑏𝑙 (3.1) 

Where, 𝑙 is the member’s length and 𝑑𝑏𝑙 the average 

diameter of the longitudinal rebar. 

In ductile walls a single plastic hinge shall be formed at the 

base of the element, [7]. The CSA [8] recommends 

expression (3.2) for the definition of the walls’ plastic 

hinges, which was applied in the walls and both cores. 

 𝐿𝑝 =  0.50𝑙𝑤 + 0.10ℎ𝑤 (3.2) 

Where, 𝑙𝑤 is the wall’s length in plan and ℎ𝑤 the height of 

the wall above the plastic hinge. 

3.5 Actions 

3.5.1 Vertical Loads 

The super imposed dead loads (2.75 kN/m2 and 7.28 kN/m) 

and live loads (2.00 kN/m2) were obtained from the original 

project. 

3.5.1.1 Accidental Eccentricity 

To consider the accidental effects of torsion, EC8-1 [1] 

states that for the uncertainty of the masses location and 

the spacial variation of the seismic action, the centre of 

mass calculated at each floor should be displaced, in each 

direction, by an accidental eccentricity. 

In the current case the floor’s mass was not modelled at its 

centre of mass. Therefore an eccentricity of the distribution 

of the live loads was assumed, at each floor, that had an 

identical effect to the proposed in EC8-1 [1]. There were 

defined four cases of accidental eccentricity (AE), in each 

main direction (X and Y)1. The position of the live loads 

eccentric centres of mass was calculated by expression 

(3.3). 

 

𝑑𝑠𝑐,𝑖 =  √
𝑀𝑖 ∙ 𝑒𝑎𝑖

2

𝑀𝑠𝑐,𝑖
 

(3.3) 

Where, 𝑀𝑖 is the total mass of the floor I, 𝑀𝑠𝑐,𝑖 the mass of 

the floor corresponding only to the live loads and 𝑑𝑠𝑐,𝑖 the 

distance of the live loads eccentric centre of mass to the 

floor’s centre of mass. 

3.5.2 Seismic Action 

For the characterization of the earthquake it was assumed 

a damping factor, 𝜉, of 5%, a foundation soil D and seismic 

zones 1.1 and 2.3, [1]. 

The elastic response spectrum was defined in accordance 

with the indications of EC8-1 [1], Figure 3.4. 
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Figure 3.4: Elastic response spectrum 

Observing Figure 3.4 is possible to conclude that for every 

period of the structure the type 1 seismic action is always 

more severe. In fact, for the concerned region, Sagres, the 

seismic action type 1 is the more severe, as it can be 

verified by the comparison of the reference ground peak 

accelerations, 2.5 for type 1 and 1.7 for type 2. 

4 Seismic Assessment 

Unlike the conventional seismic design performed for new 

construction, based in resistance criteria, the seismic 

assessment of existing structures is based in a global and 

local displacement control approach. The resistance based 

approach often leads to an overly conservative evaluation, 

for existing structures. 

The seismic assessment performed follows the guidelines 

of EC8-3 [2]. 

4.1 Performance Requirements and Compliance 

criteria 

The fundamental requirements refer to a structural damage 

state, defined through three Limit States (LS). For each of 

these states the compliance with the performance 

requirements is evaluated making the distinction between 

ductile and brittle components. 

Limit State of Near Collapse (NC) 

• Ductile components: 𝜃 < 𝜃𝑢 

• Brittle components: 𝑉𝐸𝑑 < 𝑉𝑅𝑑 

Limit State of Significant Damage (SD) 

• Ductile components: 𝜃 <
3

4
𝜃𝑢 

• Brittle components: 𝑉𝐸𝑑 < 𝑉𝑅𝑑 

Limit State of Damage Limitation (DL) 

• Ductile components: 𝜃 < 𝜃𝑦 

• Brittle components: 𝑉𝐸𝑑 < 𝑉𝑅𝑑 

Where, 𝜃 is the total chord rotation, 𝜃𝑢 and 𝜃𝑦 the 

ultimate and yielding rotation capacity, respectively, 

𝑉𝐸𝑑 the design shear and 𝑉𝑅𝑑 the shear resistance. 

4.1.1 Ductile Components 

According to EC8-3 [9] the total chord rotation is 

characterized by the angle between the tangent to the 

medium fibre at the plastified extremity, point A (Figure 4.1), 

and the line that connects that point to the inflexion point, B 

(Figure 4.1). This point is located at a distance, from point 

A, equal to the shear span, 𝐿𝑣 = 𝑀/𝑉. 

 
Figure 4.1: Total chord rotation, θ. [10] 

To assess the structure is necessary to transform the 

plastic rotations given by the nonlinear static analysis to the 

total chord rotation of EC8-3 [2]. 

The total chord rotation, according to Fardis [10], is given 

by expressions (4.1) and (4.2), for hinges that have and do 

not have reached the nonlinear behaviour, respectively. 

 
𝜃 =  𝜒𝑦

𝐿𝑣

3
+ (𝜒 − 𝜒𝑦)𝐿𝑝 (1 −

𝐿𝑝

2𝐿𝑣
) 

(4.1) 

 
𝜃 =  

𝑀

𝑀𝑦
(𝜒𝑦

𝐿𝑣

3
) 

(4.2) 

To verify the limit states previously presented the total 

chord’s ultimate rotation capacity, 𝜃𝑢, and yielding 

rotation capacity, 𝜃𝑦, are defined, accordingly with 

EC8-3 [2], (4.3) to (4.5). 

Ultimate Rotation Capacity 

𝜃𝑢  =  
1

𝛾𝑒𝑙
0.016(0.3𝜐) [

𝑚á𝑥(0.01; 𝜌2)

𝑚á𝑥(0.01; 𝜌1)
𝑓𝑐]

0.225

 
 

(𝑚𝑖𝑛 (9;
𝐿𝑣

ℎ
))

0.35

25
(𝛼𝜌𝑠𝑥 

𝑓𝑦𝑤

𝑓𝑐
 )

(1.25100𝜌𝑑) 
(4.3) 

Where, 𝛾𝑒𝑙 is equal to 1.5 for primary seismic elements 

and 1.0 for secondary ones, 𝜐 is the relative normal 

force and 𝜌𝑑 is the steel ratio of diagonal 

reinforcement. 

In walls expression (4.3) is multiplied by 0.58. 

Yielding Rotation Capacity 

• Columns and beams 

𝜃𝑦  =  𝜒𝑦

𝐿𝑣 + 𝑎𝑣𝑧

3
+ 0.0014 (1 + 1.5

ℎ

𝐿𝑣
 ) 

 

+
휀𝑦

𝑑 − 𝑑1

𝑑𝑏𝐿𝑓𝑦

6√𝑓𝑐

 
(4.4) 

• Walls and cores 

 𝜃𝑦  =  𝜒𝑦

𝐿𝑣 + 𝑎𝑣𝑧

3
+ 0.0013 +

휀𝑦

𝑑 − 𝑑1

𝑑𝑏𝐿𝑓𝑦

6√𝑓𝑐 
 

(4.5) 

Where, 𝑎𝑣 equals to 1.0 if shear cracking is expected 

(𝑀𝑦 > 𝐿𝑣𝑉𝑅,𝑐) and to 0 otherwise, 𝑧 is the length of the 

internal lever arm and 휀𝑦 the steel yielding strain. 

4.1.2 Brittle Components 

To ensure that brittle fracture mechanisms are not 

responsible for the structure’s premature collapse, each of 

the brittle components’ shear resistance for cyclic actions 

was checked in accordance with EC8-3 [2]. 

The shear strength of a RC wall is conditioned by failure by 

web crushing. 

0.00

5.00

10.00

15.00

0.00 0.50 1.00 1.50 2.00 2.50

S
e
(T

) 
  

  
(m

2
s

-1
)

T     (s)

Elastic Response Spectrum

Type 1

Type 2



5 

4.2 Modal Dynamic Analysis 

The modal dynamic analysis was performed in order to 

obtain the values, for each mode, of periods and 

frequencies, 𝑇 and 𝑓, modal shape, 𝜙, and the effective 

modal masses, 𝑀𝑥, 𝑀𝑦 and 𝑀𝑧. 

The fundamental mode corresponds to a translation mode 

along the x direction, as expected, given the lower stiffness 

of the structure along this direction, as the walls are 

positioned with their strong inertia along the x axis. The 

second mode is a translation mode along the y direction, 

associated with a significant torsion component. 

4.3 Nonlinear Static Analysis 

4.3.1 N2 Method 

The N2 method is proposed by EC8-1 [1] for the 

determination of the target displacement2. The following 

main steps (from I to VII) are required: 

I. Data 

II. Seismic Demand in Acceleration-Displacement 

Format 

III. Pushover Analysis – Pushover curve 

The pushover analysis is a nonlinear static analysis 

performed under constant gravitic forces and monotonically 

increasing horizontal loads3, EC8-1 [1]. The lateral loads 

aim to simulate the inertia forces generated at floor levels 

that result from the dynamic behaviour of the building when 

submitted to seismic action. The loads incremental increase 

permits the definition of the structures capacity and the 

study of the structure’s damage evolution. 

IV. Equivalent SDOF (Single Degree of Freedom) 

Model and Capacity Curve 

V. Seismic Demand for the Equivalent SDOF System 

Quantified in terms of the target displacement, 𝑑𝑡
∗. 

VI. Global Seismic Demand for the MDOF Model 

The values for the ultimate displacement, 𝑑𝑢, are compared 

with the target displacement, for the various load cases, in 

Table 4.1. 

Table 4.1: Ultimate and target displacements 

Load 
 

Direction 
 

Eccentricity 
case 

𝒅𝒖 
(m) 

𝒅𝒕 
(m) 

 

Modal 

X+ AE X- 0.102 0.106 X 

X- AE X+ 0.101 0.106 X 

Y+ AE X- 0.109 0.024 V 

Y- AE Y+ 0.111 0.027 V 

Uniform 

X+ AE Y- 0.100 0.086 V 

X- AE Y+ 0.125 0.083 V 

Y+ AE X- 0.102 0.013 V 

Y- AE X- 0.088 0.013 V 
 

V 𝒅𝒖 ≥ 𝒅𝒕 
 

X 𝒅𝒖 < 𝒅𝒕 
 

As observed in Table 4.1, for the modal loads along the x 

direction, the target displacement is not reached. Therefore, 

                                                           
2 Displacement of the centre of mass at the fourth floor. 

is concluded that the modal load along the x direction 

corresponds to the most severe situation. 

VII. Local Seismic Demand for the MDOF Model 

4.3.2 Extended N2 Method 

The basic assumption used in the N2 method is that the 

vibration of the structure happens predominantly in a single 

mode, for each direction. This assumption is not always 

verified, particularly in the case of high-rise buildings, plan-

asymmetric or torsionally flexible buildings, [11]. 

The extended N2 method is based in the application of 

corrective factors, that combine the results of a dynamic 

modal analysis by response spectrum (RSA) with the 

results of nonlinear static analysis, to the relevant quantities 

obtained from the nonlinear static analysis. The corrective 

factor is the sum of two factors, an elevation corrective 

factor, 𝑐𝑒, and a plan corrective factor, 𝑐𝑝. 

In the current study, as the building only has four floors the 

elevation corrective factor was dismissed. According to 

[11], the plan corrective factor is given by expression (4.6), 

in which the roof displacements are normalized to the roof 

displacement at the centre of mass. 

 
𝑐𝑝(𝑥, 𝑦) =

𝛿�̅�𝑠𝑎(𝑥, 𝑦)

𝛿�̅�𝑢𝑠ℎ(𝑥, 𝑦)
≥ 1.0 

(4.6) 

Along the y direction the structure, though asymmetric, is 

closer to a symmetric arrangement than along the x 

direction. Hence, the dismissal of corrective factors along 

this direction. Along the x direction was verified a slight 

underestimation of the displacements of the stiffer side of 

the structure (frame 4). The extend N2 leads to an 

aggravation of the pushover results by 0.2% in frame 4. 

This value is not of significance and, therefore, was 

dismissed. 

4.3.3 Comparative Analysis of the Capacity Curves 

For each load case was checked the eccentricity case that 

leads to a more severe situation, in which lower base shear 

and/or lower ultimate displacement is reached, Figure 4.2. 

 
Figure 4.2: Capacity curves 

Is noticeable the loading along the x direction invariably 

leads to a more severe situation, and that the modal loading 

is more severe than the uniform one. 
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Regarding the loading along the y direction, is noticeable 

that there is a substantial distinction between the base 

shear reached for a modal and a uniform load distribution. 

In fact, for modal load distributions, the structure’s response 

is characterized by a strong torsion component that leads 

to the formation of plastic hinges at the base of vertical 

elements located along frames A and 4, subjected to 

greater displacements, and both cores, subjected to greater 

shear forces. While, uniform load distributions along y are 

characterized by a translation mode, in which plastic hinges 

appear only at the base of the walls and both cores. 

The most severe situations, in which in the following the 

study will be focused, are the Modal X- for AE X+, for the x 

direction, and Modal Y+ for AE X-, for the y direction. 

4.3.4 Seismic Performance 

Typically, when a structure is loaded the collapse of its 

structural elements occurs in a progressive way. The local 

collapse evolution of the elements will eventually lead to the 

global collapse of the structure, or to a premature collapse 

due to the formation of partial mechanisms. 

The study of the damage evolution can provide important 

information to deepen the understanding of the behaviour 

of the structure and define an appropriate intervention 

strategy focused on the most demanding elements. 

According to [10], unless very specific and substantial 

deficiencies are identified in beams, the seismic retrofit of 

elements can be limited to the vertical elements and, 

possibly, extended to the column-beam joints. Hence, the 

current study focuses on the analysis of the behaviour of 

vertical elements. 

The shear resistance was verified only at the base of all 

vertical elements, as it is the section in which the highest 

value of internal shear forces is observed. All vertical 

elements verified these requirements, concluding that the 

original detailing of the transverse reinforcement remains 

adequate for the new situation, allowing the ductile 

behaviour of structural elements, avoiding the formation of 

brittle mechanisms. As such, the study of the collapse 

mechanisms will focus on flexural behaviour. 

It is observed that the plastic hinges are mainly formed at 

the base of the vertical elements. The observed limit states, 

corresponding to the most severe situation for the target 

displacement values (loading along y) and ultimate 

displacement values (loading along x), determined at the 

base of all vertical elements, are presented in Table 4.2 and 

Figure 4.3. 

 

 

 

 

 

 

 

Table 4.2: Rotations at the base of vertical elements 

Element 
 

Limit State 

𝜽𝒚 𝜽𝒖,𝒚⁄  
Limit State 

𝜽𝒙 𝜽𝒖,𝒙⁄  

p1 - X 9.9% DL 

p2 18.3% SD 9.0% DL 

p3 18.5% SD 6.2% DL 

p4 - X 0.6% DL 

p6 - X 9.6% DL 

p7 - X 0.6% DL 

p8 43.6% DL 21.8% DL 

p9 41.1% DL 3.7% DL 

p10 - X 10.5% DL 

p11 20.2% SD 7.2% DL 

p12 20.5% SD 5.1% DL 

p13 - X 0.2% DL 

n. esc. - X 0.6% DL 

n. el. 88.5% NC 1.3% DL 
 

X Collapsed Plastic Hinge (𝜽 > 𝜽𝒖) 

 
 Plastic Hinge 

 NC Limit State or Collapsed Plastic Hinge 

Figure 4.3: Plastic hinges of vertical elements (floor 0) 

For a load distribution along the x direction, associated with 

𝜃𝑦 in Table 4.2, is observed that the majority of collapsed 

elements are located along frames A and D (Figure 4.3). In 

this direction the structural walls have little importance to 

the seismic response and, even the cores have a smaller 

resistance when compared with the y direction. 

Figure 4.4 presents the structure’s capacity curve, for a load 

distribution along x, and the damage evolution. 

 

Figure 4.4: Damage evolution for loading along x 
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The elements p1, p4, p6, p7, p10 and p13, that collapse, for 

a load distribution along the x direction, have a lower 

strength capacity; this is due to their lower stiffness along 

this direction, as a result of their plan orientation, with the 

strong inertia along the y axis, making them more 

susceptible. As a consequence of the studied eccentricity 

case AE X+, the columns p13 and p14, that are first and 

second to collapse respectively, are the ones subjected to 

a larger axial stress. On the other hand, the RC cores, due 

to their cross-section dimensions, are the elements with a 

larger stiffness and, therefore, the most demanding 

elements. It is possible to observe, when the stairs core 

collapses, an accentuate decay in the structure’s strength 

capacity. The lift core, despite the fact that it does not 

collapse, does not verify the limit state of significant 

damage (SD), and thus an analysis to its behaviour is 

justified. As the referred elements collapse, the load path 

changes and leads to a higher concentration of internal 

forces of the elevator core, causing it to reach the NC limit 

state. 

For a load distribution along the y direction, associated with 

𝜃𝑥 in Table 4.2, it is possible to conclude that the structure 

presents a better seismic response than along the x 

direction. This would be expected, given the higher stiffness 

conferred by the structural walls, that are in tis majority 

oriented with their strong inertia along the y axis. Along this 

direction, the vertical elements verify the performance 

requirements proposed by EC8-3 [2], for ductile 

components. 

In Figure 4.3 is observed that, despite the fact that the 

plastic hinges verify the safety requirements, the 

plastification of the columns occurs preferentially along the 

frames A and 4, which is in accordance with the stated in 

4.3.3. 

Finnaly, it is important to mention that in the current 

situation, for the axial stresses, the ultimate capacity of the 

elements is conditioned by the ultimate strain of concrete 

and not by the ultimate strain of steel. Concluding that the 

elements are insufficiently confined. 

5 Strengthening Techniques and 

Application to the Case Study 

5.1 Strengthening Techniques 

The increase of the strength capacity of a structure can be 

achieved by the introduction of new elements or by the 

retrofit of existing ones. In the current case, only existing 

elements were retrofitted, as structure presents an 

appropriate seismic design, both in plan and elevation, and 

the damage is mainly on ground floor. 

In section 4, the conclusion that the elements would present 

a better seismic performance if their ductility was enhanced, 

leads to retrofit approach of increasing the confinement 

efficiency of the structural members. 

5.1.1 Structural Strengthening by Means of 

Reinforced Concrete Jacketing 

This technique is the most commonly used in RC elements 

and consists of the increase of the cross-section through 

the addition of supplementary rebar and a new layer of 

concrete, encasing the original cross-section and the new 

reinforcement. It improves the structure’s behaviour by 

increasing the: 

i. Element and structure’s stiffness; 

ii. Element and joint’s shear resistance; 

iii. Critical areas deformation capacity; 

iv. Element’s flexural resistance; 

v. Element’s confinement; 

vi. Strength of deficient lap-splices. 

This technique has constructive disadvantages, such as, 

larger disruption of normal activities of the structure, larger 

amounts of debris, noise pollution, or even, in some cases, 

incompatibility with the architecture. 

5.1.2 Structural Strengthening by Externally Bonded 

FRP Jackets 

Fibre reinforced polymers (FRP) are composite materials, 

constituted by reinforcement fibres and a polymeric matrix. 

The reinforcement fibres are responsible for the increase in 

resistance and deformation capacity of the member. In the 

current case, only carbon fibres (CFRP) and glass fibres 

(GFRP) were studied. It enhances the structure’s behaviour 

by increasing the: 

i. Plastic hinges deformation capacity; 

ii. Shear resistance; 

iii. Element’s confinement; 

iv. Strength of deficient lap-splices. 

This technique stands out for its easy and rapid execution, 

lightness, reduced density and thickness (meaning reduced 

interference with cross-section dimensions and stiffness), 

and doesn’t suffer corrosion, though it can be severely 

damaged by UV light. 

According to [10], due to the previous reasons, the FRP 

jacketing can be the best retrofit solution, particularly when 

it comes to increasing the shear resistance, deformation 

capacity and lap splice behaviour without increasing the 

flexural resistance. On the other hand, it is often an 

expensive solution. 

5.2 Retrofit Solution 

The proposed seismic retrofit focuses on the damage 

observed in the vertical elements, particularly related to 

their insufficient rotation capacity. Therefore, the retrofit 

aims to improve the local deformation capacity, leading to 

a higher ductility. 

5.2.1 Stairs Core Jacketing 

The stairs Core retrofit solution consists of RC jacketing, as 

the reentrant corners would, otherwise, be challenging to 

confine. 

Based on the model developed, four distinct hypotheses 

were modelled, N.1, N.2, N.3 and N.4, for a structural 

intervention at the core’s base, Table 5.1. 
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Table 5.1: Stairs core retrofit solutions hypothesis 

 thickness (m) Aslong Astransv 

0 - - 8//0,10 

N.1 0,08 10 8//0,10 

N.2 0,08 10 10//0,10 

N.3 0,08 10 10//0,075 

N.4 0,08 20 10//0,075 
 

The studied hypothesis focusses mostly on the variation of 

transverse reinforcement (Astransv), as the goal is to improve 

the confinement conditions of the core. Hypothesis 0, 

without a new concrete layer and longitudinal rebar, 

corresponds to a confinement test. In hypothesis N.1, N.2 

and N.3, the longitudinal reinforcement bars (Aslong) have 

small diameters, as they only have a constructive function. 

For the current situation, the increase in flexural resistance 

is counterproductive, once it leads to an increase in the 

internal shear force, which needs to be avoided. 

Nevertheless, hypothesis N.4 tests the increase in flexural 

resistance, in order to increase its stiffness, to confirm if it 

is possible to reduce the internal forces of the remaining 

elements, in such a manner that allows the intervention to 

solely focus on the stairs core. Hypothesis N.1, N.2 and N.3 

are to be complemented by the retrofit of the columns with 

insufficient rotation capacity (at the base), while hypothesis 

N.4 assumes only the retrofit of the core. 

Hypothesis N.4 was dismissed, as the results obtained from 

the model indicate approximately the same internal forces 

and displacement values, at the columns base, for high 

levels of longitudinal reinforcement in the core. This can be 

justified by the existing torsion and the proximity of the 

core’s to the centre of mass. 

To calibrate the retrofit solution a comparison on the 

influence of reinforcement on the moment-curvature 

relationships at the core’s base section, was made between 

hypothesis, Figure 5.1. 

 
Figure 5.1: Moment-curvature relationships of the stairs 

core base section 

From Figure 5.1 it is clear that the increase in longitudinal 

reinforcement leads to an increase in the resisting moment 

and that the increase in confinement leads to an increase 

in ductility. 

Hypothesis N.1, N.2 e N.3 are characterized by an increase 

in both ductility and resisting moment and, therefore, is 

necessary to take into account that a larger rotation 

capacity of the core will be associated a larger total chord 

rotation. N.2 leads to better results regarding this relation, 

as can be verified in  

Table 5.2: Rotations and limit states of the retrofit 
hypothesis of the stairs core, at floor 0, for the target 

displacement 

 
𝜽𝒚 

(rad) 

𝜽𝒚,𝒚 

(rad) 

𝜽𝒖,𝒚 

(rad) 

Limit State 
𝜽𝒚 𝜽𝒖,𝒚⁄  

N.1 0,020 0,015 0,030 66,9% SD 

N.2 0,012 0,009 0,027 43,2% SD 

N.3 0,016 0,012 0,030 53,8% SD 

N.4 0,016 0,012 0,030 53,0% SD 
 

In plan, only the extremities and corners of the core were 

retrofitted, as these are the areas effectively responsible for 

the deformation capacity of the element. The adopted 

solution (N.2) is presented in Figure 5.2. 

 
Figure 5.2: Stairs core retrofit solution by means of RC 

jacketing. Dimensions in (m) 

According to EC8-3 [2], when the purpose of the 

intervention is only to improve the deformation capacity, 

without increasing the flexural strength, the jackets should 

finish 10 mm before reaching the members’ end section. 

Also, as the elements have sufficient shear resistance and 

the retrofit is only intended to improve their ductility, is not 

necessary to confine the section outside the plastic hinges. 

5.2.2 Column Jacketing 

The columns p1, p4, p6, p7, p10 and p13 are retrofitted by 

externally bonded FRP jackets, at gound floor (base end 

section), with 0.30 m sheets. 

Commonly, three types of fibre reinforced composites are 

used, carbon fibre (CFRP), glass fibre (GFRP) or Aramid 

fibre (AFRP). The following study will be focused on 

GFRP’s and CFRP’s. 

In [12] it is presented the results of push-pull tests, where 

the ductility increase in columns jacketed with GFRP (S&P 

G-Sheet AR 90/10 Type A) and CFRP (S&P C-Sheet 240) 

is compared. As the elastic modulus of GFRP (𝐸 = 65 𝑀𝑃𝑎) 

corresponds to approximately 1 4⁄  of the elastic modulus of 

CFRP (𝐸 = 240 𝑀𝑃𝑎), are tested 4 kg/mm2 of GFRP to 

1 kg/mm2 CFRP, Figure 5.3. 
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Figure 5.3: Push-pull test [12] 

Tests have demonstrated that a more ductile behaviour is 

reached with 4 kg/mm2 of GRFP than with 1 kg/mm2 of 

CFRP. It was experimentally verified, according to [13], that 

a larger elastic modulus, associated with a smaller rupture 

strain of the fibres, can lead to a smaller mobilization of the 

sheet’s ultimate capacity, conducive to a smaller confining 

effect. However, due to higher design reduction factors for 

GFRP, in fact 7 kg of GFRP are replaced by 1 kg of CFRP. 

The studied GFRP and CFRP sheets weigh 400 g/m2 and 

200 g/m2, respectively. Thus, the retrofit solutions for 

columns were defined as P.1, 4 layers of GFRP (S&P G-

Sheet AR 90/10 Type A), and P.2, 1 layer of CFRP (S&P 

C-Sheet 240, 200 g/m2), Figure 5.4. 

 
Figure 5.4: Columns retrofit solution by means of FRP 

jacketing. Dimensions in (m) 

It is important mentioning that, in the current case, the 

corners are rounded, to a 50 mm radius, and that, for the 

column confinement, the sheets shall be installed with the 

fibres oriented perpendicularly to the element’s axis (𝛽 =

90°). The jacketing is to end/begin at about 15 mm from the 

element’s extremity and the sheets shall overlap at least 

150 mm, in the fibres direction. 

The cost of GFRP sheets is approximately 4 times inferior 

than CFRP sheets, so the GFRP solution will be 

economically less interesting than the CFRP solution. 

Despite, both solutions will be studied, and their results 

compared in the following chapters. 

To summarized, the studied solutions are: 

• Solution A: N.2 + P.1 

• Solution B: N.2 + P.2 

5.2.3 Modelling of the Retrofit Solution 

5.2.3.1 Jacketed Concrete 

The stress-strain relationships for the confined concrete in 

the jacketed columns and stairs core were updated in the 

model, in accordance with the expressions used in 3.1, 

Figure 5.5. For the three jacketing options, with RC, GFRP 

and CFRP, it is clear that the increase in ductility is more 

significant than the increase in resistance, as intended. 

 
Figure 5.5: Stress-strain model for unconfined, confined 

and jacketed concrete 

5.2.3.2 Modelling of the Structural Elements 

Regarding the columns, the only modification considered 

was the constitutive relationship of the concrete in ground 

floor, while for the core were also considered the change in 

dimensions of the cross-section’s extremities and corners 

and the new rebar. 

As for the nonlinear behaviour modelling, the moment-

curvature relationships of the plastic hinges at the base of 

the retrofitted elements were updated. 

5.3 Modal Dynamic Analysis 

In terms of structural stiffness and vibration modes, there 

are no significant differences between retrofit solutions A 

and B, as the FRP sheets do not grant additional stiffness 

to the jacketed element. 

For both cases, the fundamental vibration mode 

corresponds to a translation mode along the x direction. 

Both the second and third vibration modes are 

characterized by translation along the y direction and 

torsion, though the fundamental mode of translation along 

y moves from the second vibration mode, in the original 

structure, to the third, in the retrofitted structure. 

5.4 Nonlinear Static Analysis 

The nonlinear static analysis results presented are only 

relative the most severe situation, lateral load along the x 

direction, where the code safety requirements were not 

verified. 

Table 5.3 compares the values of the target and ultimate 

displacements of the original and retrofitted structure. 

Table 5.3:Target and ultimate displacements 

 
Loading 

 
𝒅𝒖 
(m) 

𝒅𝒕 
(m) 

 

Original Modal 
X+ 0.102 0.106 X 

X- 0.101 0.106 X 

Solution A Modal 
X+ 0.157 0.116 V 

X- 0.200 0.108 V 

Solution B Modal 
X+ 0.144 0.104 V 

X- 0.160 0.108 V 
 

In both proposed retrofit solutions, the target displacement 

is reached, which is due to the improved deformation 
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capacity of the stairs core and the jacketed columns, that 

enhances the structure’s ductility. 

5.4.1 Extended N2 Method 

For both solution A and B, the extended N2 method leads 

to an aggravation of about 2% of the results obtained from 

the pushover analysis, in frame 4. 

5.4.2 Seismic Performance 

According to EC8-3 [2], for the evaluation of the strength 

and deformation capacities of elements jacketed with RC, 

the following simplifying assumptions (i) to (iii) and relations 

(5.1) to (5.3) may be considered. 

i. Monolithic behaviour; 

ii. Shear acting in the full cross-section; 

iii. Jacketing concrete properties apply to the full 

cross-section. 

 𝑉𝑅
∗  =  0.9𝑉𝑅 (5.1) 

 𝑀𝑦
∗  =  𝑀𝑦 (5.2) 

 𝜃𝑦
∗  =  1.05𝜃𝑦    ;     𝜃𝑢

∗  =  𝜃𝑢 (5.3) 

Regarding the flexural behaviour, in Table 5.4 are 

presented the limit states observed, for the target 

displacement values, for a loading along the x axis, at the 

retrofitted member’s base. 

Table 5.4: Rotations at the base of vertical elements, for a 
load along x (Extended N2) 

Element Solution A Solution B 

p1 19.2% SD 19.2% SD 

p4 20.5% DL 20.5% DL 

p6 22.0% DL 21.9% DL 

p7 22.3% DL 22.2% DL 

p10 21.1% SD 21.0% SD 

p13 21.9% DL 21.9% DL 

n. esc. 46.3% SD 46.5% SD 

n. el. 54.5% SD 63.4% SD 
 

Both proposed solutions comply with the ductile members 

safety requirements. In the retrofitted structure it is possible 

to observe a significant improvement in the rotation 

capacity of the elements, as enhanced by confinement. 

The elevator core, though not retrofitted, benefitted from the 

improved behaviour of the remaining elements, considering 

the fact that they do not collapse and therefore there is no 

damaging load redistribution. 

By comparison, results from solution A and B produce in 

deed similar results, proving the 7 kg of GFRP to 1 kg of 

CFRP ratio, adopted in the selection of the retrofit 

hypothesis to be studied. 

The equivalence of results allied to the economic aspect 

conduce to the adoption of solution B. 

6 Conclusions 

6.1 Conclusions 

The building case study may correspond to the structural 

evaluation of a relatively recent RC building, under new 

regulation, in which the seismic action is severely 

increased. 

The seismic evaluation, performed by nonlinear static 

analysis allowed the identification in the building of areas of 

damage concentration, compromising the structure’s 

seismic behaviour. 

Regarding the analysis of fragile mechanisms, was verified 

that, in both directions, all structural elements possess 

adequate transverse reinforcement detailing, allowing for 

their total flexural deformation capacity to be mobilized. As 

to the flexural behaviour, the most demanding elements are 

columns p1, p4, p6, p7, p10, p13 and the cores. It was 

observed an insufficient rotation capacity at ground floor, 

which led to the conclusion that the deficient structural 

behaviour derives from the increase in the seismic action 

considered and not from an inadequate original detailing. 

Along the x direction, the structure reaches the ultimate 

displacement early, before to be able to reach the target 

displacement, due to an unbalanced resistance-ductility 

relationship of the structure. 

Based on the seismic evaluation results the retrofit 

solutions proposed focused on enhancing the structure’s 

ductility, by improving the members deformation capacity, 

resorting to a more efficient confinement. For this effect two 

local retrofit techniques were employed: (i) RC jacketing, on 

the stairs core; and (ii) FRP wrapping, on the columns p1, 

p4, p6, p7, p10 and p13. 

It was also observed, that in order to obtain similar results, 

regarding shear resistance and deformation capacity of the 

structural elements, 7 kg of GFRP can be replaced by 1 kg 

of CFRP. The cost-benefit relationship supported the 

decision to opt for solution B, corresponding to the use of 

CFRP. The seismic performance evaluation demonstrated 

the efficiency of the proposed solution, where all structural 

elements verify the performance requirements. 

The clear identification of the most severe deficiencies of 

the structure, that enabled a fairly localized intervention 

focused on ductility enhancement, demonstrated the 

advantages associated with nonlinear static analysis for 

seismic evaluation. 
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