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N uinerical Model: Si�nplified 
Strategies for Vulnerability Seisinic 
Assessinent of Existing Structures 

Cedric DESPREZ, Panagiotis KOTRONIS and Stephane GRANGE. 

5.1. Introduction 

The seismic response of structures is the result of a strong 
interaction between the "material" effects (local nonlinearity), 
the "structural" effects (geometry, distribution of mass and 
boundary conditions) and environmental effects (soil­
structure interaction). Two approaches are often used to take 
these phenomena into account: the "simplified" and the 
"full". 

The "simplified" approach is an intermediary approach 
where, generally, the kinematic field (displacement, velocity 
and acceleration) is described by the displacements and the 
rotations at the nodes of a bar, a beam, a plate or shell 
elements, whereas all information concerning the behavior of 
the materials is processed at a global or local level inside the 
element. More specifically we distinguish: 



1) The use of bar elements that work only in compression 
and traction. In the case of masonry walls, models associated 
with two bar elements [STAF 63, MAl 71, DAW 89, ELO 91, 
DUR 94, COM 00] or more than two [ELD 03] have been 
developed. The bar elements have the mechanical properties 
of masonry, such as a Young's modulus, the Poisson ratio 
and the resistance in compression. Among the methods used 
for the design of reinforced concrete structures we note those 
inspired by the "truss" method [RIT 99, MOR 20] and, more 
specifically, the compression field theory [COL 78] and the 
method known as the rotating-angle softened truss model 
[H8U 88]. These lasts methods have shown the importance 
of knowing the direction of principal axes just before 
cracking. 

The problem of the methods presented above is the need 
to estimate the two-bar geometric properties, especially the 
width (section). Empirical equations are often proposed, 
based on the "full" experimental or numerical simulations 
(see hereafter). An idea to solve this problem is to use truss 
and/or beam frames as an equivalent of a continuous elastic 
media [HRE 41, ABS 72]. Coupled with constitutive laws 
based on the damage and plasticity theory, this method has 
shown its efficiency for seismic vulnerability assessment of 
existing structures made up of reinforced concrete or 
masonry walls [KOT 00, MAZ 02, KOT 03, KOT 05a, 
SAM 11] . 

2) The use of beam elements for which the usual 
displacement and strains field assumptions (N a vier­
Bernoulli or Timoshenko) are often adopted. The integration 
of the rheological material model is made with a classical 
numerical integration along the length of the beam or in the 
transversal directions of the cross-section. This last kind of 
element - called a "multi-fiber" - is powerful for a complex 
nonlinear analysis of composite structural elements, and in 
the case of reinforced concrete elements [PEG 94, GUE 94, 



SPA 96, PET 99, KOT 00, MAZ 04, KOT 05a, KOT 05b, 
MAZ 06, KOT 08, CER 07, GRA 09c, PAP 10, CAl 13] . In the 
case of concrete reinforced with a composite, the presence of 
reinforced frames is not specifically introduced, but their 
effects are generally taken into account by the possibility of 

introducing into the concrete constitutive law a possible 
confinement effect. 

3) The use of "global" constitutive laws that describe the 
glo hal behavior of a structure or part of a structure. They 
usually give a relationship between generalized 
deformations and their related generalized forces without 
using local constitutive laws [FAR 91, POL 98, COM 01] .  
Two-dimensional (2D) or three-dimensional (3D) elements 
can be developed using global variables (forces and 
displacements), according to the plasticity theory. On the 
basis of the concept of macro-elements [NOV 91] they are 
particularly convenient for reproducing the behavior of rigid 
shallow foundations lying on a solid semi-infinite medium. 
This approach allows us to significantly reduce the 
computational cost of the simulations [GOT 99, CRE 01, 
CRE 02, GRA 08a, GRA 08b, GRA 08c, CHA 09, GRA 09a, 
GRA 09b, CHA 11, GRA 11]. 

The "full" approach consists of using a combination of a 
geometric model (2D or 3D meshes), constitutive laws (in 2D 
or in 3D) and a model for simulating the loading. It enables 
the simulation of complex problems such as strain 
localization, the opening and spreading of cracks and 
structure response until failure [COM 00, ILE 00]. This 
approach is difficult to use and requires experience and 
versatility from the engineer and does not enable a 
systematic use for structure analysis. 

In this chapter, the seismic vulnerability of an existing 
structure (a building located in the Grenoble area, France) 
will be studied using multi-fiber beams and constitutive laws 
based on the damage mechanics and plasticity. 



5.2. Case study 

5.2.1. Presentation of the structure 

The building (Figure 5.1) is composed of two main 
structures made up of reinforced concrete, the tower and the 
basement structure, which is around it. The vulnerability 
analysis focuses, in this work, on the tower without 
interaction with the adjacent structure as they are separated 
by a dilatation joint. In the following sections, we will refer 
to the tower structure as the "tower". 

Figure 5.1. General view of the building 

The tower (52 m tall) has an underground level, an 
entrance hall at ground level and six standard stories 
covered by a roof level at the top (Figure 5.2). Its surface is 
about 43 m in length (north-south direction) and 13 m in 
width (east-west direction). The main structural frame is 
composed of four columns containing the staircase and the 
lift, and slabs lying on a framework of beams and bars. 



Figure 5.2. Building elevation 

One particular aspect of the structure is the entrance hall 
on the ground floor that is composed only of the main 
columns. All the upper stories of the tower are lying on a 
prestressed concrete caisson element linked with the 
columns and making a portal frame. The last story of the 
tower is not designed with the same geometry as the others. 
This story is essentially made with thin reinforced concrete 
walls. 

The structure is equipped with a permanent 
instrumentation able to detect the vibrations due to ambient 
noise [MIC 10]. This system allows determining the dynamic 
signature of the structure such as its natural in situ 
characteristics (fundamental frequencies and modes, etc.) 
with regard to weak stresses (wind, earthquakes, etc.). 

5.2.2. Spatial discretization 

The building is modeled with the finite element code 
Cast3m (http://www-cast3m.cea.fr/). Multi-fiber beam 
elements [GUE 94] are used for the vertical elements. More 
specifically, each column is decomposed using 80 beam 
elements spread over the height of the tower. Except for the 
first story in which the height is divided into 15 elements, 
every story is composed of five elements. For every element, 



a multi-fiber section is associated. A geometric simplification 
of the column sections has been made, while keeping actual 
inertia and a mass distribution. The columns located at the 
base of the building (below the standard stories) are 
represented by hollow rectangular sections. The columns of 
the standard stories (stories 1-10) are represented by 
U-shaped sections. Finally, the columns and beam sections 
are identical to the geometry of the real sections. Only the 
reinforced steels rebars have been simplified and regrouped 
into packs. Figure 5.3 represents the multi-fiber sections of a 
circular bar and a rectangular column. 

Figure 5.3. Tower - multi-fiber sections of a circular ( ¢45 em) and 
rectangular beam ( 40 x 50 em) in standard stories, above the load 

transfer slab. The disposition of concrete fibers is triangular; the steel 
reinforcements are represented by square fibers 

The prestressed concrete caisson is represented by four 
longitudinal and three transversal beams, their behavior is 
considered to be elastic. This assumption aims at taking into 
account the effect of the prestress, supposed to strongly limit 
the nonlinearities such as cracking and damage in concrete. 
Because of the important proportion of thin walls 
constituting the last story of the structure, this last level is 
modeled using plastic shell elements. This same kind of 
element is used to represent all the slabs. The imposed loads 
added to the weight of the structure are integrated in the 
definition of the slabs. The final mesh regroups 18,808 
elements (including 4,658 multi-fiber beams), 9,808 nodes 
and 58,848 degrees of freedom (Figure 5.4). 



Figure 5.4. Tower - finite element mesh 

5.2.3. Constitutive laws 

The concrete is represented with a unilateral damage 
model [LAB 91] defined with two scalar damage variables, 
one for traction (D1) and one for compression (D2). This 
representation allows us to take into account opening and 
closing of cracks (loss and recovery of stiffness) under cyclic 
loading (Figure 5.5). The behavior of steel is represented by 
the Menegotto-Pinto elasto-plastic model [MEN 73] with 
modified kinematic hardening, to take into account the 
possible buckling of rebars (Figure 5.6). 

5.2.4. Validation of the numerical model 

A permanent instrumentation of the tower enables the 
analysis of its behavior with regard to ambient noises 
[MIC 10]. The vibration measurement with ambient noises 
allows us to especially evaluate the fundamental frequencies 
and modal shapes in the real structure (Figure 5. 7). The 
numerical model of the tower gives a good correlation with 
the first fundamental frequencies and modal shapes 



provided by the in situ tests. The higher modes cannot be 
determined with accuracy by this experimental analysis. The 
first two modes correspond, respectively, to a longitudinal 
and transversal global bending. The third mode corresponds 
to a global torque of the structure. A second longitudinal 
bending mode is characterized by the fourth modal shape. 
Finally, the fifth mode corresponds to a combined expression 
of transversal bending and torque. 
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Figure 5. 7. Tower - comparison of natural frequencies and modal shapes 
between the numerical model and the in situ tests [MIC 10]. For a color 

version of this figure, see www.iste.co.uk.gueguen/ seismic.zip 



The in situ instrumentation of the tower also allows us to 
record signals from the seismic activity in an Alpine area. 
The accelerations at the level of the soil (close to the tower) 
and at six different points of the structure lets us to know 
the part of the signal transmitted at the base of the 
structure. These signals allow us to show that the soil­
structure interaction (for small stress) has a very little 
influence. This result lets us validate the assumption of a 
quasi-embedded structure. 

The largest signal measured in the tower during the in 

situ test phase corresponds to the V allorcine earthquake that 
occurred on September 8, 2005. The behavior of the 
numerical model subjected to this tri-directional signal is 
then compared to the experimental results [MIC 10]. 
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Figure 5.8. Tower - Vallorcine earthquake - top displacement - in situ 
tests us. numerical model [MIC 10]. For a color version of this figure, see 

www. iste. co. uk.gueguen I seismic.zip 

The analysis of the top displacements (Figure 5.8) shows a 
good frequency correlation (>95%) between the in situ tests 
and the numerical model. Despite the accuracy of the results 
in terms of the maximum amplitudes of the signals, the 



evolution with time of the top displacements presents 
disparities between the model and the experiments. But as 
the amplitude of the Vallorcine signal, and consequently the 
movement of the structure, is extremely low (which is 
around the millimeter at the top of the structure (52 m)), the 

coherence of the maximum amplitudes can be considered as 
being satisfactory. 

The maximum values of drift at different stories 
(Figure 5.9) and the maximum top displacement in the case 
of the numerical analysis are in agreement with the in situ 

measurements. The top displacement time history also 
allows us to determine the fundamental frequency contents 
of the structure by a fast Fourier transform (FFT) 
(Figure 5.10). Here again, the frequency content provided by 
the numerical model is in agreement with the frequency 
provided by the in situ tests. The most important frequencies 
are clearly identified as the first fundamental modes of the 
structure (Figure 5. 7). 
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displacements). In situ measurements (data) us. numerical model 

(synthetics) [MIC 10] 

5.2.5. Assessment of the seismic vulnerability (dynamic 
simulations) 

5.2.5.1. Choice of the dynamic loading 

The earthquake signal has been chosen to match with the 
elastic response spectrum provided by the European 
standard Eurocode 8 (EC8), including the values of the 
national part of the Eurocode concerning the seismic zone 
(established in spring 2009). The elastic response spectrum 
of the signal is mostly dependent on: the geographical 
location of the structure (territorial zoning of seismic 
hazard), the classification of the soil (rock, clay, etc.) and also 
the importance of the building (housing, administration, 
etc.). A synthetic three-directional signal, respecting theses 
specifications of Eurocode 8, has then been artificially 
generated by ISTerre laboratory [CAU 08]. Also, each of the 
three components has been established by taking into 
account characteristics (intensity, frequency, directivity, etc.) 
of the seismic sources in the Grenoble area. The generation 
derives from the Green Empirical Functions. Small 
recordings (e.g. Vallorcine earthquake) associated to a 



known source are considered as the Green function of a 
higher level earthquake for which the signal is determined 
by simulating a more realistic slip on the studied fault 
[CAU 08]. Several signals can then be made to match the 
characteristics of the Belledonne fault in the Grenoble area 
[THO 03]. 

5.2.5.2. Global behavior of the structure submitted to a signal 
with an ECB elastic response spectrum 

The amplitude of the horizontal displacement in the 
numerical model of the tower, submitted to the signal having 
the same elastic response spectrum as provided in "EC8" 
standards, reaches 13.3 and 12.7 em, respectively, for the 
N-S (X) and E-0 (Y) directions (Figures 5. 11 and 5.12). 
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direction according to time 

The stiffness is slightly higher in the lower part of the 
tower, below the load transfer slab, where the geometry of 
the columns is rectangular (Figure 5.13) and also along the 
story at the top of the tower. The structure is mostly 
deformed according to the shape of the two first bending 
modes (Figures 5. 13 and 5. 14), with predominance in 
amplitude of its fundamental mode. The place where 
maximum curvature occurs in the second modal shape is 
located above the transfer caisson. 
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The structure moves as a whole. Indeed, the movement of 
all the columns is (almost) identical (Figure 5.15). The 
maximum relative displacement value is about 8 mm and 
represents less than 7% of the total displacement in the 
corresponding direction. The displacement of the structure is 
also characterized by the lack of significant torsion despite 
the 3D stress and the slight offset of the mass due to the 
non-symmetrical aspect of the columns. 
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Figure 5.15. Tower - ECB earthquake - numerical analysis - displacement 
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points of the structure. For a color version of this figure, see 
www. iste. co. uk.gueguen I seismic. zip 
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The inter-story drift (usually used as indicator of 
damage), presents a typical value provided by structures 
submitted to global bending with little shearing. The drift is 

higher for upper stories (Figure 5.16). It must be noted that 
the maximum drift of the upper story remains low due to 
the high stiffness brought by the walls that compose it. The 
drift essentially increases above the transfer caisson. 

It is important to consider that the drift is an indicator 
characterizing the global damage in a structure (Hazus 
methodology), and not the local damage in a precise place or 
area. Indeed, in the case of a structure behaving like a beam 
in flexion, the inter-story drift can be important at the top of 
the structure, whereas the maximum stresses (shear forces 
and bending moments) are higher at the base. This effect can 
be explained using the curvature of the structure, which can 
be approached by the derivative of the drift (instead of the 
drift itself); using the latter, the damaged zones are better 
characterized. 

Looking at the results, two zones present a particular 
risk: the first concerns the base of the structure where the 



shear force and bending moment are the highest due to the 
first bending mode. The second occurs due to the change in 
the geometry inducing a high variation in stiffness above the 
transfer caisson (second bending mode). 

5.2.5.3. Local behavior of the structure submitted to a signal 
with an ECB elastic response spectrum 

Though the presence of cracks in concrete due to traction 
does not lead to structural problems, the study of the 
damaged areas under traction (D1 > 0. 9) allows for 
identifying the zones where rebars could behave in the 
plastic domain. Damage in traction also leads to energy 
dissipation, which can influence the non linear behavior of 
the structure. 

A pattern showing the level of damage allows visualizing 
the zones corresponding to a strong localization of the strains 
(for high values of D1 and D2 in Figure 5.17). These zones are 

concentrated at the base of the columns at the underground 
level, and along with the first three standard stories above 
the transfer caisson. Then, damage in traction is also found 
at the column-beam intersection nodes. The evolution of this 
variable with time indicates that most of the damage occurs 
during the first 10 s of the earthquake (out of 100). 

Beyond the (local) loss of load bearing capacity, the major 
risk of damage in compression (D2) is linked to a significant 
decrease in concrete mechanical properties (approximately 
D2 > 0.6), or even its spalling (approximately D2 > 0.9). 
Significant spalling combined with high compressive stresses 
can lead to buckling of the reinforced rebars. However, this 
risk is not observed in the tower as the damage in 
compression only reaches a very low maximum value of 
D2 = 0.25 (Figure 5.18). 
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earthquake - damage due to 
compression. For a color version 
of this figure, see www. iste.co. uk. 
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The plasticity in the reinforced rebars does not necessarily 
imply the failure of the structure, but can lead to an end of 
its use. Indeed with the loss of ductility, steel becomes more 
fragile and brings uncertainties regarding its behavior. The 
safety margin is linked to the ductile nature of the steel: 
when it is consumed, the failure in steel is reached, without 
any precursor signs. In the situation of an aftershock 
following the first phase of seismic motion, the situation can 
be problematic and influences the decisions relative to the 
future use of the structure (reinforcement, demolition, etc.). 
Also, the cyclic loading makes steel reinforcement more 
prone to fatigue, and so to premature failure. Moreover, the 
residual strains due to plasticity lead to permanent cracks in 
concrete. This situation can deteriorate concrete durability 
and thus increase the risk of corrosion of the reinforcement 
which can require reparation and protection intervention. 
Monitoring the evolution of strains in the reinforced rebars 
can help for an evaluation of these problems. 



The tower has two zones where residual plastic 
displacement in steel is observed. The first is at the base of 
the structure, at the bottom of the rectangular columns 
(Figure 5.19). The plastic permanent strains remain 
relatively low, but are located in a critical area. Much more 
residual displacement is observed in the second zone with a 
strain value of 5.2 x 10-3 at the bottom of the standard 
stories, in the part above the transfer caisson. The whole 
first underground level and the two first standard stories 
therefore present important structural disorders. 
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5.2.5.4. Estimation of the damage level 

The main conclusions of the previous analysis are 
summarized as follows: 

1) Important cracks in concrete can be observed at the 
underground level on the first four standard stories above 
the transfer caisson. 

2) Significant residual displacement due to plasticity is 
observed in reinforced rebars of the columns at the two first 
standard stories and in smaller values at the level of the 

underground columns. The maximum strains (ffi5.2 x 10-3) 



still remain very low compared to the failure limit in 

traction (9 x 10-2). 

3) No rupture by compression in concrete or buckling in 
reinforced rebars is observed. Several reinforced rebars 
experienced plasticity. However the global bearing capacity 
of the structure is not decreased. 

4) The European Macro-seismic Scale EMS-98 [EMS 01] 
and RISK-UE (LMl) [RIS 03] offer a structural definition 
(cracking, spalling of concrete, etc.) of the damage levels 
(Figure 5.20). The numerical evaluation of these levels 
according to the local damage indicators is based on the 
method proposed by [LAN 02]. 

In the case of the HAZUS [HAZ 03] and RISK-UE (LM2) 
[RIS 03] methods, the qualification of these levels depends 
on global criteria (drift and top displacements) (Figure 5.21), 
this scale being more adapted to the classical methods of 
global analysis or the measurements made by in situ 

experiments. 

- For the tower, the correspondence with the EMS-98 
classification allows qualifying the damage level as moderate 
(level 2/5). 

- From the point of view of the HAZUS method, the 

maximum drift of 4.8 x 10-3 obtained during the dynamic 
analysis corresponds to a moderate damage level (level 2/4), 
which is in agreement with the damage level previously 
defined by the EMS-98 recommendation. 

- Considering the RISK-UE (LM2) recommendations, the 
maximum top displacements reached correspond to a very 
high damage level (level 4/5). The damage is slightly 
overevaluated by this indicator. It should be noted that the 
calculation of this indicator requires the knowledge of 
the displacement at the yield limit and at the failure limit 
of the structure (in accordance with RISK-UE), which is 
easily available with a pushover analysis. 



Level of damage EMS-98 
and RISK-UE (LM1) 

1: None to low 

:Very high 

Structural defmition 
EMS-98 

Superficial cracking, non­
structural damage. 

Cracking through 
al elements, fall 

friable materials and 
mortar. 

Cracking of structural 
elements, spalling of 
concrete, buckling of 

longitudinal reinforced 
rebars. 

Concrete fail by 
compression, failure of 
reinforced rebars and 

llllllllllllll 
steel-concrete adherence 

lost. 
-;o,�=-•r...o. Some columns or upper 

story collapse. 

ery important structural 
1 .... .... ,�u''-'-F>'v· destruction of 

bottom floor and part of 
the structure. 

Identification criteria 
(Numerical analysis) 

Maximum value 
(DI=l) of damage by 

traction is reached in 
given zones. 

Non linearities are 
developed into 
structure, with 

stiffness decreasing. 
Wall begins to enter 
the plastic domain. 

N onlineari ties 
increase and stiffness 

decreases. All the 
reinforced rebars in 
the walls of a same 
story enter in the 

plastic domain. 

Concrete failure by 
compression (D2= 1) or 
reinforced rebars fail 

on the peripheral 
fibers. 

Concrete failure by 
compression (D2 = 1) 
or reinforced rebars 

fail over all the fibers 
of a wall. Resting 

shear force capacity a 
the base of the wall 

reduced around 66%. 

Figure 5.20. EMS-98- definition of the damage scale and criteria used in 
the numerical analysis 
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Moderate 0.003 0.7/ly + 0.05/luy< ll< 0.7/ly + 0.21luy 
Strong 0.008 0.7/ly + 0.21luy< ll< 0.7/ly + O.Siluy 
Collapse 0.02 0.7fly + O.Sflyy< fl< 0.7fly + fluy 

(C2 building, great height) 
With L'l11y= 0.9!111- 0.7lly 
U=ultimatc (collapse); y=yield (plastification) 

Figure 5.21. Definition of the HAZUS and RISK-UE (LM2) 
damage levels 

5.2.6. Estimation of the seismic vulnerability using 
pushover analysis 

5.2.6.1. Choice of the static loading 

The nonlinear static analysis by pushover consists of 
studying the behavior of a structure subjected to an 
increasing unidirectional static lateral loading. The 
evolutions of the top displacements and of the total resisting 

shear force are then used to estimate the behavior of the 
structure. The lateral loading is defined here according to 
Eurocode 8 supposing that the first bending mode is 
predominant. The loading force is applied at each story (as a 
force distributed on the slab) with a value linked to the mass 
and to the height of a considered story. The loading profile 
obtained for the tower is represented in Figure 5.22. The 
mass of the transfer caisson being high, a large value of force 
above the main entrance hall has to be considered. The 
evolution of the loading is applied until the failure of the 
structure, here characterized by the rupture of reinforced 
rebars. The stress applied on the 3D model allows us to 
detect possible phenomena of torsion. 

The choice of the loading adopted for the pushover 
analysis is strongly conditioned by the dynamic behavior of 
the structure. The applied loading has to be representative of 
the natural modes taking part in at least at 90% of the total 
mass of the structure. In the case of the tower, the modal 
participation of the mass is limited to 55% for the first 



bending mode. It would then be convenient to turn toward a 
multimodal pushover [CHO 01, CHO 04] and take the three 
first bending modes into account to reach the 90% of the 
participating mass. Also, when several modes are used for a 
pushover analysis, as their influence is not the same at the 
same time [MWA 00], an adaptive multimodal pushover 
[ANT 04, KAL 06] is the most appropriate. However, either 
multimodal pushover or adaptive multimodal pushover, 
remains heavy in terms of computational costs. These kinds 
of analysis are not currently often used by practitioners and 
do not allow us access to indicators such as the "performance 
point". The choice has been made to only consider the first 
mode for defining the pushover analysis in order to stay 
among conventional tools orientated toward engineering. 
The results presented hereafter are to be considered 
considering the above remarks and not as a perfect 
quantitative comparison between the dynamic analysis and 
the static pushover analysis. 

--+ 
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F. 17b (Zi mi) 1 = 1-1, x ---L,(m1 Z) 

Fi: Force by story i 

Zi and Zj: level of two 

consecutive stories i and j (as­
off the ground) 

mi and mj: mass of two 

consecutive stories i and j 

Fb: total effort at the base 

Figure 5.22. Tower - pushover analysis - distribution of the 
loading over the height of the structure 

(X direction) 



5.2.6.2. Global behavior of the structure, static analysis 

The global behavior of the structure has two different 
phases in the two horizon tal directions (Figure 5. 23). The 
first phase is characterized by an elastic behavior of the 

structure, and the second phase by a global hardening of the 
force displacement curve. The fragile behavior observed from 
the force-displacement curves essentially comes from the 
fact that the test is piloted in force and not in displacement. 
In its elastic part, the ductility in the longitudinal direction 
N-S (X) is twice the ductility found in the transversal 
direction E-W (Y). However, the damage is reached for 
similar values of lateral force in both the directions. The 
dissymmetry of the columns in the X and Y directions 
relative to their U shape explains this phenomenon. The 
ultimate point of the pushover curves corresponds to a local 
collapse, caused by failure of a significant number of 
reinforced bars, either in traction (X direction), and either in 
compression by buckling (Y direction). 
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Figure 5.23. Tower- pushover analysis- shear force at base us. 
displacement at top (a) X directions (N-S) and (b) Y directions (E-W) 

5.2.6.3. Local behavior of the structure, static analysis 

0.35 

For the two directions of loading, failure occurs at the 
columns. According to the X (N-8) loading, the rupture of the 
reinforced rebars is reached in traction (Figure 5.24) for a 



strain of 9%, with significant damage localization at the 
bottom of the standard stories. According to the Y loading, 
the failure in the reinforced rebars intervenes by buckling, 

with a compression strain in the concrete higher than 3.5 x 

10-3, leading to spalling (Figure 5.24). In this direction, 
strain localization is less important. 
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Figure 5.24. Tower - pushover analysis - strains in the reinforced rebars -
envelope curve - loading directions X and Y For a color version of this 

figure, see www. iste.co. uk.gueguen I seismic.zip 

5.2.6.4. Damage level estimation 

The results of the pushover analysis can be used for 
defining the performance point of the structure. Looking for 
the performance point aims at predicting from the nonlinear 
static analysis the conditions (force at the base and 
displacement at the top) that will be experienced by the 
structure during a given dynamic stress. Also, the 
performance point is used to determine the state of damage 
of the structure and its value compared to the different 
damage levels provided by the recommendations (see section 
5.2.5.4). 

5.2.6.4.1. RISK-UE (LM2) [RIS 03] method 

In the case of the RISK-DE (LM2) methods, the damage 
levels are conditioned by the value of the top displacement 
according to the ultimate displacement (Figure 5.21). With 
this approach, the damage level corresponding to the target 



displacement is high (I) (level 2/4) in the X direction and very 
high (TI) (level 3/4) in theY direction (Figure 5.25). 

P-EC8-X : Perfonnancc point t-�=2.62 
• Sd�0.07356m 
• Dama� RISK-UE 

0.05 0.1 0.15 0.2 
Sd(m) 

P-EC8-Y : Pcrfonnonce point [-,·=3.09 
• Sd:o0.060799m 
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Figure 5.25. Tower - performance point and classification of the damage 
levels with the RISK-UE (LM2) method. For a color version of this figure, 

see www. iste.co. uk.gueguen I seismic.zip 

The comparison of the damage level with a structural 
indicator to provided by EMS-98 (or RISK-UE (LMl)) is 

described hereafter. This compression will prove the 
accuracy of this damage level. 

5.2.6.4.2. EM-98 [EMS 01] method 

The EMS-98 method allows us to define the damage level 
based on structural observations; its definition can be 
associated with the damage indicators coming from the 
numerical analysis (cracking in concrete, plasticity in the 
reinforced rebars, etc.) [LAN 02] (Figure 5.20). The 
interpretation of the EMS-98 method corresponding to the 
target displacement is estimated to be moderate structural 
damage (M) (level 3/5) in the X direction and high (H) (level 
4/5) in theY direction (Figure 5.26). 

A good coherence between the RISK-UE (LM2) and 
EMS-98 methods is observed. Each of them presents the 
structure as being at half way of the penultimate class of 
damage in the X direction and at the beginning of the last 
class in theY direction. 
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Figure 5.26. Tower - performance point and classification of the damage 
levels according to the EM-98 scale. For a color version of this figure, see 

www. iste.co. uk.gueguen I seismic.zip 

5.2.6.4.3. Exploitation and interpretation regarding the 
dynamic analysis 

Regarding the EMS-98 classification, the damage level 
from the dynamic analysis can be qualified as moderate 
(level 2/5). From the point of view of static analysis, the 
performance point indicates that the structure is in a very 
high state of damage in agreement with RISK-UE and 
moderate looking at the EMS-98 classification. However, the 
position of the performance point is close to the limit 
between levels 2 and 3. 

The spectral displacement corresponding to the 
performance point allows us to define the maximum 
displacement expected at the top of the structure through 
the behavior coefficient. The displacements at the top in the 
static and dynamic cases are coherent in the X direction 
(with a difference lower than 10%) but not in theY direction 
(Figure 5.27). In the opposite of the dynamic analysis, the 
absence of cycle loading in the pushover analysis leads to a 
more pronounced localization of damage. An important 
difference (100%) is observed for the shear forces at the base 
between the two analyses. The participation of higher 



natural modes during the dynamic analysis could explain 
this difference. 
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Figure 5.27. Tower - performance point and maximum displacement 
under dynamic loading. For a color version of this figure, see 

www. iste. co. uk.gueguen I seismic. zip 

5.3. Conclusions 

This chapter presents different modeling strategies for the 
eva]uation of the seismic vulnerability of existing structures 
by focusing on simplified methods and more specifically on 
the use of multi-fiber beam elements. A vulnerability 
analysis applied to an existing structure is then provided. 
The keypoints of the study are the following: 

- The dynamic behavior of the structure shows two 
structural sensitive zones: at the base, and at the bottom of 
the standard stories. The degradations remain moderate, as 
plasticity in reinforced rebars of certain zones appears but 
remains limited to low values. A participation of the second 
and third bending mode is shown, especially when damage of 
the U-shaped columns at the base of the standard stories 
occurs. The comparison between the pushover (based on the 
first bending mode) and the dynamic analysis shows very 
close maximal deformed shapes of the structure. 

- The use of the same damage indicators as those used for 
the dynamic analysis enables a comparison of their accuracy. 



In addition, the analysis on the multi-fiber model enables us 
to exploit the EMS-98 damage levels for which its description 
is related to local variables. 

- The multi-fiber beam strategy allows us to fully exploit 

the definitions of the damage level based on structural 
criteria. This is a considerable advantage compared to the 
classic evaluations based on the drift or the top 
displacement. In addition, this classification does not require 
an analysis leading to the total failure of the structure as in 
the pushover analysis. A dynamic analysis then allows us to 
directly quantify the level of structural damage. This point is 
important as the computational cost needed in the pushover 
analysis is often higher here than for a dynamic analysis. 

The structure having an irregular geometry leads to the 
fact that a participation of the higher modes in the dynamic 
behavior has to be considered (as shown by the dynamic 
analysis). A mu[timodal pushover [CHO 04] or multimodal 

adaptive pushover [ANT 04, KAL 06] could increase the 
reliability of the results (for a larger computational cost) 
while conserving the analysis methodology. 

A new study of the vulnerability of the structure, this 
time reinforced (numerically) by using carbon fiber tissues, is 
presented in [DES 09], [DES 10], [DES 11] and [DES 13]. 

The previous study carried out has a deterministic 
character, in the sense that we are interested in the behavior 
of a perfectly defined structure under a well known imposed 
stress. One of the perspectives could be to adopt a 
probabilistic approach, in order to estimate the seismic 
signals harmfulness and the properties of the structure. 



5.4. Caution 

The work presented here uses the city hall tower as the 
base of a case study and is in no manner representative of a 
requirement or an official demand issued from a risk linked 

to the stability of the structure. 
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