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Abstract 

  

This work presents the nonlinear methods of analyses for seismic design of structures. The first method is the nonlinear 

pushover procedure, which is based on the N2 method. The second method is the classical nonlinear time history 

analysis. The objective of this paper is to make a comparative study of an existing reinforced concrete building in 

Bonefro, Italy between static nonlinear analysis and time history analysis using flexibility-based finite element, and the 

sensitivity of the time history analyses to the seismic parameters through Z_Soil; an engineering software based on the 

finite-element method. 

 

Keywords: flexibility-based finite element, seismic engineering and design, push-over, time history, nonlinear analyses, 

sensitivity to seismic parameters. 

 

 

1. Introduction 

 
1
Most studies to date concerned with the non-linear 

analysis of reinforced concrete frame structures are based 

on finite element models which are derived with the 

stiffness method. The work done by (S.Kaba & al, 1984) 

(C.Zeris & al, 1998, 1991) have demonstrated the 

advantage of flexibility-based models, but have failed to 

give a clear and convincing way of determining the 

element resisting forces from the given displacements. 

This difficulty arises when the flexibility-based finite 

element is implemented in a non-linear analysis program 

based on the direct stiffness method. In this case, the 

solution of the global equilibrium equations yields the 

displacements of the structural degrees of freedom. During 

the state determination phase the resisting forces of all 

elements in the structure need to be determined. In a 

flexibility-based element, there are no deformation 

interpolation functions to relate the deformations along the 

element to the end displacements, therefore, the process is 

not straightforward and is not well developed in 

flexibility-based models proposed to date. This fact has led 

to some confusion in the numerical implementation of 

previous models. To overcome this problem (V.Ciampi & 

al 1984) proposed a consistent flexibility-based method for 

formulating frame member models. This method was 

refined and applied to the development of two types of 

elements in (F.Taucer & al, 1991) (E.Spacone, 1994) 

                                                           
*Corresponding author: Mourad.Belgasmi, Sabah.Moussaoui is PhD 

student 

conducted a large number of static and dynamic 

simulations of small structures with these elements with 

great success. The procedure is general in scope and 

applies to any section material behaviour.  

      Modern seismic design codes allow engineers to use 

either linear or nonlinear analyses to compute design 

forces and design displacements. In particular, (Eurocode 

8, 2003) contains four methods of analysis: simplified 

static analysis, modal analysis, nonlinear pushover 

analysis and nonlinear time-history analysis. These 

methods refer to the design and analysis of framed 

structures, mainly buildings and bridges. The two 

nonlinear methods require advanced models and advanced 

nonlinear procedures in order to be fully applicable by 

design engineers. This paper gives a comparaison of static 

nonlinear pushover analysis which is based on the N2 

method developed by (P.Fajfar, 2005, 1999, 2002) and 

classical nonlinear time history analysis of existing 

reinforced concrete frame structures in Italy using 

flexibility-based finite element. Displacement-based and 

force-based elements are used in this study. The former is 

a classical two-node, displacement-based, Euler-Bernoulli 

frame element. The later is a two-node, force-based, Euler 

Bernoulli frame element. The main advantage of the 

second element is that it is “exact” within the relevant 

frame element theory. This implies that one element per 

frame member (beam or column) is used in preparing the 

frame mesh, thus leading to a reduction of the global 

number of degrees of freedom. The complete theory for 

the force-based element can be found in (S. Antoniou , 

2004) (M.N. Aydinoglu & al, 2004) . In this paper four 
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applications are presented. The first , second and the third 

one is the study of a SDOF problem under step axial 

loading, a cantilever beam with bending loading and the 

earthquake response of 2D model for an existing 

reinforced concrete frame structures in linear and 

nonlinear case using flexibility-based and displacement 

based formulation model in order to compare between the 

two. The forth one is  to make a comparative analysis of 

3D model of  an existing reinforced concrete building 

between static nonlinear analysis and time history  

analysis using flexibility-based finite element according to 

(Eurocode 8, 2003), and the sensitivity study of the time 

history analyses to the seismic parameters.   

 

2.  Flexibility based formulation  

 

The proposed formulation is flexibility based and uses 

force interpolation functions for the bending moment 

variation that depend on the transverse displacements and 

strictly satisfy equilibrium in the deformed configuration. 

The derivation of the governing equations is substantially 

more involved than for stiffness-based elements 

(A.Neuenhofer & al, 1998).  Nonetheless, the element 

offers significant advantages over existing stiffness-based 

approaches, since no discretization error occurs and all 

governing equations are satisfied exactly. Consequently, 

fewer elements are needed to yield results of comparable 

accuracy. This is demonstrated with the analysis of several 

simple example structures by comparing the results from 

flexibility and stiffness-based elements. The use of 

flexibility instead of stiffness is motivated by the fact that 

the dynamically measured flexibility matrix is dominated 

by the lowest modes of a structure, which can be easily 

measured, while the dynamically measured stiffness 

matrix is dominated by the highest modes of the structure, 

which are hard if not impossible to measure (E.Reynders 

& al, 2010). The plane frame finite element models are 

based on the Euler-Bernoulli beam theory (K.D.Hjelmstad 

& al ,2002) for geometrically nonlinear behavior 

(H.RValipour & al, 2010). In this case, the governing 

variables are the axial and transverse displacement fields 

u(x) and w(x), respectively, of the element reference axis 

that give rise to deformation fields 

 

 ( )  [ ( )       ( )]  [  ( )  
 

 
   ( )       ( )]

 

      (1) 

 

Where  ( ) is the axial strain at the reference axis and 

 ( ) is the curvature, with the prime denoting 

differentiation with respect to x. Displacements and strains 

are assumed to be small. 

     The nonlinear axial strain-displacement relation in 

Equation (1) forms the basis for the proposed 

geometrically nonlinear formulation. The corresponding 

stress resultants or internal force fields are 

  

 ( )  [ ( )      ( )]        (2)

         

 

Where N(x) is the axial force and M(x) the bending 

moment. It is assumed that the section constitutive relation 

 

 ( )    ( )        (3) 

 

With   [
   
   

]   Where EA is the axial and EI the 

flexural rigidity 

 

2.1. Flexibility method  

 

If equilibrium is considered in the deformed element 

configuration in Fig. 1, the relation between nodal forces 

 ̅ in the system without rigid body modes and internal 

forces f(x) is 

 

 ( )   [    ( )] ̅    
         (4) 

Where  

 

 [    ( )]  [
   

  ( )     
]  ,      

 

 
     (5)

        

Is the matrix of displacement-dependent force 

interpolation functions. Since shear deformations are 

neglected, the shear force does not appear in Equation (4), 

but it can be determined a posteriori from the equilibrium 

condition (see Figure 1) 

 

 
 

Fig. 1 Equilibrium in deformed configuration  

 

               (6)

       

The weak form of the compatibility condition in Equation 

( 1), 

 

∫   ( ) ( )   
 

 
        (7)

     

Leads to three compatibility equations for the frame 

element without rigid body modes. one for the axial 

displacement  ̅ and two for the end rotations  ̅  and  ̅  in 

Fig. 1. The latter are identical with the linear case. The 

former becomes 

 

∫   [  ( )  
 

 
[  ( )]   ( )]

 

 
           (8)

         

After integrating the preceding expression by parts and 

accounting for the boundary terms. The compatibility 

condition for  ̅  reduces to 

 

 ̅  ∫  ( )   
 

 
 ∫

 

 
 ( ) ( )  

 

 
  

         (9) 
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Thus the complete set of governing equations, the 

flexibility-based is  

 

 ̅  ∫    [    ( )]  ( )  
 

 
    (10)

      

                 

With       [    ( )] [
   

 
 ( )

 
    

]   (11)

                    

In geometrically nonlinear flexibility-based analysis the 

evaluation of the flexibility matrix F requires special 

attention. This is because both b(x) and b*(x) depend on 

the transverse displacements w(x). Starting from the 

governing equation in Equation (10) we obtain 

  
  ̅

  ̅
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                     (12) 

 

Where            is the section flexibility matrix. Since 

Equation (12) is derived from Equation (10), which is 

based on a variational principle, it consists of three 

contributions.  

      The first term represents the "direct" change in the 

element end displacements  ̅ caused by a change in the 

element end forces  ̅ for fixed displacements w(x).  

       The second and third terms are of indirect nature 

accounting for the change in  ̅ caused by the change in 

w(x), which in turn originates from a change in ̅ 

 

3. Nonlinear and linear Comparison between flexibility 

and displacement base formulation  

 

Advanced models for frame analysis are used. In 

particular, nonlinear beams with fiber section models are 

available. The cross section is divided into fibers and the 

constitutive law of each fiber is assigned from the 

constitutive law library available in software. Both 

displacement-based and force-based formulations are 

available. Force-based elements (E. Spacone & al, 1996) 

are exact within the classical Euler-Bernoulli beam theory. 

As for geometric linearities, these are considered in the 

general framework of the program and thus follow a 

corotational approach (Th. Zimmermann & al, 2008). 

 

3.1  SDOF test problem  

 

We consider a step load (F = 0 for t < 0 and F = F0 for t ≥ 

0) applied to SDOF nonlinear oscillator Figure 2. The 

oscillator, modeled as a bar, has the following 

characteristics: stiffness K =1 N/m (modulus of elasticity 

E =1 N/m
2
, section A=1 m

2
, length L = 1 m), mass M =1 

kg, force F0 = 1.  

 

 
Fig.  2  Applied step load 

 

3.1.1Axial loading (J.M.Biggs 1964)  

 

Linear case  Equation of motion : 

 

0Mu Ku F 
    

     

The exact solution is 
(1 cos )stu u t 

 with 

0
st

F
u

K


For this case the maximum displacement is max 2mu 
. 

Figure 3 compares the results obtained using 

displacement- and force-based (flexibility based) element. 

As expected the exact solution is obtained using a single 

element in both cases. Newmark’s algorithm with 

0.5   and 0.25   is used. 

 
Fig.  3  Comparison between displacement-based and 

force-based formulation in the evolution of displacement 

in time, Δt = 0.1 

 

3.1.2 Nonlinear case 

 

Nonliniarity is characterized by a yield stress 
21.5 N/myield 

. Elastic-perfectly plastic behavior is 

assumed. 

The equation of motion is 

  0M u F u F 
    

       

There are there are 03 cases to consider in the response  

case 1)  yieldu u
 

 

F 

t 

F0 
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 Since 
1.5 NyieldF 

, 
1.5 myieldu 

. The time 

corresponding to yield can be computed by setting : 

 

1.5 (1 cos )
yield

yield st yieldu l u t
E


   

 
       

with  
1stu  

. We obtain 

arccos( 0.5) 2.0944yieldt s  
   

case 2)  yield mu u u 
 

After yielding the internal force is yield A
, thus the 

equation of motion is 

0 0 0.5yield yieldMu F F Mu F F      

     

 

0 0 0.5yield yieldMu F F Mu F F      

       

0 0 1( )yield yieldMu F F Mu F F t c     
   

 

with yieldt t t  
     

0 2

1 2( )
2

yieldF F
M u t c t c


   

   

with yieldt t t  
  

The initial conditions are used to determine c1 and c2. 

 

( ) (1 cos ) 1.5

( ) sin( ) 0.866

yield st

yield yield

u t u t

u t t



 

  


 

1 20.866 and 1.5c c  
   

 

this case is true  till 0u  . Based on the previous 

equations: 

0 ( ) 0.866 0

1.732

3.8265

yield yield

m yield

m

u F F t t

t t t

t s

    

   

   
thus 

0 2 2

1 2

0.5
( ) (1.732) 0.866(1.732) 1.5

2 2

2.25

yield

m m m

m

F F
u t c t c

u m


       

   

case 3)  3.8265t s   The displacement is 

 

0 0
( ) cos with

yield yield

m m

F F F F
u u t t t t

K K


 
     

     
(2.25 0.5) 0.5cos( 3.8265) 7 3.1735 1.25u t for t s t s and u m       

  

In this last case the amplitude of vibration will remain 

below mu
.  

     All values of the nonlinear three cases are checked in 

Figure. 4 and Figure. 5. We can see that the results are 

identical for both displacement- and force-based element 

and agree to the theory. A single element was used in both 

cases.  

 

 
Fig.  4  Displacement response for nonlinear Biggs’s 

example, Δt = 0.1 

 

 
Fig.  5  Force response for nonlinear Biggs’s example, Δt 

= 0.1 

 

3.2. Bending loading  

 

A cantilever beam is used in this second example. The 

beam has the following characteristics: L= 1m, rectangular 

section b=h=0,3 m, E=493.83 kN/m
2
, =0.16, ft=fc=3000 

kN/m
2
. The cantilever has a 750kg lumped mass at the free 

end and is loaded at the free end with a transverse step 

load of 15N applied at time t=0 (Figure. 6 and Figure. 7). 

The cantilever response in terms of tip displacement (in 

the transverse direction) and shear force at the fixed end is 

shown in Fig. 8 and Fig. 9, respectively. 

 

 
 

Fig. 6 model of a cantilever beam discretised with one 

element (force based element)  
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Fig. 7 model of a cantilever beam discretised with one 20 

elements (displacement based element)  

 

 
Fig. 8  Response in terms of tip displacement of cantilever 

beam, Δt = 0.1 

 

 
Fig.  9  Response in terms of shear force at fixed end of 

cantilever beam, Δt = 0.1 

 

We can deduce after studying these two examples, that 

there is a clear convergence between the values given by 

the theory either in linear or nonlinear cases with those 

given by the software used and especially with the 

flexibility-based finite element. 

 

3.3. Response of 2D model of Bonefro building to ground 

acceleration 

 

The response of a single 2D frame is studies. The side 

frame analyzed is shown in Figure 10, The response of the 

frame of to the El Centro accelerogram is shown in the 

following 

      Figure 11 shows the 2D frame top (third) floor 

response to the El Centro earthquake using displacement 

based and flexibility–base element. The same 

displacement is plotted for the Hollister and Friuli 

accelerograms in figure 12 and figure 13. 

 

 
 

Fig. 10 2D frame studied 

 

 
Fig. 11 Top floor response to El Centro accelerogram 

 

 
Fig. 12 Top floor response to El Hollister accelerogram 

 

After satisfactory comparison of flexibility and 

displacement based formulation, only flexibility-based  

was used in the following study which is a comparative 

study of a fully 3D frame model of  an existing reinforced 

concrete building between static nonlinear analysis and 

time history  analysis using flexibility-based finite element   
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Fig. 13 Top floor response to Fruili accelerogram 

 

4. Push-Over Approach  

 

The push-over approach is a nonlinear static method 

described in (Eurocode 8, 2003). Its implementation in 

Z_SOIL.PC is described in detail in (A.Urbański & al, 

2007). In short, force distribution (unitary or modal) is 

applied to the structure and monotonously increased. A 

capacity curve is obtained, drawing the total shear force at 

the base of the structure with respect to the top 

displacement (in our case, the bonefro building). This 

curve is then expressed for an equivalent single degree of 

freedom oscillator and it is bi-linearized, giving birth to 

the so-called capacity spectrum (Figure 14). 

 

 
 

Fig14.Capacity spectrum 

 

The seismic action depends on the type of the structure, 

soil conditions and the zone of application. It is expressed 

as an acceleration-displacement response spectrum 

(ADRS), or demand spectrum. The superposition of both 

the capacity and demand spectra leads to obtaining target 

displacement   
  for the single degree of freedom 

oscillator, and finally to target displacement      for the 

real structure 

       (       
 ) see Figure 15. This target displacement 

represents the maximal horizontal displacement which will 

be experienced by the structure during an earthquake 

corresponding to the given Acceleration Displacement 

Response Spectrum (ADRS spectrum).  

 
 

Fig.15 Demand spectrum and target displacement 

 

5. Nonlinear Frame Models in Z_Soil 

 

-

version of the new Z_Soil program, (M.Belgasmia & al, 

2007), (A.Urbański & al, 2007), which includes full 

dynamic capabilities. The first is a classical two-node, 

displacement-based, Euler-Bernoulli frame element. The 

second is a two-node, force-based, Euler Bernoulli frame 

element. The main advantage of the second element is that 

it is “exact” within the relevant frame element theory. This 

implies that one element per frame member (beam or 

column see Figure. 17) is used in preparing the frame 

mesh, thus leading to a reduction of the global number of 

degrees of freedom. The complete theory on the force-

based element is found in (E. Spacone & al, 1996). For 

describing the section response, both elements use a fibre 

discretization. Fibre sections automatically account for 

moment-axial load interaction. In the present 

implementation, simple uniaxial constitutive laws have 

been implemented for concrete and steel. Enhancements to 

these laws are planned for future developments. Both 

elements include both material and geometric 

nonlinearities. Material nonlinearities derive from the fibre 

nonlinear constitutive laws. Geometric nonlinearities are 

included in the framework of the co-rotational 

formulation. Geometric nonlinearities are important for 

analyses carried out up to the collapse limit state. 

 

6. Application 

 

The nonlinear response of the 3D model of an existing 

building is presented. The building is a residential two-

storey reinforced concrete building in Bonefro, Italy. It is 

representative of typical residential building construction 

in Italy in the 1970’s and 1980’s. The building is shown in 

Figure. 16 

 

6.1Bonefro building modeling and material properties 

 

A general 3D model is presented in Figure 17. The 

following material properties are used for the fiber section 

(see table 1)  
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Fig.16 Two-storey bonefro building used for analyses   

 

 
Fig.17 3D model  

 

Concrete:E=2.7e7 KN/m
2 

Steel E=2.1e8 KN/m
2
 

υ=0.16 υ=0.2 

ft=300 KN/m
2 

ft = fc =500000 KN/m
2
 

fc=3000KN/m
2 

 

The following reinforcement details are used: 

 

Table 1.  The reinforcement details of elements  

 

elements & 

caracteristics 
b(m) h(m) Reinforcement 

element 1 0.3 0.3 
2Ф16 top; 2Ф16 bottom; 2 Ф 

14 middle 

element 2 0.3 0.3 2Ф16 top ;    2Ф16 bottom 

element 3 0.3 0.5 2Ф14 top ;    4Ф14 bottom 

element 4 0.8 0.2 6Ф14 top ;    6Ф14 bottom 

element 5 0.5 0.2 2Ф14 top ;    2Ф14 bottom 

element 6 0.3 0.2 2Ф14 top ;    2Ф14 bottom 

 

For the floor beams geometry, an equivalent rectangular 

beam is used. The beam dimensions are found imposing 

the same inertia of the T-beam (see Figure 18). The results 

are : 

In our case b/d = 6.67m & h/t = 2.5m thus b'/b = 0.336m 

so  b'= 0.672m. 

 
Fig. 18  Rectangular section for floor beams 

 

6.2  Pushover  response and target displacement of 3D  

model 

 

The design spectrum for the building was obtained from 

(Eurocode 8, 2003) using the local soil properties and the 

peak ground acceleration given by the new Italian seismic 

map. The building is regular in height but is irregular in 

plan because of the eccentric position of the staircase. The 

pushover analysis of the building in the x direction is 

shown in Figure. 19. The determination of the target 

displacement is shown in Figure. 20 the target 

displacement of single degree of freedom (SDOF) is 0.06 

m in order to have the displacement of multi degree of 

freedom (MDOF) we must multiply the results of SDOF 

by the mass participation factor   which is equal for 3D 

modal to 1.28 thus the MDOF results 0.077m. 

 

 
Fig 19  Pushover response of 3D model with modal load 

distribution in x direction 

 

In order to perform the time-history analyses, and to 

compare the results with those obtained with the pushover 

analysis, the first step is to select a set of spectrum-

compatible ground motions. In this application, three 

artificially generated ground motions are used. The ground 

motions are generated using a computer program based on 

the theory presented in (F.Sabetta & al, 1996).  The most 

important input parameters are the epicentral distance, the 

magnitude and the type of soil. In this case, the Magnitude 

was set to 6.02, the epicentral distance to 22.8 km and the 

soil type to shallow. The results are three ground motions 
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Fig. 20  Target displacement for pushover response 

 

whose response spectra are shown in Figure 21. Figure. 22 

compares the mean spectrum to the three separate spectra.  

The time history responses in terms of top floor center of 

mass displacement are shown in Figure.23, Figure. 24 and 

Figure. 25.  

 
Fig. 21 Generated accelerogram spectrum vs EC8 

spectrum 

 

 
 

 
 

 
 

Fig. 22  Verification that three generated ground motions 

spectra are close to mean spectrum 

 

6.3 Nonlinear time history of 3D model 

 

A time history analysis of the 3D model is presented with 

the three accelerograms of the previous section. The 

results for input ground motion applied in one direction 

only, are compared for pushover and time-history analysis. 

Stiffness proportional Rayleigh damping is prescribed, 

with 5% damping at 2 Hertz. The resulting values for 

Rayleigh damping are 0   and 
0,008 

. The top-

floor response to the three accelerograms is shown in 

Figures 23, 24, 25.  

 
 

Fig. 23 Response of Bonefro building to ground motion 1 

applied in the x direction 
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Fig. 24  Response of Bonefro building to ground motion 2 

applied in the x direction 

 

 
Fig. 25  Response of Bonefro building to ground motion 3 

applied in the x direction 

 

The three responses show a residual displacement at the 

end of the time histories, indicating a nonlinear response 

in parts of the building. The residual displacement is larger 

under ground motion 1. The maximum displacements due 

to the three ground motions are 0.0708, 0.0316, 0.0507 

meters. Because only three ground motions are used, the 

design displacement is 0.0708m. Figure 26 shows on the 

same plot the pushover curve and the based shear 

measured during the time history analysis at given 

displacements, 0.01, 0.02 and 0.04 m. Because during a 

cyclic analysis the top displacement reaches at several 

instances a given value, several points correspond to a 

given displacement. 

      Several points correspond to a given displacement, the 

displacement of  0,04 m is attained at several instances. It 

is interesting to note from Figure 26  that  in the time 

history analysis the maximum based shear is reached even 

for small displacements due to the cylcic nature of the 

response. This figure  points out how the pushover curve 

gives different information compare to the three time 

history. 

 

6.4 Sensitivity of response to large deformation 

 

The pushover analyses are repeated using the large 

deformation analysis. The results are shown in the 

following figures 27. 

 

 
Fig. 26 Base shear at selected top-floor displacements 

from time history analyses: comparison with pushover 

curve 

 
Fig.  27  Pushover response to large deformation of 3D 

model with modal load distribution in x direction 

 

 
Fig. 28 Target displacement for pushover curve to large 

deformation 

 

The pushover analysis to large deformation of the building 

in the x direction is shown in Figure 27. The determination 

of the target displacement is shown in Figure 28 the target 

displacement of single degree fo freedom (SDOF) is 0.062 

m. in order to have the displacement of multi degree of 

freedom (MDOF) we must multiply the results of SDOF 

by the mass participation factor   which is equal for 3D 

modal to 1.28 thus the MDOF results 0.0794m. The 

pushover curve becomes strain softening after yielding, 
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due to the geometric nonlinearities. The increase in target 

displacement comparing with target displacement curve 

with small deformation (Figure 20) is equal to 3.1% for 

modal distribution. 

 

7. Sensitivity to seismic parameters 

 

The sensitivity of the time history analyses to the seismic 

parameters used in generating the accelerograms with the 

program by (F.Sabetta & al, 1996) is presented here. The 

three parameters magnitude, epicenter distance and soil 

type were changed. The results are shown in the following 

tables. The reference values are magnitude = 6.02, 

epicenter distance = 22.8 km, shallow soil type. These are 

the values used for generating the three earthquakes used 

for the time history analyses (see table 2 (a), 2 (b), 2 (c)). 

 

Table 2 (a) Sensitivity to magnitude seismic parameter 

 

  
Magnitude= 

5.72 
Magnitude= 

6.02 

Magnitude= 

6.32 

Maximum 

response The 

for static 

pushover 

analysis 

  

Max = 1.28* 

0.06m   

Max= 0.077m 

Maximum 

response 

under 

earthquakes 

in x direction  

for Time 

history 

analysis 

Max = 

0.06m 

Max = 

0.0708m 

Max = 

0.106 m 

 

Table 2 (b) Sensitivity to epicentre seismic parameter  

 

  
Epicenter 
distance=11.4K

m 

Epicenter 

distance=22.8K

m 

Epicenter 
distance=45.6K

m 

Maximum 
response 

The for 

static 
pushover 

analysis 

  

Max = 1.28* 
0.06m 

  

Max= 0.077m 

Maximum 

response 
under 

earthquake

s in x 
direction 

for Time 

history 
analysis 

Max = 0.065m Max = 0.0708m Max = 0.095m 

 

Table 2 (c) Sensitivity to soil type seismic parameter 

 

  
Soil type 

shallow 
Soil type deep 

Maximum response The 

for static pushover analysis 

Max = 

1.28* 

0.06m 
  

Max= 

0.077m 

Maximum response under 

earthquakes in x direction 

for Time history analysis 

Max = 

0.0708m 
Max = 0.065m 

 

The results are summarized in compact form in Figure 29  

The magnitude and epicenter results are normalized with 

respect to the reference values indicated in bold in the 

above tables. There seems to be a very high sensitivity to 

the earthquake magnitude, but further studies are needed. 

 

 
 

Fig 29  Sensitiviy of response (expressed in terms of dmax 

at top floor) 

 

Discussion of the results  

 

- The comparison between pushover and dynamics 

gives difference of 8% . 

- The sensitivity to Magnitude, in dynamics a (+-5%) 

variation in reference magnitude value (6.02) yields a 

variation in max displacement of( +33% and –15%) 

(see table 2a). 

- The sensitivity to epicenter distance, in dynamics (via 

Sabetta program) a (+100%, -50%) variation in 

reference magnitude value (22.8 Km) yields a 

variation in max displacement of (+25%, -8%) (see 

table 2b). 

- The sensitivity to soil, in dynamics (via Sabetta 

program): shallow and deep soil type the        

difference is about 8% (see table 2a).  
- The maximum base shear indicated by the pushover 

analysis is systematically reached for almost any 
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maximum top displacement, this is probably 

indicative of significant influence of 2
nd

 3
rd

 modes. 
 

- Large deformation induces global softening and 

increase target displacements in 3D pushover +3.1% 

for modal loading 0.062/0.06.  
 

8. Conclusions 

 

The element formulation is based on force interpolation 

functions strictly satisfy element equilibrium and, thus, 

belongs to the category of flexibility-based elements. 

The use of exact force interpolation functions in the 

element requires fewer elements for  the representation of 

the non-linear behaviour of a structure, and gives a good  

numerical results without difficulties.  

      We can now compare the pushover and the time 

history analysis; in the case of time history analysis the 

Eurocode propose to take the maximum response, if we 

apply to structure less than 7 earthquakes, and compare it 

to the target displacement of multi degree of freedom 

pushover model. 

       The maximum response to the three earthquakes is 

0.0708m. In pushover analysis study the target 

displacement of a multi degree of freedom is 0,077m. We 

can say that the result of time history and pushover 

analysis are very close to eath other. 

      There are no doubt advantages in using nonlinear 

analyses vs using linear methods. Most importantly, 

nonlinear analyses allow designers to follow more closely 

the nonlinear response of buildings and bridges to the 

design earthquakes corresponding to the ultimate and 

collapse limit states.  

      The displacement of 0,04 m is attained at several 

instances. It is interesting to note from figure26  that in the 

time history analysis the maximum based shear is reached 

even for small displacements due to the cylcic nature of 

the response.Figure26 points out how the pushover curve 

gives different information compare to the three time 

history. Pushover analysis provides the maximum base 

shear one can expect for a given maximum target 

displacement (corresponding to a given earthquake 

intensity). The time histories provide not only the 

maximum values, but the entire history. For the example at 

hand, tha max displacement of the time history is 

0.0708m, and the maximum base shear is approximately 

equal to 1500 kN, but during the time history this value of 

the base shear can be reached at several instances and for 

different values of the top displacement. On the pushover 

curve this translates into a single point that provides 

maximum displacement and maximum base shear that can 

be expected for that given earthquake. 
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