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ABSTRACT: A brittle damage pattern has been observed in some reinforced concrete 

(RC) shear wall buildings during recent earthquakes. Although substantial experimental 

and analytical research has been conducted, many questions remain about the inelastic 

behavior of shear walls and their interaction with the rest of the three-dimensional 

structure. This article presents two inelastic models of a real building damaged during the 

2010, Chile earthquake, in which the brittle behavior was localized in critical walls at the 

first basement. Two-dimensional inelastic pushover analysis of a severely damaged 

resisting plane was conducted considering different displacement patterns in the software 

DIANA. Results show that the geometry of the failure in the wall cannot be correctly 

represented by conventional inelastic models with displacement patterns that ignore the 

lateral and axial interaction. Finally, an inelastic 3D dynamic analysis of the entire 

building was developed. Dynamic results considering a single ground motion recorded in 

the vicinity of the building are analysed and compared with the damage observed during 

the earthquake. Results show that the observed damage is accurately predicted by the 

proposed analytical model with a reasonable computational cost.  

1 INTRODUCTION 

During recent earthquakes RC wall buildings have shown a type of brittle damage characterized by 

concrete crushing at wall boundaries concentrated over a short height but spread almost the whole 

length toward the interior of the wall. Additionally, reinforcement buckling and fracture at wall 

boundaries, and in some cases, global inelastic wall buckling were observed.  

Research on the observed damage in RC walls has been mainly focused on analytical and 

experimental work on isolated RC wall specimens (000000). However, studies using complete 3D 

models for damaged structures of this type are scarce. Kozmidis et.al. (0) developed a nonlinear 

dynamic analysis on a RC tall building damaged during the 2010, Chile earthquake using nonlinear 

fiber elements in Perform 3D. Although the proposed model showed concrete crushing in several 

building locations, the location of damage does not coincide accurately with the observed damage 

during the earthquake. Furthermore, the collapse of the Alto Rio building during the 2010 Chile 

earthquake was studied using a 3D finite element model of a representative slice of the building in the 

software LS-DYNA 0. In this case, the model was able to simulate a behavior consistent with the 

observed collapse of the building, governed by concrete crushing induced by bending of the walls.  

This article summarizes the study aimed to modelling the earthquake damage of a real building 

damaged during the 2010, Chile earthquake. A two-dimensional FE model was developed first for a 

severely damaged resisting plane, and an inelastic pushover analysis was performed considering 

different displacement patterns.  Finally, a complete 3D FE model of the building was developed and 

inelastic dynamic analysis was conducted considering the three components of a ground motion 

recorded close to the building during the earthquake. Because structural damage during the earthquake 

was localized in the first basement, this structural model includes only nonlinearity in some walls of 

the lower levels of the building, while the rest of the structure is assumed to remain elastic.   



2 

2 BUILDING DESCRIPTION 

The building studied is located in Santiago, Chile, and suffered severe damage in RC walls during the 

2010 Chile earthquake, similar to that of other buildings in Santiago, Viña del Mar and Concepcion 0. 

This residential building has 18 stories and 2 basements, and a typical “fish-bone” like configuration 

with central longitudinal walls in the E-W direction, and orthogonal walls in the N-S direction. Figure 

1a) shows a 3D view of the building, while Figure 1b) shows the plan of the first basement. The 

building is composed typically of 15 cm thick floor slabs and 20 cm thick RC shear walls with an 

average total wall density of 6.5%--total area of walls divided by tower area, calculated at the first 

level above grade. The building has concrete compressive strength fc’ = 25MPa and steel A630-420H 

(fy= 420 MPa). The basements are intended to car parking and present an enlarged floor plan area with 

RC columns and perimeter walls in the extended underground zone (axis 12 and 13).  

 

Figure 1 - a) General 3D view of building; b) first basement floor plan; c) elevation of wall Q; and d) 

observed damage in wall Q. 

 

Field investigations done after the earthquake showed localized damage in the transverse RC walls of 

the North side of the building in the first basement. Concrete crushing and reinforcement buckling was 

observed, particularly in walls Q and U. These walls present a similar configuration in height, with an 

irregularity in the wall web in the transition between the first basement and first story, as 

schematically shown for wall Q in Figure 1c). The damage in this wall was localized in the irregular 

zone as shown in Figure 1d).  

A reference elastic model of the building was developed in ETABS 0 using conventional modelling 

assumptions (i.e. gross element cross section, and uncracked stiffness properties) and the fundamental 

period of the building is 0.86s in the N-S direction. First, an elastic response history analysis was 
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developed considering the three ground motion components recorded in the nearby station Peñalolen 

(0). The seismic record considered in the analysis is shown in Figure 2a), while the pseudo-

acceleration and displacement spectra with 3% damping in Figures 2b) and c), respectively. Figures 

3a) and b) show roof displacement and base story shear in N-S direction, respectively. Figure 3c) 

shows the seismic axial load ratios (ALR) for the first basement vertical elements at the time of peak 

roof displacement at 80.63s. The ALRs are defined as ALR=N/fc’Ag, where N is the axial load in the 

section, and Ag is the gross section area. Please notice that only absolute values greater than 0.15 are 

shown in the figure. Figure 3c) also shows in parenthesis the ALRs for gravity loads (D+0.25L) for 

critical walls in compression. For walls Q and U, the amplification factor of their ALRs due to 

dynamic effects are 2.19 and 2.81 respectively.  

 

Figure 2 - a) Ground motion record Peñalolen station; b) elastic pseudo-acceleration spectrum; and c) 

elastic displacement spectrum. 

 

 

Figure 3 - Linear elastic response for the selected ground motion: a) roof displacement; b) base story 

shear; and c) axial load ratios in the first basement. 
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3 INELASTIC PUSHOVER ANALYSIS OF A DAMAGED WALL 

Wall Q (Figure 1c) was analysed by two-dimensional inelastic pushover analysis. The finite element 

model was inelastic and considered the material behaviors included in the software DIANA 0. To 

model concrete behavior, the smeared cracking approach was considered, following total strain 

rotating crack model. In this approach, concrete fracture was modeled within a continuum with a 

stress-strain constitutive model with softening for both compressive and tensile behavior, while the 

principal axes rotate with the principal strains during crack propagation. Compressive stress-strain 

constitutive for concrete was modeled using the Parabolic relation implemented in the software, which  

has been evaluated elsewhere showing good results for 2D RC walls over other constitutive models 

predefined in the software 0. The selected wall presented almost no boundary confinement, and only 

unconfined concrete was considered in the model. The backbone constitutive relationship for concrete 

in compression considers three lateral effects: increase of strength due to lateral compressive stresses 

according to the Selby and Vecchio relationship, compression softening effect according to Vecchio 

and Collins, and decrease in Poisson’s ratio with increased cracking 0. For concrete tensile behavior, 

the Hordijk constitutive model was used 0.  

Figure 4 shows the theoretical stress-strain constitutive relations for concrete and steel used based on 

the nominal material properties defined in Section 2 and the mesh size considered in the finite element 

model (h=0.1m). Concrete was modeled using four node quadrilateral iso-parametric plane-stress shell 

elements with linear interpolation functions and Gauss integration. Reinforcement was modeled using 

an embedded formulation that assumes perfect bonding, and the stress-strain constitutive model for 

steel was assumed equal in tension and compression, and includes exponential hardening (Voce 

model). The model neglects the effect of bar buckling and fracture observed in damaged walls during 

the earthquake. This is a limitation of the proposed model, but these complexities are included in the 

3D force-based fiber element formulation discussed later.  

 

Figure 4 - Constitutive models: a) concrete; and b) steel 

For the pushover analysis, a load pattern of nodal displacements was imposed at each floor level. Four 

different displacement patterns were considered in the analysis to try to simulate the observed damage: 

(i) a single lateral displacement at the top floor of the building (R); (ii) an inverted triangular lateral 

displacement pattern applied at each floor level (T); (iii) a lateral displacement pattern corresponding 

to the N-S component of the first mode in the plane of the wall applied at each floor level (M1); and 

(iv) a displacement load pattern that preserves the proportionality between the lateral and vertical 

nodal displacements of the wall corresponding to the first building mode (MV1). The displacement 

pattern MV1 is the same as M1, but includes vertical displacements of the first mode applied at all 

nodes of the floor level. By including vertical displacements, the 2D model tries to represent the 

interaction between the wall and the rest of the structure around. Modal displacements were obtained 

from linear modal analysis of the entire building using the ETABS model. Figure 5 shows results for 

the proposed model and the four displacement patterns considered. The Figure plots the bending 
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moment at the centroid of the critical section versus the lateral roof displacement for each 

displacement pattern. The concrete plastic deformations of the bottom portion of the wall are also 

identified in the Figure at some critical steps in the pushover analysis.  

 

Figure 5 - Inelastic pushover analysis: a) bending moment at critical section versus roof displacement; b) 

axial load ratio at critical section versus roof displacement; and c) scheme of displacement patterns. 

 

The first three displacement patterns (R, T, M1) implicitly assume a constant axial load in the wall 

equal to the gravity load, i.e. ALR=16%, since the lateral displacement pattern cannot impose axial 

loads in walls. This effect translates into rather poor damage patterns for the wall, which are 

inconsistent with the observed damage. For instance, pattern R does not present strength degradation 

and fails to reproduce the horizontal crack observed at the first basement during the earthquake 

(Figure 1d); pattern T predicts a limited ductility behavior, but damage localizes at the bottom of the 

wall and does not reproduce the observed damage pattern. On the other hand, case M1 (lateral first 

mode displacements at each floor level) concentrates the plastic deformations of the wall at the 

irregularity between the first basement and first story, and is able to predict the initial damage pattern; 

however, crushing does not propagate toward the interior of the wall. Finally, case MV1 presents clear 

strength degradation after the roof displacement exceeds approximately 9 cm. A maximum ALR of 

47% is obtained for case MV1, which is more consistent with the dynamic results presented in the next 

section. Figure 5b) shows the ALR for the different displacement patterns.  

4 THREE DIMENSIONAL MODEL OF DAMAGED BUILDING 

This section presents the results of a dynamic inelastic analysis of the complete building using a force 

based fiber element (FFE) developed earlier 0. The FFE was used to model some critical walls in the 

lower stories of the building as shown in Table 1.  

Table 1. Inelastic walls modelled in the lower stories of the building 

Story 1 N O Q R T X U Y Z 

2
nd

 Basement - -   -    - 

1
st
 Basement - -   -    - 

1
st
 Story          

2
nd

 Story - -   -    - 

Figure 6a) shows an example of a linear elastic wall from SAP2000 modeled by shell elements and 

connected to an FFE. The connectivity between the shell elements of the wall and the node of the FFE 

is assumed rigid, imposing the constraints of plane sections at the interface. In FFE, each section 

represents an integration point along the axis of the element, and each section is subdivided into 

concrete and steel fibers (Figure 6b).  
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The stress-strain relationship of concrete in compression is based on Kent and Park 0, while tensile 

strength is neglected, as shown in Figure 6c). For the steel stress-strain relation, the monotonic curve 

is used as an upper bound of the cyclic behavior including the Bauschinger effect. Additionally, bar 

buckling is represented with a softening region in the compression zone with a reduced stiffness when 

reloading from this zone, as shown in Figure 6d). The softening slope depends on the slenderness of 

the bar, so that the slope gets steeper as the vertical bar becomes slenderer 0. The effect of initial 

strains affecting buckling was not accounted for, since tension strains were mostly in the elastic region 

for most of the walls until failure. Both, the concrete softening region and the buckling zone were 

regularized using the fracture energy approach in order to have objective force-displacement 

responses. This regularization consisted in modifying the softening slope of the curve as a function of 

the integration length associated with each integration point of the element 0. For the sake of 

simplicity, shear was modeled linearly elastic. Additionally, no strain penetration effects were 

modeled, and perfect bonding was assumed between steel and concrete.  

 

Figure 6 - Modelling of shear wall with a fiber element: a) schematic element connection; b) schematic 

view of fiber section; c) concrete constitutive model; and d) steel constitutive model. 

In order to combine the FFE and the linear elastic model of the building, mass and stiffness matrices 

were extracted from SAP2000 0 and the critical wall sections were replaced by FFE elements. The 

masses were lumped to the translational degrees of freedom (DOF) and came from the weight of the 

structural elements plus 25% of the live loads (D+0.25L). For simplicity, the damping matrix used in 

dynamic analysis was of Raleigh´s type and calculated once at the beginning of the analysis, i.e. Cr 

=0.325Mtot + 0.0013Kel, which represents 3% of critical damping at a period of 1.2 times the first 

elastic period, and for the period for which the effective modal mass was more than 75%.  The mass 

matrix Mtot is the conventional mass matrix M plus with some additional small masses at the rotational 

DOFs to make the matrix invertible, based on recommendations given elsewhere 0. 

Gravity loads were applied initially as a static nonlinear case using the Newton-Raphson solution 

method. The dynamic equations, including the three ground motion acceleration components shown in 

Figure 2a), were integrated using the Newmark’s method with β=1/2 and γ=1/4, which is 

unconditionally stable. Again, Newton Raphson iterations were used to achieve equilibrium at each 

time step which varied between 1/1000 and 5/1000 seconds. 

Figure 7a) shows the lateral displacement at roof level of wall Q in the N-S direction, which reaches a 

maximum displacement of 9.94 cm at 79.78 s. Axial load ratio (ALR) and bending moment at critical 

section of wall Q are shown in Figures 7b) and c), respectively. It can be seen that a brittle failure 

occurs at 79.76 seconds, which is characterized by a high axial load of ALR=44.79% (Figure 7b). The 

bending moment at the critical section is characterized by a sudden loss of strength after reaching the 

maximum in compression as shown in Figure 7c). Three zones can be identified in this last plot: the 

essentially elastic zone, where unit deformations are below 0.002 in tension and smaller than -0.002 in 

compression.; the softening branch, which is very steep due to the brittleness of the failure; and finally 

a residual curve which are the post failure cycles of the wall. The positive sign of the residual cycles 

are merely an artifact of the point about which the moment is taken, which is defined at the center of 

gravity of the section. After failure occurs, the position of the resultant of axial load changes 

dramatically, thus causing this effect. Additionally, results of the dynamic model show that essentially 

all walls severely damaged during the analysis U, Q, and O failed in the same cycle just after t=79.76s, 

and all showing very limited ductility. 
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Figure 7 - Inelastic dynamic analysis results: a) roof displacement history; b) axial load ratio versus roof 

displacement for wall Q; and c) bending moment versus roof displacement for wall Q. 

5 DISCUSSION AND CONCLUSIONS 

This article presents two inelastic modelling alternatives to assess earthquake damage in RC wall 

buildings. It is first concluded that results from inelastic pushover analysis of a RC wall damaged 

during 2010 Chile earthquake show good agreement with the damage observed after the earthquake 

when a load pattern that includes lateral and vertical displacements associated with the first mode of 

the building is considered (MV1). The model reproduces the wall failure that localizes just below the 

vertical irregularity and spreads toward the interior of the wall. The displacement pattern proposed is 

capable of accounting for the large axial load ratios in the wall, which were also validated by dynamic 

analysis, and become a key factor in reproducing the wall strength and damage pattern. Additionally, 

results for other displacement patterns that include only lateral displacements are unable to reproduce 

the damage pattern observed during the earthquake.  

Secondly, a 3D inelastic dynamic analysis of the building was presented. In this case, the inelastic 

behavior was concentrated on critical elements located in the first stories and basements, which were 

modeled using a flexibility based fiber element, while the rest of the structure was assumed elastic. 

Results showed an abrupt failure of walls in compression, which suffered a high increase in their axial 

load due to the dynamic response. The increase in the axial load was also observed in the pushover 

analysis for the displacement pattern MV1. This validates the hypothesis that the proposed 

displacement pattern (MV1) is a better proxy for the expected wall behavior in a 2D pushover 

analysis. Such pattern must incorporate coupling between the lateral and vertical nodal displacements. 

Dynamic results also show that no inelastic excursion of the building occurs before failure and that bar 

buckling occurs simultaneously with concrete crushing. This observation also validates the results of 

pushover analysis, which neglected bar buckling effects. More important, dynamic results show that 

the inelastic response of the building was extraordinarily sensitive to small changes in certain model 

parameters, and hence, these results should be interpreted as correct for the model conditions here 

assumed.  
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