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  1. Introduction 

Reinforced concrete walls are structural elements used in multi-story buildings in earthquake prone 
countries like Romania, Turkey, Chile, Mexico, China, Japan, USA, Peru etc., because they have a high 
capacity of resisting lateral loads.  Nevertheless, it is important to maintain the seismic vulnerability of 
buildings made with such walls within reasonable limits (Barbat el al, 2006, Barbat et al. 2010), providing 
them sufficient ductility to avoid their brittle failure under the action of strong seismic loads. When a 
structure is subjected to strong earthquakes, it is necessary to assure, for economical design reasons, inelastic 
deformations without the failure of the building;  this is because the design of buildings based on 
performance criteria takes into account the dissipation of seismic energy accumulated in the structure. The 
fact is that, in a tall structural wall, plastic hinges appear only at the base of the wall and the rest of the wall 
remains undamaged. There is an alternative solution which overcomes this drawback, consisting of creating 
a slit zone with short connections introduced into the wall structure. The slits are complete breaks in concrete 
and reinforcements in order to change the solid structural reinforced concrete wall to a series of flexural 
wall-columns. In this way, the deflection capacity of the wall is larger, adequate to be used in high-rise 
buildings. This solution assures small lateral deflections of the buildings during minor earthquakes and a 
large, beyond the elastic limit, storey displacement during major earthquakes. The solution proposed in this 
paper –structural reinforced concrete slit walls– changes the behaviour of a the solid wall and provides to the 
structure more ductility, energy dissipation and  adequate crack patterns (see Figure 1).  

In Romania, many multi-storey buildings with structural walls have suffered serious damages during 
high intensity earthquakes. For instance in Bucharest, during the 1977 Vrancea (Romania) earthquake, these 
buildings showed a high seismic vulnerability: one building with cast-in situ reinforced concrete structural 
walls totally collapsed, seven other buildings suffered partial collapse, 19 were significantly damaged and 72 
were moderately damaged. Some of the reasons of the collapses were the inadequate wall density, the 
inadequate amount and detailing of the wall reinforcement and the lack of confinement in the boundary 
elements (Bostenaru and Sandu, 2002). In Romania, these types of structural walls are not currently used as a 
solution for dissipating the energy induced by earthquakes in high-rises buildings but we consider that they 
could be successfully used in the future. The main reason of this statement is the presence of soft soils that 
represent a major problem in many areas of Romania, together with the deep-focus earthquakes, leading to 
soil periods higher than 1s. In the case of soft soil and stiff building, the soil will absorb the seismic energy 
through deformations that can cause the overturning of the building (Marin and Roman, 2010).  The 
implementation of slit walls in high-rise buildings produces a sudden decrease of the stiffness at a high 
seismic threat and the natural period of the building increases avoiding, in this way, resonance. The sudden 
decrease of the stiffness is due to the degradation of the short connections of the slit walls. With this solution, 
the seismic demands can be significantly reduced and an economical design can be reached.  

The first precast slit panel was patented by Professor K. Muto, in Japan, in 1973 (Fig. 1a) (Muto et al., 
1973). This is the first energy dissipation system used in Japan. This solution consisted of precast RC vertical 
strips introduced in the steel frames. Other solutions of slit walls have been proposed by Chinese, Korean, 
Iranian and Russian researchers. The Korean researchers proposed a slit panel used for reinforced concrete 
framed buildings in which strips are anchored into the beams (Fig. 1b) (Liou and Sheu, 1998). These types of 
panels were experimentally tested at four types of lateral loads: monotonic loading, repeated loading, reverse 
cyclic loading and random cyclic loading. From the experimental tests, it was found that the failure 
mechanism is changed through this solution from shear to flexural.  
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A cast-in situ structural slit wall with a slit zone with short connections or inserted rubber belts 
(figures 1d and 1e) was proposed in China (Kwan et al., 1999, Lu and Xu, 2000, Lu and Huanjun, 2002). For 
the case with rubber belts inserted into slit zone experimental tests were done on the shaking table with the 
acceleration record of El Centro N-S (1940) as the input earthquake wave. The conclusion was that the slit 
wall has better energy dissipation capacity than an ordinary structural wall. For the walls with short 
connections inserted into the slit zone, numerical nonlinear dynamic analyses were done considering the 
walls with a linear behaviour and the short connections with nonlinear behaviour. This slit wall was also 
numerically simulated with the column frame analogy. The short connections were evaluated using the 
softened truss model theory for the static behaviour and from the monotonic load-deflection curve; a 
hysteretic model is created using some hysteretic rules from other experimental tests on short beams from the 
literature. A cast-in situ reinforced concrete slit wall with a variable number of slits over the height (Fig. 1f) 
was proposed in Iran (Sabouri and Ziyaeifar, 2009, Labafzadeh and Ziyaeifar, 2008) and static and dynamic 
nonlinear analyses with finite element were done on these elements. A precast panel with concrete strips 
assembled by post-stressing (Fig. 1c) has been patented in Russia (Pavlik and Vasionkin, 1976. These 
solutions have been used to construct high-rises buildings up to 38 floors in Japan (Aoyama, 2005) and 
China (Lu and Huanjun, 2002), buildings that behaved very well during recent seismic events. The slab in 
these types of buildings can be cast-in situ or precast, and the structural walls are positioned at the border of 
the building or into the core, in order to reduce the influence of the slab stiffness.  

Unlike in other studies on slit walls (Kwan et al., 1999), which perform a dynamic analysis focused 
only on the nonlinear behaviour of the short connections, in the present article we take into consideration the 
nonlinear behaviour of both the wall and the connections and our main objective is to evaluate numerically 
the damage of the slit wall in comparison with the damage of a solid wall. 

 

Fig. 1. Slit panels and walls: (a) precast slit panel with strips introduced in steel frames (Muto et 
al., 1973), (b) slit panel with strips anchored in beams (Liou and Sheu, 1998), (c) precast panel 

with strips assembled by post-stressing (Pavlik and Vasionkin, 1976), (d) cast-in situ slit wall with 
a slit zone with short connections (Kwan et al., 1999), (e) cast-in situ slit wall with rubber belts 
inserted in slit zone (Lu and Wu, 2000) and (f) cast-in situ reinforced concrete slit walls with a 

variable number of slits on height (Sabouri and Ziyaeifar, 2009) 

The purpose of this article is to develop a computational model allowing to study the nonlinear 
dynamic behaviour of reinforced concrete slit walls with short connections and to evaluate the possibility of 
its use in multi-storey buildings in seismic areas. A case study corresponding to a 20 levels building designed 
for a seismic area with a dual reinforcement is analysed and discussed. A structural wall is extracted from 
this building and its detailed nonlinear structural analysis is performed. The same wall is then modified into a 
slit wall with short connections, in order to study the improvement if its behaviour when compared with that 
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of the original wall. A dynamic nonlinear analysis of both walls is performed with the SAP2000 code using 
the layered model. The hysteretic behaviour of the short connections is simulated by performing a monotonic 
static analysis in the finite element code ANSYS 12; the shear force-deformation curve obtained thus is 
introduced in structural model analysed in SAP2000. We used this procedure because ANSYS 12 allows 
calculating the behaviour of short connections with a realistic finite element model able to handle complex 
geometries and to describe precisely the complex stress state and the cracking pattern. The dynamic analysis 
of the walls allowed to calculate the dissipated hysteretic energy of the studied walls and to obtain the global 
seismic damage index of Park&Ang (1985). The study of the entire building with slit walls is out of the 
scope of this article. Our objective is to develop the computational model for a single slit wall, to perform 
analyses on a set of relevant cases illustrating the application of the model and to obtain conclusions on the 
seismic behavior of slit walls useful for future research. 

 

  2. The computational model 

The computational model for a reinforced concrete slit wall with short connections is described in this 
section. The materials used in the model are first defined. Computational model of the structural wall, based 
on a layered model, is then proposed. Finally, the hysteretic behaviour model for the short connections was 
developed and calibrated. With the computational model obtained for the slit wall, we performed dynamic 
analyses in order to illustrate the better seismic behaviour of the slit wall, using as a criterion the global 
seismic damage index of Park&Ang. 

2.1 Material definition 

The characteristics of the concrete and steel used in the nonlinear dynamic analysis for modelling the 
reinforced concrete structural walls are discussed in this section. The concrete is the C32/40. For defining the 
layers of the confined and the unconfined concrete and of the steel, it is necessary to introduce their 
behaviour laws (Fig. 2 and Fig. 3) that describe the stress-strain relationships under cyclic behaviour (Taucer 
et al., 1991, Belmouden and Lestuzzi, 2007, Nagarajan et al., 2009, Sharifi et al., 2012). 

 

Fig. 2. The behaviour law of 
confined and unconfined concrete 

 

Fig. 3. The behaviour law of steel 

 
The monotonic envelope curve of concrete follows the Takeda hysteretic model and the stress-strain 

curve of the steel follows the kinematic hysteretic model, both of them being predefined in SAP2000. The 
multilinear isotropic stress-strain curve for unconfined concrete is computed with the equations proposed by 
Desayi and Krishnan in 1964 (Kachlakev et al., 2001) and, for confined concrete, the strength and 
deformations have been increased according to SR EN 1992-1-1:2004 (SR EN 1992-1-1:2004). 

2.2 Description of the layered shell element for the structural walls analysis 

The analysis of damage due to seismic actions requires the use of efficient structural models capable 
of describing the actual structural behaviour, like the layered shell model which is useful in performing 
nonlinear dynamic analyses of reinforced concrete structural walls. The reinforced concrete wall is 
subdivided into parallel layers, some of them corresponding to concrete and others to the reinforcement. This 
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model, used to simulate the nonlinear behaviour of reinforced concrete structural walls, is based on the 
principles of the mechanics of composite materials and is able to describe bending in the median plane or 
perpendicular to the median plane, as well as simultaneous bending and shear in the median plane. The 
element, shown in Fig.4, is made of several layers with different thickness and different properties are 
assigned to the layers. The reinforcement bars are inserted within one or more layers. During the finite 
element calculation, the axial strain and curvature of the middle layer can be obtained in one element and the 
strains and the curvatures of the other layers can be calculated. The corresponding stresses are calculated 
through the constitutive relations of the material assigned to the layers and, thus, the structural performance 
of the shear wall can be directly connected with the material constitutive law. 

 

Fig. 4. The layer model 

 

 

Fig. 5.  Layered shell element for structural walls analysis 

The reinforcements disposed in different directions can be introduced in a single layer. If the amount 
of the steel reinforcement distributed in longitudinal and transversal directions of the concrete is the same, 
the layer of steel can be introduced as isotropic. But, if the quantities of steel according to the two directions 
are different, a reinforcement layer with two orthotropic main axes has to be used (Miao et al., 2006, Baetu 
and Ciongradi, 2011). 

We performed the nonlinear analyses of RC structural walls studied in this article by using the 
SAP2000v14 software and the layered shell model existing in this code. The dynamic nonlinear analysis was 
done in SAP2000 software using the layered shell model which considers the interaction between bending 
and shear in the performed nonlinear analysis. Five layers have been defined, one corresponding to the 
confined and unconfined concrete in the wall and its boundaries and four corresponding to the reinforcement 
in the horizontal and vertical directions on both sides of the wall section (Fig. 5) (Sap2000 V14 Help). 

2.3 Finite element analysis in ANSYS 12 of the short connection 

The definition of the structural model for short connections under cyclic loading can be developed in 
the following steps: 

 Definition of a monotonic curve – the cyclic envelope can be coincident with the monotonic 
one; 

 Definition of the unloading rules – the unloading branch can be linear; 
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 Definition of the re-loading rules – the re-loading branch may follow complex rules 
considering slip and pinching. 

A monotonic curve for the short connection can be defined experimentally or by using the finite 
element method. The last possibility was selected in this case by using the computer program ANSYS 12 
because it can simulate reinforced concrete elements with a very good accuracy, the results being close to the 
experimental ones (Kheyroddin and Naderpour, 2008, Raongjant and Jing, 2008). 

The seismic nonlinear analysis of the reinforced concrete slit wall with short connections requires their 
hysteretic behaviour based on an adequate constitutive hysteretic model. The short connections have been 
introduced in SAP2000 (Fig. 6) as link elements with multi-linear pivot hysteretic plasticity property 
(Lepage et al., 2006), because this hysteretic model is suitable for reinforced concrete members dominated 
shear. This model, which is capable to simulate very easily the pinching effect, is similar to the multi-linear 
constitutive model of Takeda but has additional parameters which control the degradation of the hysteretic 
behaviour. In this model the loading and reloading are directed to specific points named pivot points (Fig. 7) 
(Sap2000 V14 Help). The model is governed by three simple rules: (1) loading and reloading in quadrants Q1 
and Q3 is directed away from point P1 or toward  point P3; (2) loading in quadrants Q2 and Q4 is directed 
toward point PP2 and point PP4; and (3) unloading in quadrants Q2 and Q4 is directed away from points P2 and 
P4. The backbone curve used for positive and negative loading is shown in Fig. 7.  

 

Fig. 6. Slit wall with five short 
connections analyzed in SAP2000 

 

Fig. 7. Strength envelope and 
position of pivot points for the pivot 

hysteretic model 

The first branch of the curve of Fig. 7 describes the monotonic behaviour of the short connections 
implemented into the slit wall proposed for analysis and the second branch represents the strength 
degradation. The primary pivot points P1 and P4 control the amount of softening expected when displacement 
increases, using the parameters α1 and α2, and the pinching pivot points PP2 and PP4 fix the degree of 
pinching following a load reversal, through parameters β1 and β2. The response follows the strength envelope 
as long as no displacement reversal occurs. Once the yielding displacement is exceeded in either direction, a 
modified strength envelope is defined by the lines joining PP4 to S1 and PP2 to S2 (Dowell et al., 1998, Costa, 
2006, Pasticier et al., 2008). 

The hysteretic force-displacement curve with stiffness and strength degradation and pinching effect 
was defined in Fig. 9. The construction of this hysteretic curve begins with the monotonic force-
displacement curve of a short connection (Fig. 10), obtained with the finite element code ANSYS 12 and by 
using the pivot hysteretic rules for loading and unloading explained in the previous two paragraphs. The 
hysteretic parameters required are extracted from the experimental static (Fig. 8) and from cyclic analyses 
for short beams dominated by shear (Kwan et al., 1999, Gedik et al., 2011, Zhao et al., 2004). These test 
results show that the beams fail brittle directly from the elastic range and after the peak load, a ductile 
behaviour is observed, if the beam is well reinforced. It was proved that in short deep beams having shear 
span to depth ratio less than 1, the compressive shear failure occurs with spalling of concrete along the 
compression struts (Gedik et al., 2011). In the experimental test presented in fig. 8 was analyzed a deep beam 
with depth ratio of 0.5.  
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Fig. 9 describes the hysteretic behaviour of a reinforced concrete short beam, where k is the initial 
stiffness, Fy is the yield force, dy is the yield displacement and µ is the ductility. The ductility was 
approximated to 3 from the experimental static curve shown in Fig. 8, considering the displacement of 
2.5mm at 0.8 of the yielding force (0.8*300=240kN) and the yield displacement of approximately 0.8mm. 

 
Fig. 8– Static experimental analysis for a short beam 

 

 

Fig. 9. Hysteretic model for a 
reinforced concrete short beam 

(Kwan et al., 1999) 

 

Fig. 10. Monotonic force-displacement 
curve of the short connection with 

height of 40cm 

The hysteretic rules can be implemented in the pivot model of SAP2000. The parameters α1, α2, β1 and 
β2, that controls the stiffness degradation, must be chosen in such a way that the hysteretic curve reproduce 
the rules set for the reinforced concrete short beams: α1=α2=1, β1=β2=0.25. 

 

Fig. 11. Finite elements used in analysis: (a) Solid 65 for concrete, (b) Link 8 for rebars and (c) 
Solid 45 for steel plate 

In the analysis of the short connection performed with the ANSYS 12 computer program, the finite 
element used for concrete is Solid 65 with cubic shape and the dimension of 50 mm (Fig. 11a). Solid 65 
elements are capable of plastic deformation, cracking in three orthogonal directions, and crushing. The 
loading is applied in the y direction through a steel plate in order to prevent stress concentrations. The steel 
plate is meshed with finite element Solid 45 (Fig. 11c) with the same dimensions as the concrete is. The 
reinforcement bars may be included in the finite element model in two ways as a discrete model (individual 
bars) (Fig. 11b) or as a smeared model (Fig. 11a). In this case, the rebars were modelled by using separate 
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element called Link 8, a 3-D spar element with the length of 50 mm (Greeshma et al., 2011, Raongjant and 
Jing, 2008, Terec et al., 2010, 2006, ANSYS 12/2009). 

The short connections are the key elements of reinforced concrete structural slit walls, in the analysis 
of which it is very important to consider the nonlinear behaviour of the short connections.  Therefore, we 
extracted from the slit wall a short connection with 1 m in length and 2 m in height on each side (Fig. 12). 
The structural part on the left is fully restrained on all edges and the right zone is restrained in the x direction 
on the edge parallel with the y axis, with the purpose of blocking the rotations, being thus the short 
connection subjected only to pure shear. In this analysis, a connection with a height of 40 cm, reinforced 
with 6ø12, was chosen. The corresponding zones of the wall were reinforced, the same as the wall, with 
vertical rebars ø14/15 and horizontal rebars ø10/15. The concrete used in the analysis is C32/40, the same 
which has been used in the analyses performed with SAP2000, and the behaviour law of the materials is the 
same. The results of the finite element analysis show that the short connections are dominated by high shear 
forces, as it can be seen in Fig. 10, being the ultimate shear force 2623 kN and the ultimate deformation 1.8 
mm. From these results, it can be concluded that a short connection has a brittle failure, with small inelastic 
deformations. Fig. 13 shows the cracking pattern, with shear cracks in the short connection, with crushing of 
concrete in the left zone down and in the right zone up and with cracks due to tension stresses in the left zone 
up and in the right zone down. 

 
Fig. 12. The dimensions and restrains of the short connection 

 

Fig. 13. The cracking pattern of the short connection 

 2.4 Description of the damage index of Park&Ang  

There are numerous damage indices proposed in the literature, based on various conceptual 
frameworks. The damage index of Park&Ang is nowadays widely used in seismic damage evaluation 
because of its simplicity and robustness. This damage model served as a baseline for many researchers and 
was calibrated on the basis of structural degradations observed in experimental test of buildings.  The 
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damage model was also calibrated after damages and collapses observed in nine reinforced concrete 
buildings during the 1971 San Fernando earthquake in California, the 1978 Miyagiken-Oki earthquake in 
Japan and others severe earthquakes. Structural damage is considered as a linear combination between 
damage due to deformations and due to dissipated hysteretic energy at repeated cyclic loading. The damage 
index is calculated with the following relation:  

 h
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

&         (1) 

where: m  is the maximum deformation of the wall under seismic loading, 

u  is the ultimate deformation of the wall under monotonic static loading, 

yP  is the yield strength from the  idealized curve, 

 hdE  is the incremental hysteretic energy dissipated during the seismic loading, 

β is the constant parameter of the model (usually, it has a value of 0.1). 

Table 1. Values for the damage index of Park&Ang 
Degree of damage Physical appearance Damage Index State of the 

building 
Collapse Partial or total collapse of building >1 Loss of the 

building 
Severe Extensive crashing of concrete and disclosure of 

buckled reinforcement 
0.4 - 1 Beyond repair 

Moderate Extensive large cracks and spalling of concrete in 
weaker elements 

<0.4 Repairable 

Minor Minor cracks and partial crushing of concrete   
Slight Sporadic occurrence of cracking   

 
The damage model of Park&Ang (Ghosh et al., 2011, Belarbi and Prakash, 2009, 2011, Vera, 2006, 

Vielma et al., 2008, Vielma et al., 2009, Vielma et al., 2010, Valles et al., 1996, Park and Ang, 1985) takes 
into account the degradation due to maximum incursion in the inelastic range and also the degradation due to 
cyclic deformations. An experiment conducted at Universidad Técnica Federico Santa Maria from Chile on 
12 reinforced concrete walls, in 1999, shows that Park and Ang damage index equation is suitable for the use 
in slender RC walls, and the parameter β is very close to the theoretical one. This study reveals also that 
there are some limitations for the walls dominated by shear and in these cases the parameter β is not 
recommended to be calculated with the relation proposed by Park and Ang (Vera, 2006). In the case of slit 
walls this method is even better to be used due to the fact that the walls become very slender after the short 
connections fail. Park and Reinhorn (1988) give a relation for the empirical parameter β and also for the 
ultimate displacement obtained by Hiroshawa. They tested 402 beam and columns and 67 shear walls in 
order to obtain empirical equations. The value chosen for the parameter β for the studied structural walls is 
0.1. This value was chosen from the experimental tests of Vera (2006) on 12 reinforced concrete walls. The 
direct application of the damage model on a structural element, a story or a building, requires determining 
the ultimate deformations of the corresponding element, story or building. Table 1 shows the values of the 
damage index correlated with different levels of damage. 

2.5 The idealized parameters of the strength envelope 

In order to calculate two of the parameters needed in the estimation of the damage index, the ultimate 
displacement and the yielding force of the proposed structural slit wall, a cyclic analysis has been done. This 
type of analysis has been chosen because the monotonic static analysis does not provide good results in the 
case of slit walls. A push-over analysis was also done by using SAP2000 code, but the obtained results were 
inconclusive because, when using this code, the slit wall fails when the short connections fail while the solid 
wall fails for the displacement imposed by the user into the software; thus, these results does not allow 
establishing the actual ultimate displacement of the walls. In reality, the failure of the short connection 
causes strength degradation and a large displacement of the wall. We decided to capture the strength 
degradation by performing a cyclic analysis with the computer program ANSYS 12 (Baetu and Ciongradi, 
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2012).  We need herein only the strength envelope (figures 14 and 15), in order to extract the yielding force, 
and the ultimate displacement, required to calculate the damage index of Park&Ang. They are obtained by 
replacing each strength envelope with an idealized curve. The case of slit walls is a special one because the 
strength envelope has strength degradation and the idealized curve has to be tri-linear and, therefore, it was 
developed according to FEMA 440 (FEMA 440). The sum of the areas enclosed between the curve and the 
idealized curve must be zero (Fig. 14 and 15). 

 

Fig. 14. Strength envelope and 
idealized curve for slit wall 

proposed [49] 

Fig. 15. Strength envelope and 
idealized curve for solid wall 

proposed [49] 

Comparing the strength envelope of the slit wall (Fig. 14) with that of the solid wall (Fig. 15), we 
can observe that the solid wall fails at a higher lateral force, of 2565 kN, and at lower displacement, 32.8 cm, 
while the slit wall fails at a lower lateral force, 1175 kN, and a higher displacement, 90 cm. The maximum 
lateral force of the slit wall is 1900 kN but this value decreases after the short connections begin to fail. The 
yielding force, the yielding displacement and the ultimate displacements are shown in Table 2. 

Table 2. The parameters required to calculate the Park&Ang damage index 
Parameters Slit wall Solid wall 
Yielding displacement, [cm] 10 17 
Yielding force, [kN] 1900 2565 
Ultimate displacement, [cm] 90 32.8 

 
Two more parameters are needed to calculate the Park&Ang damage index, that is, the maximum 

deformation of the wall under seismic loading and the incremental hysteretic energy dissipated during the 
earthquake. These parameters are calculated by means of a seismic analysis performed in SAP2000 with 
layered model described above. 

  3. Seismic analysis of a dissipative wall from a multi-storey building 

3.1 Description of the studied structure  

The case study considers a multi-storey building in a seismic area from which a reinforced concrete 
structural wall is isolated. The building is located in the city of Iaşi, Romania, which has the following site 
characteristics: design ground acceleration ag =0.2g, control period Tc=0.7s, ductility class H, importance 
factor γI=1 (P100-1/2006). The building has dual reinforced concrete structure and regular form in plan and 
elevation. The seismic lateral loads applied upon the building are absorbed by the concrete core and, in the 
short direction, by the border walls. It has 20 levels with a height of 3m each. In plan, the building has 31 m 
in length and 21 m in width (Fig. 16). The concrete used in the analysis is C32/40. The fundamental period 
of the structure is T1=1.077s. The dimensions of the cross section of the columns are 100x100 cm, the slab 
thickness is of 15 cm and in the center the building has two reinforced concrete cores for stairs and elevator 
with the dimensions 4x7m and 4x4m, respectively; all the walls have the thickness of 40 cm. The study is 
focused on the boundary wall with a length of 10m (Fig. 17). The design analysis was performed with the 
computer program SAP2000 (Fig. 19) with which a thickness of the wall of 40 cm was obtained; the wall is 
reinforced with vertical bars ø14/15 (rebars with diameter of 14 mm disposed at a distance of 15 cm) and 
horizontal bars ø10/15 (rebars with diameter of 10 mm disposed at a distance of 15 cm) (CR 2-1-1.1-2005, 
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Baetu et al., 2010). The seismic analysis of the building was done using the response spectrum method, and 
in the standards it is also recommended to perform a pushover analysis in order to determine the failure 
mechanism of the building. P-delta effects are neglected in this study. The dimension and the reinforcement 
of the boundary element, which are presented in Fig. 18, were designed according to the Romanian standard 
CR 2-1-1.1-2005, in order to reach a high level of ductility during a seismic event. There are five 
connections along the wall height disposed at equal length of 12m. The height of each connection is 0.40m 
and the thickness of the slit is 5cm. Comparative analyses were conducted on the slit wall and on the solid 
wall. 

 

Fig. 16. Dimensions of the studied 
building 

 

Fig. 17. Dimensions of the 
studied slit wall 

 
Fig. 18. The boundary element of the RC structural wall 
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Fig. 19. The design of the dual reinforced concrete structure using the computer program SAP2000 

3.2 Input ground motions for the dynamic analysis  

 Two records, with a different control period, were chosen for the dynamic analysis. These are the  
Vrancea, Romania, 1977, N-S accelerogram  (Fig. 20) “(see http://www.incerc2004.ro/accelerograme.htm)”, 
with a high predominant period of approximately 1.6 s, and the Northridge, California,  1994 accelerogram 
(Fig. 21) “(see http://peer.berkeley.edu/nga/search.htm)”, which has a low predominant period, of 
approximately 0.7 s. Only 15 s of the Northridge record were considered in the analysis because of the very 
small time step, of 0.005 s, used in the analysis. Thus, we tested the slit walls in two regions with different 
earthquake characteristics in order to study the differences which may occur regarding their failure mode, the 
dissipation of energy and the damage index. 

 

Fig. 20. Vrancea, Romania, 1977,  N-S 
component of the acceleration 

Fig. 21. Northridge, California, 1994 
accelerogram 

 The effect of the variation of the peak ground acceleration, PGA, on the damage index, DI, was 
studied. In order to establish a relation between PGA and DI we performed dynamic analyses. The 
earthquake accelerograms used in the dynamic analysis were scaled with the PGA and for each accelerogram 
we calculated the structure obtaining for each PGA the maximum top displacement and the corresponding 
base shear. With these values an IDA (incremental dynamic analysis) curve was created (Fig. 22) [FEMA 
440, 2005, Han and Chopra, 2006, Oller et al., 1996, Oller and Barbat, 2006, Faleiro et al., 2008, Faleiro et 
al., 2010, Vargas et al., 2013, Vargas et al., 2014]. The increase of the PGA allows capturing the behavior of 
the structural slit walls for both earthquakes chosen. The earthquakes were scaled from a very small value of 
the peak ground acceleration, for which the walls behave elastic, till big peak ground acceleration for which 
the connections fail and the wall splits in two parts. For the analysis with the Vrancea 1977 N-S earthquake 
(INCERC Bucharest, Romania), the PGA values used in the analysis were 0.06g, 0.1g, 0.15g, 0.2g, 0.25g, 
0.3g, 0.35g and for the analysis with Northridge 1994 earthquake (Sylmar Converter, Los Angeles, USA), 
the PGAs used into the analysis were 0.1g, 0.2g, 0.4g, 0.6g, 0.8g, 1.0g.  

 

Fig. 22. Dynamic pushover curves for the slit wall for Vrancea 1977 N-S earthquake and 
Northridge 1994 earthquake 
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3.3 Comparative analysis of the slit and solid walls 

The comparative hysteretic behaviour of the slit and solid walls as well as the dissipated hysteretic 
energies, obtained by performing their dynamic analysis with the seismic accelerogram of the N-S 
component of the Vrancea, 1977, earthquake scaled at a PGA of 0.3g, are shown in Fig. 23 and Fig. 24, 
respectively. The results of the same analyses, performed with the accelerogram of the Northridge 1994 
earthquake scaled at a PGA of 0.6g, are shown in Fig. 25 and Fig. 26. When the connections start to fail, the 
slit wall begins to dissipate more energy and the difference between the energy dissipated in the two cases 
increases. It is clear that before the failure of any connection, the behavior of these two walls (slit wall and 
solid wall) is almost identical and the dissipated energy is the same.  It can be concluded that the slit wall has 
a higher energy dissipation capacity than the solid wall. The area enclosed by the hysteretic loop corresponds 
to the hysteretic energy dissipated by the walls during that earthquake and represents the amount of energy 
that the structure has to dissipate through inelastic nonlinear response. If the structure can dissipate the 
hysteretic energy demanded by the earthquake, it will survive.  

 

Fig. 23. Hysteretic behaviour of the 
walls at Vrancea 1977 N-S 

earthquake, PGA=0.3g 

 

Fig. 24. Hysteretic energy 
dissipation of the walls at Vrancea 
1977 N-S earthquake, PGA=0.3g 

Fig. 25. Hysteretic behaviour of the walls at 
Northridge 1994 earthquake, PGA=0.6g 

 

Fig. 26. Hysteretic energy dissipation of the walls 
at Northridge 1994 earthquake, PGA=0.6g 

The comparison between the damage results obtained for the slit and the solid walls for both 
earthquakes considered in the analysis allows establishing a relationship between damage index and PGA 
(Fig. 27 and Fig. 31) and between the dissipated hysteretic energy and the displacement at the roof level (Fig. 
28, Fig. 29, Fig. 30 and Fig. 32). The mentioned results are obtained by increasing the PGA and by scaling 
adequately the accelerograms for these PGA, until the collapse of the walls is reached. Two comparisons are 
made, one between the spectral accelerations (Fig. 33) and the other one between the displacement time-
history (Fig. 34), at the top of the studied walls subjected to the Vrancea, 1977, N-S component of the 
earthquake, scaled for a PGA of 0.4g. It is important to note that for this PGA the short connections are 
crushed.  
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Fig. 27. The variation of DI with 
PGA for Vrancea 1977 N-S 

earthquake 

Fig. 28. The variation of DI with 
hysteretic energy dissipated for 
Vrancea 1977 N-S earthquake 

 

 

Fig. 29. The variation of DI with 
displacement at the roof level for 

Vrancea 1977 N-S earthquake 

Fig. 30. The variation of DI with 
displacement at the roof level for 

Northridge 1994 earthquake 

 

 

Fig. 31. The variation of DI with 
PGA for the Northridge 1994 

earthquake 

Fig. 32. The variation of  DI with 
hysteretic energy dissipated for the 

Northridge 1994 earthquake 
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Fig. 33. Spectral acceleration of the 
proposed walls for the Vrancea 

1977 N-S earthquake, PGA=0.4g 

Fig. 34. The top displacement 
response of the proposed walls for the 

Vrancea 1977 N-S earthquake, 
PGA=0.4g 

 

4. Discussions of the results 

Performance levels describing the expected performance of the building in terms of damage level, 
economic losses and interruption of its functioning can be defined, given a certain level of seismic hazard. 
Such performance levels, or limit states, are:  

 Life protection level for a infrequent of rare seismic action, by preventing collapse of the 
structure or parts thereof and maintaining integrity and residual load capacity,  

 Property loss reduction level due to a frequent event, by limiting structural and non-structural 
damage.  

The non-structural and structural damage limitation performance objective is achieved by limiting the 
overall deformations (lateral displacements) of the system to levels acceptable for integrity of all its parts. To 
achieve these performance levels, a structure should have a high stiffness for low intensity earthquakes and a 
low stiffness with high ductility for high intensity earthquakes. In agreement with the mentioned 
performance levels, the slit wall analyzed in this study is an ideal element for designing buildings in seismic 
areas, because it has high initial stiffness and low final stiffness with high ductility. 

The comparisons between the two proposed structural walls reveal that they have a quite different 
behaviour. From the results obtained for the Vrancea, 1977, N-S earthquake, we can see in Fig. 27 that the 
solid wall fails before the slit wall. The solid wall fails at a PGA of approx. 0.35g and the slit wall fails at a 
PGA of approx. 0.5g. Fig. 28 shows how much hysteretic energy is dissipated by the two walls until reaching 
the collapse level. It is clear that the slit wall is dissipating more hysteretic energy at every level of damage. 
Beyond the repair level, the slit wall dissipates approx. 1500 kNm hysteretic energy and the solid wall 
dissipates only approx. 400 kNm hysteretic energy; at collapse level, the slit wall dissipates approx. 3500 
kNm hysteretic energy and the solid wall dissipates only approx. 2200 kNm hysteretic energy. For a value 
of approx. 1500 kNm of dissipated hysteretic energy, the slit wall crosses the repair level and the solid wall 
collapses.  

When a short connection of the slit wall starts failing, the stiffness of the wall begins to decrease and 
the top displacement increases. This behaviour of the slit wall does not present a great problem because, as 
we can see in the Fig. 29 and Fig. 30, the damage index has low values. At the collapse level, the 
displacement of the slit wall is of approx. 0.7m and for solid wall it is of approx. 0.3m for both earthquakes 
considered in the analysis. It follows that, for the same displacement, the damage index is very different; for 
example, at a displacement of 0.3m, the slit wall has a DI equal to 0.4 and it is beyond the repair level while 
the solid wall has a DI equal to 1 and it is at collapse level. In the Fig. 29 and 30 an almost linear relation is 
observed between the top displacement and the DI. In order to explain this fact, we have split the Park &Ang 
relation and calculated each term separately in order to see with which percent they contribute to the final 

value. The conclusion is that the first term m

u




 has a share of 80% and the second term h
u y

dE
P


   has a 
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share of 20%. The second term is smaller because it is influenced by the β=0.1 parameter and yP which is the 

yield strength from the idealized curve (=1900 kN for the slit wall and 2565 kN for the solid wall).  
Analyzing Fig. 31 and Fig. 32, we can observe that the Northridge 1994 earthquake has a lower effect 

on the studied walls than the Vrancea 1977 N-S earthquake. This is because the Northridge 1994 earthquake 
has a control period of approx. 0.7 s, that is, closer to the initial natural period of vibration of the studied 
walls (0.647 s for solid wall and 0.715 s for slit wall) and, when the structural walls begin to crack and their 
natural periods of vibration increase, the resonance phenomenon is avoided. When increasing the natural 
period of vibration, the Vrancea 1977 N-S earthquake, with a control period of approx. 1.6 s, becomes more 
hazardous for the studied walls. The slit wall fails at a PGA of 0.5g for the Vrancea 1977 N-S earthquake, 
with a dissipated hysteretic energy of approx. 3500 kNm, but fails at a PGA of 1.4g for Northridge 1994 
earthquake, with a hysteretic energy dissipated of approx. 3000 kNm. The control period of the Northridge 
1994 earthquake is near to the control period of the seismic area where the proposed building with structural 
walls is located. 

The nonlinear response of the reinforced concrete structural walls is accompanied by a decrease of 
stiffness and an increase of damping up to a certain level of damage. By increasing the damping, the effects 
of the ground motion is reduced. After the failure of the short connections, the slit walls have a damping 
value greater than the solid wall. The damping increase is originated by the fact that, after the connections 
failure, the wall becomes more flexible. Fig. 33 also shows that after the connections failure the spectral 
acceleration decreases due to hysteretic damping increase and to structure period increase. As we can see in 
Fig. 33, the spectral acceleration of the slit wall for the Vrancea 1977 N-S earthquake and for a PGA=0.4g 
has a lower values than that of the solid wall after the failure of the short connections. This means that the 
seismic forces are smaller for the slit wall and an economical design can be done. To capture the behaviour 
of the slit wall after the short connections fails, a PGA of 0.4g was selected for the Vrancea 1977 N-S 
earthquake. Fig. 34 shows that the short connections fail after the fifth second of the seismic ground motion, 
once occurred the main shock and when the behaviour of the slit wall changes. The stiffness of the slit wall 
decreases and the natural period increases.  

5. Conclusions 

The objective of this study was to investigate the effectiveness of the proposed slit wall solution in 
increasing the energy dissipation in reinforced concrete structural walls of high-rises buildings. In this 
article, a slit zone is inserted on the height of the structural wall and five short connections are introduced in 
the slit. The proposed solution changes the behaviour of the solid wall providing more ductility, energy 
dissipation and a better crack pattern. When the short connections behave elastically, the initial stiffness of 
the slit wall is close to the stiffness of the solid wall but, when the short connections begin to develop large 
cracks or fail, the wall stiffness decreases rapidly, without developing large cracks at the base. A nonlinear 
dynamic analysis of the walls has been performed by using SAP2000 and a layered model, while the short 
connections were simulated with a hysteretic pivot model. The static monotonic behaviour of these short 
connections is modelled in finite element software ANSYS 12, that is able to handle complex geometries and 
to describe precisely the complex stress state and the cracking pattern. The hysteretic force-displacement 
curve of the short connection is obtained using a series of hysteretic rules for loading and unloading. The 
combinations of the two software were very useful in these analyses because a simple model was created that 
consume low processing resources and reduces processing time for a dynamic analysis. We needed such a 
simple model because a dynamic pushover was done, where multiple dynamic analyses varying the PGA 
were performed. Using the dynamic analysis results, a damage evaluation of the walls was done by using the 
Park&Ang damage index. 

Comparative studies between the slit and solid walls allow concluding that: 
 For the same displacement, the damage index DI is very different in the two cases; for 

example, at a displacement of 0.3m the slit wall has a DI equal to 0.4 and is beyond the repair 
level while the solid wall has a DI equal to 1 and is at collapse level. 

 The slit wall is dissipating more hysteretic energy than the solid wall; for example, when the 
slit wall is beyond the repair level, and dissipates approx. 1500 kNm hysteretic energy, the 
solid wall collapses. This occurs because the slit wall has a better hysteretic energy dissipation 
capacity and dissipates seismic energy by cracks extended on the entire surface of the wall and 
by crushing of the shear connections, while the solid wall dissipates seismic energy only by 
large cracks at the base of the wall. 
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 The damping increases in the case of the slit wall after the failure of the short connections and 
the spectral acceleration is reduced, the seismic forces being thus also reduced, allowing this 
fact an economical design.  

 After the failure of the short connections, the slit wall stiffness decreases and the natural 
period increases, in this way being avoided the resonance phenomenon. 
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