
    
      DEVELOPMENT OF ANALYTICAL MODELS FOR CONFINED MASONRY WALLS BASED ON EXPERIMENTAL RESULTS IN LIMA CITY
    

    
      Miguel DIAZ 
      1,2
      
        [1]
      
      , Carlos ZAVALA
      1,2
      , Erika FLORES
      1,2
      , Lourdes CARDENAS
      1,2
    

    
      1
       Civil Engineering Faculty, National University of Engineering, Lima, Peru.
    

    
      2
       Japan-Peru Center for Earthquake Engineering Research and Disaster Mitigation, Lima, Peru.
    

    
      
    

    
      Received: 29/06/2019   Accepted: 12/08/2019
    

    
      ABSTRACT
    

    
      For 30 years the Structural Laboratory of the Peru Japan Center for Earthquake Engineering Research and Disaster Mitigation (CISMID) from the Faculty of Civil Engineering (FIC) of the National University of Engineering (UNI) is been testing different types of structural system, mainly confined masonry walls. In that sense, large number of experiments have been conducted in confined masonry walls. Analytical model for capacity curve is presented for walls with different types of masonry units, such as industrial hollow bricks, solid handmade bricks and tubular bricks which are the most representative units in Metropolitan Lima and Callao. Tetra-linear models are calibrated with experimental results in order to provided generalized model in terms of sensitive parameters which determines the capacity curve for flexural shear failure mechanism, such as longitudinal and transversal steel ratio, slenderness ratio and axial load ratio where shear stress is observed in the cracking, yielding, maximum and ultimate points.
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        INTRODUCTION
      

    

    
              Nowadays, two main regions in Peru are exposed to a seismic gap, Lima and Tacna. They are expecting major earthquakes according to studies conducted under SATREPS Project (cooperation from Japanese Government to the National University of Engineering of Lima of Peru, between 2010 and 2015). These studies showed that a severe earthquake (Mw8.6~8.9) may occur in Lima City [11]. It becomes more important because Lima concentrates over 25% of population of Peru, and large number of dwellings presents high seismic vulnerability; thus, it can result in harmful consequences.
    

    
              According to seismic risk assessments conducted by CISMID since 2010, by order of the Ministry of Housing, Construction and Sanitation (MVCS), the National Center for the Estimation, Prevention and Reduction of Disaster Risk (CENEPRED) and Ministry of Economy and Finance (MEF), masonry dwellings represent 83% in Metropolitan Lima and Callao [6].
    

    
      
    

    
              In twentieth century, a few severe earthquakes occurred in Lima; and it was observed that most adobe structures collapsed, while burnt-clay masonry structures remained standing. Thereafter, people accepted that burnt-brick masonry structures are stronger and more suitable for earthquake prone areas, so its use was massively extended in the country. It has been widely demonstrated during seismic events, and experimental and numerical studies that confined masonry walls can be earthquake-resistant structures [1], [2], [10], [9], [13]; and, design procedures are prescribes in standards and codes. Nevertheless, in the last decades, owners from less advantaged sectors hired nonqualified builders; consequently, masonry dwellings were built without any earthquake design criteria using low-quality materials in places with unfavorable site conditions. In that sense, non-engineered dwellings represent over 60% of buildings in Lima, according to the National Institute of Statistics and Informatics of Peru (INEI).
    

    
      
    

    
              The Structural Laboratory of the Peru Japan Center for Earthquake Engineering Research and Disaster Mitigation (CISMID) from the National University of Engineering (UNI) is been testing different types of structural system, mainly masonry structures since 1989.
    

    
      
    

    
      	
        BACKGROUND
      

    

    
              Mechanism of failure under lateral load is represented in Figure 1, and it can be described as follows: within the elastic state some slight horizontal cracks may appear on masonry and bottom part of tie-columns; the limit of this state is called cracking point. After the elastic state, slight diagonal cracks appear on masonry and half bottom part of tie-columns; the limit of this states is called yielding point, within this state it is observed a small stiffness change. Beyond the yielding point, as the lateral load increases, crack patterns on masonry and tie-columns grow until the wall reaches the maximum strength; the limit of this state is called maximum point; within this state is observed a significant stiffness change. Beyond the maximum point, masonry is drastically damaged, and tie-columns take almost all lateral load, thus, there is a high rate of reduction of restoring force in the element until its failure; so then, the deformation is controlled by taking as limit a reduction of 20% of the maximum strength in the restoring force; the limit of this state is called ultimate point; within this state it is observed from almost horizontal slope to negative slope in the capacity curve.
    

    
      
    

    
              These studies considered tetra-linear model for the capacity curve constructed by four points, namely: points at cracking, yielding, maximum and ultimate state, as shown in Figure 2.
    

    
      
    

    
              In order to take advantage of experimental data related to masonry structures Sugano et al. and Cardenas et al. in 2014 proposed some formulations to calculated the maximum average shear stress in terms of most sensitive parameters; such as, slenderness ratio (
      
      ), normalized longitudinal steel ratio (
      
      ),
       normalized transversal steel ratio (
      
      ) and normalized axial load ratio (
      
      ).
    

    
      
    

    
      Where:
    

    
      
              
      : height of wall.
    

    
      
              
      : length of wall.
    

    
      
              
      : effective length of wall 
      (
      
      ).
    

    
      
              
      : longitudinal steel ratio (
      
      ).
    

    
      
              
      : transversal steel ratio (
      
      ).
    

    
      
              
      : section area of tensile reinforcement of tie column.
    

    
      
              : section area of lateral reinforcement of tie column.
    

    
      
              
      : yielding stress of longitudinal bars of tie column.
    

    
      
              : yielding stress of transversal bars of tie column.
    

    
      
              
      : axial load.
    

    
      
              
      : axial strength of masonry pile.
    

    
      
    

    
              Sugano et al. proposed expression to calculate the maximum average shear stress and deformation in terms of longitudinal and transversal steel ratios and axial stress, based on experimental results from Peru (34 walls) and from Japan (55 walls), as shown in 
      Figure 3
      . Those expressions calculated accurately the maximum shear stress, but values of deformations were roughly calculated.
    

    
      
    

    
              Cárdenas et al. collected experimental results and provided a database, considering capacity curves of walls with different types of units and other characteristics, as shown in Figure 4. Representative deformations expressed in drifts were grouped by each type of masonry units. Additionally, stiffness ratios were used to constructed tetra-linear curves to represent the capacity curve, considering the elastic, the post-cracking, the post-yielding and the ultimate stiffness. It was observed that calculations of average shear stress at each state were roughly calculated in terms of stiffness ratios. However, representative deformation for each type of masonry units presented low scattering.
    

    
              These studies are useful to professionals and the scientific community related to earthquake engineering to construct damage curves, fragility curves or some curve to represent the vulnerability of masonry dwellings.
    

    
              In this article, analytical models for capacity and hysteresis curves are presented for walls with different types of masonry units, such as industrial hollow bricks, solid handmade bricks and tubular bricks which are the most representative units in Metropolitan Lima and Callao. tetra-linear models are calibrated with experimental results in order to provided generalized model in terms of sensitive parameters which determines the capacity curve for shear deformations, such as average shear stress, longitudinal and transversal steel ratio, slenderness ratio and axial load. Besides, hysteric curves are also calibrated in order to proposed models for inelastic dynamic analysis.
    

    
              In consequence, the proposed expression can be useful to model inelastic behavior of confined masonry buildings, especially those which are non-engineered, thus, provided the most suitable retrofitting technique to reduce the seismic risk.
    

    
      
    

    
      	
        MASONRY WALLS
      

    

    
      
    

    
              Masonry walls are grouped in terms of the mechanical properties. Thus, it is possible to identify in Metropolitan Lima and Callao, 
    

    
              The most representative masonry walls of these confined masonry dwellings, shown in Figure 5, are made of industrial hollow bricks (less than 20% of hollow area), handmade solid bricks and industrial tubular bricks. The last type is supposed to be used for partition walls only, because of its low cost.
    

    
              Generally, in non-engineered confined masonry dwellings, walls in first floors are composed of solid bricks, while the walls in upper floors are composed of tubular bricks. The concept of these structures is based on less weight in upper floors, considering gravity loads only. As mentioned above, Peru has several earthquake prone areas, such as its capital, Lima. Consequently, dwellings must be designed as earthquake-resistant structures. Also, there are dwellings in which structural walls are made only from tubular bricks. It is known that walls made from tubular bricks have low lateral load capacity, and their failure mode is brittle; even if it has confinement [7], [8]. For that reason, tubular bricks are not allowed for construction of structural walls according to Peruvian Standards. Besides, masonry structures shall be up to five stories high. Nevertheless, number of stories is exceeded in some areas because of the lack of control; this results in structures with high seismic vulnerability.
    

    
      
    

    
      	
        EXPERIMENTAL VALUES
      

    

    
      
    

    
              After filtering experimental database, 42 cyclic loading tests in masonry walls are treaded, and their respective tests in masonry components, such as axial load test and diagonal tension test.
    

    
              Experimental values are grouped in terms of shear stress ratio at cracking point (
      
      ), shear stress ratio at yielding point (
      
      ), shear stress ratio at maximum point (
      
      ) and shear stress ratio at ultimate point (
      
      ).
    

    
              Figure 6 shows the relationship between experimental values of shear stress ratio and slenderness ratio. The experimental range of slenderness ratio is between 0.6 and 1.3. It is observed in this range that there is no trend in this relationship; although it is known that walls with high values of slenderness ratio are most susceptible to cause flexural failure mechanisms. Hence, it is important to mention that the proposed formulations must be applied between the studied range, and the influence of slenderness ratio is neglected.
    

    
      
    

    
              Figure 7 shows the relationship between experimental values of shear stress ratio and axial stress ratio. There is a trend in this relationship, because, as known that an increment of axial load in well-confined walls results in an increment of strength and ductility.
    

    
              Figure 8, Figure 9, Figure 10 and Figure 11 show the relationship between the shear stress ratio at cracking, yielding, maximum and ultimate points, and parameters of reinforcement such as normalized longitudinal steel ratio (
      
      ) and 
      normalized transversal steel ratio (
      
      ).
    

    
              It is observed that there is a trend in the relationship between the shear stress ratio at cracking, yielding, maximum and ultimate points, and parameters of reinforcement. Nevertheless, this trend is improved when the normalized longitudinal steel ratio is linearized. In this sense, the best correlation
    

    
       
    

    
       
    

    
      of this parameter results when it is powered by 0.7.
    

    
      
    

    
      	
        PROPOSED FORMULATIONS
      

    

    
      
    

    
      	
        Analytical models
      

    

    
              Capacity curves of structural elements can be represented as multi-linear curves. It was observed that confined masonry walls present different states limited by the elastic, the cracking, the yielding, the maximum and the ultimate points, as shown in Figure 2. In this sense, the proposed formulations can be utilized to construct the capacity curve, nevertheless, deformations are needed; that´s why, representative drifts at cracking, yielding, maximum and ultimate point are grouped by type of masonry unit, using experimental data collected by Sugano et al. and Cardenas et al. and updated in this study.
    

    
              Capacity curve based on tetra-linear models can improve the hysteresis behavior of confined masonry models. There are hysteresis models that use four lines, such as the degrading trilinear slip hysteresis model which was adapted by Professor Saito [12].
    

    
              Figure 12 shows one of the experimental hysteresis curves and its corresponding analytical models. It is observed that behavior of confined masonry walls under lateral loads may be non-symmetric. However, hysteresis modeling is improved by applying the tetra-linear model.
    

    
      
    

    
      	
        Formulations for average shear stress
      

    

    
              Equations proposed by Sugano and Cardenas presented similar terms, such as longitudinal steel ratio, axial stress and constant coefficient. Nevertheless, they also presented different terms. In case of Sugano, the calculation of maximum average shear stress included transversal steel ratio, because it attempts to predict the strength for shear, flexural or flexural-shear failure; while, in case of Cardenas, the calculation included slenderness ratio.
    

    
              In this study, longitudinal and transversal steel ratio and axial stress ratio are included in the proposed formulations, considering flexural shear failure, because this failure was widely observed in confined masonry walls tested in the last years and damaged confined masonry walls in the last seismic events. In this sense, a general equation is proposed in Eq. (1).
    

    
      
    

    
    
    
      
        
          	
            
              
            

            
              
            

          
          	
            
              (1)
            

          
        

      
    

    
              A multilinear regression based on Eq. (1) was conducted to obtain coefficients 
      
      , 
      
      , 
      
       and 
      
      , which are summarized in Table 1. It was observed in the statistical analysis that the longitudinal steel ratio has very small influence shear stress ratio at cracking and yielding point, because when confined masonry wall leaves its elastic state, masonry and confinement given by stirrups of tie-columns and axial load works much more than other elements.
    

    
      
    

    
      
    

    
      Table 1. coefficients of proposed formulations
    

    
    
    
      
        
          	
            
              Coefficient
            

          
          	
            
              cracking
            

          
          	
            
              yielding
            

          
          	
            
              maximum
            

          
          	
            
              ultimate
            

          
        

        
          	
            
              
            

          
          	
            
              0.000
            

          
          	
            
              0.000
            

          
          	
            
              0.000
            

          
          	
            
              0.000
            

          
        

        
          	
            
              
            

          
          	
            
              0.000
            

          
          	
            
              0.000
            

          
          	
            
              0.054
            

          
          	
            
              0.221
            

          
        

        
          	
            
              
            

          
          	
            
              0.249
            

          
          	
            
              0.426
            

          
          	
            
              0.432
            

          
          	
            
              0.077
            

          
        

        
          	
            
              
            

          
          	
            
              0.221
            

          
          	
            
              0.175
            

          
          	
            
              0.290
            

          
          	
            
              0.503
            

          
        

      
    

    
      
    

    
              Figure 13, Figure 14, Figure 15 and Figure 16 show the relationship between experimental and calculated values using the proposed formulations.
    

    
              It is observed in these figures, that proposed formulations present high accuracy; nevertheless, as mentioned above, the formulations can be applied for confined masonry wall with units from Metropolitan Lima and Callao, considering values of parameters within the range of experimental values described in this study. However, this methodology can be applied for 
    

    
      
    

    
      	
        Representative deformations
      

    

    
              
      Table 2
       summarizes the representative deformations expressed in drifts grouped according experimental tests conducted in the laboratory of structures 
      [1], [2], [3], [5], [13], [7], [8], [14], [4].
    

    
      
    

    
      Table 2. Representative drift (×10
      -3
      )
    

    
    
    
      
        
          	
            
              Type of brick
            

          
          	
            
              Cracking
            

          
          	
            
              Yielding
            

          
          	
            
              Maximum
            

          
          	
            
              Ultimate
            

          
        

        
          	
            
              Industrial
            

          
          	
            
              0.6
            

          
          	
            
              1.9
            

          
          	
            
              7.6
            

          
          	
            
              11.7
            

          
        

        
          	
            
              Handmade solid
            

          
          	
            
              0.4
            

          
          	
            
              1.3
            

          
          	
            
              3.5
            

          
          	
            
              8.0
            

          
        

        
          	
            
              Tubular brick
            

          
          	
            
              0.4
            

          
          	
            
              0.6
            

          
          	
            
              1.9
            

          
          	
            
              3.7
            

          
        

      
    

    
      
    

    
      
    

    
      CONCLUSIONS
    

    
      
    

    
              Confined masonry walls, especially non-engineered walls, are very complex structural elements to predict their behavior, that’s why this study, from collected experimental data, proposes accurate formulations to calculate the average stress ratio at cracking, yielding, maximum and ultimate point in order to construct the capacity curve expressed in a tetra-linear model.
    

    
              It is observed that the relationship between slenderness ratio and shear stress ratio there has not present trend, that’s why this parameter is neglected in the proposed formulations. Nevertheless, this parameter must be between 0.6 and 1.3 to apply these formulations.
    

    
              The longitudinal steel ratio has very small influence in the shear stress ratio at cracking and yielding point, because when confined masonry wall leaves its elastic state, masonry and confinement given by stirrups of tie-columns and axial load works much more than other elements.
    

    
              
    

    
      These formulations improve the capacity curve and hysteresis modeling. Therefore, their application can be widely used for confined masonry walls, including non-engineered walls. Nevertheless, parameters must be within the experimental range describes in this study for characteristic masonry from Lima Metropolitan and Callao. However, this methodology can be applied to other masonry conditions while experimental data exits. 
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      Figure 1. Damage states in confined masonry walls. (a) elastic state, (b) post-cracking state, (c) yielding state, (d) ultimate state. [1]
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      Figure 2. Behavior of masonry walls against lateral forces[10]
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      Figure 3. Formulation proposed by Sugano [10]
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      Figure 4. Formulation proposed by Cardenas [1] 
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      Figure 5. Types of bricks used in non-engineered confined masonry dwellings: a) hollow, b) solid c) tubular bricks d) Solid bricks used in first floor and tubular bricks in upper floors.
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      Figure 6. Relationship between stress and slenderness ratios
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      Figure 7. Relationship between shear stress and axial stress ratios
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      Figure 8. Relationship between shear stress ratio and parameters of reinforcement at cracking point.
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      Figure 9. Relationship between shear stress ratio and parameters of reinforcement at yielding point.
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      Figure 10. Relationship between shear stress ratio and parameters of reinforcement at maximum point.
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      Figure 11. Relationship between shear stress ratio and parameters of reinforcement at ultimate point.
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      Figure 12. Calibrated tetra-linear models.
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      Figure 13. Calculated values of average shear stress at cracking state
    

    
      
        [image: ]
      
    

    
      Figure 14. Calculated values of average shear stress at yielding state
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      Figure 15. Calculated values of average shear stress at maximum state
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      Figure 16. Calculated values of average shear stress at ultimate state
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