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Abstract

:

The present study aims to determine the Rapid Visual Screening (RVS) basic scores for four representative Unreinforced Masonry (URM) and their corresponding Confined Masonry (CM) buildings. Two types of analysis were carried out on the finite element models: modal and push-over analysis. It was observed that confining URM walls with horizontal and vertical RC ties leads to a significant improvement in both the ultimate strength and ductility ratio of URM buildings. The natural frequency and strength of the studied buildings were strongly influenced by the walls’ relative area. The push-over-based fragility curves indicate that there is an average of 100% increase in the spectral acceleration related to the 50% exceedance probability of the CP performance level of CM buildings compared to their corresponding URM buildings. Moreover, the average resulted RVS basic score of CM buildings was 45% higher compared to those of their corresponding URM buildings and their sensitivity to the higher seismicity of the region was lower, thus greatly reducing the vulnerability of masonry buildings.






Keywords:


confined masonry; RVS basic score; vulnerabilty assessment; fragility curve; FEM












1. Introduction


According to the majority of seismic design codes, masonry buildings are classified into the three categories: (1) Unreinforced Masonry (URM) buildings, usually referred to as ordinary masonry; (2) Confined Masonry (CM); and (3) Reinforced Masonry (RM) buildings [1,2,3]. Masonry buildings are one of the most common structural types in Iran. One of the main weaknesses of URM buildings is the lack of ductility during an earthquake. Adding vertical and horizontal Reinforced Concrete (RC) ties as confining members has proved to be an effective method to reduce the seismic vulnerability of masonry structures and making them Confined Masonry (CM) [4]. To add, confined masonry is the only masonry structural system that was recognized by the Iranian Code of Practice for Seismic Resistant Design of Buildings (Standard 2800) [3] in seismic-prone areas. Although the results of several numerical and experimental studies indicate the superior response characteristics of CM buildings compared to URM buildings [5,6,7], rather limited data are available in the literature about the evaluation of CM buildings against future earthquakes, i.e., pre-earthquake condition assessment [8]. One of the significant undertakings in the seismic performance evaluation of buildings is to assess the vulnerability of existing buildings against probable future seismic actions. This is of critical significance when it comes to large-scale vulnerability assessment of building in terms of disaster management and resiliency [9]. The M7.3 Ezgeleh, Iran earthquake of 12 November 2017, was a reminder that it is critical to rapidly assess buildings’ safety upon an earthquake and determine whether they are apt for maintaining their functionality [10]. It is also necessary to have the vulnerability scores of those buildings before earthquakes [11,12,13,14,15,16].



The FEMA P-154 handbook entitled “Report, Rapid Visual Screening of Buildings for Potential Seismic Hazards” [17] and its accompanying documentation FEMA P-155 [18] propose a methodology for the Rapid Visual Screening (RVS) of buildings for possible seismic hazards. This procedure was developed to identify, inventory, and screen buildings that are potentially vulnerable to future earthquakes. Once recognized as potentially dangerous, such buildings should be further assessed by a seismic design expert. The RVS process utilizes a methodology based on a visual survey of the building from the exterior, and, if possible, the interior. Based on the collected data, a score is determined that provides an indication of the expected seismic performance of the studied building. In the scoring procedure, basic scores for various building types are used, which are later modified based on the details of the building under evaluation. These scores relate to the exceedance probability of building collapse, if the Maximum Considered Earthquake (MCE) occurs. Final scores range between 0 and 7, with higher scores related to higher expected seismic performance.



Ruggieri et al. [19] proposed an RVS method to assess the seismic risk of RC school buildings by filling out a factsheet that included both structural and non-structural vulnerability items. The influence of the hazard and exposure were also taken into account in determination of the safety index using simplified parameters. Ahmed et al. [20] performed seismic vulnerability mapping on 2900 RC buildings of a case-study province in Northern Algeria. A parametric study was carried out to evaluate the effect of the individual variables in the RVS method on the vulnerability indices. Perrone et al. [21] proposed an RVS method to determine a Safety Index for hospital buildings. The method was applied to two Italian hospitals located in different seismic areas, and the results of the proposed method were compared with an index obtained from a push-over analysis. There are other similar studies aiming at utilizing the RVS method in the vulnerability assessment of infrastructures [22,23].



The main aim of this study is to derive the basic scores for performing RVS on masonry residential buildings located in the older parts of the city of Tehran according to the framework of FEMA P-154. This is of the utmost importance because this document only includes URM and reinforced masonry as the masonry structural types. In other words, confined masonry is not mentioned in this framework. Moreover, there is no previous study dealing with the determination of RVS scores for confined masonry buildings. Customizing the RVS basic scores for URM buildings in the older parts of Tehran is another aim of this study considering the geometrical characteristics, the material properties and the workmanship and constructional details practices in Tehran which makes URM and CM buildings in this city different from ones practiced elsewhere.



In this paper, four typical masonry buildings, which characterize a large number of residential buildings in older textures of the city of Tehran, are considered for determination of the basic RVS scores in both URM and CM states. For this purpose, the three-dimensional model buildings were analyzed in the finite element software Abaqus. Push-over and frequency extraction analyses were performed to study the force-displacement and the modal characteristics of the buildings. The results of the push-over analyses were employed to derive fragility curves for each building. Based on the results of modal analyses and the exceedance probability of collapse prevention performance level, the RVS basic score of the studied URM and CM buildings were determined.



In Iran, out of more than 4 million rural houses, approximately 250 thousand are CM buildings. There are a huge number of confined masonry school buildings in Iran as well [24]. Unfortunately, reliable comprehensive studies on Iranian residential buildings are missing; however, this is not the case for Iranian school buildings. Taxonomy of the Iranian residential and school buildings based on the available data is shown in Figure 1. As a result, there is an urgent and important need in further understanding the seismic response of CM buildings. Moreover, a glimpse into the seismic vulnerability of Iranian school buildings shows that approximately 90% of school buildings, including nearly 400,000 classrooms, are structurally categorized as URM and CM [25,26]. Most of these school buildings are single-story buildings and about 84% of them are located in areas with high and very high seismicity. Furthermore, about 67% of Iranian school buildings were built before the establishment of any seismic design requirements [27]. Although, the majority of these school buildings are confined masonry buildings, which are significantly more ductile compared to URM walls [28,29,30]. Examples of failure modes of masonry buildings in Iran are shown in Figure 2. These district typical failure modes in URM and CM buildings, observed in multiple moderate-to-strong earthquakes in the past, indicate the vulnerability of these types of buildings.




2. Materials and Methods


In this part, four buildings, representing a significant number of residential buildings in the worn-out texture in the city of Tehran, are evaluated numerically to determine their seismic vulnerability. These buildings are introduced fist; then, modeling method and assumptions about these buildings are elaborated. Finally, the results of the vulnerability assessment of these buildings are presented. It should be noted that the selected buildings are based on the field studies of masonry residential buildings in Tehran. Based on the previous studies, the selected buildings cover approximately 44% of the existing buildings in these areas [33]. The map of the worn-out areas in Tehran is shown in Figure 3.



2.1. Representative Buildings


In 2010, a comprehensive field investigation was carried out in the worn-out areas of Tehran with the aim of gathering geometrical characteristics of the residential buildings [33]. The results of this investigation led to classification of URM and CM residential buildings in these areas into four representative buildings. The schematic plans of these typical buildings that represent a considerable percentage of URM and CM residential buildings are shown in Figure 4.



The diaphragm system of these buildings is jack-arch roof that has been one of the most practiced roofs in residential buildings in Iran since the 1920s. There is no comprehensive study on the physical and mechanical properties of these diaphragm systems in Iranian URM residential buildings. Based on a national data gathering from URM school buildings in Iran [34], the average unit mass of these diaphragms in the building roof and lower stories is 730 and 540 kg/m2, respectively. The details of these roofs in different stories are shown in Figure 5. In many cases, the structural walls in Iranian URM buildings are either 35 or 22 cm in thickness. The walls with 35 cm thickness are usually used in peripheral walls and in the basements. The average mass per unit area of these walls is 737 and 586 kg/m2 for 35 and 22 cm thick walls, respectively. The walls’ ratio in each direction of the models, which is the ratio of the sum of the walls’ cross-sectional area in each direction to the plan’s gross area, is presented in Table 1.



It is noted that the dimensions of the walls of the representative models were based on the results of a previous field study ordered by the municipality of Tehran. However, few tests were performed to determine the mechanical properties of the material. This was mainly due to the budget and time limitations as well as restrictions posed by the owners of those buildings. To solve this problem, it was decided to adopt the mechanical properties of the material that were considered by Tasnimi in a comprehensive experimental study on the typical masonry walls in Tehran [35].



URM buildings in Iran usually experience damages in walls, which are concentrated at the mortars. This is because the quality of mortar is very low and the mechanical properties of mortar, including the compressive strength, are lower than those of average bricks in Iran. Considering the moderate vertical stresses on these walls and low height-to-length ratio, the dominant failure mode of many Iranian URM walls is shear sliding. As such, the shear strength of mortar is one of the most important mechanical properties of materials in these buildings. Based on a vast field testing of masonry buildings to determine the mortar’s shear strength in Iran [36], the average and standard deviation of mortar shear strength was 0.27 and 0.16 MPa, respectively. Other mechanical properties of masonry and concrete that were not available were assumed based on the limited test data of previous laboratory studies [35].



In this study, two sets of models, namely, URM and CM, are considered. The CM models, duplicating the corresponding URM ones, are studied to investigate the effects of vertical and horizontal RC ties on the performance improvement. The RC ties were considered at the most appropriate locations, which are commonly practiced in Iran and include at the intersection of the perpendicular walls, and the top of the walls. Figure 6 shows the location of the vertical and horizontal RC ties in CM model buildings. The ties have 350 × 350 mm cross-section with six 10 mm longitudinal steel bars and 6 mm transverse steel stirrups at each 250 mm.




2.2. Modeling Method and Assumptions


In this study, the numerical simulation and analyses were performed by ABAQUS general-purpose finite element software [37]. In general, depending on the accuracy and desired simplicity, one or a combination of the following modeling strategies can be utilized in the numerical simulation of masonry: (1) Detailed micro-modeling, in which units and mortars in joints are represented by interface elements, and unit-mortar interfaces are represented by separate elements. (2) Simplified micro-modeling, where expanded units are represented by continuum elements. On the other hand, the mortar junction and the behavior of the interface between the unit and the mortar are grouped into discrete elements [38]. (3) Macro-modeling, in which units, mortars, and the interface between units and mortars are propagated into a continuum [39].



The walls and diaphragms of the models was meshed by first-order, reduced-integration quadrilateral shell elements (S4R) and the steel reinforcement were simulated using first-order truss elements (T2D2). The RC ties were modelled by continuum first-order, reduced integration hexahedral elements (C3D8R). The diaphragms were also modelled using S4R. According to the results of an experimental study by Shakib et al. [40], the in-plane stiffness of jack-arch roofs is significant compared to the lateral stiffness of masonry walls. As such, it was decided to model the diaphragms as rigid shells for in-plane directions. As such, the behavior of such diaphragms was assumed to be isotropic. The out-of-plane stiffness of the diaphragms were automatically calculated by the software based on the net thickness of the brick material (100 mm) and the modulus of elasticity of masonry which was assumed to be similar to that of the masonry walls. It should be mentioned that because no major damages were observed in the jack-arch roofs and the intersection of the roof and the walls in several previous earthquakes, the behavior of the diaphragms was assumed to be linear-elastic. Moreover, the ideal connection between the roof diaphragms and the masonry walls, i.e., inter-constraining all the degrees of freedom at the diaphragm–wall intersection, was considered in the numerical models, which prevents any slippage and/or separation between these two structural elements.



Gilbert and Warner model [41] and Kent and Park model [42] were utilized for stress–strain of masonry in walls and in the diaphragms, and in the concrete in the vertical and horizontal ties in CM models in tension and compression, respectively. A converged mesh size of 62 mm was used after performing mesh sensitivity analysis. To simulate the behavior of masonry in tensile and compressive regimes, Concrete Damaged Plasticity (CDP) was utilized. This model takes into account the mixture of non-associated multi-hardening plasticity and isotropic damaged elasticity to model damage initiation and controls stiffness recovery during reversals in the load. The flow potential G adopted for CDP is the Drucker–Prager hyperbolic function that is based on Equation (1).


  G =     ( ϵ  σ  t 0   t a n ψ )  2  +   q ¯  2    −  p ¯  t a n ψ  



(1)




in which    σ  t 0     is the failure uniaxial tensile stress; ψ is the dilation angle in the p–q plane at high confining pressure; and ε is eccentricity that defines the function’s rate of approaching the asymptote. The model employs the Lubliner’s yield function [43], which was modified by Lee and Fenves [44] to consider various evolution of strength under tensile and compressive stresses according to Equation (2).


      F =  1  1 − α    (   q ¯  − 3 α  p ¯  + β  (    ε ˜   p l    )   〈      σ ¯  ^    m a x    〉  − γ  〈  −     σ ¯  ^    m a x    〉   )  −   σ ¯  c   (    ε ˜  c  p l    )  = 0       α =    (     σ  b o      σ  c o      )  − 1   2  (     σ  b o      σ  c o      )  − 1   ; 0 ≤ α ≤ 0.5     ,   β =     σ ¯  c   (    ε ˜  c  p l    )      σ ¯  t   (    ε ˜  t  p l    )     (  1 − α  )  −  (  1 + α  )    ,   γ =   3  (  1 −  K c   )    2  K c  − 1        



(2)




in which      σ  b o      σ  c o       is the ratio of initial equi-biaxial yield stress in compression to the initial uniaxial yield stress in compression;       σ ¯  ^    m a x     is the maximum principal effective stress;    K c    is the ratio of the second stress invariant on the tensile meridian to that on the compressive meridian at initial yield for any given value of the pressure invariant p such that the maximum principal stress is negative;      σ ¯  c   (    ε ˜  c  p l    )    and     σ ¯  t   (    ε ˜  t  p l    )    are the effective compressive and tensile stresses, respectively. The assumed mechanical properties of masonry, steel and concrete in this study are presented in Table 2, where E is the modulus of elasticity,  υ  is the Poisson’s ratio,    f c ′    and    f t    are the compressive and tensile strength,    G f I    and    G f  I I     are the tensile and shear softening energy, respectively.



The base of the models was restrained against all the Degrees Of Freedom (DOF). Full bond between the steel bars and the surrounding concrete ties was assumed. Moreover, all the DOF’s of the ties and the walls at their intersection were tied together to prevent any slippage or separation at these locations because of the toothing provided by the masonry wall and the surrounding ties [46,47]. Because of severe material nonlinearity and brittleness, the analyses were carried out using the dynamic explicit method that incorporates central difference method with the conditional numerical stability as per Equation (3):


  Δ  t  s t a b l e   =  2   ω  m a x      (    1 −  ξ 2    − ξ  )   



(3)




in which Δtstable is the time increment,  ξ  is the critical damping ratio, and    ω  m a x     is the maximum numerical frequency of the model. It should be noted that implicit numerical solving method is based on Newton–Raphson method, which incorporates some increments and iterations. When the convergence criteria are not met at each iteration, the stiffness at that iteration is updated [48]. After several unsuccessful iterations, the increment is forced to cut-back with a smaller size. This, in addition to increasing computational costs, can result in the abortion of the analysis when the convergency is not satisfied in several successive increments. As such, one of the best solutions to this problem is to apply central-difference method, which is based on very small increments with no iteration. The linear and quadratic bulk viscosity parameters were assumed to be 0.6 and 1.2 based on the software default values. Because the models in this study were evaluated by push-over analyses, all the loads were applied to the models gradually to reduce the dynamic effects to a minimum. For this purpose, the ratio of kinetic energy to the internal energy at each time increment in the whole model was monitored to be less than 10%. Moreover, the difference between the external work and the internal energy of the whole model at each increment was monitored to be negligible to ensure numerical stability. The gravity loads were applied to the models first; then, after completion of this load, the lateral load was exerted on the model mass-proportionally with inverted triangular pattern with respect to the height of the model building, while the gravity loads remained constant.




2.3. RVS Basic Score


It should be noted that the URM is among the structural systems recognized by FEMA P-155; however, no attempt has been made so far to propose RVS basic scores for CM buildings. Based on the FEMA P-155 methodology, the basic score of each building can be determined according Equation (4):


  S = −   log   10    (  POC  )       



(4)




where the probability of collapse (POC) is calculated based on Equation (5)


  POC = P  [  COL | CD  ]  ×    P   [  CD  ]   



(5)




where CD is the Complete Damage; P[CD] is derived based on the fragility curve and the exceedance probability related to CP performance levels given a spectral acceleration related to the first mode of vibration. P[COL|CD] is based on Equation (6):


  P  [   COL | CD   ]  =  Collapse   Factor   



(6)









3. Results and Discussions


3.1. Modal Analysis


The first series of analyses on the models were performed to obtain the natural mode shapes and frequencies to be used in derivation of fragility curves. The results of modal analysis on URM model buildings in terms of the natural period of the dominant mode in each direction as well as the mode shape are presented in Figure 7. The Normalized Effective Masses (NEM) for each mode are also presented in this figure. Note that Type-4 mode shape around Z-direction also has a significant contribution in the vertical direction. This is because the stiffness of this model building in the Z-direction is considerable due to significant walls’ ratio in this direction. It should be noted that no significant differences between the modal analysis results of the URM models and their corresponding CM models were observed. This similarity was expected, as the use of RC ties has no major contribution in the mass and initial stiffness of the URM walls.




3.2. Push-Over Analysis


The results of push-over analyses on the models in both horizontal directions in terms of base shear versus roof displacement are shown in Figure 8. In these analyses, the lateral body force was applied mass-proportionally to the models gradually and the related roof displacement (the average lateral displacement of the four corners of the roof) was recorded at each increment. As seen in Figure 8, the initial stiffness and maximum force strength of the models greatly depend on the wall ratio of the models in each direction. Moreover, adding RC ties to the buildings significantly increased the displacement capacity of the models, whereas it had no major effect on the force capacity. This is in accordance with the main aim of providing confinement to the URM walls, which is increasing the ductility of the masonry buildings. Unlike the URM model buildings, which show very brittle behavior, the CM model buildings exhibit an elasto-plastic response thanks to the presence of RC ties in increasing the ductility of masonry buildings. As discussed by Yekrangnia et al. [49], the evolution of damages in CM walls usually consists of the wall’s failure followed by RC ties’ failure. As mentioned previously, the failure of walls is shear-dominated. The failure of ties can be tensile, shear or compressive. Upon the failure of the wall (associated with the first stiffness degradation) to the point of the ties’ failure, the behavior of CM walls approximately follows a perfectly plastic pattern.



The ultimate strength and ductility ratio, based on the method prescribed by ASCE 41 [50], for model buildings are presented in Table 3. As can be seen, the confinement of walls led to an average of 25% increase in the ultimate strength of URM buildings; however, the main advantage of adding ties to the URM walls is the increase in the ductility ratio, with average increase of 377% in the ductility ratio thanks to the presence of confining ties. Based on the limit states and failure mode of URM and CM walls mentioned by Yekrangnia et al. [49], the modelling approach can simulate the failure modes of masonry walls and can also capture the possible failure modes of RC ties (tensile, shear, and compressive) as well. The more complex local mechanisms, including those related to detachments of some parts of the walls from the rest of the building, can be approximated by this approach in terms of excessive plastic strains. The overall response of the model buildings was of importance in this study.



3.2.1. Push-Over Results of the Representative URM Buildings


The maximum principal plastic strain of the URM models that is associated with tensile cracks at the end of analyses is shown in Figure 9. The crack pattern in most of the walls is indicative of the shear-caused inclined failure mode, which is a common damage type in Iranian masonry buildings [31]. It should be noted that the stepped-diagonal failure in masonry walls is shear-dominated in nature and the sliding of the two wedges at their interface (crack path) governs this behavior. Sometimes, the shear sliding follows a horizontal path (usually known as bed-joint sliding in some seismic design codes). As a result, both failure modes are governed by shear. As seen in this figure, the cracks are propagated in all stories. Although the shear forces are larger in the lower stories compared those in upper ones, the strength of the walls for experiencing shear-caused failure is larger in the lower stories because of the higher level of axial stresses on the walls.



The fragility curves of the models that determined the probability of exceedance of different performance levels against the spectral acceleration in the first natural model of each URM model in each direction are presented in Figure 10. In this study, the fragility curves were derived making use of SPO2FRG software [51]. These curves that were based on the results of push-over analysis and the modal analyses were derived for five different performance levels, namely, fully operational (OP), immediate occupancy (IO), life safety (LS), collapse prevention (CP), and side-sway collapse (SSC), that were assumed to be associated with the story drift ratio of 0.05%, 0.1%, 0.2%, 0.3%, and 0.5%, respectively, for URM model buildings. The assumed drift ratio for the IO, LS, and CP were selected based on ASCE 41 [50] for URM walls with bed-joint sliding failure mode. For the CM walls, these threshold drift ratios were assumed to be 1.5 times the corresponding drift ratios for URM walls, as recommended by the Iranian instruction for seismic rehabilitation of existing buildings (Code 360) [52]. The details related to the derivation of fragility curves from the push-over analyses were elaborated by Baltzopoulos et al. [51].




3.2.2. Push-Over Results of the Representative CM Buildings


The maximum principal plastic strain of the CM models that is associated with tensile cracks at the end of analyses is shown in Figure 11. Compared to the results of URM model buildings, the severity and propagation of plastic strains in CM models are higher. This is because the displacements at which the contours were recorded at the end of the analyses are significantly higher for CM models compared to the corresponding URM buildings. As seen in Figure 11, the RC ties experienced severe damages at both ends because of the concentrated shear and flexural forces from the walls.



The fragility curves of the models that determined the probability of exceedance of different performance levels against the spectral acceleration in the first natural model of each CM model in each direction are presented in Figure 12. Comparison of the results of this figure with the corresponding figure about the URM models indicates that great improvement has been achieved thanks to the presence of RC ties in the reduction in the exceedance probability of the performance levels given a spectral acceleration.






4. RVS Basic Scores


In this section, the basic scores for the RVS of the URM and CM buildings are determined based on the results of the fragility curves from the previous section. The collapse factor is the expected collapse when the building is experiencing the complete damage based on HAZUS TM [53]. This parameter is based on the structural system and performance levels, and is 0.15 for the base line performance for URM buildings based on HAZUS. As indicated for P[Complete Damage], the RVS basic score of the buildings depends on the spectral acceleration demand related to the first mode of vibration. As such, it is affected by the first natural mode of vibration of the building, the site effect, and the seismicity of the region. Based on FEMA P-155 [18], the Maximum Credible Earthquake (MCE) was assumed as the demand level for determination of spectral acceleration and the related exceedance probability of CP in the studied buildings. This demand level is 1.5 times higher than the Design-Based Earthquake (DBE) based on Standard 2800 [3]. As such, for each site class according to this code and for each seismicity, the MCE spectral acceleration demand is determined for each building type based on the related natural period of the building in each direction. Accordingly, the exceedance probability of CP for each building model in each direction, based on its natural period of the first mode of vibration, site class, and seismicity of the region can be determined, which finally leads to the RVS score. The results of RVS basic scores of the studied building under various conditions are presented in Table 4.




5. Discussion


The fragility curves of most typical URM and their corresponding CM residential buildings in the older sections of the city of Tehran were derived numerically. The results of the push-over analysis on the 3D finite element models were implemented to derive these curves. The probability of collapse based on the codified spectral acceleration was then used to determine the RVS basic scores of each studied building.



The results of the push-over analyses indicate that the presence of ties leads to more crack propagation, but it does not change the main failure mode of the masonry walls of the studied model buildings. In general, the confined masonry buildings exhibited a significant improvement in the displacement capacity, whereas a marginal increase was observed in the ultimate strength in comparison with their corresponding URM model buildings. This finding is in agreement with several design code recommendations [52].



Speaking of basic scores, there was no sensitivity of the basic scores improvement of CM compared to URM with respect to the site seismicity and soil type. The ratio of basic scores of the studied CM buildings compared with the corresponding URM buildings were increased with an average and standard deviation of 1.51 times and 0.02, respectively. This indicates the considerable contribution of RC ties in reducing the vulnerability of masonry buildings. Based on FEMA P-155, the RVS basic scores for each structural type depends on the seismicity of the region only. Consequently, the results in Table 4 were averaged over the building plan type and site class and are presented in Figure 13. The RVS scores of URM and Reinforced Masonry (RM) [54] with Flexible Diaphragm (FD) in FEMA P-155 are also included in this figure for comparison. The difference between the PGA of different seismicity levels of the two sets of results, i.e., the present study and FEMA P-155, is because of different PGAs related to each seismicity level introduced by ASCE 7 [55], as the basis for FEMA P-155, and Standard 2800, which was the used code for determination of the MCE-related spectral acceleration demand in this study. As seen, good proximity between the results of URM of the present study and those of the URM proposed by FEMA P-155 exists. Moreover, the results of the RVS basic score of CM in this study are comparable with those of RM FD proposed by FEMA P-155.




6. Conclusions


In this study, RVS basic scores for typical URM and corresponding CM buildings in the older parts of the city of Tehran were determined using the methodology prescribed by FEMA P-155. For this purpose, four buildings, which represented a significant number of buildings of their type, were simulated numerically in Abaqus. By performing frequency extraction and push-over analysis on these models, the main results were as follows:




	-

	
The addition of RC ties to the URM buildings has negligible effects on the natural frequencies of the buildings. This result is justified by the fact that RC ties have no meaningful effects on the stiffness and mass of the URM walls.




	-

	
CM buildings, compared to their corresponding URM buildings, showed a significant improvement in the ultimate displacement capacity, whereas no considerable increase in the ultimate strength was achieved. This can be justified by the fact that the RC ties were placed based on common practice at the farthest possible stances from each other, i.e., at the intersection of the perpendicular walls. No special attention was given to Standard 2800 recommendations, which limit the distance of the horizontal and vertical ties to 4 and 5 m, respectively. As such, a marginal increase in the strength was observed thanks to the presence of RC ties, as shown by Yekrangnia et al. [49].




	-

	
The natural frequency and strength of the studied buildings were strongly influenced by the ratio of the walls’ area to the plan area known as the walls’ relative area in each direction of the buildings. The higher this parameter, the lower the natural period and the higher the strength became. Consequently, the minimum required walls’ relative area prescribed by some seismic design codes is a good indicator of the seismic performance of URM and CM buildings.




	-

	
The results of the fragility curves show that, on average, there is 100% increase in the spectral acceleration related to the 50% exceedance probability of the CP performance level of CM buildings compared to their corresponding URM buildings. Other performance levels also experienced a considerable increase in this parameter for CM buildings. This is a very significant performance improvement provided by confining the URM wall with horizontal and vertical RC ties.




	-

	
It was observed that the RVS basic score of the studied CM buildings showed an average of 45% increase compared to those of their corresponding URM buildings. Moreover, the decrease in this score because of the higher seismicity of the region for CM was lower than that of the URM; with a 15% decrease in the CM buildings, basic score related to very high seismicity compared to that related to low seismicity, whereas this decrease was 20% for URM buildings.




	-

	
The results of this study are of direct use in performing RVS on URM and CM residential buildings located in the older parts of the city of Tehran, and the determination of their vulnerability paves the way to more detailed studies and seismic risk reduction measures.




	-

	
The results of this study can be directly applied to the RVS of URM and CM buildings. The RVS method leads to prioritization of the buildings prone to higher seismic risk and to assisting decision-makers in the application of seismic risk reduction strategies. With the aid of the basic scores proposed in this study, it is possible to quickly evaluate a large number of buildings to identify those that require more accurate analyses.
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Figure 1. (a) Taxonomy of the Iranian residential buildings in rural areas [24]; (b) Year of construction of Iranian masonry school buildings [31]; (c) Scattering of Iranian masonry school buildings based on site seismicity [31]; (d) Number of stories in Iranian masonry school buildings [31]. 
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Figure 2. Common failure modes of masonry buildings in Iran [32]; (a) Detachment of perpendicular walls—damage at the interface of the walls (often occurs in URM buildings); (b) Horizontal in-plane cracks—damage in masonry walls (common in URM and CM buildings); (c) Stepped-diagonal cracks in the piers—damage in masonry walls (common in URM and CM buildings; if occurs in CM buildings, it propagates into RC vertical ties); (d) Stepped-diagonal cracks in solid walls—damage in masonry walls (common in URM and CM buildings; if occurs in CM buildings, it propagates into RC vertical ties); (e) Shear damage at the ties’ intersection due to insufficient shear reinforcement—damage in RC ties, often vertical ties (only in CM buildings); (f) Flexural failure at ties’ intersection due to inadequate overlapping of the longitudinal reinforcement of horizontal and vertical ties—damage at intersection of RC ties (only in CM buildings). 
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Figure 3. Map of the worn-out areas in Tehran (Courtesy of the Department of spatial data of UROT, 2021). 
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Figure 4. Geometrical characteristics of the representative URM residential buildings in worn-out areas in Tehran (dimensions are in cm); (a) Type-1 (single-story); (b) Type-2 (two-story); (c) Type-3 (two-story); (d) Type-4 (three-story). 
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Figure 5. Details of jack-arch diaphragm system (dimensions are in cm): (a) Building roof; (b) Other stories. 
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Figure 6. Location of the horizontal and vertical RC ties in CM model buildings (shown in blue): (a) Type-1 model building (single-story); (b) Type-2 model building (two-story); (c) Type-3 model building (two-story); (d) Type-4 model building (three-story). 
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Figure 7. Natural period and mode shapes of the URM model buildings (H: total height; M: total mass). 
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Figure 8. Lateral resisting force versus roof lateral displacement of URM and CM models in two directions: (a) Type-1; (b) Type-2; (c) Type-3; (d) Type-4. 






Figure 8. Lateral resisting force versus roof lateral displacement of URM and CM models in two directions: (a) Type-1; (b) Type-2; (c) Type-3; (d) Type-4.



[image: Buildings 13 00302 g008]







[image: Buildings 13 00302 g009 550] 





Figure 9. Maximum principal plastic strains (associated with tensile cracks) of the URM models at the end of analyses: (a) Type−1; (b) Type−2; (c) Type−3; (d) Type−4. 
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Figure 10. Push-over-based fragility curves of the URM models: (a) Type-1; (b) Type-2; (c) Type-3; (d) Type-4. 
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Figure 11. Maximum principal plastic strains (associated with tensile cracks) of the CM models at the end of analyses: (a) Type−1; (b) Type−2; (c) Type−3; (d) Type−4. 
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Figure 12. Push-over-based fragility curves of the CM models: (a) Type-1; (b) Type-2; (c) Type-3; (d) Type-4. 
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Figure 13. Comparison of the RVS basic scores of different masonry systems in the present study and FEMA P-155 for various seismicity levels. 
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Table 1. Walls’ ratio in the models.
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Model Building Name

	
Walls’ Ratio




	

	
X-Direction

	
Z-Direction






	
Type-1

	
0.07

	
0.05




	
Type-2

	
0.05

	
0.12




	
Type-3

	
0.05

	
0.03




	
Type-4

	
0.06

	
0.18
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Table 2. Mechanical properties of material [35,45].
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Material

	
Linear

	
Nonlinear




	
Compressive

	
Tensile

	
Shear




	

	
E (MPa)

	
   υ   

	
     f c ′    ( MPa )    

	
     κ p       

	
     κ m       

	
     f t    ( MPa )    

	
     G f I    ( MPa . mm )    

	
     G f  I I     ( MPa . mm )    






	
Masonry

	
2000

	
0.15

	
3.0

	
0.002

	
0.003

	
0.1

	
0.04

	
0.4




	
Concrete

	
21,000

	
0.20

	
20.0

	
0.012

	
0.018

	
2.0

	
0.32

	
3.2




	

	

	

	
Yield strength (MPa)

	
Ultimate strength (MPa)

	
Ultimate strain




	
Steel

	
210,000

	
0.30

	
300

	
420

	
0.07
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Table 3. Ultimate strength and ductility ratio of model buildings.
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Building Type

	
URM

	
CM




	
X Direction

	
Z Direction

	
X Direction

	
Z Direction




	
Stiffness (MN/m)

	
Strength (kN)

	
Ductility Ratio

	
Stiffness (MN/m)

	
Strength (kN)

	
Ductility Ratio

	
Stiffness (MN/m)

	
Strength (kN)

	
Ductility Ratio

	
Stiffness (MN/m)

	
Strength (kN)

	
Ductility Ratio






	
Type-1

	
122

	
314

	
4.5

	
40

	
162

	
1.2

	
124

	
378

	
6.6

	
46

	
292

	
3.2




	
Type-2

	
389

	
442

	
1.2

	
1143

	
875

	
1.0

	
394

	
510

	
8.9

	
1147

	
895

	
5.1




	
Type-3

	
893

	
667

	
1.2

	
223

	
415

	
1.0

	
894

	
672

	
8.4

	
224

	
452

	
8.1




	
Type-4

	
65

	
244

	
3.7

	
9947

	
1202

	
1.0

	
68

	
383

	
8.7

	
9949

	
1354

	
4.1
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Table 4. RVS basic score of the studied buildings for various seismicity levels and site classes.
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URM

	
CM




	

	

	
Type-1

	
Type-2

	
Type-3

	
Type-4

	
Type-1

	
Type-2

	
Type-3

	
Type-4




	

	

	
X

	
Z

	
X

	
Z

	
X

	
Z

	
X

	
Z

	
X

	
Z

	
X

	
Z

	
X

	
Z

	
X

	
Z






	

	
1st mode period, s

	
0.21

	
0.12

	
0.12

	
0.07

	
0.16

	
0.08

	
0.37

	
0.03

	
0.21

	
0.12

	
0.12

	
0.07

	
0.16

	
0.08

	
0.37

	
0.03




	

	

	
Soil type I




	
Seismicity

	
Very high

	
0.92

	
0.82

	
0.91

	
0.94

	
1.32

	
1.92

	
0.82

	
0.95

	
0.87

	
1.11

	
1.65

	
1.78

	
1.35

	
2.12

	
2.12

	
1.43




	
High

	
0.98

	
0.84

	
0.97

	
1.01

	
1.57

	
1.98

	
0.85

	
0.98

	
0.91

	
1.22

	
1.74

	
1.82

	
1.48

	
2.22

	
2.22

	
1.52




	
Moderate

	
1.03

	
0.86

	
1.03

	
1.14

	
1.92

	
2.05

	
0.86

	
1.12

	
0.94

	
1.38

	
1.78

	
1.98

	
1.59

	
2.22

	
2.22

	
1.52




	
Low

	
1.12

	
0.97

	
1.16

	
1.27

	
2.22

	
2.22

	
0.87

	
1.22

	
1.12

	
1.59

	
1.87

	
2.12

	
1.82

	
2.35

	
2.35

	
1.65




	

	
Soil type II




	
Very high

	
0.92

	
0.82

	
0.91

	
0.94

	
1.32

	
1.92

	
0.82

	
0.95

	
0.87

	
1.11

	
1.65

	
1.78

	
1.35

	
2.12

	
2.12

	
1.43




	
High

	
0.98

	
0.84

	
0.97

	
1.01

	
1.57

	
1.98

	
0.85

	
0.98

	
0.91

	
1.22

	
1.74

	
1.82

	
1.48

	
2.22

	
2.22

	
1.52




	
Moderate

	
1.03

	
0.86

	
1.03

	
1.14

	
1.92

	
2.05

	
0.86

	
1.12

	
0.94

	
1.38

	
1.78

	
1.98

	
1.59

	
2.22

	
2.22

	
1.52




	
Low

	
1.12

	
0.97

	
1.16

	
1.27

	
2.22

	
2.22

	
0.87

	
1.22

	
1.12

	
1.59

	
1.87

	
2.12

	
1.82

	
2.35

	
2.35

	
1.65




	

	
Soil type III




	
Very high

	
0.90

	
0.82

	
0.92

	
1.00

	
1.28

	
1.98

	
0.82

	
0.95

	
0.85

	
1.12

	
1.68

	
1.82

	
1.28

	
2.12

	
2.12

	
1.43




	
High

	
0.93

	
0.85

	
0.97

	
1.08

	
1.35

	
2.05

	
0.84

	
0.98

	
0.86

	
1.23

	
1.78

	
1.87

	
1.38

	
2.22

	
2.22

	
1.52




	
Moderate

	
1.02

	
0.87

	
1.05

	
1.17

	
1.82

	
2.12

	
0.85

	
1.12

	
0.87

	
1.39

	
1.82

	
1.98

	
1.57

	
2.35

	
2.35

	
1.65




	
Low

	
1.08

	
0.98

	
1.20

	
1.44

	
2.05

	
2.35

	
0.86

	
1.22

	
1.08

	
1.62

	
1.92

	
2.22

	
1.74

	
2.35

	
2.35

	
1.65




	

	
Soil type IV




	
Very high

	
0.90

	
0.82

	
0.92

	
1.00

	
1.28

	
1.98

	
0.82

	
0.95

	
0.85

	
1.12

	
1.68

	
1.82

	
1.28

	
2.12

	
2.12

	
1.43




	
High

	
0.93

	
0.85

	
0.97

	
1.08

	
1.35

	
2.05

	
0.84

	
0.98

	
0.86

	
1.23

	
1.78

	
1.87

	
1.38

	
2.22

	
2.22

	
1.52




	
Moderate

	
0.94

	
0.86

	
0.98

	
1.08

	
1.38

	
2.05

	
0.85

	
0.99

	
0.88

	
1.24

	
1.78

	
1.87

	
1.38

	
2.22

	
2.22

	
1.52




	
Low

	
1.02

	
0.87

	
1.11

	
1.26

	
1.87

	
2.12

	
0.86

	
1.16

	
0.89

	
1.50

	
1.87

	
2.22

	
1.57

	
2.35

	
2.35

	
1.65
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