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Abstract. Collapse of structures in severe earthquakes is synonymous with loss of vertical load bearing capacity in the columns and walls of the structural system. This paper identifies criteria that could be used in the context of preliminary assessment in order to rapidly identify from the large inventory of existing, substandard construction, those buildings that are more likely candidates for catastrophic collapse. Proposed criteria include (i) a stiffness index in order to determine the severity of seismic displacement demand and, (ii) a base-shear strength index associated with typical column details representative of the state of practice from the era of the building’s period of construction. The criteria may be used to characterize the primary deficiencies of the building and the level of spectral acceleration that may be tolerated prior to failure. Ten buildings representative of older construction practices used in the Mediterranean countries prior to the introduction of capacity design procedures which suffered excessive damage or collapse in past earthquakes, are used to proof-test the applicability of the procedure and the practical advantages of spectrum compatible stiffness and strength criteria that may be used in determining a proper retrofit strategy. 
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1. Introduction
Modern earthquake engineering of reinforced concrete structures relies on (a) system engineering (regulating the distribution of stiffness and mass) in order to achieve a favorable distribution of deformation demands throughout the structure, (b) capacity design rules intended to regulate the hierarchy of failure in structures, and (c) detailing of transverse reinforcement and lap splices of longitudinal bars in all members and particularly in the regions of large deformation demand, in order to secure ductility. This framework has matured over the last 25 years and today it is reflected in the prevailing design standards. Buildings built to earlier codes generally do not comply with this seismic design framework, and as such they are generally referred to as substandard or brittle construction. 
Substandard buildings represent the vast majority of the built environment. Many of those structures could potentially pose a threat to human life in the event of an earthquake; from among those, the so-called killer buildings are structures that, when subjected to deformation demands that exceed their available deformation capacity, lose their vertical load bearing capacity – i.e., they can no longer support their self weight and collapse. 
Photographic material from post-earthquake reconnaissance studies repeatedly suggest that many of the buildings that collapsed did not show signs of flexural yielding (such as densely spaced flexural cracks), or development of any kind of global ductility prior to collapse. Rather, it appears from the field observations that many of the collapsed structures had formed a mechanism upon failure, marked by severe localization of damage in a few locations with high shear demand, such as disintegration of exterior frame joints, shear failure of severely unconfined captive columns, and soft-storey damage in sway-frames. Occasionally, collapse in the latter category was accompanied by through punching in slab-column connections with no shear reinforcement.
Detailed assessment procedures have inherited from modern seismic design (which is intended for new structures) an emphasis on ductility – for example, in the ATC-40 (1996) methods, the performance point is evaluated from the intersection of the inelastic pushover curve with the Capacity Spectrum (i.e., a highly damped elastic spectrum where damping is compatible with the amount of strain energy dissipated through inelastic action when the structure is displaced to the performance point.). Application of this methodology is burdened by the requirement that a pushover curve need be estimated, which generally requires computer modeling of the structure. For substandard construction this effort-intensive process is often fraught with three basic handicaps: (a) in order for the results to be realistic, member resistance skeleton curves must necessarily reflect the brittle modes of failure that typically prevail in poorly reinforced members, a feature that leads to unstable solution and lack of convergence with most Newton-type schemes used to conduct nonlinear structural analysis. (b) The number of old, brittle structures that require evaluation makes the task of widespread detailed assessment seem an unrealistic scenario. (c) The effort required in carrying out the assessment task using an iterative approach such as that proposed by ATC-40 (1996) can be incompatible with the degree of confidence attached to the available information regarding the building details, which is however essential in order to conduct the pushover analysis. Detailed drawings showing exact location of reinforcement are sometimes unavailable, whereas even if they do exist, it is not easy to determine whether the intended designs had been actually implemented in construction, how far have the materials deteriorated over time, what is the current state of the structure as a result of prior loading (e.g. earthquake shaking), whether the foundation has undergone differential settlements due to creep or other soil effects and what has been the extent of human intervention in the structure over its service life.
For these reasons preliminary assessment is an important and necessary initial step in managing the seismic risk of the large inventory of existing reinforced concrete structures. By establishing criteria by which to single out those buildings that are at a greater risk for catastrophic collapse, the investment of extensive effort in detailed assessment may be more focused to the buildings that have been shown, upon a preliminary check, to be the most vulnerable.
In this paper, basic mechanics of reinforced concrete are used as a tool in order to derive simple indices by which to quantify the likelihood of brittle failure and collapse of typical low to medium-rise reinforced concrete moment resisting frame structures (MRF) and to determine the intensity of the design earthquake that might be sustained. These indices are expressed in the form of criteria which could be used in rapid seismic evaluation of buildings. Thus, critical features of the structure that render it more vulnerable can be immediately identified. To this end, basic data such as the building’s general geometry in plan and elevation, material properties and reinforcement detailing rules representative of the period of the buildings’ construction are sufficient information in singling out the most vulnerable buildings that are likely to collapse in a potentially strong earthquake. The same criteria can also be used to determine the objectives for rehabilitation of vulnerable buildings. The proposed assessment procedures are proof tested through application to ten reinforced concrete buildings (one of those being the full-scale test structure which was constructed and tested within the framework of the SPEAR project in Ispra, Italy (Fardis, 2002, Jeong and Elnashai, 2005). The remaining nine buildings are actual field examples that suffered damage or collapse in towns located near the epicenters of recent strong ground motions in Greece and Turkey (so that the damaging earthquakes for the structures studied could be considered “near-field”.) Reconnaissance results confirmed that in most cases, damage occurred in a brittle manner practically prior to the development of any displacement ductility (i.e., elastic-brittle damage). 
In the following sections rapid procedures for assessment are established through derivation of a pertinent stiffness index that determines interstorey drift demand ratio imparted in the structure by the earthquake, and through the definition of the normalized strength of the structure which is obtained after prioritizing the various failure modes that may cause collapse of the critical floor columns.    

2.  The Trade-off between Stiffness and Displacement Demand 
2.1 Urbanization and Rapid R.C. Construction in the 20th Century
The pressures of reconstruction and rapid population growth in Europe after the second world-war forged the development of the multistory reinforced concrete residential building with open first storey, known as pilotis in southern Europe; samples of this type of structure are depicted in Fig. 1. Rapid development through construction became the driving force for further urbanization, a process that forged the densely built utilitarian cities of the post-war era Greece; similar phenomena occurred in many other countries in Europe. This model of construction was adopted throughout the region, with the result that the pilotis building soon became the basic building unit.

[image: Description: Pilotis Buildings.tif]
Figure 1:  Typical samples of pilotis apartment buildings in Greece.

In this period, construction details were still primitive since their role in seismic response was yet to be fully understood; they were not strictly addressed by the design codes and were seldom specified in design drawings of the era. Implementation in practice was, to a large extent, determined by the experience of the workers that assembled the formwork, often using makeshift tools for hook bending and bar cutting. In Southern Europe in the 1960’s and 70’s site supervision was empirical; based on post-earthquake reconnaissance studies in several quake-struck cities over the past 30 years (Bucharest 1977, Thessaloniki 1978, Loutraki 1981, Kalamata 1986, Erzincan 1992, Pyrgos 1993, Grevena & Kozani 1995, Aegion 1995, Athens 1999, Izmit 1999, Duzce 1999, L’Aquila 2009) it appears that specific trade practices were used throughout the region (tie patterns and spacing, layout of reinforcement), regardless of details – if any – that may have been specified in official drawings. 
Typical details based on the standards of the period (summarized in fib Bulletin 24, 2003) were as follows (for both beams and columns unless stated otherwise):
(a) Smooth rectangular stirrups anchored with 90 hooks in the ends, made of StI (fyk=220 MPa, fuk=340MPa, usually mild steel) 6 mm - 8 mm diameter bars spaced at 250 mm - 300 mm o.c. (on centers) along the lengths of beams and columns.
(b) Relatively low area ratios of StIII (fyk=420 MPa, fuk=500MPa) longitudinal reinforcement (usually mild steel). 
(c) Concrete quality Bn150 to Bn200 (defined as per DIN 1045, 1972) corresponding to contemporary concrete characteristic cylinder strengths of 12 to 16 MPa (categories C12/15 and C16/20, respectively, according to EC2, 2003).
(d) Unconfined lap splices; starter bars with arbitrary lengths.
(e) Typical column section sizes ranging between 250 and 500 mm.
(f) Typical beam sizes, including slab thickness, were 250 mm by 600 to 700 mm, common slab thicknesses ranged from 120 to 160 mm, reinforced with 10 mm diameter bars usually spaced at 200 mm o.c.
(g) Short or captive columns owing to the mixed use of the first floor of the buildings.
(h) Another commonly reported location of failure is in the beam-column joints, particularly in connections over the perimeter of an R.C. frame building (Fig. 2). Note that originally joints were usually left without stirrups, for convenience of construction.
(i) Foundation usually comprised single column conical-shaped, lightly reinforced footings. In well-attended structures, a network of lightly reinforced, rectangular section (200 mm by 400 mm to 500 mm) connecting beams were used to join the upper sections of all footings.


 Figure 2:  Damage in captive columns and collapsed beam-column joints in the 1999 Athens earthquake.

(j) In Greece, the prevailing building code requirements of the period required that the buildings be in contact (a seismic gap of 40 mm was recommended but never enforced at the time) or otherwise a distance of 3 m+0.1H (H the building height) between neighboring buildings should be secured. This requirement, combined with the policy to grant permits for buildings in small size family lots of any shape resulted in odd-shaped buildings frequently having in-plan irregularities (L-shaped, or skew-plans) or in-height irregularities due to the practice of setbacks or penthouses in the upper floors.
In light of the systematic inadequacies outlined above, it may be considered a fortunate coincidence that relatively few buildings have collapsed in the strong ground motion events that struck many of the cities of the region from the 1980’s till today (the total number of potentially life-threatening collapses are in the few hundreds, over a population of several hundred thousand buildings). There are many reasons that may be responsible for this relatively good performance, not the least being the relatively moderate intensity of the earthquakes (magnitudes ranging between 6 and 7.5 on the Richter scale). Post-earthquake reconnaissance and forensic evaluations of collapsed buildings which led to loss of human life suggest that collapses usually occurred due to premature failure of the gravity load bearing elements of the structures prior to attainment of the nominal yielding displacement. Although in some cases the final displaced condition of the collapsed structure was determined to be quite away from its initial footprint, early studies have shown that this displacement was not a result of ductile deformation but rather, it was a rigid body translation of the collapsed structure owing to the kinetic energy it possessed at the instant when collapse begun. (For example, Tastani and Pantazopoulou (2008) used energy balance considerations to account for an apparent ductility of about 2.5 reported for a structure that collapsed in a brittle fashion in the 1999 Athens earthquake – this displacement was surmised by the field inspector from the location of the debris.  Note that the failed structure – which is example case 6 (Building F) in the present study - possessed a shear strength to flexural shear demand ratio of 0.45 in the soft storey where failure was observed).
Lightly reinforced-columns where transverse reinforcement is not adequate to support shear strength under displacement reversals beyond flexural yielding is a common occurrence in older structures. Other unfavourable characteristics of R.C. concrete buildings constructed prior to the introduction of capacity design principles and modern detailing practices are the relatively stiff beams intended to control serviceability requirements. 
For this class of buildings, a rapid evaluation for the potential mode of failure could be focused on the calculation of the limiting strength to demand ratio of the building columns, since post-earthquake reconnaissance reports identify loss of column gravity load-carrying capacity as the primary cause of building collapse.  In the sections that follow a procedure is developed to rapidly identify the prevailing mode of failure in brittle frame buildings. A number of alternative failure scenarios are explored in later sections of this paper. In each case the strength of the mechanism considered is compared with the force required to support flexural yielding in the columns. A prelude to this approach is given in the following section which examines the implications of older practices in the expected strength comparison between shear failure mode and flexural failure mode of a column.    
2.2 Implications of old detailing practices on the shear vs. flexural strength hierarchy in columns
To illustrate the concept of strength prioritizing as a means to identify the likely mode of failure of a structural member, a first estimate of the shear strength to flexural shear demand ratio for a column, rv, can be obtained from the typical reinforcing details used in construction in the 1960-70’s, by considering the simple statics of a column with symmetric end conditions under lateral sway. Shear strength is supported by the stirrups that are intersected by the critical plane of diagonal tension failure. To this end, it is assumed that shear failure occurs by formation of a sliding plane inclined at an angle  with respect the longitudinal axis of the typical column. 1 determines the number of stirrup legs actively participating to shear strength; based on calibration with test and analytical results it is taken equal to 30o.  The concrete contribution to shear strength is accounted for by the horizontal component of a diagonal strut that carries the column axial load through the web to the support. The angle of inclination of the diagonal strut, , is determined from the line connecting the centers of the compression zones in the opposite ends of the column (over its height), i.e. tan=(h-0.8∙d)/hst=(h/d-0.8)∙d/hst (Fig. 3(a)), where  is the normalized depth of compression zone at the onset of yielding and h and d are the height and the effective depth of the column’s cross section. Generally, it is required that ≤1. 
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Figure 3:  (a) Lightly reinforced column model used for the methodology; (b) Relationship between , ℓ,tot and normalized axial load, ,  for columns at the onset of yielding.  
The strength ratio as an index of likely failure mode:
Figure 3(b) plots the value of  at the onset of flexural yielding, against the column axial load ratio  (=Ng+0.3q/bdfc’) and longitudinal reinforcement ratio ℓ,tot for symmetrically reinforced columns cross sections. The value of  ranges between 0.24 and 0.31 for columns with a reinforcing ratio of less than 1.5% and a variety of plausible  values, rendering the results relatively insensitive to this parameter. The following general expression is obtained for rv:


                              (1)
where Ast is the area of stirrup legs (in a single stirrup) parallel to the plane of action, Ng+0.3q/(bdfc’) where subscripts g and q refer to the gravity and live loads, respectively) is the (service) axial load ratio acting on the cross section, hst is the deformable length of the column (equal to free storey height or to the column length in the case of captive columns) and ℓ,tot (=As,tot/(b∙d)) represents the total longitudinal reinforcement ratio in the column cross-section. By studying the sensitivity of the above expressions to values of the design parameters that represent older construction, it is possible to establish the likelihood of yielding and development of ductility during a strong ground motion. For example Fig. 4 plots the strength ratio rv against  for an example column 3 m in height, having a square 400 mm cross section (50 mm cover to the centroid of primary reinforcement), containing ℓ,tot=1% total longitudinal reinforcing ratio (StIII, fs=420 MPa) placed symmetrically in the tension and compression faces; spacing of the S220 rectangular stirrups is a variable in the graph (values considered for stirrup spacing, s, were, s=300 mm, s=200 mm, s=150 mm, and s=100mm). Ties having a diameter of 6 mm (blue curves), 8 mm (grey lines) and 10 mm (black lines) were considered in the graph. A value of fc’=16 MPa (B200) has been assumed. Note that only cases having an rv≥1 may yield in flexure and develop inelastic rotations (cases with densely spaced stirrups and a low axial load ratio.) For these cases only, it is meaningful to also establish a pattern of deterioration of shear strength (this is represented by the numerator in Eq. (1)) with increasing ductility (ASCE/SEI 41, 2007, FEMA 356, 2000).
All other combinations of parameter values for the example case considered (rv<1) correspond to a premature shear failure in the column as is witnessed in post-earthquake reconnaissance in the majority of structures that do not have an alternative resistance path. 
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Figure 4:  Effect of axial load ratio, stirrup spacing and tie bar diameter on rv

2.3 Available diagnostic tools
Figure 4 is only sample of the immediate results that can be obtained simply by using the available information about typical detailing practices in the past.  Given the limited accessibility to actual construction details in older structures, preliminary assessment targeted towards identification of the most vulnerable buildings must necessarily rely on a marginal collection of data that is readily available, such as the overall geometric details of the structure (number of floors, floor height, floor area, location and gross sectional geometry of load carrying members in plan), on the implicit assumption that all reinforcing details are represented by the historical construction information for the period and region of construction of the building studied. With these data, building seismic vulnerability is based on the following two criteria:
(a) A stiffness index assessment, which is used to quantify interstorey drift demand ratio.
(b) A strength assessment criterion, which is used to determine the weakest mechanism of resistance, likely to control the sequence of failure of the vertical elements of the structure. This check is done by extending the framework of Eq. (1) to encompass all possible failure mechanisms of a concrete column. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12](a) Stiffness Index Assessment: From the earliest earthquake studies the area ratio of the vertical load-bearing elements in a structure was used to characterize the magnitude of lateral stiffness. The first generation of Seismic Codes (up to 1950’s) required that the floor area ratio of walls should be 0.2% times the number of floors in the structure. The relationship between generalized stiffness, K* and the floor area ratios of columns, ρc, walls, ρwc, and infill walls, ρwm, in a multistory structure was explored recently (Thermou and Pantazopoulou, 2011). Next, the fundamental period of the structure, T (T≈2π√[0.8W/(gK*)]), was used, in order to derive expressions for the displacement demand under the design earthquake, Sd, in terms of ρc, ρwc, and ρwm (where the seismic hazard is given in relative displacement vs. period spectrum coordinates). Here the Design Earthquake Spectrum of Type I, as prescribed by EC8-I (2004) has been used.

Seismic Demand in Terms of Interstorey Drift Ratio in the Critical Floor
Using function i=sin(∙i/2n) as an approximation to the fundamental mode shape of vibration of the structure (modeling shear-type behaviour for older construction, Fig. 5) in calculating K* and T(=2π√[mi/Ki∙ΣΦi2/Σ(Φi-Φi-1)2],  where Ki and mi the stiffness and mass of the typical storey, i), it is possible to develop generic charts of the type shown in Fig. 6 that relate drift demand in the first floor of the structure to a combined stiffness geometric index, k, as follows:    
  


:                                                (2a)


:              	                   (2b)

where ag is the peak ground acceleration, n is the number of floors, Ec is the elastic modulus of concrete, hst is the storey height and  γ is the mass per unit area of the floor.

Stiffness Index of the Critical Floor
The combined stiffness geometric index, k, for dual systems is obtained from: 



  where   (3)

For frame-structures index k is substituted by k/, defined as:



 where          	                                 (4)                                                              
             
where Ec, Ewm are the elastic moduli of concrete and masonry, respectively, ρc is the columns’ area ratio in the floor plan, ρewm, is an equivalent compound dimensionless area index that represents both masonry walls and R.C. walls expressed in terms of masonry wall properties, hst is the storey height, lm,ave, lw,ave are the average lengths of masonry and R.C. walls in the plane of seismic action, respectively, fwk is the compressive strength of masonry and 1 is the estimated chord rotation demand of the first storey.    

Estimating Interstorey Drift Demand Ratio at Building Failure
In cases of inadequate shear resistance collapse of substandard buildings in a critical earthquake could be prevented only if the interstorey drift demand ratio, u, in the critical floor (if the critical floor is the first floor, u=u,1), is less than the estimated drift ratio at failure, fail. The fraction of the interstorey drift demand ratio developed through deformation in the columns, is: uc=cu, where c is the relative column stiffness ratio in the frame connections of the building (Thermou and Pantazopoulou, 2011):  λc =/(1+), =EIbhst/EIcLb, where summation refers to the number of beams (1 or 2) and columns (1 or 2) converging to the connection.  Similarly, the fraction of the interstorey drift demand ratio developed through deformation in the beams, is: ub=bu, where b is the relative beam stiffness ratio in the frame connections of the building:  λb =/(1+)=1- λc.

Interstorey Drift Ratio, fail, at Premature Column Failure
If failure occurs prior to flexural yielding of the columns, i.e., when the estimated base shear force at the occurrence of the controlling mode of failure of the column, Vu,lim is less than the base shear corresponding to the onset of yielding of column reinforcement, Vy,flex, then the drift at failure is obtained from: 


                                                       (5)            

In the above, cy,nom is the nominal column relative drift ratio (i.e. average rotation of the deforming column from its chord at the member ends) at yielding of the longitudinal column reinforcement – for typical frame structures (with floor heights around 3 m) this is usually in the range of 0.5%. 
cfail is the column relative drift ratio at the onset of failure prior to column flexural yielding. For typical older construction (stirrups spaced at distances over 200 mm), it is shown through detailed calculation in the next section that the ratio  ru,lim may be as low as 0.3 – 0.6, depending on the size of the columns for the typical details used in the period of reference (due to the widespread practice of using uniformly large stirrup spacing around 250 mm, values for the ratio are lower in the case of smaller column section sizes owing to the lower number of stirrup layers engaged by the sliding plane.)  The corresponding beam rotation in that state is, bfail=b∙fail.
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Figure 5: Lateral displacement profiles; (a) shear-type; (b) soft-storey.   

Seismic Drift Demand as a Function of Stiffness Index
The plot in Fig. 6 has been drawn for the EC8 design spectrum (Type I) using a unit value of peak ground acceleration for a period range 0.15≤T<0.5 s (Eq. 2(a)); thus, demand (abscissa in the graph) should be multiplied by the specified peak ground acceleration of the site in consideration, ag. The plot has been derived for concrete quality C16/20 (fc’=16 MPa) and mass per unit area of the floor, γ=1 t/m2. (A detailed example is provided in the legend of Fig. 6 for different PGA and mass per unit values). 
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Figure 6: Seismic vulnerability of old construction curves: relate the required composite floor area ratio of vertical members to interstorey drift demand ratio for a unit value of peak ground acceleration, ag=1 m/s2 and a mass per unit area of the floor, γ=1 t/m2 (For any other PGA or γ value given in m/s2 and in t/m2, the vertical axis should be multiplied by the product of these values (without the units); e.g. if ag=0.36g=3.53 and γ=0.5, then the vertical axis value should be multiplied by the product 3.53·0.5=1.765).    

The range of the y-axis values in the plot (i.e. 1st-floor drift demand) 0.1% ≤ 1 0.5%, is defined for buildings susceptible to brittle failures: the upper limit corresponds to the nominal interstorey drift ratio at yielding for frames, whereas the baseline value of 0.1% is the estimated drift limit associated with inclined web cracking (owing to diagonal tension failure) of concrete members; (it is also in the range of shear angle associated with masonry infill cracking). The chart may be used to determine the level of peak ground acceleration that may be sustained without failure, given the area ratios of the vertical lateral load-bearing elements in an existing structure; alternatively, it may be used to determine the required floor index so as to guide the retrofit strategy for upgrading the structure to a specified level of regional seismic demand.
 
(b) Strength Assessment: Collapse occurs when the vertical elements of the critical floor lose their vertical load carrying capacity. This process may be initiated either by loss of lateral load resistance of the columns, or by punching and loss of support of the floor diaphragms. 
Assuming the point of inflection (zero moment) at midspan of the column length, enables the establishment of a static relationship between the critical strengths of various mechanisms that could be responsible for column failure along the line of a single column and the column shear sustained when any of these phenomena is occurring: Vcol=(Mtop+Mbottom)/hst   where hst is the deformable length of the column (i.e. the clear storey height, or free column length in captive columns, Fig. 7(a)). This enables using column shear as a common basis for comparison of strengths in order to establish a hierarchy of possible events that threaten the integrity of a structure under lateral sway. The flexural shear demand associated with flexural yielding in the column ends under lateral sway is a point of reference in the hierarchy of failure (Fig. 7(b)):
                                                   

                                                     			  	         (6)

The ratio of shear strength to flexural shear demand, rv, has already been established in Eq. (1), (Fig. 7(c)). Similar ratios are defined below with reference to all other common modes of failure encountered in a gravity load-bearing element, including:
(ii) rlap which is the ratio of shear demand at lap/anchorage failure to flexural shear demand (Fig. 7(d)). Note that laps usually occur at the lower end of the column where starter bars from the floor below are paired with their extensions.  
(iii) rj which is the ratio of column shear demand at shear failure of the joint directly above or below the column, divided by the flexural shear demand of the column (Fig. 7(e)). 
(iv) rpn which is the ratio of column shear demand at punching failure of the slab-column connection directly above or below the column, divided by the flexural shear demand of the column (Fig. 7(f)). 
With reference to the equilibrium model depicted in Fig. 7(a), cases (iii) and (iv) above are obtained by considering the moment reversal in the column, owing to the transfer of moment from the horizontal to the vertical elements, occurring at the beam-column joints (in frame structures) or at the slab-column connections in flat-slab structures, at the onset of failure of these connections. Based on these, the following expressions are derived for ra, rlap, rj and rpn. Note that the least value controls the behaviour, also identifying the mode of column failure; thus,


                                                                                  (7)

The above scenarios may be suppressed if the shear force input to the column is limited by yielding of the adjacent beams (Fig. 7(g)), i.e., ru,lim > rby.  In this case, if the seismic demand 1 (from Eqs. 2) exceeds the limit Θby/b, where Θby the beam rotation at yielding, then ductile plastic hinging in the beams may develop.  Beam plastic rotation Θbpl =1–( Θby/b).  
Otherwise, i.e., if the seismic demand 1 < Θby/b, the structure may be assumed to be in the elastic (pre-yielding state), and the demand ratio in terms of column shear force (in Eq. 7) is reduced to rby/=rby ∙Θb/Θby. No failure is anticipated in this case for the considered seismic scenario.
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[bookmark: OLE_LINK5]Figure 7: (a) Moment distribution and (b)-(f) possible failure modes of a reinforced concrete column:  (b) Flexural yielding, (c) Shear failure, (d) Bar anchorage/lap-splice failure, (e) Joint shear failure, (f) Connection punching failure  (g) Column shear limited by plastic hinging in the beams  ductile frame behaviour.

Using the same procedures as those in deriving rv, the following equations are obtained for the various strength ratios:
(a) At anchorage failure of column primary reinforcement:
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(b) At lap-splice failure of column primary reinforcement:

 (
  
(8b)
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(c) At joint shear failure (for unreinforced or lightly reinforced joints only):

                                     (8c)



For well reinforced joints the above should be multiplied by .

(d) At punching failure of the slab column connection:


            (8d)





(e) At beam yielding:


                        (8e)

In the above, 
· ρℓ,tot is the total longitudinal reinforcement ratio of the column; Nb is the number of tension bars; Ab is the area of a single tension bar.
· 
is the lap/anchorage length expressed in multiples of the main bar diameter (Lb=Db); Db is the diameter of longitudinal reinforcing bars; fb was calculated according to Model Code 2010 (2010) (fb=2fb,o for ribbed bars, where fb,o= n1n4(fc’/20)0.5 is the basic bond strength, n1=1.80 for ribbed bars, n4=1.2 for fy=400 MPa and =1.0 for fy=500 MPa. The anchorage capacity of a smooth bar hook was taken equal with that of a ribbed bar, =50fbAb); αhook is a binary index (1 or 0) to account for hooked anchorages (αhook =0 => no hooks).
· [bookmark: OLE_LINK9][bookmark: OLE_LINK13]μfr is the friction coefficient (0.2 ≤ μfr ≤ 0.3 for smooth bars, 1≤ μfr ≤ 1.5 for ribbed bars); αb is a variable that regulates the contribution of the concrete cover. It is assumed equal to 1 if the normal concrete strain in the critical cross section during load reversals, remains below the value of 0.002 (i.e. cracking due to Poisson’s effect parallel to the bars).  ab is assumed to decay gradually to 0 if the normal concrete strain in the critical cross section during load reversals, exceeds the limit of cover delamination (0.0035); 
Also,
· fc’ is the concrete compressive strength; ft is the concrete tensile strength; fy is the long. reinforcement yield stress; fst is the stirrup yield stress; 
·  is the normalized depth of compression zone given in Fig. 3(b) as a function of ρℓ,tot and the (service) axial load ratio, (=Ng+0.3q/bdfc’) acting on the cross section; 
· vj is the axial load ratio of the column above the joint; γj equals to 1.40 for interior joints, 1.00 for exterior joints. For connections with smooth primary reinforcement these limits are reduced to 0.4 and 0.3 respectively.  ρj,horiz is the area ratio of joint horizontal reinforcement (=total area of stirrup legs in the joint parallel to the plane of action, divided by bj·dbeam);
· 
 is the column height; d is the column depth; b is the column width; bj is the joint width; dbeam is the beam depth;
· hst is the deformable length of the column (equal to free storey height or to the column length in the case of captive columns); 
· Atr is the area of stirrup legs in a single stirrup pattern in direction normal to the splitting plane; s is the stirrup spacing; 
· dsl is the slab depth; ucrit is the critical punching perimeter around the typical column in flat plate construction. ρℓ,sl is the total slab reinforcement ratio, at the critical punching perimeter;
· 
Term beam in 8(e) refers to the total longitudinal reinforcement ratio of the beam section adjacent to the column if an interior connection is considered; in exterior connections this variable assumes the value of the top or bottom beam reinforcement ratio (whichever is largest, since the numerator in the original form of 8(e) is simplified to )
The sensitivities of the strength ratios as defined in Eqs. 8 were examined parametrically for various levels of axial load ratio and various design parameters depending on the type of the strength mechanism examined each time. Material and cross-section characteristics are those used in deriving Fig. 4. Figure 8 plots the effect of the axial load ratio, ν, on the strength ratio at anchorage failure of column primary reinforcement, ra. Parameters of study were the straight anchorage length, Lb(=ψDb, where ψ=15, 20, 30, 40 for ribbed bars, ψ=15, 20, 30, 40, 60, 75 for smooth bars with hooks), and the surface characteristics of the longitudinal reinforcement considered. Note that in the case of ribbed bars the required anchorage length to develop bar yielding is 30Db, whereas in the case of smooth bars with hooks more than twice the anchorage length for ribbed bars is required (according to Fig. 8(b) Lb=75Db.) 
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Figure 8:  Effect of axial load ratio, anchorage length and bond conditions of the longitudinal bars on ra.

The same problem is studied in Fig. 9 for lap-spliced reinforcement; additional required parameter values over those assumed in deriving Fig. 9 are, Nb=3, Db=16 mm, and stirrups ø8/300. The frictional coefficient μfr (Eq. 8(b)) was taken equal to 1.5 for ribbed bars and 0.2 for smooth bars (MC2010,  2010) in order to account for the negligible contribution of the cover’s tensile strength to the smooth bar’s development capacity. In the case of smooth bars with hooks, the increase of the lap-splice length had a moderate effect on the calculated strength ratio due to the low frictional coefficient considered (Fig. 9(b) curves corresponding to 15Db ~ 60Db) reaching bar yielding at 70Db (more than twice the required anchorage length for ribbed bars).
The column strength ratio at joint shear failure, rj, is studied in Fig. 10(a); parameters of study are the axial load ratio, ν and the beam depth to column depth ratio, dbeam/d. The axial load ratio of the column above the joint, νj, was considered 75% of ν. Two groups of lines are presented; black lines refer to joints without stirrups whereas blue lines refer to joints with 8/100 mm stirrups. Parameter γj was taken equal to unity accounting for exterior unreinforced joints. For interior joints, the vertical axis of Fig. 10(a) is multiplied by γj, for values γj≠1. 
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Figure 9:  Effect of axial load ratio, and lap splicing length on rlap. 





For flat-plate construction, the relationship between the strength ratio at punching failure of the slab column connection, rpn, and the column axial load ratio, ν, for different percentages of slab longitudinal reinforcement (ρℓ,sl=0.5%, 1.0% and 4%) is plotted in Fig. 10(b) (here, the slab thickness was taken equal to 200 mm; the critical punching perimeter in the slab around the column was taken: ucrit=2h+2b+4dsl.)  
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Figure 10:  Effect of axial load ratio, v and beam to column section depth ratios on rj (Fig. 10a) and also effects of axial load ratio, ν and slab longitudinal reinforcing ratio on rpn (Fig. 10b).

2.4 Scope and limitations of the proposed methodology
	In the following sections, a number of reinforced concrete buildings that collapsed or were severely damaged during past earthquakes are used, in order to proof test the performance of the proposed rapid screening approach. It is sought to establish the maximum shear force that could be supported in the critical floor, so that the nominal drift at loss of vertical load carrying capacity of the columns could be estimated; this, in turn, is compared with the estimated drift demand given the stiffness index of each structure for a Code-compatible earthquake spectrum (Type I elastic spectrum of EC8, 2004) adjusted to the recorded PGA in the seismic event, in order to establish whether the observed performance (damage or collapse) could be dependably established through the proposed methodology without needing other detailed information about the seismic event.
	The procedures detailed herein can serve well in preliminary assessment when used by experienced engineers that may dependably estimate the required input data to Eqns. 7 and 8. These equations are practically statements of equilibrium at failure.  Particular care should be exercised when used for the first time for errors and misconceptions in units and the exact calculation of the variables.   
3. Application of the Seismic Assessment Procedure
The rapid screening criteria discussed in the preceding are tested in this section through application to ten building examples. With the exception of an experimental building tested on a shake table in controlled laboratory conditions (Building A), the remaining nine cases are field examples of structures that either collapsed or underwent various degrees of damage in past earthquakes in Southern Europe (Buildings B-F located in Greece, Buildings G-J located in Turkey). The essential attributes of each building and the estimated strengths and modes of failure are studied using the expressions for strength ratios and drift demands detailed in the preceding section; the characteristics of the performance point are estimated with reference to the EC8 spectrum adjusted to the level of peak ground acceleration reported for the site in consideration. The estimated performance limit state is compared with the observed behaviour based on post-earthquake reconnaissance reports.    
Building A was a 3-storey full-scale R.C. building (SPEAR building) tested at the Joint Research Centre, Ispra, Italy (Fardis 2002, Jeong and Elnashai, 2005, Fig. 11(a)). The building was subjected to a series of pseudo-dynamic (PsD) tests to various levels of ground acceleration. When this variable reached 0.20g PGA, deep cracks developed at the beam-column interfaces at the top of the columns. Results of the stiffness index assessment and strength assessment of the first storey columns in x and y direction for Building A are summarized in Fig. 11(b) and Figs. 11(c) and (d), respectively, as well as in Tables 1 and 2. 
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Figure 11: (a) Plan configuration of Building A; (b) Vulnerability curve (Eq. 2(b)); (c); (d) Column strength ratios for a given plan direction (x, y) (C1, C3-C9: 250/250 mm, 412 C2: 250/750, 1012, hst: 3.0 m fc’: 24.7 MPa, Long. Reinf.: fs=474 MPa, smooth, Stirrups: 8/250 mm, smooth, fst=479 MPa, ; Llap=33Db). 
From the floor plan of Fig. 11(a) the area ratio of vertical elements and corresponding k parameters (Eq. (3)) were estimated as: kx=ρc,x=0.67% and  ky=ρc,y+ηwmρwc,y=1.48% in the x- and y-axis, respectively (ρc,y=0.49%, ρwc,y=0.18% considering the shear stiffness of column C2 in the y-axis, Table 3). The average nominal drift at yielding of the vertical members, Θy,nomc, was estimated equal to 0.78% and 0.85% in x and y direction, respectively. Note that interstorey drift ratio at column yielding was estimated for all the buildings examined using the “stick model” cantilever extending from the support to the point of inflection around the midheight of the column (Priestley, 1998, Priestley and Kowalsky, 1998): Θy,nomc=(1/3)φyLs, where φy=2.14εsy/h (εsy=nominal yield strain of longitudinal reinforcement). Premature failure was estimated for the columns, by applying the strength criteria (Eq. 8) in the x and y directions, respectively (Fig. 11(c), (d), ru,lim>rby except of column C2 in y direction). The controlling average values of the column were ru,lim,x=0.89 and ru,lim,x=0.82, and the corresponding drifts at failure (Θy,critc=ru,lim∙Θy,nomc see Eq. 5) were 0.71% and 0.69% (in x and y, respectively, Table 2).  
The vulnerability curve for Building A was estimated according to Eq. 2(b) using as PGA value the magnitude applied to the test structure, 0.20g (Fig. 11(b)). (Estimated building period in both directions was in the range 0.5 s – 2.0 s, i.e., Tx=0.93 s, Ty=0.90 s with mi=49.6 t, Ki,x=18483.6 kN/m, Ki,y=20038.2 kN/m, T(=2π√[mi/Ki∙ΣΦi2/Σ(Φi-Φi-1)2] and ΣΦi2/Σ(Φi-Φi-1)2=8.21 for a 4-storey structure and i=sin(∙i/2n), Table 4. Note that period was estimated in each direction by considering the two directions of action uncoupled)). For the estimated area ratios of the vertical members in both directions (kx=0.67%, ky=1.48%) the demand in terms of drift at the first storey is defined by the vertical black dashed lines in Fig. 11(b) as Θ1,x=0.45% (red coloured arrow) and Θ1,y=0.30% (blue coloured arrow). Taking an average value of λc=0.75, which is considered representative for the characteristics of Building A, the estimated first storey drift at failure is Θfail,x = 1/λc·0.71% = 0.95% in the x direction (red coloured dashed line) and Θfail,y = 1/λc· 0.69% = 0.91%  in the y direction (blue coloured dashed line). Since Θfail,x>Θ1,x (0.95%>0.45%) and Θfail,y>Θ1,y (0.91%>0.30%), it is anticipated that Building A would survive the applied ground motion (Table 2). 
Building B was a 2-storey R.C. building that collapsed during the 1999 Athens earthquake without any horizontal dislocations of its structural elements, whereas two adjacent building wings remained intact (Fig. 12(a)). Results of the stiffness index assessment and strength assessment of the first storey columns in x and y direction for Building B are shown in Fig. 12(b), and Figs. 12(c)-(d), respectively, and in Tables 1 and 2. 
The area ratio of the 20 columns (organized in four groups according to their typical dimensions as shown in the legend of Fig. 12) was estimated equal to k=ρc=0.31% (Table 3). The average nominal drift at yield, Θy,nomc, was estimated equal to 1.00% and 0.88% in x and y directions, respectively. In most cases the controlling r value was <1 (note tha rby was not estimated due to insufficient information), indicating brittle failure with no ductility. First storey drifts at column failure are estimated at 0.61% and 0.56% in x and y directions, respectively (using average values for ru,lim,x=0.61, ru,lim,y=0.65 according to Figs. 12(c) and (d) and Table 2). The vulnerability curve derived for Building B (Eq. 2(b), Tx=Ty=1.12 s, Table 4) for a PGA value of 0.38g which is the reported site acceleration for the critical earthquake, indicated that for the estimated area ratio of the vertical members in both directions, the first storey drift demand would be Θ1,x=Θ1,y=1.00% (red coloured arrow in Fig. 12(b)). The estimated first storey drift at failure in each direction for an average value of λc=0.70 is Θfail,x=1/λc·0.61%=0.86% (red coloured dashed line) and Θfail,y=1/λc· 0.56%=0.80%  (blue coloured dashed line). The outcome of the stiffness index assessment procedure (Θ1,x>Θfail,x and Θ1,y>Θfail,x, Table 2) renders Building B susceptible to collapse in the 1999 Athens earthquake, a finding compatible with the reconnaissance report. 
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Figure 12 (a) Plan configuration of Building B; (b) Vulnerability curve (Eq. 2b); (c); (d) Column strength ratios for a given plan direction (x or y) (Column Group 1 {i.e. C1, C5, C16, C20}: 450/300, 420; Group 2 {i.e. C2-C4, C17-C19}: 450/300, 820; Group 3 {i.e. C6, C10, C11, C15}: 300/450, 820; Group 4 {i.e. C7-C9, C12-C14}: 450/450, 1220, hst: 5.40 m, fc’: 24.79 MPa, Long. Reinf.: fs=431.5 MPa, smooth, Stirrups: 8/300 mm, smooth, fst=402 MPa; Llap=20Db). 
Building C (Fig. 13a) was a 3-storey R.C. frame building, being a typical unit of a system comprising four identical buildings separated with seismic gaps along their shorter sides so as to form an orthogonal plan with an atrium at the center. During the 1999 Athens earthquake (PGA=0.38g), Building C and the building in contact on its eastern-side (along the line of columns C1 – C4) collapsed due to failure of the first storey columns, whereas the other two buildings sustained heavy damage especially in their first storey columns. Strength assessment (Figs. 13(c) and (d), Table 1) of the first storey columns in x and y direction of Building C resulted in strength ratios r<1 indicating brittle failure with no ductility for all the columns.  
Similar to the previous case study Building C had a low column area ratio of k=ρc=0.30% (Table 3). The average nominal interstorey drift ratio at yield, Θy,nomc, of the square columns was estimated at 0.37% in both principal directions, respectively. Column interstorey drift ratio at failure was ru,lim∙0.37%=0.23% (as per Eq. 5) using the average value of the column strength ratios ru,lim=0.61;  (this value was obtained from Figs. 13(c) and (d). rby was not calculated due to insufficient information). The estimated first storey drift at failure is Θfail,x=Θfail,y=1/λc· 0.23%=0.48% with λc=0.45 (Table 2). Application of the stiffness index assessment procedure for the reported site value of PGA=0.38g resulted in first storey drift demands of Θ1,x=Θ1,y=1.2% (red coloured arrow)  (from Fig. 13(b), using k=0.30%), well above the failure limit of 0.48%, anticipating collapse of Building C for the earthquake characteristics considered.
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Figure 13: (a) Plan configuration of Building C; (b) Vulnerability curve (Eq. 2b); (c); (d) Column strength ratios for a given plan direction (x or y) ({C1-C4, C7, C10, C11}: 450/450, 1220; {C5-C9}:450/450, 820;  C12: 500/500, 1222, hst: 4.05 m, fc’: 16.8 MPa, Long. Reinf.: fs=280 MPa, smooth, Stirrups: 8/300 mm, smooth, fst=208 MPa; Llap=20Db).
Buildings D, E, F were 4-storey industrial R.C. buildings (Figs. 14(a), 15(a), 16(a)) that collapsed during the 1999 Athens earthquake (PGA=0.38g recorded in the Sepolia region where these buildings were located). In both Buildings D and E, collapse was associated with crushing of the first storey columns. In case of Building E two rows of first storey columns along the y-axis, C1 to C51 and C2 to C52, crushed, causing the collapse of the bays of the building storeys above those two column rows, whereas the rest of first storey columns suffered serious damage. Building F also collapsed during the 1999 Athens earthquake, except for the stairwell in the corner of the plan (Fig. 16(b)). The stairwell was connected to the building through the floor slabs which were lightly reinforced (ρℓ,sl around 1.0%).  Thus the connection was deficient in its capacity to transfer the inertia forces of the diaphragm to the perimeter walls of the stairwell over the 5 m long unilateral contact provided at each floor level; in light of this poor connection, mobilization of the walls in providing lateral load resistance to the building was marginal, as evidenced by the building wreckage (Fig. 16(b)). The results of the strength assessment procedure and the prevailing mode of failure of each column are presented in Figs. 14(b), (c), 15(b), (c), 16(c), (d) and Table 1. 
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Figure 14: (a) Plan configuration of Building D; (b); (c) Column strength ratios for a given plan direction (x or y) (C1: 400/400, 1222; {C2-C4, C15}: 500/500, 1224; C5: 400/400, 1022; {C6, C10}: 500/500, 1222; {C7, C13}: 650/650, 1224; {C8, C9}: 600/600, 1224; {C11, C17, C18}: 350/350, 420, hst: 4.10 m, fc’: 33.4 MPa, Long. Reinf.: fs=300 MPa, smooth, Stirrups: 6/300 mm, smooth, fst=300 MPa; Llap=20Db).
The vulnerability curves of Fig. 17 were used to assess the performance of Buildings D, E, F by estimating the demand in terms of drift at the first floor given the percentage of the column area ratio. (The curves were estimated for Type I elastic spectrum of EC8 (2004) using Eq. 2(b) for Buildings D and E and Eq. 2(a) for Building F according to the estimated range of values of the buildings’ fundamental periods, Table 4)  The column area ratios, k=ρc, and the average nominal drift at yield, Θy,nomc, in x and y direction are presented in Table 3. The failure drift of columns, Θy,critc (%), was equal to almost 50% of the average nominal drift at yield for the three buildings (Table 2) when accounting for the column strength ratios estimated for each building (the average values of strength ratios utilized were ru,lim,x=ru,lim,y=0.51 for Building D, ru,lim,x=0.67, ru,lim,y=0.61 for Building E and ru,lim,x=0.37, ru,lim,y=0.41 for Building F.  Again, rby was not calculated due to insufficient information). First storey drift demand was estimated for the three different column area ratios (0.93%, 0.75%, 1.00%) corresponding to the three buildings (Table 3). The estimated first storey drift at failure, Θfail,x=Θfail,y=1/λc·Θy,critc, for an average value of λc=0.44, 0.41 and 1 for Buildings D, E, F (note that λc=1 for Building F since no beams existed, Table 2), respectively, is well below the demand values listed above, leading to anticipated collapse for the three buildings given the site PGA magnitude of the earthquake.   
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Figure 15: (a) Plan configuration of Building E; (b); (c) Column strength ratios for a given plan direction (x or y)  (Column Group 1 {i.e. C1, C10, C51, C60}: 350/600, 818; Group 2 {i.e. C11, C20, C41, C50}: 600/350, 818; Group 3 {i.e. C21, C30, C31, C40}: 600/350, 818; Group 4 {i.e. C2, C9, C52, C59}: 350/600, 818; Group 5 {i.e. C12, C19, C42, C49}: 450/450, 818; Group 6 {i.e. C22, C29, C32, C39}: 450/450, 818; Group 7 {i.e. C3-C8, C53-C58}: 350/600, 818; Group 8 {i.e. C13-C18, C42-C48}: 450/450, 818; Group 9 {i.e. C23-C28, C33-C38}: 450/450, 818, hst: 3.60 m, fc’: 18.60 MPa, Long. Reinf.: fs=250 MPa, smooth, Stirrups: 6/300 mm, smooth, fst=250 MPa; Llap=22Db).
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Figure 16: (a) Plan configuration of Building F; (b) Stairwell of Building F after its collapse; (c); (d) Column strength ratios for a given plan direction (x or y) (Column Group 1 {i.e. C1-C6, C19, C20-C22}: 750/400, 816; Group 2 {i.e. C7, C12, C13, C18}: 400/750, 816; Group 3 {i.e. C8-C11, C14-C17}: 650/650, 820, hst: 2.85 m, fc’:20.0 MPa, Long. Reinf.: fs=400 MPa, smooth, Stirrups: 6/300 mm, smooth, fst=220 MPa; Llap=25Db). Punching failure controls in most slab-column connections of this building.
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Figure 17: Vulnerability curve for buildings D, E, F. 
[bookmark: OLE_LINK10]Buildings G and H were 3-storey residential buildings in Bolu, Turkey, that suffered light damage in the R.C. structural system and moderate damage in the masonry infills during the 1999 Duzce earthquake (reported site acceleration = 0.82g, Figs. 18(a), 19(a)). Results of the strength assessment procedure related to the total base shear that buildings could sustain at the onset of their mode of failure, as well as to the available flexural strength in the x and y directions are presented in Table 1. 
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Figure 18: (a) Plan configuration of Building G; (b); (c) Column strength ratios for a given plan direction (x or y) ({C1, C4, C12}: 600/250, 1214; {C2, C3, C13, C14}: 250/700, 1214; {C5, C8, C9, C11, C15}: 700/250, 12 14; {C6, C7}: 250/600, 1214; C10: 250/900, 12 14; hst: 2.85 m, fc’:16.0 MPa, Long. Reinf.: fs=275 MPa, smooth, Stirrups: 8/140 mm, smooth, fst=275MPa, Kumara et al., 2000; Llap=30Db). 
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Figure 19: (a) Plan configuration of Building H; (b); (c) Column strength ratios for a given plan direction (x or y) ({C1, C4, C7, C13, C14, C15}: 600/250, 10 14; {C2, C3, C6, C8, C10, C11, C12}: 250/600, 1014; C5: 1000/200, 14 14; C9: 200/1000, 1414; hst: 2.68 m, fc’:16.0 MPa, Long. Reinf.: fs=275 MPa, smooth, Stirrups: 8/140 mm, smooth, fst=275 MPa , Kumara et al., 2000; Llap=30Db). 

A common vulnerability curve was constructed for Buildings G and H for Type I elastic spectrum of EC8 (2004) since these two buildings have almost the same mass per unit area, γi, number of stories and fundamental periods lied in the range of 0.15<T≤0.5 (Table 4, note that Eq. 2(a) is independent of the building’s height). The area ratio of the vertical members, k, is given in Table 3. Note that the contribution of masonry walls is significant and a rather determining factor for survival of both buildings since the composite equivalent area ratio of the vertical members increases substantially leading to low values of drift demand in the first storey, Θ1. Information relative to the average nominal drift at yield of vertical members, Θy,nomc, and the failure drift of columns, Θy,critc, is given in Table 2. According to the calculated strength ratios, it is rby<ru,lim.  Thus, beam yielding would be expected to occur first, prior to any failure mode occurring in the columns. After beam yielding, any further deformation (interstorey drift ratio) will be localized in the beam ends (the  value becomes practically zero); this process prevents any increase in column deformation demand, thereby protecting columns against failure, even if the hierarchy of premature modes of failure in the columns is unfavourable, because in this case their realization is suppressed.   
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Figure 20: Vulnerability curve for buildings G, H (note: the letter in parenthesis next to the number in the graph indicates the building to which the numbers refer to). 

Buildings I and J were 4-storey residential buildings that sustained repairable damage during the 1999 Duzce earthquake (Figs. 21(a), 22(a)). Building I presented moderate damage in the structural system and severe damage in the masonry infills, whereas Building J developed light damage in its structural system and no damage in the infills. Information relative to the results of the strength assessment procedure is given in Table 1. 
The area ratio of the vertical members, k, was estimated higher than 6% when considering the contribution of R.C. columns, R.C. walls (column sections with an aspect ratio greater than 3:1) and masonry infills (note that due to ambiguity regarding the exact details of the masonry wall layout in case of Building J a percentage equal to ρwm=1% in both directions was assumed, Table 3). Table 2 provides information relative to the average nominal interstorey drift ratio values at yield, Θy,nomc, and the average interstorey drift ratio values at failure, Θy,critc, of the vertical members of both buildings in each direction. The same vulnerability curve constructed according to Eq. 2(a) applies for both buildings (as they had almost the same mass per unit area, γi, number of stories and fundamental periods that lie in the range of 0.15≤T≤0.5, Table 4). The first storey drift demands for the two structures, Θ1, are identified by the blue and red arrows in Fig. 23. The lowest value of the estimated strength ratios corresponds to beam yielding (rby); thus, in this case post-yielding drift demands may be sustained with no serious damage to the columns. 
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Figure 21: (a) Plan configuration of Building I; (b); (c) Column strength ratios for a given plan direction (x or y) ({C1, C2, C3, C6, C10, C11, C15, C16}: 250/650, 816; C4: 1050/250, 816; C5: 500/400, 816; C7: 300/700, 816; C8: 300/1000, 816; C9: 950/250, 816; C12: 300/1200, 816; C13: 450/350, 816; C14: 800/250, 816; C17: 650/250, 816; hst: 3.20 m, fc’:16.0 MPa, Long. Reinf.: fs=275 MPa, smooth, Stirrups: 8/140 mm, smooth, fst=275MPa, Kumara et al., 2000; Llap=25Db). 
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Figure 22: (a) Plan configuration of Building J; (b); (c) Column strength ratios for a given plan direction (x or y) ({C1, C2, C3, C4, C7}: 200/1000, 1414; {C5, C13, C15}: 600/250, 1014; {C6, C10}: 1000/200, 14 14; {C8, C12}: 800/250, 1414; {C9, C14}: 600/200, 814; C11: 700/250, 1214; C16: 200/600, 814; hst: 2.70 m, fc’:16.0 MPa, Long. Reinf.: fs=275 MPa, smooth, Stirrups: 8/140 mm, smooth, fst=275MPa , Kumara et al., 2000; Llap=30Db).
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Figure 23: Vulnerability curve for buildings I, J. 


	Building
	W(kN)
	Vfail (kN)
	Vflex (kN)
	Vfail/Vflex
	Recorded PGA (g)

	
	
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y
	

	A
	1947
	252
	233
	284
	424
	0.89
	0.55
	0.20

	B
	12774
	1386
	1301
	2346
	2138
	0.59
	0.61
	0.38

	C
	12275
	1435
	1435
	2335
	2335
	0.61
	0.61
	0.38

	D
	17246
	2391
	2391
	4727
	4727
	0.51
	0.51
	0.38

	E
	59980
	6370
	6483
	9445
	10680
	0.67
	0.61
	0.38

	F
	31836
	3602
	3422
	9650
	8345
	0.37
	0.41
	0.38

	G
	1574
	467
	383
	1428
	1393
	0.33
	0.28
	0.82

	H
	1173
	483
	495
	1287
	1361
	0.38
	0.36
	0.82

	I
	5920
	444
	657
	1653
	2679
	0.27
	0.25
	0.82

	J
	6357
	544
	536
	2771
	2687
	0.20
	0.20
	0.82


Table 1: Strength Assessment results.   

	Building
	λc
	λb
	Θy,nomc (%)
	Θy,critc (%)
	Θfail (%)
	Θ1(%)
	Θ1>Θfail
	Collapse

	
	
	
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y
	

	A
	0.75
	0.25
	0.78
	0.85
	0.71
	0.69
	0.95
	0.91
	0.45
	0.30
	√
	√
	√

	B
	0.70
	0.30
	1.00
	0.88
	0.61
	0.56
	0.70
	0.86
	1.00
	1.00
	X
	X
	X

	C
	0.47
	0.53
	0.37
	0.37
	0.23
	0.23
	0.48
	0.48
	1.20
	1.20
	X
	X
	X

	D
	0.44
	0.56
	0.39
	0.39
	0.21
	0.21
	0.48
	0.48
	0.78
	0.78
	X
	X
	X

	E
	0.40
	0.60
	0.30
	0.32
	0.20
	0.20
	0.48
	0.48
	1.10
	1.10
	X
	X
	X

	F*
	1.00
	0.00
	0.35
	0.29
	0.14
	0.13
	0.14
	0.13
	1.35
	1.35
	X
	X
	X

	G
	0.64
	0.36
	0.48
	0.31
	0.31
	0.2
	-
	-
	0.14
	0.25
	beam yielding
	√

	H
	0.53
	0.47
	0.28
	0.30
	0.18
	0.19
	-
	-
	0.23
	0.09
	beam yielding
	√

	I
	0.68
	0.32
	0.26
	0.37
	0.21
	0.25
	-
	-
	0.36
	0.30
	beam yielding
	√

	J
	0.39
	0.61
	0.35
	0.28
	0.20
	0.16
	-
	-
	0.39
	0.37
	beam yielding
	√

	* no beams existed


Table 2: Stiffness Index Assessment results. (√: no collapse, X: collapse).   

	Building
	ρc (%)
	ρwc (%)
	ρwm (%)
	k (%)

	
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y
	x-x
	y-y

	A
	0.67
	0.49
	-
	0.18
	-
	-
	0.67
	1.48

	B
	0.31
	0.31
	-
	-
	-
	-
	0.31
	0.31

	C
	0.30
	0.30
	-
	-
	-
	-
	0.30
	0.30

	D
	0.93
	0.93
	-
	-
	-
	-
	0.93
	0.93

	E
	0.75
	0.75
	-
	-
	-
	-
	0.75
	0.75

	F
	1.00
	1.00
	-
	-
	-
	-
	1.00
	1.00

	G
	1.83
	1.67
	-
	0.16
	0.74
	0.43
	5.99
	3.38

	H
	2.00
	2.00
	0.19
	0.23
	0.37
	1.82
	3.67
	9.80

	I
	1.70
	1.65
	0.42
	0.47
	1.09
	1.95
	7.33
	9.02

	J
	1.18
	0.97
	0.43
	0.54
	1.00
	1.00
	6.67
	7.04


Table 3: Area ratio of vertical elements (ρc; ρwc; ρmw : area ratio of R.C. columns; R.C. walls and masonry walls, respectively) and corresponding k parameter.






	Building
	γi
	mi 
	Ki,x
	Ki,y
	Ti,x
	Ti,y

	
	(t/m2)
	(t)
	(kN/m)
	(kN/m)
	(s)
	(s)

	A
	0.48
	49.6
	18483.6
	20038.2
	0.93
	0.90

	B
	0.66
	651.1
	53161.1
	52.498.9
	1.12
	1.12

	C
	0.50
	417.1
	189488.4
	189488.4
	0.66
	0.66

	D
	0.94
	439.5
	408683.1
	408683.1
	0.59
	0.59

	E
	0.93
	1528.5
	198218.7
	199592.5
	0.87
	0.87

	F
	1.08
	811.3
	1059906.0
	1051293.0
	0.50
	0.50

	G
	0.38
	53.5
	170992.0
	18166.03
	0.25
	0.24

	H
	0.37
	39.9
	205179.8
	207465.6
	0.20
	0.19

	I
	0.91
	150.9
	266498
	283160.0
	0.43
	0.42

	J
	0.88
	162.0
	360189.5
	357465.7
	0.38
	0.38


Table 4: Mass per unit area, γi, mass, mi, and stiffness, Ki, in the typical floor i, period values, Ti, of the studied buildings in each direction,
4. Conclusions 
This paper has been motivated by the emerging need for a dependable tool for rapid seismic assessment of reinforced concrete structures in order to identify buildings that are at high risk of collapse due to inherent structural inadequacies, thereby also providing a criterion for setting rehabilitation priorities. The procedure proposed estimates the drift demand in the columns of the critical storey, using a stiffness index that accounts for the area ratios of columns, structural walls and infill walls in the building’s floor plan, whereas the Design Code Spectrum is used to define the earthquake hazard.  Column drift demand is obtained from the interstorey drift demand ratio after considering the participation of beam deformations, 
The column drift demand ratio is compared with the drift capacity ratio, which, for older buildings with brittle details is estimated from the reference value at yielding of longitudinal reinforcement, after scaling this variable with the controlling strength ratio of the column. The strength ratio is obtained based on the concept that the weakest link of response controls failure, so that it represents the strength of the controlling mechanism of failure, normalized by the column shear demand at flexural yielding; along any column line in the structure possible events considered include shear failure, anchorage or lap-splice failure, joint-shear failure at beam-column connections and slab-punching failure at slab-column connections.  The possibility of beam plastic-hinging limiting the shear input to the column is also considered. Note that when the demand exceeds the capacity prior to attainment of flexural yielding, brittle failure and collapse is anticipated.
Parametric sensitivity of the strength ratios to important design parameters is explored in the paper, considering reinforcing details typical of older construction practices; the charts thus obtained can be used directly in practical assessment thereby eliminating the need for a case by case calculation. The procedure is tested on ten actual building examples with different structural geometries and systems.  Some of those buildings had collapsed in past earthquakes, whereas others had sustained minor to moderate damage. The proposed rapid screening approach was successful in all the cases considered, in properly identifying collapse and the mode of prevailing failure.  It was shown that masonry infills could mitigate collapse by significantly reducing the magnitude of the imparted interstorey drift demand ratio. In most cases without infills of the building examples considered, brittle failure modes were prioritized to occur prior to flexural yielding with premature collapse without ductility. The base shear at the onset of failure was in most cases in the range of 0.08 to 0.12 of the structural weight, underscoring the older practices where the so-called seismic coefficient used was in this range of values.  Note that it is also possible to obtain, through the rapid screening method, the magnitude of displacement ductility that would be required through column retrofit, in order to eliminate the risk of collapse due to excessive displacement demand.
The proposed procedure is developed as to facilitate seismic assessment of reinforced concrete structures in a rapid, yet efficient manner. The method produces accurate results regarding the vulnerability of brittle R.C. buildings simply by using the buildings’ geometric and material characteristics that can easily be identified by observation and nondestructive field tests. Nevertheless, the proposed procedure may yield good results only in the hands of a qualified engineer. Caution should be exercised in conducting the calculations for the first time.
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