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Abstract
This paper assesses the influence of cyclic and in-cycle degradation on seismic drift demands in moment-resisting steel frames (MRF) designed to Eurocode 8. The structural characteristics, ground motion frequency content and level of inelasticity are the primary parameters considered. A set of single-degree-of-freedom (SDOF) systems, subjected to varying levels of inelastic demands, is initially investigated followed by an extensive study on multi-storey frames. The latter comprises a large number of incremental dynamic analyses (IDA) on 12 frames modelled with or without consideration of degradation effects. A suite of 56 far-field ground motion records, appropriately scaled to simulate 4 levels of inelastic demand, is employed for the IDA. Characteristic results from a detailed parametric investigation show that maximum response in terms of global and inter-storey drifts is notably affected by degradation phenomena, in addition to the earthquake frequency content and the scaled inelastic demands. Consistently, both SDOF and frame systems with fundamental periods shorter than the mean period of ground motion can experience higher lateral strength demands and seismic drifts than those of non-degrading counterparts in the same period range. Also, degrading multi-storey frames can exhibit distinctly different plastic mechanisms with concentration of drifts at lower levels. Importantly, degrading systems might reach a “near-collapse” limit state at ductility demand levels comparable to or lower than the assumed design behaviour factor, a result with direct consequences on optimised design situations where over-strength would be minimal. Finally, the implications of the findings with respect to design-level limit states are discussed.
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Introduction
In recent years, the increasing adoption of performance-based seismic design and assessment methods for buildings has highlighted the importance of predicting seismic drifts, which can be directly related to localised demands on both structural and non-structural components. The most commonly investigated drift properties are the global or roof drifts that describe the general inelastic deformation capacity of the buildings and the inter-storey drifts that can be correlated with rotational demands on joints of framed structures and with non-structural damage. Unsurprisingly, as discussed in more detail below, a large number of published studies have attempted to provide reliable drift estimates for multi-storey framed structures or their equivalent single-degree-of-freedom approximations.
Pioneering research in the 1960’s on the determination of inelastic seismic response by basic principles [1] has led to the development of simplified seismic displacement calculation methods that have been incorporated in current force-based design codes, such as the equal displacement rule in Eurocode 8 [2] or the deflection amplification factor in ASCE 7-10 [3]. Additionally, numerous studies have approached the problem of estimation of inelastic drifts by analysing SDOF oscillators ([4], [5], [6], [7], [8], [9], [10], [11]). The main parameters identified in these studies as governing for the inelastic response of SDOF systems include the initial elastic period, the post-yield stiffness, the hysteretic constitutive law and the frequency content of the input ground motion. The simple models used in these studies inherently cannot consider phenomena such as higher-mode effects and variations in distribution of strength and stiffness. Moreover, with the exception of very few studies ([6, 9],  [12], [13], [14]), no strength and stiffness degradation phenomena are considered therein. 
Investigations on the inelastic response of framed multi-storey structures include studies  in which the strength and stiffness distributions of the models are controlled in order to achieve desirable drift profiles and yielding mechanisms [15]. A number of studies utilise frames that have been designed to specific seismic code requirements or design methodologies ([16]; [17], [18]). More recently, Kumar et al. [19] and Elghazouli et al. [20] presented detailed studies using a large set of frames and ground motion records. It was shown that the salient parameters that influence the global and the inter-storey drifts are the ratio of the fundamental period of the frames to the mean period of the ground motion, as well as the level of inelasticity - expressed through the ‘actual’ behaviour factor of the frames. As in the case of most investigations with SDOF systems, the steel frame models used in existing studies are non-deteriorating, mainly for the sake of simplicity and computational efficiency. A small number of recent studies have investigated the effect of degradation on the inelastic response of buildings using cyclic constitutive models developed for reinforced concrete ([21], [22], [23]) or steel models adapted to very specific types of moment connections ([24], [25], [26], [27], [28]).
The development of relatively simple hysteretic constitutive models that enable the modelling of deterioration in the strength and stiffness of components of steel structures [14] and the availability of empirical relationships for the calibration of the critical modelling parameters that affect the cyclic moment-rotation relationship at plastic hinge regions, on the basis of information from experimental data [29], provide the means for investigating the inelastic displacement response of multi-storey steel frames with deteriorating components. The need for hysteretic models including degradation is evident in the case of excessive levels of deformation demand in structural members, where locally initiated damage triggers strength and stiffness deterioration, eventually leading to a significant reduction of the global structural integrity [30]. Because of this, the deterioration modelling approach is especially important for the study of structural collapse phenomena. Consequently, the need for reliable prediction of the structural collapse potential of new and existing buildings has motivated studies on assessing and quantifying the deformation capacity and degradation rates of dissipative steel elements ([31], [29], [32]). The aforementioned advances in modelling are combined with the ever increasing computational power and the development of efficient algorithms and software platforms for earthquake simulations, considering deterioration phenomena [33].
Apart from studying the seismic collapse situations per se, there is a need to determine the levels of inelastic demand that instigate deterioration phenomena in structures. It is also important to identify the effect of cyclic degradation on the global and inter-storey drift demands, with due consideration of the influence of earthquake frequency content, possibly determining design situations where these phenomena become important. In this study, a set of 12 steel moment-resisting frames, designed to conform to the provisions of Eurocode 3 [34] and Eurocode 8 [2], and representing typical low- to medium-rise construction in Europe, are subjected to nonlinear pushover analyses and to dynamic response history analyses with earthquake excitations using a suite of 56 far-field ground motion records. The ground motion records were appropriately scaled to represent four specified levels of ductility demand. To aid the discussions made on the influence of degradation modelling on the response of the frames, the study is preceded by an investigation into the response of degrading non-linear single-degree-of-freedom oscillators, exhibiting hysteretic behaviour qualitatively compatible to the more complex building models.
Structural systems and ground motions
[bookmark: _Ref476036767]Structural configurations and design to Eurocodes
A total of twelve moment-resisting frames, representing buildings typical of European practice were designed according to the provisions of Eurocode 3 [34] and Eurocode 8 [2]. The structural in-plan configuration and typical elevations of the buildings are presented in Figure 1. The moment frames resist the seismic loading in the in-plane (E-W) direction while braced frames provide lateral load resistance in the other plan direction. Due to the obvious symmetry and regularity conditions, the moment-resisting frames can be designed using two-dimensional models and by utilising the lateral force method of analysis. Each moment resisting frame consisted of 3 bays (with a bay span of 6 m) and 3, 5, 7 or 9 storeys. The first storey had a height of 4.5 m, whereas the upper stories have a typical height of 3.5m.
The design followed the same approach used in previous related studies ([19],[20]) on similar frames designed to EC8 in order to maintain consistency as well as to provide structures with a broad range of fundamental periods of vibration. The seismic hazard for the design of the frames was defined by an EC8, Type 1, Ground Type B design spectrum assuming a behaviour factor of 4.0. This is less than the maximum allowed by the code for steel moment-resisting frames, but is consistent with previous related studies ([19],[20]) and mostly mitigates the significant design over-strength levels, which can even exceed the behaviour factor, that are often obtained with the use of Eurocode 8 [35]. It should also be noted that the assessment presented within the paper is based on different levels of inelastic demand which are anchored to the ‘actual’ yield capacity of the frame, hence should not be notably affected by the specific choice of behaviour factor.

The permanent loads (DL) used for design were 5.8 kN/m2, for the typical floors, and 5.0 kN/m2 for the roof, whereas the imposed loads (LL) were 3.0 kN/m2 at all levels. The load combination for the calculation of the seismic masses and action effects was 1.0 DL + 0.3 LL. Standard European steel profiles were used for the columns (HEB or HEM) and the beams (IPE) of the frames, with the assumption of nominal steel yield strength of 355 MPa. A material over-strength factor  equal to 1.25 was used in the capacity design verifications prescribed by Eurocode 8. Uniform beam sections were used at each floor, while column sections were variable along the height.
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[bookmark: _Ref469403489]Figure 1: Structural configuration: a) typical plan view, and b-e) schematic elevations of the building typologies investigated (3, 5, 7 and 9 storeys, respectively)


The lateral force method of analysis was employed for the seismic design of the frames, assuming a height-wise distribution of horizontal seismic forces based on a linear first-mode response. Moreover, in addition to satisfying the inter-storey serviceability limits, a key design parameter that often governs the design of moment frames [35] in EC8 is the drift sensitivity coefficient represented as: 

										(1)




where  is the total gravity load at and above the storey considered,  is the total seismic storey shear, and  is the design inter-storey drift obtained from displacements from elastic analysis multiplied by the behaviour factor. In the frames considered in this study, it was initially targeted to limit the drift sensitivity coefficient to less than 0.1 or, in case this limitation led to impractical section sizes, to a value less than 0.2 with simultaneous amplification of the seismic action effects by a factor equal to  as stipulated in Eurocode 8 [2]. It is important to note that the form used for expressing  in EC8 makes it proportional to the value of q used in design, which can lead to significant design over-strength levels [35].










A summary description of the design details and the structural characteristics of the moment resisting frames are given in Table 1. The information presented are the selected beam and column section sizes, the fundamental period , the total frame height , the over-strength due to redistribution  (defined in Eurocode 8 as the ratio  that represents the level of base shear corresponding to the formation of a full plastic mechanism over the level of lateral loading corresponding to the formation of the first plastic hinge), the design over-strength  computed from pushover analysis, and the effective mass ratio for the first mode . The actual design over-strength is determined as the ratio  where  is the base shear at first yield of the frame obtained from pushover analysis with height-wise distribution of lateral forces according to the first mode of vibration, and  is the design base shear, determined from the Eurocode 8 design spectrum for a behaviour factor of 4.0. The labels used for the frame typologies start with the letters A, B, C and D that correspond to the 3, 5, 7 and 9-storey variations, respectively.


The values for the over-strength due to moment redistribution (represented by the parameter ) range from 1.24 to 1.61 and are generally higher for the more flexible frames in each height group (A, B, C or D). The actual design over-strength assumes values from 2.78 to 7.51, as a consequence of the inherent design procedures in EC8 [35]. The design also aimed to achieve a sufficiently broad fundamental vibration period range, calculated at 0.40 s to 1.81 s that would be compatible with the frequency range of the ground motion set used for the non-linear response history analyses, expressed in terms of mean periods. In some cases, this also necessitated the use of beam and column sizes which are not ideally optimized over the height of the frames, which also is consistent with assumptions made in previous related studies ([19],[20]).

[bookmark: _Ref475545103]Table 1: Design details and basic structural properties of the selected frame set
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Nonlinear modelling
The set of designed frames were modelled in two dimensions with the open-source earthquake simulation software OpenSEES [33], using initially three distinct modelling approaches: the well-known distributed plasticity approach and the concentrated (lumped) plasticity approach both with and without degradation. However, considering the matching results obtained from the distributed plasticity and the lumped plasticity model without degradation, in this paper only two modelling approaches are adopted: distributed plasticity (non-degrading) and lumped plasticity (degrading). In the non-degrading model, the beams and the columns of the frames were idealised with force-based non-linear beam-column elements, with fibre sections and an associated elasto-plastic material with 0.5% strain hardening. Each beam/column was modelled with one force-based element, comprising 7 Gauss-Lobatto integration points and each section was discretised in 48 fibres. A typical elevation schematic of a non-degrading distributed plasticity model is presented in Figure 2. It is worth noting that when using this approach, plastic hinges were assumed to correspond to yielding at the extreme fibres of the section.
The second approach (degrading models with concentrated plasticity) varies from the first in terms of simulating the beams and columns with elastic elements having zero-length plastic hinges at their ends, as illustrated in the schematic in Figure 3. A moment-rotation relationship was defined for the plastic hinges based on a phenomenological hysteretic model that can describe deterioration phenomena [14]. This model was later modified with parameters calibrated using available regression relationships [29] and is denoted as the modified Ibarra-Medina-Krawinkler (IMK) model. The aforementioned regression equations have been derived from an extensive database of tests on beam-column connections, and can capture the deteriorating behaviour of plastic hinges forming at beam ends. It is worth mentioning that the database of steel profiles used for the estimation and calibration of key parameters of the IMK model mainly consists of tests on US steel profiles, while limited information exists for European steel profiles at present [32]. Nevertheless it was considered rational to use the regression equations proposed by Lignos and Krawinkler [29], due to the robustness of the database and the wide range of steel profile parameters considered in the final formulations.

The phenomenological deterioration models of the OpenSEES platform, used in conjunction with concentrated plastic hinges, can adequately model deterioration phenomena in beams but cannot explicitly account for axial force-bending moment interaction in columns. According to the recommendations in PEER/ATC-72 report [36], in the case of “low” axial loads in base columns (i.e. for a value of the ratio of maximum axial load to the yield strength of the section in compression ), the reduction in the bending capacity of the columns due to axial loads is deemed insignificant and the modelling parameters for the plastic hinges in columns can be the same as those used for the beams. This approach was also followed for the lumped plasticity models in this study, as it was determined that the maximum axial load ratios were in-tune with the aforementioned criterion.
The geometry and kinematics of column web panel zones, for both modelling approaches, were taken into account by a rectangular assembly of stiff pin-ended elastic elements, with zero-length rotational springs assigned to one corner of each parallelogram, representing the dominant uniform shear-distortion behaviour of the panel zone and the subsequent formation of plastic hinges at the column flanges or the continuity plates (as shown in Figure 4) The springs were assigned a trilinear hysteretic model, calibrated according to the recommendations by Gupta and Krawinkler [37]. The Eurocode 8 compliant design of the column web panel zones led to relatively strong panel zones, incorporating a stiffening doubler plate of the same thickness as the column web in each joint, that typically remain largely elastic, in agreement with the observations made by Castro et al. [38].
Initial stiffness-proportional Rayleigh damping was used in the dynamic analysis, where the coefficients were calculated on the assumption of a 2% damping ratio in the first and third mode of vibration. This damping method produces acceptable results with the distributed plasticity models that are relatively insensitive to the damping type selection even at high inelasticity levels [39]. On the other hand, stiffness-proportional damping can trigger spurious damping forces when zero-length plastic hinges are used, primarily due to the high initial stiffness values assigned to the springs. Therefore, the zero-length springs used in the concentrated plasticity models were excluded from the assignment of damping properties and the local stiffness matrix of the elastic beam-column elements was appropriately tuned (through increase of stiffness) by means of the elastic elements with stiffness modifiers available in the OpenSEES platform, according to the recommendations by Zareian and Medina [40]. Rayleigh-type damping based on the initial modified stiffness matrix was applied to the non-linear beams/columns, outside the plastic hinges, assuming a damping ratio of 2% at the first and third modal frequencies, as in the case of the distributed plasticity models.
[image: C:\Users\tsitosa\Desktop\Steel_MRF_With_Deterioration_Figures\Tsitos_Figure2.eps]
[bookmark: _Ref469416930]Figure 2: Typical frame elevation for a 3-storey distributed plasticity model
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[bookmark: _Ref484440840]Figure 3: Typical frame elevation for a 3-storey concentrated plasticity model
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[bookmark: _Ref357982986]Figure 4: Detail of connection region modelling (both modelling approaches)




[bookmark: _Ref472505804]Earthquake records



The ground-motion records employed for the nonlinear response history analyses (NRHA) were a subset of the PEER NGA-West2 strong-motion database [41] comprising only far-field records for stiff soil sites (per the NEHRP classification included in the database). The set comprised strong-motion records with peak ground acceleration (PGA) higher than 0.2g and peak ground velocity (PGV) higher than 20 cm/s from most large-magnitude events in the database (), a range of distances from the fault from 8.7 km up to 160 km, and from recording sites with soil type characterised as B, C and D according to the NEHRP soil classification. Table 2 summarises the 28 individual earthquakes along with their main characteristics in terms of magnitude, , fault mechanism and mean period, , for each horizontal component. It should be noted that the correction suggested by Haselton et al [42] has not been employed in this study, as the focus was mainly to assess the comparative response of degrading and non-degrading structures. Figure 5 shows the 56 individual acceleration response spectra (i.e. 28 records, 2 directional components each) along with the median spectrum.
[bookmark: _Ref475545214]Table 2: Catalogue of the earthquakes used in the study and seismological characteristics (Fault Mechanism: RV = reverse, SS = strike-slip and RO = reverse oblique)
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[bookmark: _Ref475545280]Figure 5: (a) Acceleration response spectra of the individual ground motion components, with mean spectrum +1 and +2 standard deviation, (b) Acceleration response spectra of the individual components, compared to Eurocode 8 design spectrum


The mean period and the predominant period  are two commonly used quantities that describe the frequency content of a ground motion record. According to Rathje et al. [43] the mean period is preferred to the predominant period as an estimate of the frequency content as it uses all the frequencies of engineering interest, is more reliable to estimate via empirical models [44], and produces less scatter in seismic response, compared to other frequency content estimators, when used as a normalisation parameter. The mean period is calculated as a weighted average of the periods of the Fourier Amplitude Spectrum over a pre-defined frequency range, where the weights are proportional to the Fourier amplitudes, and is calculated as follows:



 for , with  			(2)



where  is the Fourier amplitude at frequency  obtained by applying a discrete Fast Fourier Transform (FFT) for frequencies between 0.25 Hz and 20 Hz, and  is the frequency step used in the FFT computation. The mean period has already been employed to describe the earthquake frequency content in various studies (e.g. [10], [19]).
Study of degrading SDOF oscillators


In order to obtain some insight into the behaviour of degrading systems, an initial evaluation of the effect of degradation modelling on the inelastic seismic response of single-degree-of-freedom oscillators (SDOF) was performed. Whilst there are more rigorous approaches for deriving SDOF idealisations that closely represent the global response of specific MRF configurations (such as the N2 method in EC8), a simplified approach was adopted herein in order to examine the influence of different section degradation characteristics on the response of SDOF systems with a wide range of period ranges. Four SDOF oscillators, based on the modified IMK hysteretic model, were subjected to the ground motions suite presented in Section 2.3. The records were scaled to represent distinct levels of lateral strength ratio , which along with the scaling factor , are expressed as:

										(3)

										(4)



Where  is the mass of the system,  is the acceleration spectral ordinate corresponding to the period of vibration of the system and  is the lateral yield strength of the system. The response is evaluated in terms of inelastic displacement ratios, defined as:

		(5)




where the equivalent elastic oscillator has the same fundamental period as the initial “elastic” period of the hysteretic SDOF system. The hysteretic constitutive models for the four SDOF systems are presented in Figure 6, in terms of normalised moments (with respect to the capping moment value) versus displacement ductility (rotational). The basic model calibration parameters (pre-capping plastic rotation ; post-capping plastic rotation , and reference cumulative rotation capacity ) for each SDOF oscillator were derived from the regression equations developed by [29] and adopted in [36], for four representative steel sections. The main parameters of the hysteretic model are given in Table 3. It is believed that this modelling approach would provide an initial insight into the inelastic seismic response characteristics of moment-frame models, where the same modified IMK hysteretic rule has been used for the simulation of the moment-rotation behaviour at the envisaged dissipative zones. By observation of the hysteresis loops it is evident that the cyclic degradation is predominantly with respect to strength and is more rapid for lower values of the reference cumulative rotation parameter  that correspond to sections with larger cross-section slenderness.



Inelastic displacement ratios () were calculated for all SDOF systems based on the results of nonlinear response time-history analysis. The range of periods for each hysteretic model (defined by section size) was from 0.05s to 3s with intervals of 0.05s leading to a set of 60 SDOF systems. A viscous damping ratio of  was assumed. Each ground motion record was scaled by a specific scaling factor  in order to achieve six levels of lateral strength ratio  from 1 (elastic) to 6. For each ground motion record and each level of lateral strength, the inelastic displacement ratios were computed, both for degrading models (with properly calibrated cumulative rotation parameter ) and non-degrading models based on an elastic-plastic with hardening hysteretic behaviour.
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[bookmark: _Ref470184622]Figure 6: Variations of the IMK hysteretic model used in the SDOF investigation


[bookmark: _Ref475545395]Table 3: Parameter estimates for equivalent elements used in SDOF analyses.
	Element
	
	
	
	
	

	BIPE750x137
	0.019
	0.104
	0.588
	0.0040
	4.676

	IPE600
	0.027
	0.163
	1.004
	0.0050
	5.446

	HEB550
	0.034
	0.218
	1.633
	0.0054
	6.348

	HEM900
	0.020
	0.222
	1.582
	0.0033
	5.927










For the non-degrading cases, a uniaxial bilinear material was considered from the OpenSEES library (Steel01). The ratios are denoted as  and , for the degrading and the non-degrading SDOF systems, respectively. The mean (for the set of 56 ground motions) computed response values of  are presented in Figure 7 versus the range of tuning ratios, defined as the eigen-period of each SDOF, , divided by the mean period of each ground motion, . It is noted that the degrading models are characterised by higher peak displacement response with respect to the non-degrading oscillators for values of the tuning ratio less than 2.0. The magnification is more significant when the tuning ratio is less than 1.0. It is also evident that the effect of degradation increases with increasing values of the lateral strength ratio  (or displacement ductility). In general, it is expected that degrading systems would sustain larger maximum inelastic displacements than those of non-degrading systems for vibration periods smaller than , depending on the level of lateral strength ratio. These observations are in general agreement with the findings of Ibarra et al. [14] as well as with the outcome of a previous study by Ruiz-García and Miranda [9] which was focused on hysteretic models for reinforced concrete structures and considered soft-soil ground motion records.
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[bookmark: _Ref470187488]Figure 7: Degrading to non-degrading inelastic displacement ratios vs. the tuning ratio


Nonlinear response-history (NRHA) frame analyses 
Typical nonlinear static (pushover) response
Before presenting the results of the response-history analysis, it useful to observe typical global pushover curves using a lateral loading pattern complying with the first modal shape, as shown in Figure 8 in terms of base shear, normalised by the product of weight W and over-strength , versus roof drift ratio. The figure shows the pushover curves for both the non-degrading (dotted lines) and degrading (solid lines) models following the height-based grouped convention presented in Section 2.1; here, the A, B, C and D subset frames are displayed using red, green, blue and black lines, respectively. It is important to note at this stage that the push-over plots with degradation represent only reference curves (back-bone) from which the actual, and more severe, degradation under realistic seismic loading is derived ([14], [14, 29, 30]).
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[bookmark: _Ref475545811]Figure 8: Pushover curves comparison in terms of normalised base shear vs roof drift for all frames, based on degrading and non-degrading models 
The descending branches that are primarily due to in-cycle degradation in the plastic hinges originate at global drift levels over 0.05 rad for the less stiff cases, down to approximately 0.015 rad for the stiffer frames having deeper beams that start degrading at lower plastic rotation levels, according to the calibrated IMK model parameters [29]. It is noteworthy that the stiffest frame exhibits a lateral strength drop of the order of 20% at a global drift level of 0.035 rad. The pushover curves for the non-degrading models show little evidence of softening attributed to P-Δ effects, owing to the in-plan structural layout (i.e. no “gravity” frames, with all frames contributing to lateral load resistance). It is also worth noting that in all cases, the plastic hinges start largely forming in the beams, followed by the base of the columns as the frame approaches its peak capacity, as illustrated for example in Figure 9 for Frame B10, with all frames satisfying the weak-beam strong-column design criterion. The earliest yielding beams and columns are the ones first reaching the capping level as indicated in Figure 9a.
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[bookmark: _Ref357983580]Figure 9: Location and sequence of formation of plastic hinges in Frame B10
Scaling of ground motions








The NRHA analyses were carried out by scaling the original records with respect to the spectral acceleration at the fundamental period, , in order to attain four different levels of inelasticity level, . In the case of optimal design, i.e. without over-strength,  and  would ideally coincide. As shown in Table 1, this is not typically the case with moment frames designed to the code, where the actual design over-strength  (i.e. base shear at first yield  over the design base shear ) can be significant [35], especially when a high value of . is incorporated in the design. As noted before, this is due to the influence of several factors including deformation and stability checks as well as gravity design considerations, particularly when a high value for the design behaviour factor  is employed. 


The definition of scaling factors follows closely the procedure presented in Karavasilis et al. [18] and Kumar et al. [19]. Similar factors can be defined for other response quantities, such as beam rotations at plastic hinges. For this study, the scaling factor, , for each individual record in order to attain the target intensity factor, , was determined as follows:

									(6)





where  is the spectral acceleration for a given record at the fundamental period of the frame,  is the base shear corresponding to the formation of the first plastic hinge in the frame (obtained from a first-mode force profile static pushover analysis, see Figure 8),  is the seismic mass and  represents the effective mass participation ratio of the first mode. By definition, this scaling method is particularly effective for structures that respond to seismic excitation predominantly in the fundamental mode. Four inelasticity levels were assumed for each ground motion record ( = 3, 4, 5 and 6). 
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	[bookmark: _Ref470192377]Figure 10: Scaled response spectra for frame A05 at inelasticity level q’=4, anchored at the fundamental period (1.0 s)
	[bookmark: _Ref470192609]Figure 11: Median and scatter of computed scaling factors, for all inelasticity levels (q’) grouped per frame



As an illustrative example, a set of acceleration response spectra computed for a 3-storey frame at inelasticity level = 4 is shown in Figure 10. The ground motions are scaled so that the desired level of spectral acceleration is obtained at the fundamental period of each frame (anchor point). The distribution of scaling factors computed for the 12 frames set and for all 4 inelasticity levels is presented in Figure 11, showing the median values and dispersion of scaling factors. The vast majority of the computed scaling factors have values less or equal to 20.
In total, 5400 NRHA cases were analysed both for non-degrading models as well as models with cyclic degradation, as described above. About 9000 additional analyses were performed for a subset of 4 frames (one per height group) in order to compute detailed incremental dynamic analysis (IDA) curve sets and collapse fragility curves.
Incremental dynamic analyses (IDA) and collapse fragility functions

Comparative results in terms of inter-storey drifts in the form of IDA curves are presented in Figure 12 for a representative subset of 4 frames (one per height group). For these plots, a ‘hunt and fill’ algorithm was employed [45] with a large range of intensity levels considered, in addition to the aforementioned four levels of . Numerical analysis procedures similar to those used by Haselton et al. [46], were adopted.
The dominant hardening behaviour in the case of non-degrading model IDA curves (left-side plots in Figure 12) is replaced by multiple instances of dynamic instability for the case of degrading models (right-side plots in Figure 12), generally occurring at inter-storey drift levels exceeding 0.040 rad. On the other hand, for the non-degrading frames, some instances of dynamic instability are observed at maximum inter-storey drift ratios of the order of 0.060 rad or higher. It is noted that global P-Δ effects were not dominant for the specific structural configurations considered.










The response of the 4 frames subset in terms of collapse fragility curves is presented in Figure 13. The curves are presented in the form of probability of collapse (vertical axis) versus the inelasticity level and the corresponding spectral acceleration at the fundamental period . The relation between  and  is unique for each frame and can be determined by Equation 6. Collapse is defined as the occurrence of dynamic instability (i.e. IDA curve becomes flat) or the attainment of 10% drift at any storey. It is notable that median collapse (i.e. more than half of the frames collapse) is observed at very large values of the “real” inelasticity level  for the non-degrading models (ranging from about 8 to 10). On the other hand, the median collapse of the degrading models occurs for values around or larger than 6 for this subset. The values of first-mode spectral acceleration corresponding to median collapse range from 2 to 3 for the non-degrading frames, while the respective  values for the degrading structures vary from 1.4 to 2.5. These predicted collapse seismic intensities are an order of magnitude higher than the design earthquake spectral values. Further discussion and correlation with specific performance limit states is presented in Section 5. 

For the four frame height groups, median profiles of maximum inter-storey drifts are presented in Figure 14, again comparing the two modelling approaches. The degrading frames consistently exhibit larger drifts than their non-degrading counterparts for all heights and levels of inelasticity. In the case of the 3- and 5-storey buildings, the distribution of inter-storey drift demands is practically uniform over the height and the magnification of demands due to deterioration being more significant for the higher inelasticity levels ( = 5 or 6). For the 7- and 9-storey configurations, a magnification of maximum inter-storey deformation demands is observed in the lower half of the degrading models compared to the non-degrading models, due to the concentration of the effect of cyclic degradation towards the base of the mid-rise buildings. This is attributed to the progressive strength degradation in the lower levels that effectively isolates the higher levels at the later stages of the response histories. On the other hand, the top floors of the mid-rise configurations sustain essentially identical drift demands, irrespective of the modelling approach. The quantification of the effect of degradation is better expressed in terms of global and maximum (inter-storey) response modification factors, presented in the subsequent Sections 5.1 and 5.2.
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[bookmark: _Ref469653536]Figure 12: IDA curves (non-degrading vs. degrading models) for frames: a) A05, b) B10, c) C08, and d) D05
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[bookmark: _Ref469654395]Figure 13: Collapse fragility curves (non-degrading vs degrading models) for frames: a) A05, b) B10, c) C08, and d) D05
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[bookmark: _Ref469654921]Figure 14: Median profiles of maximum inter-storey drifts for frame sets A, B, C and D (non-degrading vs. degrading modelling)
Quantification of inelastic drifts
[bookmark: _Ref469657220]Global drift modification


In order to assess the global inelastic drift, the maximum roof displacement, , was recorded for obtaining the global drift modification factor, , defined as follows:

									(7)





The global drift modification factor, , is the ratio of the maximum roof displacement, , obtained from NRHA, for a given intensity , to the product of  and the roof displacement at first yield, , as obtained from a pushover analysis with a “first-mode” lateral force profile. 






Global drift modification factors , calculated per Equation 7 for the full 12 frame set and for 4 levels of inelasticity , are presented versus the fundamental period in Figure 15. Solid lines represent mean values (per frame and inelasticity level) for the set of 56 ground motions. The modification factors tend to exceed unity throughout the period range of the set of frames and are consistently larger for increasing values of , both for the non-degrading and the degrading frames. Also, the factors calculated for the deteriorating models are substantially larger, especially in the short periods, than the respective values calculated from analyses of the non-deteriorating models. In the longer periods range, the validity of the equal-displacement rule can be verified for the lower investigated level of intensity  = 3, as the values of  are close to and lower-bounded by 1. It should be recalled, though, that the definition of  heavily relies on a first-mode response assumption with development of plastic mechanisms that pose uniform drift demands at the storeys.
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[bookmark: _Ref469655450]Figure 15: Global drift modification factors δmod vs. fundamental period for all frames for non-degrading models (a) and degrading models (b) – (mean values)












A direct comparison between the two modelling approaches is presented in Figure 16 both in terms of mean absolute values of the global drift modification factors as well as mean ratios of  vs the tuning ratio . The results for the non-deteriorating frames are consistent with previous studies using similar models but with different ground motion sets and scaling approach [19]. For values of > 2, the response is insensitive to the frequency content for all levels of  and for both model types. The degrading frames are generally characterised by larger response values for tuning ratios larger than 2 and for increasing . For smaller tuning ratios (<2) and for values of = 5 or 6, the trend is reversed due to the occurrence of significant number of frame collapses that renders irrelevant the calculation of  at intensity levels above the simulated collapse. From the ratios of  to , it is evident that the effect of deterioration modelling is more significant for values of the tuning ratio less than 2 and greater than 3 (Figure 16b). In the medium  range, the effect of degradation leads to approximately 8% to 16% higher response, depending on the value of .
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[bookmark: _Ref476037702]Figure 16: Global drift modification factors δmod vs. tuning ratio T1/Tm: a) Comparison of absolute values for non-degrading and degrading models; b) Ratios of δmod for degrading over δmod for non-degrading models

[bookmark: _Ref470256786][bookmark: _Ref475021900]Maximum (inter-storey) drift modification


To assess the inelastic drift at storey level, the maximum inter-storey drift, , was recorded in order to obtain the inter-storey drift modification factor, , defined as follows:

								(8)




The maximum inter-storey drift modification factor, , is defined similarly to , but using the maximum inter-storey drift, , and the maximum inter-storey drift at first yield (i.e. first hinge), , which may occur at different storeys. 









Similarly to Section 5.1, maximum (inter-storey) drift modification factors , calculated per Equation 8 for the full 12 frame set and for 4 levels of inelasticity , are presented versus the fundamental period in Figure 17, and versus the tuning ratio  in Figure 18. Similar observations can be made to those already mentioned in Section 5.1, with the difference that the absolute values of  are generally larger than the respective values of , owing to the non-uniform development of drift demands over the height of the multi-storey frames. For degrading models, the dispersion of data points is greater than for the case of non-degrading frames and also increases with increasing levels of  (see Figure 17b). For mid-range values of the tuning ratio , consideration of deterioration phenomena leads to an amplification of  ranging from approximately 10% to 30%, depending on the value of (see Figure 18b).
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[bookmark: _Ref469657289]Figure 17: Maximum inter-storey drift modification factors θmod vs. fundamental period for all frames for non-degrading models (a) and degrading models (b) – (mean values and scatter)
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[bookmark: _Ref476037771]Figure 18: Maximum inter-storey drift modification factors θmod vs. tuning ratio T1/Tm: a) Comparison of absolute values for non-degrading and degrading models; b) Ratios of θmod for degrading over θmod for non-degrading models

[bookmark: _Ref470254773]Fragility curves for code-compliant Limit States


Fragility curves characterising the exceedance of a given limit state (code-compatible) for the subset of frames A05, B10, C08 and D05 are presented in Figure 19 both for non-degrading and degrading modelling approaches. The curves are presented in terms of probability of exceedance of a certain limit versus the inelasticity level . This enables the correlation of the actual inelasticity level  with the median exceedance of specified performance levels. The fragility curves were constructed by fitting a log-normal cumulative density function to the numerical data. The effect of degradation is noticeable for the damage limitation “DL” limit state (first plastic hinge at around 0.010 rad) and evidently more significant for the significant damage “SD” limit state (plastic hinge rotation of 0.025 rad) and near collapse NC limit state (plastic hinge rotation of 0.040 rad). It is also important to note, as mentioned previously, that whilst the push-over plots with degradation (Figure 8) do not depict the influence of degradation at relatively low drift levels, these represent reference starting curves from which the actual and more severe degradation under realistic seismic loading is derived.


For the degrading frames, median exceedance of the NC limit state occurs for values of  ranging from about 3.5 to 4.0. It is recalled though that the simulated median collapse for the degrading frames occurs on average for  values around 6 (see Figure 13). By definition, the NC limit state is attained when a plastic hinge anywhere in the structure reaches the specified rotation limit, while collapse actually occurs when an unstable global mechanism forms, with multiple plastic hinges losing strength due to cyclic degradation.

The actual inelasticity demands  corresponding to the median exceedance of a certain limit state are presented in Table 4 for degrading and non-degrading variations of the aforementioned 4-frame subset. It is observed that the non-degrading frames reach the NC limit state at inelasticity levels (i.e. ductility demands) approximately 15-31% higher than their degrading counterparts. Similar conclusions, albeit with smaller differences, can be made for the SD and DL limit states.
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[bookmark: _Ref469657752]Figure 19: Fragility curves for exceedance of code compliant limit states DL (first plastic hinge), SD (rotation of 0.025 rad in plastic hinge) and NC (rotation of 0.040 rad in plastic hinge) for a representative frame from each set. Numerical data points are shown along the fitted CDF’s

[bookmark: _Ref474700244]Table 4: Inelasticity levels (q’) corresponding to the median (P50) exceedance of limit states DL, SD and NC for degrading and non-degrading frames
	Inelasticity level (q') at P50 (median)

	 Frame
	Degrading
	Non-Degrading
	Ratios (%)

	 
	DL
	SD
	NC
	DL
	SD
	NC
	DL
	SD
	NC

	A05
	0.66
	1.90
	3.55
	0.73
	2.31
	4.10
	10.69
	21.58
	15.49

	B10
	0.61
	1.89
	3.82
	0.72
	2.27
	4.53
	17.21
	20.34
	18.36

	C08
	0.60
	2.01
	4.09
	0.66
	2.22
	4.74
	10.00
	10.20
	15.89

	D05
	0.63
	1.73
	3.63
	0.70
	2.21
	4.74
	12.00
	28.35
	30.76


Concluding remarks
The influence of deterioration modelling on the seismic deformation demands of steel moment frames designed according to the provisions of Eurocode 8 was examined in this paper. Inelastic demands were assessed considering both degrading and non-degrading structural modelling, in order to achieve a direct comparison and quantification of the differences in response between the two modelling approaches. 
Initially, a range of single-degree of freedom (SDOF) oscillators were subjected to a suite of ground motions with a range of intensities corresponding to a lateral strength ratio, from which it was demonstrated that the degrading SDOF systems exhibited consistently larger response over the whole period range considered. The differences also increased with increasing values of the lateral strength ratio and were particularly amplified when the eigen-period of the oscillator was similar or slightly lower than the mean period of the ground motion.
Subsequent analyses using the same ground motions on a set of refined structural models of multi-storey steel frames showed that incorporating in-cycle and cyclic degradation had a significant effect on the response, as expressed by means of global and inter-storey drift response modification factors. The following main conclusions were drawn from the non-linear response history analyses of SDOF and multi-storey systems:
· 


Degrading SDOF systems were characterised by a significant higher peak displacement response with respect to the non-degrading oscillators for all the lateral strength ratios, , considered within the range of tuning periods, , between 0.5 and 2.0. For “higher” ratios, a slight reduction of the peak response of degrading systems was observed for the lower levels of  considered (95% of the non-degrading response). In all other cases, the degrading systems displayed a maximum response up to 25% higher with respect to the non-degrading ones. Significant amplification of the degradation effect was observed for values of the tuning ratios close to or lower than 1.0.
· Incremental dynamic analyses of the multi-storey systems revealed the increased susceptibility of the degrading systems to dynamic instability and collapse, compared to the non-degrading ones. Moreover, for the taller 7-storey and 9-storey typologies, the onset of deterioration phenomena led to the concentration of inter-storey drift demands in the lower levels of the structures.
· 


Considering the ratios of the global modification factor, , the effect of deterioration modelling proved to be more significant for values of the tuning ratio less than 1.5 and greater than 3.5. However, in the medium  range, the effect of degradation led to approximately 8% to 16% higher response, proportional to the specified level of inelasticity  .
· 




In terms of the ratios of the maximum inter-storey drift modification factor, , similar observations to the case of the global modification factor could be drawn. However, for mid-range values of the tuning ratio , consideration of deterioration phenomena led to a more significant amplification of  ranging from approximately 10% to 30%, depending on the value of . Again, the influence of degradation increased along with .
· Association of the response of a representative subset of the investigated frames with code-compliant performance limit states showed that the degrading frames could reach the specified limits at seismic intensities up to 30% lower than their non-degrading counterparts. 
· For optimum design cases, where over-strength would be minimal, the degrading structures might reach a “near-collapse” state at ductility demand levels comparable or lower than the assumed design behaviour factor. Nevertheless, actual simulated collapse would occur at even higher demand levels.
This study shows that although modelling deterioration effects is typically considered as an unnecessary complexity for assessing design-level behaviour, its influence on inelastic drift demands can be significant. The response at local level, such as rotational demands in dissipative zones, could also be directly affected by cyclic degradation. Moreover, the onset of deterioration can have a direct impact on the global plastic mechanism and often leads to concentration of seismic demands, resulting in considerable deviations from assumed uniform distributions along the height. Whilst the importance of degradation effects are usually recognised for collapse level evaluations, the results presented in this investigation point to the need for incorporating the influence of degradation effects in other design-level assessments.
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Frame Design details Structural properties

ID Beams (first row) and Columns (second row) T1, s H, m α Ω

γ

A02 BIPE550 BIPE550 BIPE500 0.40 11.5 1.377.51 0.88

HEM600 HEM600 HEM600

A05 BIPE330 BIPE330 BIPE300 1.00 11.5 1.573.47 0.88

HEB340 HEB340 HEB340

B01 BIPE750x161 BIPE750x161 BIPE750x161 BIPE750x161 BIPE450 0.43 18.5 1.396.87 0.85

HEM900 HEM900 HEM900 HEM900 HEM600

B10 BIPE360 BIPE360 BIPE330 BIPE330 BIPE300 1.48 18.5 1.612.78 0.82

HEB400 HEB400 HEB400 HEB400 HEB300

C05 BIPE500 BIPE500 BIPE500 BIPE450 BIPE450 BIPE450 BIPE300 1.21 25.5 1.483.38 0.80

HEM550 HEM550 HEM550 HEM550 HEM550 HEM550 HEB450

C08 BIPE400 BIPE400 BIPE400 BIPE400 BIPE400 BIPE400 BIPE300 1.75 25.5 1.562.90 0.83

HEB450 HEB450 HEB450 HEB400 HEB400 HEB400 HEB300

C09 BIPE750x137 BIPE750x137 BIPE750x137 BIPE600 BIPE600 BIPE600 BIPE400 0.73 25.5 1.324.63 0.80

HEM800 HEM800 HEM800 HEM700 HEM700 HEM700 HEB450

D01 IPE600 IPE600 IPE600 IPE600 IPE600 IPE600 IPE600 IPE550 IPE550 1.04 32.5 1.4 5.25 0.82

HEM700 HEM650 HEM650 HEM650 HEM650 HEM650 HEM600 HEM600 HEM600
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D10 IPE550 IPE550 IPE550 IPE500 IPE500 IPE500 IPE500 IPE500 IPE450 1.28 32.5 1.4 4.11 0.80

HEM600 HEM600 HEM600 HEM600 HEM600 HEM550 HEM550 HEM500 HEM450

D13 IPE450 IPE450 IPE450 IPE450 IPE450 IPE450 IPE400 IPE400 IPE360 1.81 32.5 1.3 3.4640.81
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Earthquake name M Mech. Tm, s R, km Earthquake name M Mech. Tm, s R, km

Chi-Chi, Taiwan 1999-09-20

7.62 RO 0.96, 1.05 15.44

Cape Mendocino 1992-04-25

7.01 RV 0.44, 0.54 14.33

Chi-Chi, Taiwan 1999-09-20

7.62 RO 0.53, 0.47 26.81

Loma Prieta 1989-10-18

6.93 RO 0.49, 0.49 15.23

St Elias, Alaska 1979-02-28

7.54 RV 2.02, 1.91 97.05

Loma Prieta 1989-10-18

6.93 RO 0.62, 0.37 12.82

St Elias, Alaska 1979-02-28

7.54 RV 1.44, 1.10 31.56

Kobe, Japan 1995-01-16

6.90 SS 0.53, 0.49 8.12

Kocaeli, Turkey 1999-08-17

7.51 SS 0.89, 1.05 15.43

Kobe, Japan 1995-01-16

6.90 SS 0.73, 0.76 19.62

Kocaeli, Turkey 1999-08-17

7.51 SS 0.63, 0.31 13.52

Northridge-01 1994-01-17

6.69 RV 0.33, 0.32 18.36

Manjil, Iran 1990-06-20

7.37 SS 0.32, 0.32 12.97

Northridge-01 1994-01-17

6.69 RV 0.56, 0.60 12.44

Kern County 1952-07-21

7.36 RV 0.54, 0.55 38.89

San Fernando 1971-02-09

6.61 RV 0.36, 0.56 25.89

Landers 1992-06-28

7.28 SS 0.66, 0.91 23.80

Superstition Hills-02 1987-11-24

6.54 SS 0.94, 0.65 18.52

Landers 1992-06-28

7.28 SS 0.56, 0.42 19.97

Superstition Hills-02 1987-11-24

6.54 SS 0.48, 0.49 11.67

Duzce, Turkey 1999-11-12

7.14 SS 0.78, 0.55 12.41

Imperial Valley-06 1979-10-15

6.53 SS 0.68, 0.62 22.54

Hector Mine 1999-10-16

7.13 SS 0.64, 0.79 43.05

Imperial Valley-06 1979-10-15

6.53 SS 0.42, 0.45 13.48

Hector Mine 1999-10-16

7.13 SS 0.63, 0.61 12.02

Borrego 1942-10-21

6.50 SS 0.58, 0.54 57.7*

Cape Mendocino 1992-04-25

7.01 RV 1.09, 0.75 41.97

Friuli, Italy-01 1976-05-06

6.50 RV 0.51, 0.40 15.82

R is Campbell distance (but one)

* Epicentral distace
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Abstract


 


This paper assesses the influence of cyclic and in


-


cycle degradation on seismic drift demands in 


moment


-


resisting steel frames 


(MRF) designed to Eurocode 8. The structural characteristics, ground 


motion frequency content and level of inelasticity are the primary parameters considered. A set of 


single


-


degree


-


of


-


freedom (SDOF) systems, subjected to varying levels of inelastic demand


s, is initially 


investigated followed by an extensive study on multi


-


storey frames. The latter comprises a large 


number of incremental dynamic analyses (IDA) on 12 frames modelled with or without consideration of 


degradation effects. A suite of 56 far


-


fiel


d ground motion records, appropriately scaled to simulate 4 


levels of inelastic demand, is employed for the IDA. Characteristic results from a detailed parametric 


investigation show that maximum response in terms of global and inter


-


storey drifts is notabl


y affected 


by degradation phenomena, in addition to the earthquake frequency content and the scaled inelastic 


demands. Consistently, both SDOF and frame systems with fundamental periods shorter than the 


mean period of ground motion can experience higher la


teral strength demands and seismic drifts than 


those of non


-


degrading counterparts in the same period range. Also, degrading multi


-


storey frames 


can exhibit distinctly different plastic mechanisms with concentration of drifts at lower levels. 


Importantly, 


degrading systems might reach a “near


-


collapse” limit state at ductility demand levels 


comparable to or lower than the assumed design behaviour factor, a result with direct consequences 


on optimised design situations where over


-


strength would be minimal. F


inally, the implications of the 


findings with respect to design


-


level limit states are discussed.
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Introduction


 


In recent years, the increasing adoption of performance


-


based seismic design 


and 


assessment 


methods for buildings has highlighted the importance of predicting seismic drifts, which can be directly 


related to localised demands on both structural and non


-


str


uctural components. The most commonly 


investigated drift properties are the global or roof drifts that describe the general inelastic deformation 


capacity of the buildings and the inter


-


storey drifts that can be correlated with rotation


al


 


demands on 


joints of framed structures and with non


-


structural damage. Unsurprisingly, 


as discussed 


in more detail 


below, 


a large number of published studies have attempted to provide reliable drift estimates for multi


-


storey framed structures or their eq


uivalent single


-


degree


-


of


-


freedom approximations.


 


P


ioneering research in the 1960’s on 


the determination 


of inelastic seismic response by basic 


principles 


[1]


 


has led to the development of simplified seismic displacement calculation methods that 


have been incorporated in c


urrent 


force


-


based 


design codes


, 


such as the equal displacement rule in 


Eurocode 8 


[2]


 


or the deflection amplification factor in ASCE 7


-


10 


[3]


. Additionally, n


umerous studies 


have approached the problem of estimation of inelastic drift


s by analysing SDOF oscillators


 


(


[4]


,


 


[5]


,


 


[6]


,


 


[7]


,


 


[8]


,


 


[9]


,


 


[10]


,


 


[11]


)


. The 


main parameters identified 


in 


these studies as governing for the 


inelastic response of SDOF systems 


include 


the initial elastic period, the post


-


yield stiffness, the 


hysteretic constitutive law and the frequency content of the input ground motion. The simp


le models 


used in these studies inherently cannot consider phenomena such as higher


-


mode effects and 


variations in distribution of strength and stiffness. Moreover, with the exception of 


very few 


studies


 


(


[6, 


9]


,


 


 


[12]


,


 


[13]


, 


[14]


)


, no strength and stiffness degradation phenomena are considered therein. 


 


Investigations 


on 


the inelastic response of framed multi


-


storey structures include studi


es  


in which 


the 


strength and stiffness distributions of the models are controlled in order to achieve desirable drift 
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