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ABSTRACT

[bookmark: OLE_LINK24]In recent decades, base isolation systems for buildings are commonly used as retrofitting strategy in earthquake-prone areas. Evaluation of structural responses for base-isolated systems subjected to severe earthquakes is challenging since some regions have scattered ground motion dataset. Simulated ground motions can be an alternative to overcome this issue. There are several ground motion simulation methods available that provide varying levels of goodness fit between observed and synthetic data; therefore, simulated motions need to be investigated in terms of their efficiency in the prediction of alternative structural demands corresponding to base-isolated buildings. Herein, a six-story steel moment-resisting frame is selected from the SAC Steel Project and retrofitted with lead rubber bearings in accordance with ASCE 7‐10. Then, nonlinear time-history analysis of the structure is carried out using the real and simulated records of the 6 April 2009 L′Aquila (Italy) earthquake (Mw=6.3). For this purpose, simulated records generated based on the Hybrid Integral-Composite method are employed. Results of analyses are compared in terms of alternative response parameters including inter-story drifts, base displacements, base shear and accelerations at each story level. Overall, the difference in terms of the real and estimated demand parameters from the ground motion simulation technique is negligible.

Keywords: Base Isolation; Steel Moment-Resisting Frame; Real Ground Motions; Simulated Ground Motions; Structural Response Parameter


1. INTRODUCTION 

Under the framework of performance based-design (PBD) of important buildings such as hospitals and office buildings, one may not only limit the inter-story drifts a structure may experience during its lifetime but also the floor accelerations that can cause significant losses due the non-structural components. Hence base isolators are nowadays widely used in these buildings and considered as one of the most effective devices to control structural vibrations. As much more computer-based analysis tools are becoming available, base isolated structures are usually being designed and assessed with the use of nonlinear time-history analysis that requires set of ground motion records. Therefore, the estimation of the hazard and selection of the records are crucial steps to design and assess the structure adequately. In the absence of the strong ground motion data for the region, the most common approach is to use set of records from other regions with similar seismotectonics. However, the real records may still not be eligible to represent regional seismic or the potential seismic demand on the structures as indicated by Katsanos (2010). Synthetic ground motions represent the regional sources, path and site effects and can be used as alternative options to avoid this issue after being scaled to the design level spectra that is also encouraged by the building codes such as EC08 (1998) and ASCE/SEI 7-10 (2010).
Previously, several attempts have been made on the use of simulated ground motions in nonlinear time history analyses of single-degree-of-freedom (SDOF) systems (e.g: Bazzurro et al. 2004, Krishnan et al. 2006, Atkinson et al. 2010, Galasso et al. 2012). In some of these studies, the simulated ground motions were validated against the real ground motions while in others dynamic response of structures are evaluated using synthetic records. Recently, Karimzadeh (2017) studied the dynamic response of multi-degree-of-freedom (MDOF) structures under simulated ground motions and compared the results against responses obtained using observed ground motions. Yet, the study of structural response of base isolated MDOF structures to synthetic records remains to be studied. For this purpose, the typical base isolated frame building is analyzed using synthetic records and compared with real records in terms of different engineering demand parameters. Simulated records of the 2009 L′Aquila earthquake generated based on the Hybrid Integral-Composite method are employed. 


2. INPUT GROUND MOTION DATASET

[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK65]The input ground motion dataset used for analyses corresponds to the real and simulated ground motion records of the 2009 L’Aquila (Italy) earthquake (Mw=6.3). Seven stations that recorded this event are selected. The information corresponding to the selected stations   with their properties is provided in Table 1. The real records at these stations are taken from the Italian ground motion dataset (http://itaca.mi.ingv.it). The simulated records from the Hybrid Integral-Composite approach introduced by Gallovic and Brokesova (2007) for the selected stations are used. Simulations are previously validated by Ameri et al. (2012) by comparison against the real records of the 2009 L’Aquila earthquake at the stations. The simulation approach is based on the representation theorem with a k-squared slip distribution over the fault plane for simulation of the low-frequency band. This method applies a composite application of Brune’s source time functions with a proper seismic moment and corner frequency for simulating the high-frequency range. To obtain the final ground motion record, the ground motion amplitudes are combined in a cross-over frequency range. Further details of simulations can be found in Ameri et al. (2012) and Karimzadeh et al. (2017). Table 1 also includes the simulated PGA values in both EW and NS directions from HIC method. It is observed that at station AQA, PGA is well simulated in EW direction while there is a difference between the real and simulated PGAs in the NS direction. When the real and simulated PGA values at station CLN are compared, underestimation of the PGA levels at both EW and NS directions is observed by HIC ground motion simulation method. At this station, the level of underestimation is higher for the EW component of the real record than the NS component. The simulated PGAs at stations MTR and SUL do not match with the observed values in both directions with an underestimation of the real values. At the other stations, the real and simulated PGAs match each other closely.

Table 1. Information on the selected seven stations of the 2009 L’Aquila earthquake

	Station Code
	Latitude
(°)
	Longitude
(°)
	[bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK63][bookmark: OLE_LINK64]Site Class (EC8)
	REPI (km)
	Observed
[bookmark: OLE_LINK344][bookmark: OLE_LINK345][bookmark: OLE_LINK346]PGA-NS (cm/s2)
	Observed
PGA-EW
(cm/s2)
	Simulated PGA-NS
HIC (cm/s2)
	Simulated PGA-EW
HIC (cm/s2)

	AQA
	42.376
	13.339
	B
	4.6
	347.59
	350.46
	196.96
	341.18

	CLN
	42.085
	13.521
	A
	31.64
	76.57
	73.49
	50.72
	23.75

	FMG
	42.268
	13.117
	A
	19.32
	24.53
	20.12
	30.38
	28.44

	GSA
	42.421
	13.519
	B
	18.05
	139.02
	131.88
	103.31
	195.26

	LSS
	42.558
	12.969
	A
	39.02
	7.61
	9.21
	6.21
	5.41

	MTR
	42.524
	13.245
	A
	22.35
	51.65
	42.17
	16.21
	14.44

	SUL
	42.090
	13.934
	C
	56.53
	24.53
	27.04
	8.37
	5.41




3. DESCRIPTION OF THE STRUCTURAL MODELS

3.1 Building Definition

The building structure considered in this study consists of a 6-storey moment-resisting steel framed building which was originally designed and studied previously by Tsai and Popov (1988). Later, Hall (1995) modified the structure for compatibility with newer codes where strong column-weak beam design rule is enforced. Further details of the building are provided by Christopoulos and Filiatrault (2006). The design complies with the 1994 UBC code requirements (ICBO 1994) for a building located in Zone 4 on soil type S2. The building has no irregularities and it is rectangular in shape, with the main lateral-resistance in the North-South direction being provided by two exterior moment-resisting frames (highlighted in red in Figure 1a). These consist of 6-storey 3-span frames (see Figure 1b). Design gravity loads include the roof dead load (3.8 kPa), the floor dead load (4.5 kPa), the roof live load (1.0 kPa), the floor live load (3.8 kPa), and the weight of the exterior cladding (1.7 kPa). The steel grade is assumed to be A36 (nominal Fy = 290 MPa) for all members.
a)
b)
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Figure 1. (a) Plan and (b) elevation views of the structure

3.2 Numerical Model

[bookmark: OLE_LINK9][bookmark: OLE_LINK7]The 2-D analyses are carried out in North-South direction using OpenSees software (Mazzonni et al. 2006). Taking advantage of the symmetry of the building, only half of the structure is modeled. As shown in Figure 2, the model includes one of the exterior frames, together with one gravity column that represents all interior frame columns, as per a lean-column approach. The total gravity loads acting on the interior columns are applied to this lean-column, thus ensuring that the additional second-order effects are considered. The gravity column is assumed pinned at the base and at each level. Gravity loads acting on the frame during the earthquake are assumed equal to the roof and floor dead loads, the weight of the exterior walls, and a portion of the floor live load (0.7 kPa). P-delta effects are accounted for in the analyses, including P-delta forces generated in the interior frames. Half the weight of the building, along with a 0.5 kPa live load, is included in the reactive weights at each level. Rayleigh damping of 5% based on the first two elastic modes of vibration of the structure is assigned. All analyses are performed at a time-step increment of 0.002s. For simplification purposes, only the bare steel frame is included in the analyses, i.e., the slab participation as a composite beam was not accounted for. The fundamental period of vibration for the bare frame without the isolators is obtained from eigenvalue analysis as 1.3 seconds assuming fixed connection at the ground level. The structure is retrofitted considering the target displacement of 250mm, the effective period of the base isolated structure is estimated as 2.8 sec and the equivalent damping ratio as 27%. In total six isolators (LRB) were considered for one half of the structure. The assumed hysteresis loop for each isolator is depicted in Figure 2 where k1=7.24 KN/mm, k2=0.83 KN/mm and Fy=215.75 KN. The base level nodes are released in the direction of the earthquake, and rigid diaphragm is assigned to the base level nodes, intended to account for the existence of a rigid link frame (with a weight of 2000kN). The additional mass of the rigid link frame is distributed to the base level nodes. A new node fully fixed node is created at the same location as the base of the exterior column at the left, making use of a zerolength Element, defined with two uniaxial springs where the properties of isolators are concentrated: i) the first spring was set with the uniaxialMaterial Elastic with the stiffness of the rubber bearing; ii) the second spring was defined with uniaxialMaterial ElasticPP representing the lead material. In the model, the inelastic response is concentrated at specific regions of the structural members, following a concentrated plasticity approach. Plastic hinges that could form at both ends of the frame members are assumed, to which the bilinear moment-curvature model depicted in Figure 3a is assigned. The plastic hinge length is assumed as the 90% of the section depth and the failure criterion assumed for all steel structural members is based on a plastic end rotation limit of 30mrad. Rigid-end offsets are specified at the end of the frame members to account for the actual size of the members at the joints. The panel zones of the beam-column connections are assumed to be stiff and strong enough to avoid any panel shear deformation and yielding under strong earthquakes. This assumption represents the most critical condition for the inelastic curvature demand on the welded beam-to-column joints, as all the hysteretic energy must be dissipated only through plastic hinging in the beams and the columns. To capture the brittle failure of the welded beam-to-column connections, the flexural strength degradation model shown in Figure 3b is introduced at the ends of the beam and column elements. In this model, the yield levels in the interaction diagrams may be reduced as a function of the curvature ductility in each direction. The strength degradation begins at a curvature ductility of 11.0. At a curvature ductility of 11.55, the strength reduces to 1% of the yield moment which is close enough to zero for engineering purposes. 

[image: ] [image: ]

Figure 2. Representation of numerical model
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(а)                                                                           (b)

Figure 3. a) Bi-linear moment-curvature model b) flexural strength degradation model for welded steel-column
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Figure 4. Comparison of peak base displacement and peak base shear values for different stations
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Figure 5. Comparison of peak floor accelerations (PFA) and peak inter-story drift ratios (PIDR) for different stations


4. ANALYSES RESULTS

The main objective of this study is to investigate whether the nonlinear dynamic response of the base   
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK49][bookmark: OLE_LINK50]isolated structures to simulated ground motions are consistent with observed ground motions or not. The comparison is made between two cases in terms of peak base displacement, peak base shear, peak floor accelerations and peak inter-storey drifts (Figures 4 and 5). The first two parameters are rather important to design isolator devices whereas the other two parameters are the main interests in PBD approach. The analyses are carried out without applying any scaling factor to the records. As expected, the upper structures remain elastic while the isolators undergo the inelastic deformations. When the results are evaluated at all stations, it is observed that the NS component of the simulated ground motion at station AQA underestimates the response by a factor of 2-3 in terms of all the parameters presented here. At station CLN, the predicted acceleration demand is nearly half of the real one while other parameters are overestimated by a factor of 2 to 3. At stations SUL and MTR, the demand parameters obtained with synthetic ground motions are slightly lower than the ones obtained using real records in both EW and NS. There seems to be a better match at the other stations for all parameters of interest. Overall, although there are some differences, responses from observed and simulated records can be considered as consistent. The numerical results in this study reveal that when a close match is obtained between the observed and simulated records at a station, the structural response at that station from the simulated record is also consistent with the response under the corresponding observed record. 


5. CONCLUSIONS

In this study, a six-story steel moment-resisting frame is considered in order to investigate the efficiency of the ground motion simulations in predicting alternative structural responses. For this purpose, nonlinear time-history analysis of the selected frame is performed using the real and simulated ground motion records of the 6 April 2009 L′Aquila (Italy) earthquake (Mw=6.3). For structural analyses, the simulated records corresponding to the 2009 L′Aquila earthquake from the Hybrid Integral-Composite method at selected 7 stations are employed. Analyses results from the real and simulated ground motion sets for this earthquake are compared in terms of different seismic demand parameters including inter-story drifts, base displacements, base shear and accelerations at each story level. 
Following findings are obtained in this study:
· Overall, it is observed that despite some discrepancies, the selected structural responses for the base-isolated structure of interest from the real and simulated records are in agreement at most stations. 
· It is particularly observed that when a close match is obtained between the observed and simulated records at a station, the structural response at that station from the simulated record is also consistent with the response under the corresponding observed record.
· The close match in terms of both seismological and structural parameters can be attributed to the efficiency of the Hybrid Integral-Composite ground motion simulation method in simulating the broad frequency band of the observed records. 
· Finally, the numerical results demonstrate that simulated motions provide alternative record sets for events with sparse observed records. In addition, whenever regional and realistic physical data for the seismic events are employed in simulation process, past and potential destructive events can be studied extensively for seismological and structural purposes. 
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