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ABSTRACT

In the areas of seismic engineering, shaking table tests are powerful method for assessing the seismic capacity of buildings. Since the size and capacity of existing shaking tables are limited, using scale structural models seems to be necessary. In recent years, many experimental studies have been performed using shaking table tests to determine seismic response of structural models subjected to various earthquake records. However, none of the past research works discussed practical procedure for creating the physical model. Therefore, in this study, a comprehensive procedure for design, building and commissioning of scale tall building structural models has been developed and presented for practical applications in shaking table test programs. To validate the structural model, shaking table tests and numerical time history dynamic analyses were performed under the influence of different scaled earthquake acceleration records. Comparing the numerical predictions and experimental values of maximum lateral displacements, it became apparent that the numerical predictions and laboratory measurements are in a good agreement. As a result, the scale structural model can replicate the behaviour of real tall buildings with acceptable accuracy. It is concluded that the physical model is a valid and qualified model which can be employed for experimental shaking table tests. 
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1. Introduction
Full-scale field tests or scale model tests are essential to study seismic behaviour of structures during earthquakes. Such tests are also required to validate numerical or analytical models. Full-scale field experiments have the advantage of considering realistic site conditions; whereas, the use of scale models on shaking table offers the advantage of simulating complex systems under controlled conditions, and the opportunity to gain insight into the fundamental mechanisms operating in these systems (Chen et al., 2010). 

Lu et al. (2004) mentioned that in many circumstances, the scale models on shaking table may afford a more economical option than the corresponding full-scale tests. The practice of conducting parametric studies with scale models can be used to augment areas where case histories and prototype tests provide only sparse data. In addition to qualitative interpretation, scale model test results are often used as calibration benchmarks for analytical methods, or to make quantitative predictions of the prototype response. For such applications, it is necessary to have a set of scaling relations which can relate the observations and predictions.
Shaking table tests can avoid a series of technique difficulties, such as the establishment of motion equations of the non-linear system and their solutions. Not only the seismic responses of buildings were obtained, but the damages of buildings can be observed by eyes also in the tests (Rodríguez et al., 2006). As the size and bearing capacity of existing shaking tables are limited, it is required that structural models be used in shaking table tests (Prasad et al., 2004). 
Many researchers (e.g. Lu, 1998; Rodríguez et al., 2006; Lu et al., 2008; Ziemian et al., 2010; Cheng and Lu, 2010; Yang et al., 2012; Zhou et al., 2012) have performed shaking table tests to determine linear and nonlinear dynamic response of scale structural models subjected to various earthquake records. In addition, several experimental shaking table studies have been carried out on tall building models (e.g. Lu et al., 2007a,b; Lu et al., 2009; Zhou et al., 2011; Lu et al., 2012; Lu et al., 2013a,b).  However, none of the past research works presented a comprehensive process of design and commissioning of tall building structural models. As a result, in order to employ structural models in testing programs, researchers may need to spend substantial amount of time and effort to properly design and produce construction detail drawings for their structural models, in particular for tall building structural models. In response to this need and in order to save time and energy, in this study, a comprehensive procedure for detail design, building and commissioning of scale tall building structural models has been developed and presented for practical applications in shaking table test programs.

2. Scaling Factors for Shaking Table Testing

The testing program on the tall structural model has been a part of comprehensive soil-structure system testing program. Therefore, scaling factors have been carefully chosen with regard to dynamic property similarity of the entire soil-structure system. Details of the components of the soil-structure have been described by Tabatabaiefar (2012). 
Scale models can be defined as having geometric, kinematic, or dynamic similarities to the prototype (Langhaar, 1951; Sulaeman, 2010). Geometric similarity defines a model and prototype with homologous physical dimensions. Kinematic similarity refers to a model and prototype with homologous particles at homologous points at homologous times. Dynamic similarity describes a condition where homologous parts of the model and prototype experience homologous net forces. Moncarz and Krawinkler (1981) explained that scale models meet the requirements of similitude to the prototype to differing degrees, and researchers may apply nomenclature such as “true”, “adequate”, or “distorted” to the model. A true model fulfils all similitude requirements. An adequate model correctly scales the primary features of the problem, with secondary influences allowed to deviate while the prediction equation is not significantly affected. Distorted models refer to those cases in which deviation from similitude requirements distorts the prediction equation, or where compensating distortions in other dimensionless products are introduced to preserve the prediction equation.
In addition, Moncarz and Krawinkler (1981) elucidated that in 1-g scale modelling, where, ( is density, E is modulus of elasticity, a is acceleration, and g is gravitational acceleration, the dimensionless product a/g (Froude’s number) must be kept equal to unity implying that the ratio of model to prototype specific stiffness (E/() is equal to the geometric scaling factor λ. This is known as “Cauchy condition” which can also be stated in terms of shear wave velocity as follows: 
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where, subscripts p and m stand for prototype, and model, respectively, and Vs is shear wave velocity. In addition, Moncarz and Krawinkler (1981) showed that satisfying the Cauchy condition is a necessary requirement for simultaneous replication of restoring forces, inertial forces, and gravitational forces in a dynamic system. 

Iai (1989) derived a comprehensive set of scaling relations for a soil-structure system under dynamic loading and defined the entire problem in terms of geometric, density, and strain scaling factors. This method relates the geometric (λ) and density (
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) scaling factors, and then derives the strain scaling factor (
[image: image3.wmf]e

l

) from shear wave velocity tests on both the model and prototype soil, as presented in Equation (2).
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Meymand (1998) and Moss et al (2010) explained that no governing equation can be written describing the entire soil-structure system, nor can dimensional analysis or similitude theory be directly applied to this complex system to achieve “true” model similarity. The viable scale modelling approach for application of scale model similitude, therefore, consists of identifying and successfully modelling the primary forces and processes in the system, while suppressing secondary effects, thereby yielding an “adequate” model.

Several researchers (e.g. Meymand, 1998; Turan et al., 2009, Moss et al., 2010) pointed out that in order to achieve an adequate model for dynamic soil-structure interaction simulation in shaking table tests, Cauchy condition (Equation 1), should be satisfied. In addition, the strain scaling factor (
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) should be kept equal to one. It should be noted that when Cauchy condition is satisfied, obviously, the result of substituting the value of (Vs)p /(Vs)m from Equation (1) into Equation (2) is equal to one. The objective of the scale modelling procedure for this test program is to achieve “dynamic similarity”, where model and prototype experience homologous forces. For this purpose, adopted methodology by Meymand (1998) is the framework for scale model similitude in this study. According to this approach, three principal test conditions establish many of the scaling parameters. The first condition is that testing is conducted in a 1-g environment, which defines model and prototype accelerations to be equal. Secondly, a model with similar density to the prototype is desired, fixing another component of the scaling relations. Thirdly, the test medium is primarily composed of saturated clayey soil, whose undrained stress-strain response is independent of confining pressure, thereby simplifying the constitutive scaling requirements. In addition to the three principal test conditions, Meymand (1998) pointed out that the natural frequency of the prototype should be scaled by an appropriate scaling relation. By defining scaling conditions for density and acceleration, the mass, length, and time scale factors can all be expressed in terms of the geometric scaling factor (λ), and a complete set of dimensionally correct scaling relations (ratio of prototype to model) can be derived for all variables being studied. The scaling relations for the variables contributing to the primary modes of system response are shown in Table 1 (Meymand, 1998; Turan et al., 2009; Moss et al., 2010; Sulaeman, 2010; Lee et al., 2012; Tabatabaiefar, 2012).

In Table 1, the soil shear wave velocity scaling factor ((Vs)p/(Vs)m) is equal to 
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. Therefore, Cauchy condition (Equation 1) is met in the scaling relations. In addition, strain scaling factor (
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), which can be determined by substituting the value of (Vs)p/(Vs)m from Equation (1) into Equation (2), is kept equal to one. Thus, as mentioned earlier, both requirements for achieving an adequate model for dynamic soil-structure interaction simulation in shaking table tests are satisfied.

3. Adopted Geometric Scaling Factor

Adopting an appropriate geometric scaling factor (λ) is one of the important steps in scale modelling on shaking table. Although small scale models could save cost, the precision of the results could be substantially reduced. Therefore, to attain the largest achievable scale model which represents the most accurate results possible, geometric scaling factor (λ) has been selected with respect to the following characteristics and capacity parameters of the employed uni-axial shaking table as the design criteria:

· Size of the table : 3m (3 m

· Maximum payload : 10,000 kg

· Overturning moment : 100 kN-m

Table 2 compares the characteristics of the scale model shown in Figure 1 for different scaling factors. In this table, the related weight is just accounted for soil inside the tank excluding weights of the container and structure. As previously mentioned a model with similar density to that of the prototype is desired in order for the dynamic similarity to be satisfied. Referring to Tables 1 and 2, with respect to the design criteria, scaling factor of 1:30 provides the largest achievable scale model with rational scales, maximum payload, and overturning moment which meet the facility limitations. Thus, geometric scaling factor (λ) of 1:30 is adopted for experimental shaking table tests on the scale model in this study.

4. Characteristics of scall Structural Model

The prototype of the experimental tests is a two dimensional fifteen storey steel moment resisting building frame. The building frame height and width are 45 and 12 metres, respectively and spacing between the frames into the page is 4 metres. The building is resting on a footing which is 4 meters wide and 12 meters long. The natural frequency of the prototype building is 0.384 Hz and its total mass is 953 tonnes.  

The utilised scaling relations for the variables contributing to the primary modes of system response are shown in Table 1. The mentioned scaling relationships have been employed by many researchers (e.g. Meymand, 1998; Turan et al., 2009; Moss et al., 2010; Sulaeman, 2010; Lee et al., 2012; Tabatabaiefar, 2012; Tabatabaiefar et al., 2014) in their shaking table tests and are very well established and well known among the seismic engineering researchers. Geometric scaling factor (λ) of 1:30 is adopted for experimental shaking table tests on the scale tall building model in this study. Employing geometric scaling factor of 1:30, height (H), length (L), and width (W) of the structural model are determined to be, 1.50 m, 0.40 m, and 0.40 m, respectively. 

Referring to Meymand (1998) principal test conditions, in order to achieve dynamic similarity, in addition to geometric dimensions, the natural frequency of the prototype should be scaled by an appropriate scaling relation and the density of the model and the prototype should be equal. Dynamic similarity describes a condition where homologous parts of the model and prototype experience homologous net forces. In this way, prototype structure may be modelled more accurately in shaking table tests. The mentioned two parameters play key roles in the scaling process, and scaling them deemed to be adequate. 
According to Table 1, the scaling relationship between natural frequency of the model (
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The natural frequency of the prototype structure is
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= 0.384 Hz. Therefore, the required natural frequency of the structural model (
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) can be determined as follows:
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The determined natural frequency of the model is conforming with the approximated value of average frequency of the building equal to 2.95 Hz, calculated by Equation 6.2(7) of AS 1170.4-2007. 
Scaling relationship between density of the model (
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) and density of the prototype (
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), based on Table 1, is:
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Density of the prototype structure (
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) can be determined as follows:
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where, mp is the mass of the prototype structure and Vp is the volume of the prototype structure.

Substituting the density of the prototype structure (
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) from Equation (5) into Equation (4), the mass of the structural model (mm) can be estimated as: 
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where, Vm is the volume of the structural model. Based on the above mentioned discussions, the required characteristics of the structural model is summarised in Table 3.
5.  Design and buildng of scale Structural Model

Knowing the required characteristics of the structural model, its 3D numerical model has been created in SAP2000 software using two dimensional shell elements to model columns and floors as shown in Figure 2. The numerical model consists of fifteen horizontal steel plates as the floors and four vertical steel plates as the columns. Steel plate grade 250, according to AS/NZS 3678-2011 (Structural Steel), with the minimum yield stress of 280 MPa and minimum tensile strength of 410 MPa, has been adopted in the design. The cross sections of the steel columns, the floor plates and the base plate have been determined in design process after several cycles of trial and error in order to fit the required natural frequency and mass as summarised in Table 3. After the numerical modelling and design, construction detail drawings were prepared to reflect the design requirements of the structural model. Construction details of the structural model are illustrated in Figure 3. The numerical results of the analysis show that the designed structure has the natural frequency of 
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=2.13Hz and the calculated total mass is 105.6 kg, which are both in good agreement with the requirements in summarised Table 3.

In the building phase, the detail drawings were passed on to the engineering workshop. At the workshop, the steel plates were cut and drilled according to construction detail drawings (Figure 4) and then sent to the structures laboratory to be assembled. Afterwards, the steel plates were assembled in order to form the structural model using stainless sheet metal screws with 2.5 mm diameter and 25 mm length. Figure 5 shows the completed structural model. The mass of the model (mm), without the base plate, was measured to be 104 kg which matches the required structural mass (Table 3). Total measured mass of the structural model considering the mass of the base plate is 115kg.

6. Scaling of Adopted Earthquake Acceleration Records

Four earthquake acceleration records including Kobe, 1995 (Figure 6a), Northridge, 1994 (Figure 7a), El Centro, 1940 (Figure 8a), and Hachinohe, 1968 (Figure 9a) have been adopted for the shaking table tests. The first two earthquakes are near field ground motions and the latter two are far field motions. These earthquakes have been chosen by the International Association for Structural Control and Monitoring for benchmark seismic studies (Karamodin and Kazemi, 2008). The characteristics of the earthquake ground motions are summarised in Table 4. The detailed description of the earthquakes (e.g the response spectrum and Fourier spectrum analysis) can be found in PEER 2012.  According to Table 1, as determined by Equation (1), scaling relationship between natural frequency of the model (
[image: image22.wmf]m

f
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) is 5.48 while scaling relations between the model and prototype accelerations is 1.0. It means that the earthquake magnitude remains the same as the prototype based on the first principle of "dynamic similarity" (Meymand, 1998; Turan et al., 2009) which defines model and prototype accelerations to be equal (Table 1). Therefore, for scaling the earthquake records, it is required to reduce the time steps of the original records by a factor of 5.48. As a result, the original time steps of Kobe, Northridge, and El Centro earthquake acceleration records were shifted from 0.02 to 0.00365, while for Hachinohe earthquake record, the original time steps of 0.01 shifted to 0.001825. The scaled acceleration records of the four adopted earthquakes are illustrated in Figures 6b to 9b. 
7. Instrumentation and Data Acquisition System 

Two different classes of measuring instruments were utilised in the current shaking table test programme, namely, displacement transducers (Figure 10a) and accelerometers (Figure 10b) in order to measure structural deformations and accelerations, respectively. It should be noted that in this study, the structural torsions are deemed to be insignificant due to regular shape of the structural model. Therefore, only one accelerometer has been allocated to each floor. The instruments were directly connected to a data acquisition system managed by the integrated software package, which is run on a desktop computer and interfaces with the MTS (MTS System Corp.) shaking table control system. Each displacement transducer and accelerometer was individually calibrated before installation to ensure high accuracy. An online calibration check was performed just before each shaking table test through the data acquisition system, thereby identifying any malfunctioning or miswired sensors. With the calibration routine embedded in the data acquisition system, the acquired data was automatically transformed into engineering units. 
8. Comissioning of scale Model using Shaking Table Tests 

Shaking table tests have been performed on the scale tall building structural model which has been directly fixed on top of the shaking table in order to:

· Ensure the structural model possesses targeted natural frequency; 

· Determine the damping ratio of the structural model; and

· Obtain seismic response of the structural model to be used for numerical verification purposes. 

To achieve the above, the structural model was fixed and secured on the shaking table as shown in Figure 11. After securing the structural model on the shaking table, instrumentations including displacement transducers and accelerometers were installed on the structure in order to monitor the behaviour of the structure and to primarily measure structural lateral displacements. It should be noted that in addition to the displacement transducers installed at levels 3, 5, 7, 11, 13, and 15, eight accelerometers were installed at levels 3, 5, 7, 9, 11, 13, and 15 so as to check the consistency of the recorded displacements. Displacement, acceleration and velocity in time domain are closely related to each other. If the measured parameter is acceleration, displacement can be found through a double integration in time domain. Therefore, displacements of the various levels were determined by integrating the corresponding accelerations, measured by the accelerometers, in time domain and checked against the recorded displacements to ensure the consistency and accuracy of the obtained records. Figure 12 illustrates the final arrangement of the displacement transducers and accelerometers at different levels of the structural model. 
1.1 Shaking Table Tests Procedure  

Initially, Sine Sweep test was performed on the structural model to determine the natural frequency of the model. Sine Sweep test involves a logarithmic frequency sweep holding a specified acceleration constant at the base of the structure. For the current Sin Sweep test, frequency of the shaking table has increased from 0.1 Hz to 50 Hz. The first resonance between the shaking table and structural model frequencies showed the fundamental natural frequency of the model. The test was repeated three times to ensure the determined natural frequency is adequately accurate. The resulting natural frequency of the constructed structural model obtained from sin sweep test results was 2.19 Hz which is in a very good agreement with the desired natural frequency of structural model (Table 3). Therefore, the constructed structural model, with the natural frequency (
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) of 2.19 Hz and the total mass (
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) of 104 kg, possesses the required characteristics as summarised in Table 3, to meet the dynamic similarity criteria. 

After ensuring adequacy of the structural model characteristics, shaking table tests were performed by applying scaled earthquake acceleration records of Kobe, 1995 (Figure 6b), Northridge, 1994 (Figure 7b), El Centro, 1940 (Figure 8b), and Hachinohe, 1968 (Figure 9b) to the tall building structural model. 

The estimated value of the structural damping ratio of the constructed structural model has been determined from the free vibration lateral displacement records of the structural model using the following Taylor series expansion (Roy et al., 2006): 
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where, ( is the structural damping ratio and Un and Un+m  are two positive peaks of the free vibration response of the structure which are m cycles apart.

Substituting the values of Un and Un+m for the two positive peaks of the free vibration lateral displacement records in Equation (7), which are 10 cycles apart, and repeating the whole process several times, the estimated structural damping ratio (() is 1.1%.
1.2 Shaking Table Test Results
The results of the performed shaking table tests under the influence of four scaled earthquake acceleration records in terms of maximum lateral deflections are determined and presented in Figures 13 to 16. In determination of the lateral deflections, the movement of the shaking table has been subtracted from storey movements. Therefore, all the records are in comparison to the base movements. It should be noted that for the sake of accuracy and consistency, the recorded displacements using displacement transducers, verified against the calculated displacements from accelerometer records, are presented. 

9. Numerical Verification Shaking Table Test Results

The numerical model of the constructed structural model has been created in SAP2000 using dimensions of the physical model. After building the geometry of the structural model, the required structural parameters including cross-sectional area of the beams (Ab), moment of inertia of the beams (Ib), cross-sectional area of the columns (Ac), moment of inertia of the columns (Ic), cross-sectional area of the foundation slab (As), moment of inertia of the foundation slab (Is), modulus of elasticity of steel (E), density ((), and structural damping ratio ((), summarised in Table 5, were extracted from the construction detail drawings and specifications and adopted in the numerical simulation of the structure in SAP2000. After creating the numerical model, fully nonlinear time history dynamic analyses were performed under the influence of four scaled earthquake acceleration records including Kobe, 1995 (Figure 6b), Northridge, 1994 (Figure 7b), El-Centro, 1940 (Figure 8b), and Hachinohe, 1968 (Figure 9b) and the results in terms of maximum lateral deflections are determined and shown in Figures 17 to 20. 

Inelastic structural analysis was performed by introducing the plastic moments (MP) for the structural sections. The values of the plastic moments have been calculated by considering a flexural structural member of width b and height h with yield stress σy using Equation (8) as follows:
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In the inelastic structural analysis it is assumed that structural elements behave elastically until reaching the defined plastic moment. The section at which the plastic moment (MP) is reached can continue to deform, without inducing additional resistance. In addition, geometric nonlinearity of the structures, capturing P-Delta effects, has been accommodated in the structural analyses of the model.

10. results and discussions

The numerical predictions and experimental values of the maximum lateral displacements of the scale structural model are presented and compared in Figures 17 to 20. Average values of the numerical predictions and experimental values are determined and compared in Figure 21. The philosophy behind using the four benchmark earthquake records was to determine the maximum lateral seismic response that the model can experience under the influence of near field and far field ground motions. Knowing that the nature of earthquake is random, the average results in Figure 21 are solely used to give a general indication of the accuracy of the laboratory measurements against the numerical predictions. Comparing the predicted and observed values of the maximum lateral displacements, the accuracy of the experimental shaking table test results is examined. Reviewing the average maximum lateral deflections (Figure 21), it becomes apparent that the numerical predictions and laboratory measurements are in a good agreement (less than 5% difference). Accordingly, it becomes apparent that the trend and the values of the experimental shaking table test results are in good agreement and consistent with the numerical predictions. 
The observed discrepancy between the numerical predictions and laboratory observations could be due to energy absorption at the bolted connection of the base in the physical laboratory model which cannot be captured by rigid base assumption of the numerical model. It should be noted that, in this study, strain gauges have not been utilised in the testing program as based on the observations during and after the performed tests, no evidence of occurrence of plastic hinges were observed. Therefore, it has been understood that the structural model remains within elastic rang during the performed shaking table tests.

11. conclusions

In this study, a comprehensive procedure for detail design, building and commissioning of a scale tall building structural model has been developed and presented for practical applications in shaking table test programs.

Shaking table tests under the influence of four scaled earthquake acceleration records have been performed on the scale model and the results in terms of maximum lateral deflections were determined. Afterwards, the numerical model of the constructed structural model has been created and fully nonlinear time history dynamic analyses were performed under the influence of the mentioned four scaled earthquake acceleration records. Then maximum lateral deflections were determined and compared with the experimental results. Comparing the numerical predictions and experimental values of the maximum lateral displacements of the scale structural model, it became apparent that the numerical predictions and laboratory measurements are in a good agreement (less than 5% difference).

Thus, the scale structural model can replicate the behaviour of real tall structure systems with acceptable accuracy. It is concluded that the scale structural model is a valid and qualified model with sufficient accuracy which can be employed for further experimental shaking table investigations. 
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Figure 1: Scale model of soil structure interaction problem 
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Figure 2: 3D numerical model of the structural model in SAP2000
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Figure 3: Construction detail drawings of the structural model
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Figure 4: Cut and drilled steel plates at engineering workshop
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Figure 5: Completed tall building structural model
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Figure 6: Kobe earthquake (1995); (a) original record; (b) scaled record
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Figure 7: Northridge earthquake (1994); (a) original record; (b) scaled record
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Figure 8: El Centro earthquake (1940); (a) original record; (b) scaled record
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Figure 9: Hachinohe earthquake (1968); (a) original record; (b) scaled record
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Figure 10: Utilised measuring instruments in the shaking table tests; (a) displacement transducer; (b) accelerometer 
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Figure 11: Fixed base structural model secured on shaking table
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Figure 12: Final arrangement of the measuring instruments 
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Figure 13: Recorded maximum lateral deflections of tall building structural model under the influence of scaled Kobe (1995) earthquake 
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Figure 14: Recorded maximum lateral deflections of tall building structural model under the influence of scaled Northridge (1994) earthquake 
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Figure 15: Recorded maximum lateral deflections of tall building structural model under the influence of scaled El Centro (1940) earthquake 
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Figure 16: Recorded maximum lateral deflections of tall building structural model under the influence of scaled Hachinohe (1968) earthquake 
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Figure 17: Numerical and experimental maximum lateral displacements under the influence of scaled Kobe (1995) earthquake
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Figure 18: Numerical and experimental maximum lateral displacements under the influence of scaled Northridge (1994) earthquake
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Figure 19: Numerical and experimental maximum lateral displacements under the influence of scaled El Centro (1940) earthquake

[image: image48.emf]0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0 10 20 30 40 50

Storey Number

Maximum Lateral Deflection (mm)

Numerical Results

Experimental Results


Figure 20: Numerical and experimental maximum lateral displacements under the influence of scaled Hachinohe (1968) earthquake
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Figure 21: Average values of numerical predictions and experimental values of the maximum lateral displacements 

Table 1: Scaling relations in terms of geometric scaling factor (λ) 

	Mass Density
	1
	Acceleration
	1
	Length
	λ

	Force
	λ3
	Shear Wave Velocity
	λ1/2
	Stress
	λ

	Stiffness
	λ2
	Time
	λ1/2
	Strain
	1

	Modulus
	λ
	Frequency
	λ-1/2
	EI
	λ5


Table 2:  Dimensional characteristics of scale model considering different scaling factors

	Geometric Scale factor
	B′ (m)
	L′

(m)
	W′

(m)
	D′ (m)
	H′ (m)
	D′+H′ (m)
	Volume (m3)
	Weight (kg)
	Overturning Moment

(kN.m)

	1:1
	12
	60
	36
	30
	45
	75
	64800
	0.95E+8
	1.40E+10

	1:10
	1.20
	6
	3.60
	3
	4.50
	7.50
	64.80
	95256
	1400

	1:20
	0.60
	2.40
	1.80
	1.50
	2.25
	3.75
	8.10
	11907
	89.50

	1:30
	0.40
	2
	1.20
	1
	1.50
	2.50
	2.40
	3528
	17.30

	1:40
	0.30
	1.50
	0.90
	0.75
	1.12
	1.87
	1.01
	1488
	5.60

	1:50
	0.24
	1.20
	0.72
	0.60
	0.90
	1.50
	0.51
	762
	2.30

	1:100
	0.12
	0.60
	0.36
	0.30
	0.45
	0.75
	0.06
	95
	0.15


Table 3: Characteristics of the structural model

	Total Height (m)
	Total Length
(m)
	Total Width
(m)
	Natural Frequency (Hz)
	Total Mass (kg)

	1.50
	0.40
	0.40
	2.11
	106


Table 4: Utilised Earthquake ground motions 
	Earthquake
	Country
	Year
	PGA (g)
	Mw (R)
	T (S) Duration
	Type
	Hypocentral Distance (km)
	Reference

	Northridge
	USA
	1994
	0.843
	6.7
	30.0
	Near field
	9.2
	PEER (2012)

	Kobe
	Japan
	1995
	0.833
	6.8
	56.0
	Near field
	7.4
	PEER (2012)

	El Centro
	USA
	1940
	0.349
	6.9
	56.5
	Far field
	15.69
	PEER (2012)

	Hachinohe
	Japan
	1968
	0.229
	7.5
	36.0
	Far field
	14.1
	PEER (2012)


Table 5: Adopted parameters for numerical simulation of the structural model

	Ab 

(m2)
	Ib 

(m4)
	 Ac 

(m2)
	Ic 

(m4)
	 As
(m2)
	Is
(m4)
	E 

(kPa)
	(
(kg/m3)
	(   (%)

	0.002
	4.16E-9
	1.6E-4
	5.33E-11
	0.005
	4.16E-8
	2.0E8
	7850
	1.1


* Correspondence to: Hamid Reza Tabatabaiefar, Lecturer in Structural Engineering, Federation University Australia, Office Y231, Building Y, Mt Helen Campus, PO Box 663 Ballarat VIC 3353, Australia, Tel.: +61 3 5327 6718
† E-mail address: h.tabatabaiefar@federation.edu.au.
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