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Abstract

:

The double friction pendulum (DFP) bearing is adapted from the well-known single friction pendulum (SFP) bearing. This type of bearings has been widely used for structural vibration controls. The main advantage of the DFP is its capacity to accommodate larger displacements as compared with the SFP one. This paper aims to assess the effect of the vertical earthquake component on the seismic behaviour of a base-isolated high-rise building. In this respect, the mathematical model of the building subjected to earthquake excitations with an implementation of a DFP bearing system is established. The model presented herein considers earthquake excitations in horizontal (X and Y) and vertical (Z) directions. A series model of two friction elements is presented for the bearing, where the friction load of the bearing surface is governed by a modified Bouc-Wen model, which is dependent on the sliding velocity and the contact pressure. The numerical results of an example of a base-isolated 9-story steel building subjected to near-source and far-field earthquakes show the high effectiveness of the bearing system in reduction of the seismic response of the building, especially in the near-source region, as well as exhibit considerable effectiveness of the vertical earthquake component on the bearing and structural behaviour.
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1. Introduction


Seismic isolation devices have long been applied to control the structural response of buildings and thus to mitigate the extensive damage caused by earthquakes. Structural vibration control techniques under the impact of earthquakes using isolation devices have become one of the core technologies for enhancing the seismic performance of structures in seismic prone areas. These technologies allow a considerable reduction of horizontal seismic actions by shifting the fundamental period of the structures to the range of low spectral acceleration amplitudes [1].



Among different types of isolation systems, the friction pendulum (FP) bearing is one of the most commonly used. This system is designed with special concave surfaces and used to isolate the structure base to the foundation. There are three types of FP bearings, i.e., single friction pendulum (SFP), double friction pendulum (DFP), and triple friction pendulum (TFP), in which the DFP and TFP are new kinds of the SFP with the implementation of sliding surfaces [1,2]. This paper focuses on the DFP, whose main advantage, like TFP, is the capacity to accommodate larger displacements as compared to the former one. The DFP bearing system with articulated sliders, named multiple friction pendulum, as an improved FPS isolator was first analytically and experimentally studied by Tsai et al. [3,4,5]. Further studies of Constantinou [6] and Fenz and Constantinou [7,8] presented an analytical model to account for unequal curvature radii of the two concave surfaces and unequal friction coefficients of the two sliding interfaces. Also, in their work, the effects of the height of the articulated slider and the friction in the rotational part of the articulated slider on the lateral force-displacement relation were presented. An advanced DFP bearing model with tri-linear behaviour was later studied by Kim and Yun [9]. The effects of the DFP bearing system with different friction values and restoring properties on a simple bridge are investigated under different earthquakes. These studies have focused on the planar behaviour of the DFB bearing. The effect of the vertical excitation is assumed to be small and is neglected. Besides, recent studies have indicated that the rotational component of earthquakes also affects the overall response of buildings [10]; however, this effect on the DFP bearing has not been investigated so far. Regarding this issue, Faramarz and Montazar [11] studied the effect of the vertical ground acceleration component on the horizontal response of structures isolated with DFP bearings. In which, a mathematical model of the DFP bearing is presented. The model, which represents the force-displacement relationship of the bearing with identical sliding surfaces under bi-directional excitations, is developed based on governing equations of the FP bearing undergoing the unidirectional excitation. The model is simplified by considering equal curvature radii and friction coefficients of the concave surfaces, and hence the sliding velocities on each surface are equal. Recently, Zhou et al. [12] presented a theoretical model of the DFP system under variable vertical loadings and unequal friction coefficients between two sliding surfaces. Both the studies assume a constant friction coefficient of the sliding surface, which is independent of the sliding velocity and the contact pressure. Recently, Bao and Becker [13] developed a three-dimensional DFP bearing model including uplift and impact behaviour; the model facilitates investigations of the extreme behaviour of FP bearing systems.



Experimental studies have also been conducted to investigate the effect of vertical excitation on the horizontal response of buildings. The earlier test was conducted by Fenz and Constantinou [14] for a 6-story building isolated with TP bearings; the authors concluded that the effect of the vertical excitation is minor. Ryan and Dao [15] presented a full-scale shake table experiment of a 5-story frame building isolated with TFP bearings. The finding of the study shows a significant influence of vertical excitation on the horizontal floor accelerations and floor spectra during the test.



Based on the above discussion, this paper focuses on the modelling of base-isolated high-rise buildings implemented with the DFP bearing system, which considers the effect of the vertical earthquake excitation. The aims of the paper are to (i) develop a mathematical model of base-isolated buildings with DFP bearing considering the vertical excitation of earthquakes; the model can accommodate different radii of the concave surfaces, as well as velocity- and surface pressure-dependent friction coefficients; (ii) apply the proposed model to a case study of high-rise steel buildings and investigate the effectiveness of the bearing concerning near-source and far-field earthquakes; and (iii) assess the effect of the vertical excitation on the horizontal response of the building.




2. Modelling of Base-Isolated Buildings with DFP Bearings


2.1. Bidirectional Behaviour


The bidirectional behaviour of the DFP bearing having the schematic and cross-section shown in Figure 1 can be obtained using a series model developed by Fenz and Constantinou [7], as shown in Figure 2. The model in each direction consists of two single friction bearing elements in series, where each element is of a mass    m  b i     ( i  = 1 for the bottom part and  i  = 2 for the top one), a spring with stiffness    k  b i    , a dashpot with damping coefficient    c  b i    , a rigid-plastic friction element with a friction coefficient    μ  i e     that represents the friction behaviour between the bearing surfaces and a gap that represents the displacement limit    d i   .



The spring stiffness is calculated based on the effective radius    R  e f f i     of the spherical surface that represents the linear restoring behaviour (i.e. restoring force),    k  b i   = W /  R  e f f i    , with    R  e f f i   =  R i  −  h i   , where  W  is the total weight acting on the bearing,    R i    is the radius of curvature  i , and    h i    is the height from the centre of the pendulum to the surface of curvature  i  (see Figure 1).



The friction coefficients    μ  i e     have magnitudes depending on the sliding velocity and surface pressure and are determined as


   μ  i e   =  μ  m a x   − (  μ  m a x   −  μ  m i n   )  e  − α  |     u i   ˙   |    ,  



(1)




where    μ  m a x     and    μ  m i n     are friction coefficients corresponding to maximum and minimum shear velocities,  α  is a constant depending on the surface pressure, and     u ˙  i  =       u ˙   i x  2  +   u ˙   i y  2      is the relative radial sliding velocity of element  i . In this friction model, the heat flux and temperature increase at each sliding surface are ignored. A more complex model that takes into account the instantaneous velocity and temperature effects on friction at each sliding surface can be found in the recent work of Sarlis and Constantinou [16]. However, this temperature effect is not very significant; the authors suggested that their complex model can be only used in some special cases.



The model of the superstructure is also presented in Figure 2, in which a multi-degree of freedom linear elastic model is assumed; this is reasonable since the purpose of implementing base isolation is to reduce the earthquake forces on the structure and limit the structural behaviour to an elastic range. As presented in Figure 2,    m i   ,    k i    and    c i    are the equivalent lumped mass, stiffness, and damping coefficient of floor  i  of the building, respectively.



The system of differential equations of motion in each direction includes    (  n + 2  )    equations ( n  is the number of floors of the building) can be obtained based on the D’Alembert’s principle, given as


  {       m  b 1    (     u ¨    b 1   +    u ¨   g   )  +  k  b 1    u  b 1   +  F  f 1   +  F  r 1   +  k  b 2    (   u  b 1   −  u  b 2    )  −  F  f 2   −  F  r 2   = 0        m  b 2    (     u ¨    b 2   +    u ¨   g   )  +  k  b 2    (   u  b 2   −  u  b 1    )  +  F  f 2   +  F  r 2   +  k 1   (   u  b 2   −  u 1   )  +  c 1   (    u ˙   b 2   −   u ˙  1   )  = 0        m 1   (     u ¨   1  +    u ¨   g   )  +  k 1   (   u 1  −  u  b 2    )  +  c 1   (    u ˙  1  −   u ˙   b 2    )  +  k 2   (   u 1  −  u 2   )  +  c 2   (    u ˙  1  −   u ˙  2   )  = 0 ,       ...        m n   (     u ¨   n  +    u ¨   g   )  +  k n   (   u n  −  u  n − 1    )  +  c n   (    u ˙  n  −   u ˙   n − 1    )  = 0       



(2)




where    u  b 1    ,    u  b 2     and their 1st derivatives are the displacements and velocities of the bottom and top bearing masses, respectively, and    u 1   , …,    u n    and their 1st, 2nd derivatives are the displacements, velocities, and accelerations of the floor masses. The friction force components on the concave surfaces are represented by the Bouc-Wen hysteretic model,


   {       F  f i x   =  μ  i e   W  Z  i x          F  f i y   =  μ  i e   W  Z  i y         ,  



(3)




where    Z i    is the hysteresis variables describing the variation of the friction coefficients that can be obtained from Equation (4), given as


    (        Z ˙   i x   Y         Z ˙   i y   Y      )  =  (      A   u ˙   i x         A   u ˙   i y        )  −  [       Z  i x  2   (  γ s i g n  (    u ˙   i x    Z  i x    )  + β  )         Z  i x    Z  i y    (  γ s i g n  (    u ˙   i x    Z  i x    )  + β  )               Z  i x    Z  i y    (  γ s i g n  (    u ˙   i y    Z  i y    )  + β  )         Z  i y  2   (  γ s i g n  (    u ˙   i y    Z  i y    )  + β  )       ]     (        u ˙   i x           u ˙   i y        )  ,   



(4)




where the constants in Equation (4) including  A ,  Y ,  β ,  γ , and  η  can be determined followed the work of Constantinou [6].



The impact force is also considered in the model; whose components are determined as


   {       F  r 1 x  ( y )    =  k  r 1 x  ( y )     (   |   u  b 1 x  ( y )     |  −  d 1   )  s i g n  (   u  b 1 x  ( y )     )  H  (   |   u  b 1 x  ( y )     |  −  d 1   )         F  r 2 x  ( y )    =  k  r 2 x  ( y )     (   |   u  b 2 x  ( y )    −  u  b 1 x  ( y )     |  −  d 2   )  s i g n (  u  b 2 x  ( y )          −  u  b 1 x  ( y )    ) H  (   |   u  b 2 x  ( y )    −  u  b 1 x  ( y )     |  −  d 2   )      ,    



(5)




where    k  r i     is the impact stiffness components,   s i g n   denotes the signum function and  H  is the Heaviside step function.




2.2. Considering the Vertical Excitation of Earthquakes


Equation (2) considers the acceleration of ground motion in the two horizontal directions X and Y. In order to include the effect of the vertical component, an additional mass caused by vertical action should be added. The corresponding weight V(t) varying over time is determined as


  V  ( t )  = W  (  1 +      u ¨    g z    g   )  ,  



(6)




where      u ¨    g z     is the vertical acceleration component of the ground motion; g is the acceleration of gravity, and W is the total weight above the bearing.



The stiffness of springs from the above series model is recalculated as


   {       k  b z 1   =   V  ( t )     R  e f f 1            k  b z 2   =   V  ( t )     R  e f f 2           .  



(7)







Similarly, Equation (3) is rewritten considering the effect of the vertical component of the ground motion,


   {       F  f z 1   =  μ 1  V  ( t )   Z 1         F  f z 2   =  μ 2  V  ( t )   Z 2        .  



(8)







As a result, a system of differential equations of motion of the structural system under the impact of the ground acceleration of earthquakes in 3 directions X, Y, and Z is obtained as


   {       m  b 1    (     u ¨    b 1   +    u ¨   g   )  +  k  b z 1    u  b 1   +  F  f z 1   +  F  r 1   +  k  b z 2    (   u  b 1   −  u  b 2    )  −  F  f z 2   −  F  r 2   = 0        m  b 2    (     u ¨    b 2   +    u ¨   g   )  +  k  b z 2    (   u  b 2   −  u  b 1    )  +  F  f z 2   +  F  r 2   +  k 1   (   u  b 2   −  u 1   )  +  c 1   (    u ˙   b 2   −   u ˙  1   )  = 0        m 1   (     u ¨   1  +    u ¨   g   )  +  k 1   (   u 1  −  u  b 2    )  +  c 1   (    u ˙  1  −   u ˙   b 2    )  +  k 2   (   u 1  −  u 2   )  +  c 2   (    u ˙  1  −   u ˙  2   )  = 0       ...        m n   (     u ¨   n  +    u ¨   g   )  +  k n   (   u n  −  u  n − 1    )  +  c n   (    u ˙  n  −   u ˙   n − 1    )  = 0        



(9)







The motion equations can be solved by the fourth-order Runge-Kutta numerical method using the ode15s solver in the MATLAB software [17].





3. Description of Case Study and Ground Motion Inputs


The seismic response of a 9-storey steel building with and without DFP bearings is investigated in this study. As mentioned before, a linear elastic model for the building can be assumed in this case since the aim of the isolation system is to limit the building behaviour in the elastic range. Moreover, the emphasis of the paper is on the behaviour of the bearing rather than the building. It has also been seen that the stiffness of the floors is considerably higher than the overall stiffness of the storey due to the columns. Thus, each floor diaphragm constituted by slabs and beams can be assumed to be a rigid diaphragm. As a result, a shear building model is presented, and the torsion effect is ignored in this study.



Figure 3 shows spring-mass models of the building with and without DFP bearings. In these models, the soil-structure interaction (SSI) effect is neglected. However, many studies have indicated that a system of the steel building-foundation should be taken into account, especially ones subjected to near-source earthquakes [18]. An input, the values of mass and stiffness of each floor are assumed to be the same, given as:    m i    = 0.0714     kNs  2  / mm   and    k i    = 100 kN/mm. These values are approximately selected according to the full-scale steel building model from the experimental test by Ryan et al. [15]. The damping ratio (ξ) is chosen as 2.5%, resulting in the fundamental period of the structure    T 1    = 1.016 s. Concerning the bearing characteristics, the following values are selected:




	−

	
effective radii    R  e f f 1     =    R  e f f 2     = 1968 mm,




	−

	
displacement limits    d 1    =    d 2    = 250 mm,




	−

	
friction coefficients    µ 1    = 0.02–0.06,    µ 2    = 0.06–0.1,   α = 0.02  ,




	−

	
and constants in Equation (4) are selected based on the work of Constantinou [6], i.e.,   A = 1  ,   Y = 0.25  ,   β = 0.1  ,   γ = 0.9  , and   η = 2  .









The input ground motions of the Northridge-01 event are obtained from the PEER NGA-West2 database [19]. These records are selected from two stations Rinaldi Receiving and LA-Obregon Park with epicentral distances of 6.5 and 37.36 km, respectively. The selection aims to distinguish two different cases of the ground motion characteristic, i.e., near-source and far-field. The site to fault distance for the near-source ground motion is commonly defined to be less than 10 km [20]. The detail of the selected ground motions is illustrated in Table 1, whereas their time history data of the two horizontal components is shown in Figure 4, along with 5%-damping elastic response spectra.




4. Analysis Results


The equations of motion of the fixed base and isolated base buildings are established based on the input parameters presented previously. The set of ordinary differential equations is solved by the fourth-order Runge-Kutta numerical method using the ode15s function in the MATLAB software. The numerical results in terms of time-history data of the absolute acceleration and shear force for the non-isolated and isolated cases of the building subjected to three components of the excitation are shown in Figure 5, Figure 6, Figure 7 and Figure 8. The peak responses of the two cases are summarized in Table 2, where the responses of the building considering only two horizontal components are also added for the comparison.



The results show the high effectiveness of the isolation system in the reduction of the seismic response of the building. For example, in most cases, a reduction of about 60% in terms of the roof acceleration is recorded when the DFP bearing system is implemented, and that figure for the 1st-floor shear force is about 80%.



The comparison of the peak responses when the isolated building is subjected to only two horizontal components (XY) and three components (XYZ) is also shown in Table 2. It can be seen that there is a considerable increase in terms of the acceleration and shear force when the vertical excitation is included in the model, resulting in the effectiveness of the bearing decreases. The increase of the seismic response compared with the bi-directional case is more significant in the case of near-source record; in detail, the difference of the percentage of reduction between the two cases is about 15% for the X-response of the acceleration and 24% for the Y-response. The comparative results demonstrate the necessity of considering the impact of the vertical excitation on the isolated building.



The hysteresis loops (i.e., the shear force-displacement relationship of the bearing) under bi- and tri-directional excitations of the two earthquakes are shown in Figure 9. In these figures, the shear forces are normalized to the vertical weight of the superstructure. This again exhibits the considerable effect of the vertical impact on the behaviour of the bearing subjected to the near-source earthquake Figure 9a,b. For the far-field record, the behaviours of the two cases are almost the same Figure 9a,b.



The seismic responses of each floor are also obtained from the analyses. Figure 10 and Figure 11 show the effect of the vertical component of excitation along the height of the building, as compared to the bi-directional and fixed cases. The effects are quantified in terms of the absolute acceleration and shear force of each floor. In the case of a near-source earthquake, a remarkable increase of the response is obtained from figures; this demonstrates the significant effect of the vertical excitation of the earthquakes on the total response of structures, especially high-rise buildings. The effect of tri-directional excitation when the isolated building subjected to the far-field earthquake is limited. A slight increase of the peak acceleration response is recognized in most of the floors, except the second to the fourth floor, the response considerably increases as compared with the bi-directional case Figure 10b. Similar observation can be found in the shear force response of each floor (Figure 11).



The movements of the slider on the sliding surfaces of the bearing during the earthquakes are also plotted in Figure 12. Since the impact force has been considered in the analytical model of the bearing, the sliders move on the concave surfaces within their displacement limits. The movement of the slider on each concave surface is different. For example, in Figure 12a concerning the near-source record, the slider reaches the maximum displacement and impacts the retainer ring of concave surface 1, while the movement of the slider on surface 2 is rather small.




5. Conclusions


A mathematical model of isolated buildings based on DFP bearings is presented in this paper. The bearings are simulated through a series model considering a velocity- and pressure-dependent friction model and the vertical component of ground motions. The analysis results are obtained for a 9-storey steel building subjected to near-source and far-field earthquakes. Comparative results between non-isolated and isolated cases of the building demonstrate the high effectiveness of the DFP bearings in the reduction of the seismic response of high-rise buildings. As a result, the seismic responses of the building are significantly reduced. In most cases, the roof acceleration decreases about 60% and the first-floor shear force decreases about 80% as compared to the fixed base condition.



The findings of the study also show the significant effect of the vertical component of the earthquake on the overall response of the building, especially in the case of the near-source earthquake. In detail, the response of the building considerably increases in the tri-directional case as compared with the bi-directional one. For example, the difference in the percentage of reduction between the two cases is about 15% for the X-response of the acceleration and 24% for the Y-response.
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Figure 1. Schematic of the double friction pendulum bearing and its cross-section. 
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Figure 2. Series model of the DFP bearing and multi-degree of freedom model of the superstructure. 
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Figure 3. Lumped mass model of the examined 9-storey steel building with and without DFP bearing (XZ plane). 
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Figure 4. Acceleration time history data and response spectra of the selected ground motions: (a) Rinaldi Receiving station and (b) LA-Obregon Park station. 
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Figure 5. Time history of roof absolute acceleration of the building subjected to Record 1: (a) X-response and (b) Y-response. 






Figure 5. Time history of roof absolute acceleration of the building subjected to Record 1: (a) X-response and (b) Y-response.



[image: Applsci 11 03809 g005]







[image: Applsci 11 03809 g006 550] 





Figure 6. Time history of roof absolute acceleration of the building subjected to Record 2: (a) X-response and (b) Y-response. 
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Figure 7. Time history of the 1st-floor shear force of the building subjected to Record 1: (a) X-response and (b) Y-response. 
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Figure 8. Time history of the 1st-floor shear force of the building subjected to Record 2: (a) X-response and (b) Y-response. 
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Figure 9. Hysteresis loops under bi- and tri-directional excitations: (a,b) X- and Y-response of the near-source earthquake and (c,d) X- and Y-response of the far-field earthquake. 
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Figure 10. Peak acceleration on each floor under bi- and tri-directional and fixed-base cases: (a) the near-source record and (b) the far-field record. 
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Figure 11. Peak shear force on each floor under bi- and tri-directional and fixed-base cases: (a) the near-source record and (b) the far-field record. 
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Figure 12. The movements of the pendulum on the sliding surfaces: (a) the near-source earthquake and (b) the far-field earthquake. 
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Table 1. The characteristics of the ground motions.






Table 1. The characteristics of the ground motions.





	
N.

	
Event

	
Station

	
     M W     

	
     R  r u p     ( km )    

	
Soil Type

	
PGA (g)




	
X

	
Y

	
Z






	
Record 1

	
Northridge-01 (1994)

	
Rinaldi Receiving

	
6.69

	
6.50

	
D

	
0.874

	
0.472

	
0.958




	
Record 2

	
Northridge-01 (1994)

	
LA-Obregon Park

	
6.69

	
37.36

	
D

	
0.568

	
0.514

	
0.217
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Table 2. Peak seismic response of the building.






Table 2. Peak seismic response of the building.





	
Ground Motion

	
Response

	
Non-Isolated

	
Isolated (XY)

	
Per. of Reduc. (%)

	
Isolated (XYZ)

	
Per. of Reduc. (%)






	
Record 1

(near-source)

	
Roof accel.-X (g)

	
4.285

	
1.038

	
76

	
1.690

	
61




	
Roof accel.-Y (g)

	
1.760

	
0.608

	
65

	
1.038

	
41




	
1st-floor shear-X (kN)

	
1.331 ×     10  4   

	
1.033 ×     10  3   

	
92

	
1.409 ×     10  3   

	
89




	
1st-floor shear-Y (kN)

	
5.988 ×     10  3   

	
9.332 ×     10  2   

	
84

	
1.197 ×     10  3   

	
80




	
Record 2 (far-field)

	
Roof accel.-X (g)

	
1.741

	
0.582

	
67

	
0.617

	
65




	
Roof accel.-Y (g)

	
1.890

	
0.610

	
68

	
0.623

	
67




	
1st-floor shear-X (kN)

	
4.546 ×     10  3   

	
6.017 ×     10  2   

	
87

	
6.788 ×     10  2   

	
85




	
1st-floor shear-Y (kN)

	
6.564 ×     10  3   

	
6.996 ×     10  2   

	
89

	
7.255 ×     10  2   

	
89
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