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Abstract
Repeated cyclic loading is well-known to have detrimental effects on inelastic response of structures. Distribution of structural energy and quantification of cumulative damage effects are very important components in performance-based seismic design approach. On the other hand, soil-foundation-structure interaction effects significantly influence inelastic response of structures through the soil contribution to modification of dynamic characteristics of the structure. Hence, this study focuses on energy distribution and cumulative damage effects in structures with embedded foundations considering collective effects of kinematic and inertial interactions. To achieve this goal, a soil-foundation-structure interaction system well suited for parametric study was considered: the soil surrounding the rigid foundation was modelled as a half-space, the embedded foundation was modelled using a stack of discrete disks and applying double cone model concept, and the structure was considered as a single-degree-of-freedom structure. The soil-foundation-structure interaction systems were defined according to key interaction dimensionless parameters and were then analysed subjected to 40 non-pulse far-fault ground motions. It is found that SFSI effects significantly alter total energy, viscous damping energy, and hysteretic damping energy of the structure. The results also show that considering only inertial interaction increases cumulative damage index of the structure while inclusion of kinematic interaction has a decreasing effect. Furthermore, practice-oriented correction factors to cumulative damage index of fixed-base structures are proposed to return cumulative damage index of soil-foundation-structure systems. This can find use in damage evaluation of existing structures with embedded foundation on soft soils.
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1. Introduction
1.1 Background 
It is well founded that strength and stiffness properties of structural components deteriorate under cyclic loading [1]. The current response state of the structure is influenced by its cumulative response effects of all past states; every excursion of the structural response history causes damage, and damage accumulates as the number of excursions increases. The damage severity depends on number of inelastic excursions, plastic deformation range, and load-deformation hysteresis type of structural elements [2]. Many models exist in the literature for quantification of structural damages (e.g. [3]-[5]). One of the cumulative damage quantification approaches is through energy terms in which normalized hysteretic energy is used as a relative cumulative damage index to modify structural ductility for a prescribed damage level [6]. 

On the other hand, soil-foundation-structure interaction (SFSI) effects can highly affect energy demands of the structure particularly hysteretic energy of the structure, and accordingly change cumulative damage indices. SFSI effects are divided into two different groups of kinematic interaction (KI) and inertial interaction (II) ([7]-[10]). The former is related to alteration of foundation input motion (FIM) and foundation dynamic stiffness (FDS) due to foundation embedment, and the latter is concerned with dynamic response of the SFSI system resulting from the inertial forces generated in the structure and the foundation. In contrast to surface foundations where only horizontal free field motions (FFMs) exist, the FIM of embedded foundations comprises two components: a horizontal translation (different from FFM) and a rotational rocking. The rocking component can have significant effects on inelastic demands of structures while it has been ignored in design documents ([1],[11]).        

1.2 Literature survey on SFSI effects
The II effects have been widely investigated for structures lying on surface foundations. The II usually causes an increase in natural period and damping level of SFSI systems compared to fixed-base structures ([12],[13]). The elastic responses of single-degree-of-freedom (SDOF) structures under II effects were investigated by many researchers ([14]-[17]), and inelastic responses of SDOF structures also received much attention considering only II effects ([18]-[22]). The seismic responses of multi-story structures were  comprehensively studied for surface foundations (e.g. II effects only) where the structure was modelled as linear and/or nonlinear multi-degree-of-freedom (MDOF) shear buildings ([23]-[28]). The higher-mode effects become even more important particularly for pulse-like ground motions, where the pulse effects can be more detrimental ([29]-[34]). The influence of II on the hysteretic energy dissipation of the structure was found to be significant ([35],[36]), and a few studies reported damage index of structures on surface foundations ([37],[38]) where Park and Ang damage ([39]) spectra were parametrically investigated only for a small number of earthquake ground motions.     

The influence of KI in embedded foundations was studied and formulated by many researchers in both time and frequency domains ([40]-[44]). The reduction in horizontal translation component of FIM and increase in rotational rocking component of FIM for deeper foundations were found by Locu et al. [42] and Bielak [21]. Overall, even though numerous studies have investigated KI and II effects separately, only a few studies have simultaneously considered both effects on structural seismic responses. The inelastic response of elastic-perfectly-plastic structures with embedded foundations was studied by Mahsuli and Ghannad [45]. They found that embedment effects significantly affect structural ductility ratio, and importance of rocking FIM was also reported for structures with highly embedded foundations. Recently, Bararnia et al. [46] studied inelastic displacement ratios of SFSI systems and reported that inelastic displacement ratios of structures on embedded foundations are highly different to those for structures with surface foundations; significant effects of rocking motion for highly embedded foundations were found too. Clearly then, the literature lacks a comprehensive parametric study on combined effects of II and KI on energy distribution and cumulative damage effects in structures, very beneficial for performance-based seismic design approaches. 

1.3 Contribution and novelty
The previous literature survey demonstrates that although II effects on structures have been much studied, only a few studies have focused on concurrent effects of II and KI and to the author’s knowledge, no study exists on the energy distribution and damage index of structures with embedded foundations. Therefore, this paper investigates simultaneous effects of II and KI on energy and cumulative damage in structures with embedded foundations under an ensemble of 40 non-pulse far-fault earthquakes. To this end, an SFSI system is adopted for an in-depth parametric analysis: the embedded foundation is modelled using a stack of separate disks and double cone model concept, and the structure is considered as SDOFs equivalent to multi-degree-of-freedom (MDOF) shear buildings. The SFSI systems are analysed and mean energy and damage spectra are determined and compared (Section 4.1 and Section 4.2). Correction factors are also proposed for inclusion of II and KI effects in damage calculation of structures (Section 4.3).
 2. SFSI system modelling and energy components 
In this section, the SFSI system is modelled through two stages: (1) KI during which the structure and foundation masses are taken zero, and FDS as well as FIM at the foundation base are determined. At this stage, FIM gives rigid-body displacements without any inertial forces across the structure (Section 2.1), and (2) II at which the SFSI system is formed using FDS from the KI stage, and then subjected to FIM (Section 2.2). The energy elements of the SFSI system is presented in Section 2.3. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2.1 KI modelling
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK43][bookmark: OLE_LINK25][bookmark: OLE_LINK26]A symmetric cylindrical rigid foundation with radius, ro, and embedment, e, subjected to vertically propagating seismic waves with velocity, c, is considered here (Figure 1). The foundation comprises a rigid base and rigid adjacent walls embedded in the soil. The surrounding soil is viewed as a half-space with mass density, ρ, and Poisson’s ratio, ν. Two degrees of freedom (DOFs), horizontal translation, uof, and rotational rocking, θof, are considered for the rigid foundation at point O. The control point—the point at which earthquake ground motions were recorded—is located on the virgin soil without any excavation, referred to as free field (see point C and blue dashed oval in Figure 1). To model the embedded foundation, the region of the free-field half-space is discretised to rigid massless disks separated by soil layers with thickness Δe ([47],[48],[49]). The free-field displacement vector for the disks is thus given by:

[bookmark: ZEqnNum474424]		


[bookmark: MTBlankEqn]in which ω is the excitation circular frequency;  is the rotational component of the disks and is a zero vector for horizontal earthquake ground motions;  is the horizontal translations of the disks (see Figure 1). 
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Figure 1. Soil-foundation modelling.

The FDS is then determined using the concept of double cone models and introducing an additional stack of mirror-image disks [50]:

[bookmark: ZEqnNum939664]		
which includes off-diagonal elements and shows coupled horizontal-rocking motion of embedded foundations, and FIM is:

[bookmark: ZEqnNum238815]		
where embedded foundation mass matrix, Mf, kinematic-constraint matrix, A, and the free-field dynamic flexibility matrix, Sf, are [49]:

[bookmark: ZEqnNum573324]		

[bookmark: ZEqnNum361591]		

[bookmark: ZEqnNum288192]		
in which matrices G(ω) are computed using Green’s functions for either horizontal translation or rocking rotation [50]. Table 1 summarizes static stiffness and cone apex values for horizontal translation and rotational rocking DOFs used in free-field dynamic flexibility matrix. ΔMr is the trapped mass moment of inertia for nearly incompressible or incompressible soils (1/3<ν≤1/2). Ao = πro2 and Io = πro2/4 are the area and moment area of the foundation base and cs is shear wave velocity in the soil.
 
Table 1. Cone model properties for both horizontal and rotational DOFs ([50]).
	DOF mode
	Horizontal translation
	Rotational rocking

	Aspect ratio (z0/ro)
	π(2-ν)/8
	9π(1-ν)(c/cs)2/32

	Poisson’s ratio (ν)
	all ν
	ν≤1/3
	1/3<ν≤1/5

	Wave velocity (c)
	cs
	cs[2(1-ν)/(1-2ν)]0.5
	2cs

	Trapped mass (ΔMr)
	0
	0
	1.2(ν-0.33) ρIoro

	Static stiffness (K)
	ρc2Ao/z0
	3ρ c2Io/z0



2.2 II modelling



[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK3][bookmark: OLE_LINK4]The SFSI system considered herein is shown in Figure 2a. The system is composed of an equivalent SDOF (ESDOF) structure (see Section 3.2 for further details) with fixed-base period, Teq, and viscous damping, ξeq, as well as an underlying rigid foundation supported by inclined spring and dashpots, Sog—which shows coupled horizontal-rocking components of soil dynamic stiffness for embedded foundations (see Section 2.1—equation (2)). The foundation is subjected to an FIM, , including horizontal and rocking acceleration components,  and , respectively (see Section 2.1—equation (3)). The equation of motion of the SFSI system in the time domain is written as:

[bookmark: ZEqnNum671866]		
in which, M is mass matrix of the SFSI system:

		
mf and If = mf ro2/4 are mass and mass moment of inertia of the foundation base; Ieq = meq ro2/4 is mass moment of inertia of the ESDOF structure; C is damping matrix of the SFSI system:

		
ceq = 2meqξeqωeq and heq are damping and height of the ESDOF structure with circular frequency, ωeq = 2π/Teq; K is stiffness matrix of the system:

		
keq= meqωeq2 is lateral stiffness of the ESDOF structure; T is quasi-static transformation vector, which gives kinematic displacements of the ESDOF structure if multiplied by the foundation kinematic displacements:

		
and I is a unity matrix; u is the displacement vector of the SFSI system:

		
which includes displacement of the ESDOF structure, uos = us + uof + heqθof, and displacement vector of the foundation at point O, uof:

		
Po denotes the interaction force induced at the foundation level [51]:

[bookmark: ZEqnNum256893]		
Kog +iωCog is the singular term of the FDS matrix, i.e. the limit of Sog(ω) (see equation ) when ω approaches infinity; So,rg(ω) is the regular dynamic stiffness matrix, given by [51]:

[bookmark: ZEqnNum208074]		
Note that foundation input motion and soil stiffness are determined from kinematic interaction analysis in the frequency domain, and are then transferred into time domain for time-domain inertial interaction analysis (see section 3.3 for further explanation). 
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Figure 2. SFSI system.

2.3 Energy components
[bookmark: OLE_LINK68]In this section, the cumulative damage index of the ESDOF structure is formulated through energy terms. An elastic-perfectly-plastic (EPP) hysteretic model behaviour is considered for the structure as shown in Figure 3. Fe and Fy are elastic and yield strengths of the structure. μ is the structural ductility, usmax/uy. 

[image: ]
Figure 3. Elastic-perfectly-plastic hysteretic model behaviour of the ESDOF structure and cumulative damage parameters.

The absolute energy equation comes from integrating the equation of motion for the ESDOF structure over relative displacement, us [51]:

[bookmark: ZEqnNum263679]		
where fs is the restoring force of the structure, and is kequs for the linear structure and Fy for the nonlinear structure; ust is the absolute (total) displacement of the ESDOF structure including structure, foundation, and earthquake ground displacements:

 		
Using equation , the absolute energy equation is then given by:

		
where Ei is the total absolute input energy imparted to the structure by the FIM:

  		
[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Ef is the energy dissipated by the foundation; Es is the energy dissipated by the structure: Es = Ed + Eh + Ek + Ers; Ed is the energy dissipated by the viscous damping of the structure:

  		
[bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK100][bookmark: OLE_LINK101]Eh is the hysteretic damping energy of the structure (see Figure 3—yellow hatched area for the jth hysteresis loop, Ejh):

  		
Ers is the recoverable strain energy of the structure (see Figure 3—blue hatched area for the jth hysteresis loop, Ejrs):

  		

and Ek is the absolute kinetic energy of the structure as absolute velocity, , is used for its calculation:

  		
The cumulative damage index is defined as [6]:

[bookmark: ZEqnNum605128]  		
where CDI is cumulative damage index; β is structural performance parameter; n is the number of excursions experiences during the earthquake; and Δupi is the plastic deformation of excursion i. For bilinear systems (β = 1), the hysteretic energy, Eh, and plastic deformations relationship is [6]:

[bookmark: ZEqnNum638858]  		
where Δupi is the ith excursion plastic range (see Figure 3). The error involved in equation  is in the order of 1% and for closed hysteresis loops is equal to zero [6]. Dividing both sides of equation  by Fyuy and combining with equation  give:

   		
[bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK81][bookmark: OLE_LINK82]which is also called normalized hysteretic energy. Equation (26) demonstrates that structures with higher level of hysteretic energy and lower yield capacity are prone to more damage. This work focuses on total energy of the structure, Es, hysteretic energy, Eh, viscous damping energy, Ed, and cumulative damage index, CDI. It should be also mentioned that the energy terms are calculated in the time domain discretely—integrations are replaced by summations.

3. Analysis of SFSI systems
[bookmark: OLE_LINK55][bookmark: OLE_LINK56] 3.1 Selected FFMs
In this study, a ground motion set from the Next Generation Attenuation (NGA) library (http://peer.berkeley.edu/nga) were used as FFMs to analyse SFSI systems. This non-pulse (broad band) ground motion set comprises 40 fault-normal component ground motions with moment magnitude (Mw) from 6.0 to 7.6 (Table 2). The elastic acceleration response, 95 percentiles, and median spectra of the ground motion set are shown in Figure 4. It should be noted that free field ground motions used in this study are modified under different foundation embedment effects through kinematic interaction analysis, and the ground motions at the foundation level are used in the inertial interaction analysis to determine energy and damage demands of the structure (see section 3.3 for further information).  
[image: \\ad.monash.edu\home\User059\eahmadi\Desktop\ThirdPaper\Analysis\Figure_4.emf]
Figure 4. Elastic acceleration response spectra of the non-pulse ground motion set.

Table 2. Non-pulse (broad-band) ground motion set (C.D. stands for closest distance).
	Label
	Earthquake Name
	Year
	Station
	Mw
	C. D.

	E1
	Mammoth Lakes-01
	1980
	Long Valley Dam (Upr L Abut)
	6.06
	15.46

	E2
	Chi-Chi, Taiwan
	1999
	CHY036
	7.62
	16.06

	E3
	Cape Mendocino
	1992
	Rio Dell Overpass - FF
	7.01
	14.33

	E4
	Imperial Valley-06
	1979
	Delta
	6.53
	22.03

	E5
	Kocaeli, Turkey
	1999
	Yarimca
	7.51
	4.83

	E6
	Imperial Valley-06
	1979
	Calipatria Fire Station
	6.53
	24.6

	E7
	Chi-Chi, Taiwan
	1999
	CHY034
	7.62
	14.82

	E8
	Chi-Chi, Taiwan
	1999
	NST
	7.62
	38.43

	E9
	Kocaeli, Turkey
	1999
	Duzce
	7.51
	15.37

	E10
	Trinidad
	1980
	Rio Dell Overpass, E Ground
	7.2
	-

	E11
	Spitak, Armenia
	1988
	Gukasia
	6.77
	-

	E12
	Loma Prieta
	1989
	Gilroy Array #4
	6.93
	14.34

	E13
	Chi-Chi, Taiwan
	1999
	TCU060
	7.62
	8.53

	E14
	Victoria, Mexico
	1980
	Chihuahua
	6.33
	18.96

	E15
	Loma Prieta
	1989
	Fremont - Emerson Court
	6.93
	39.85

	E16
	Chalfant Valley-02
	1986
	Zack Brothers Ranch
	6.19
	7.58

	E17
	Chi-Chi, Taiwan
	1999
	TCU118
	7.62
	26.84

	E18
	Denali, Alaska
	2002
	TAPS Pump Station #10
	7.9
	2.74

	E19
	Imperial Valley-06
	1979
	El Centro Array #4
	6.53
	7.05

	E20
	Big Bear-01
	1992
	San Bernardino - E & Hospitality
	6.46
	-

	E21
	Landers
	1992
	Yermo Fire Station
	7.28
	23.62

	E22
	Northridge-01
	1994
	Sylmar - Converter Sta
	6.69
	5.35

	E23
	San Fernando
	1971
	LA - Hollywood Stor FF
	6.61
	22.77

	E24
	N. Palm Springs
	1986
	Morongo Valley
	6.06
	12.07

	E25
	Loma Prieta
	1989
	Hollister - South & Pine
	6.93
	27.93

	E26
	Chi-Chi, Taiwan
	1999
	TCU055
	7.62
	6.36

	E27
	Chi-Chi, Taiwan
	1999
	CHY025
	7.62
	19.09

	E28
	Imperial Valley-06
	1979
	Brawley Airport
	6.53
	10.42

	E29
	Chi-Chi, Taiwan
	1999
	CHY088
	7.62
	37.48

	E30
	Duzce, Turkey
	1999
	Duzce
	7.14
	6.58

	E31
	Chi-Chi, Taiwan
	1999
	TCU061
	7.62
	17.19

	E32
	Loma Prieta
	1989
	Saratoga - Aloha Ave
	6.93
	8.5

	E33
	Imperial Valley-02
	1940
	El Centro Array #9
	6.95
	6.09

	E34
	Chi-Chi, Taiwan-03
	1999
	TCU123
	6.2
	31.79

	E35
	Northridge-01
	1994
	Jensen Filter Plant
	6.69
	5.43

	E36
	Chi-Chi, Taiwan-03
	1999
	CHY104
	6.2
	35.05

	E37
	Loma Prieta
	1989
	Salinas - John & Work
	6.93
	32.78

	E38
	Loma Prieta
	1989
	Coyote Lake Dam (Downst)
	6.93
	20.8

	E39
	Chi-Chi, Taiwan
	1999
	CHY008
	7.62
	40.44

	E40
	Chi-Chi, Taiwan-06
	1999
	TCU141
	6.3
	45.72



3.2 SFSI systems 

[bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88]The structure was modelled according to FEMA 440 [1] and ASCE/SEI7-10 [52] recommendations. An equivalent SDOF (ESDOF) structure to a reference N-story shear buildings was used to model the structure [1]. The first mode period of the fixed-base ESDOF structure are determined by, Teq = 0.1N [52]. The mass of the ESDOF structure, meq, is 

, where mi is the ith story mass and Γm is the first mode mass factor; this factor is taken as 1 for 1- and 2-story buildings, 0.9 for 3- or more story buildings, and 1 if the first mode period is higher than 1 s [53]. The height of the ESDOF structure, heq, is given by, where hi is the ith story height and Γh is the first mode height factor; this factor is taken as 1 for 1-story buildings and 0.7 for multi-story buildings [1]. The same mass, mi, and height, hi, are considered for all stories of the N-story building, and are taken 10 kN/m2 and 3.3 m respectively as for common practice structures. The viscous damping of the ESDOF structure, ξeq, is taken 5% [1]. 

The Poisson’s ratio and soil mass density values for different range of wave velocity, c, are summarized in Table 3. The soil nonlinearity effects are also incorporated into the SFSI model using a degraded shear wave velocity, compatible with the soil strain [54]. This is similar to FEMA 440 (2005) approach where the soil strain is related to the peak ground acceleration.

Table 3. Soil Poisson’s ratio and mass density used for different wave velocities.
	Wave velocity (m/s)
	 c<175
	175≤c<375
	375≤c<750
	750≤c<1500
	c≥1500

	ν
	0.45
	0.40
	0.30
	0.25
	0.20

	ρ (ton/m3)
	1.95
	2.35




To generalize the results of this study, different SFSI systems are defined using a number of dimensionless parameters, very suitable for an in-depth parametric study: (1) Structural non-dimensional frequency, a0, is defined as the structure-to-soil stiffness ratio, , and indicates the II intensity. The structural non-dimensional frequency parameter is taken as 0 (fixed-base structure or no II effects), 1, 2, and 3 (highly flexible base or dominant II effects),




(2) Structural aspect ratio, λs, is defined as the structure height-to-foundation radius ratio, . The aspect ratio parameter takes values of 2, 3, 4, and 5, (3) Foundation-to-structure mass ratio,  is chosen from 0.5 for 1-story building to 0.2 for 25-story building as for conventional buildings in engineering practice, and a linear trend is assumed for the buildings between 1 and 25 story, (4) The nonlinearity level of the structure is controlled by the lateral strength reduction factor, , in which Fe and Fy are elastic and yield base shear forces of the structure (see Figure 3); the strength reduction factor is 1.5, 2, 3, 4, and 5 to represent a wide range of structural nonlinearity, and (5) Foundation embedment ratio, λe, is defined as the foundation embedment-to-radius ratio,. This parameter shows the KI intensity and is taken as 0 (no KI effects), 0.5, 0.75, and 1 (dominant KI effects). 

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]3.3 Analysis programme
A MATLAB code was developed to perform interaction analysis of the SFSI systems. Figure 5 shows the programme used for a given set of structure and interaction parameters subjected to an FFM acceleration (part (a)):

[bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91] (1) KI analysis (see dashed blue box in Figure 5—part (b) to part (h)): the soil and embedded foundation properties are determined using given parameters (part (b)); the time-domain FFM acceleration (see Section 3.1), , is transformed from the time domain to the frequency domain using Discrete Fourier Transform (DFFT) (part (c)):

		
where L is the FFM signal length; Ujf is the acceleration signal magnitude at circular frequency ωr for the rth harmonic in the frequency domain; afterwards, the free-field displacement vector is formed using equations  (part (d)). For each foundation DOF, global Green matrix, G, is assembled using Green’s functions (part (e)), and accordingly the free-filed dynamic flexibility matrix is formed by inversing each global Green matrix (equation —part (e)). Mass matrix of the foundation, Mf, (equation ), and kinematic-constraint matrix, A (equation ), are then constructed (part (f)), and used to determine FDS (equation ) and FIM (equation ) for each frequency (part (g)). Time-domain FIM and FDS are then determined using Inverse Discrete Fourier Transform (IDFT) (part (h)):

		

		
(2) II analysis (see dashed red box in Figure 5-part (i) and part (j)): the time-domain FIM and FDS from the KI analysis are used along with the SFSI system (see Figure 2 and part (i) in Figure 5) to obtain seismic response of the ESDOF structures and accordingly energy components and CDI (part (j)). To this end, a Newmark-Beta scheme is used to solve equation of motion of the SFSI system (equation ). A recursive approach is also used to evaluate the convolution term in the interaction force-displacement relationship (equation ) in the time domain:

		
where the dynamic stiffness matrix, [Sr,o]n-p, shows the regular FDS (see equation ) at time step n caused by the unit displacement at time step p, and [Sr,o]0 is the instantaneous regular FDS. 
[image: ]
Figure 5. Seismic interaction analysis flowchart including kinematic interaction, KI, and inertial interaction, II.

4. Analysis of results
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK24][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK80]In this section, an example of FDS and FIM is presented. Then, the energy of the structure in terms of total energy, viscous damping energy, and hysteretic damping energy are considered in Section 4.1 for different SFSI systems. The cumulative damage index of the structure are reported in Section 4.2 using normalized hysteretic damping energy (see equation (26)). Finally, correction factors to the damage effects of fixed-base structures are proposed to determine damage effects in SFSI systems (see Section 4.3). 

The elements of the FDS matrix (see equation (2)) can be expressed as function of static stiffness of the foundation (i.e., K, stiffness at ω = 0) for horizontal translation component, Shh, rotational rocking component, Srr, and coupled horizontal-rocking component, Shr [55]:

		(38)
where a0f = ωro/c is the foundation dimensionless frequency. Figure 6 shows impedance functions of an exemplar foundation for different embedment ratios. As seen, embedded foundations have different stiffness and damping compared to surface foundations (λe = 0) for both horizontal and rocking components. Further, embedded foundations have additional coupled horizontal-rocking stiffness, khr, and damping, chr, which come from kinematic constraints of the embedded foundations. Figure 7 shows FFM and FIM accelerations for record E1. As it is clear, the foundation embedment reduces the FFM acceleration while produces a pronounced rocking motion at the foundation base. 


Figure 6. Impedance functions of the foundation embedded in the soil with ν = 0.4 and c = 200 m/s: (a) horizontal stiffness, (b) coupled horizontal-rocking stiffness, (c) rocking stiffness, (d) horizontal damping, (c) coupled horizontal-rocking damping, and (f) rocking damping.

[bookmark: OLE_LINK44][bookmark: OLE_LINK45]To investigate the influence of both II and KI on the energy distribution of the structure as well as on the cumulative damage index, the results are presented in the forms of energy ratios and damage index ratios. For II effects only (e.g. surface foundations—no embedment, λe = 0) on parameter X, SFSI system-to-fixed base structure ratio is used:         

		(39)
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]and, to see combined effects of II and KI (e.g. deep foundations—embedment ratio, λe ≠ 0), deep foundation -to-surface foundation SFSI ratio is employed:

		(40)
where X is Es, hysteretic energy, Eh, viscous damping energy, Ed, and cumulative damage index, CDI. 

[image: ]
Figure 7. (a) Horizontal free-field and foundation input accelerations, and (b) foundation input rotation for the foundation (λe = 1) embedded in the soil with ν = 0.4 and c = 200 m/s.

[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62]4.1 II and KI effects on energy terms 
Figure 8 shows total energy, viscous damping energy, and hysteretic damping energy spectra for some exemplar SFSI systems with various II levels using record E1. In Figures 8a-8c, the energy spectra are described according to the period of the fixed-base structures, Teq, while for Figures 8d-8f, period of the SFSI systems, Tsfsi, is used—note that Tsfsi is the period of the structure in the SFSI system and is determined performing an eigenvalue analysis of the SFSI system. As expected, all energy terms increase with increase of the period of the structure due to higher flexibility of long-period structures. For fixed-base period spectra, different II levels do not show any variation in the spectra whilst for SFSI period spectra, a discernible drop is seen for higher II levels. This result demonstrates that using SFSI period spectra provide informative and correct trend of SFSI systems, and thus SFSI period spectra are used hereafter for further analysis of the results.            


Figure 8. Energy spectra of some exemplar SFSI systems (e.g, λs = 3, λe = 0, and R = 4) for various non-dimensional frequencies and record E1: (a) total energy versus fixed-base period, (b) viscous damping energy versus fixed-base period, (c) hysteretic damping energy versus fixed-base period, (d) total energy versus SFSI period, (e) viscous damping energy versus SFSI period, and (f) hysteretic damping energy versus SFSI period.

To combine effects of all records, an average is taken across all records and a mean spectra is introduced hereafter. Figure 9 shows II effects on energy ratios for the same exemplar SFSI systems as in Figure 8. Almost all energy ratios are less than one which demonstrates decreasing effects of II on the energy ratios—this finding is seen in Figure 8 too. 


Figure 9. Mean energy ratio spectra of some exemplar SFSI systems (e.g, λs = 3, λe = 0, and R = 4) for various non-dimensional frequencies: (a) total energy ratio, (b) viscous damping energy ratio, and (c) hysteretic damping energy ratio.

II reduces total energy, viscous damping energy, and hysteretic damping energy of the structure compared to its fixed-base counterpart. From this perspective, II effects can be considered beneficial if incorporated into the analysis. Only for very stiff structures (i.e. Teq = 0.1 s) under very small II effect (i.e. a0 = 1), viscous damping energy of the fixed-base structure is slightly higher. From Figure 9, it is also found that there exists a threshold SFSI period before which an increase in a0 increases energy ratios while after that, the trend appears to be in the reverse direction. 

Figure 10 illustrates aspect ratio effects on the energy ratios of some exemplar SFSI systems considering II effects only. The results clearly show that the more slender the structure, the lower the energy dissipation. It means that for squat structures, II effects are more pronounced and result in more energy dissipation of the structure. Interestingly for squat structures (i.e. λs = 2 herein), the energy dissipation in the structure is far higher than its fixed-base counterpart and the viscous damping energy ratio reaches up to around two. Considering Figures 9 and 10, II effects on the viscous damping energy are higher than on the hysteretic damping energy.


Figure 10. Mean energy ratio spectra of some exemplar SFSI systems (e.g. a0 = 2, and R = 4) for various aspect ratios: (a) total energy ratio, (b) viscous damping energy ratio, and (c) hysteretic damping energy ratio.

Figure 11 shows the combined effects of KI and II on energy ratios for some exemplar SFSI systems (e.g. a0 = 2, λs = 3, and R = 4) with different embedment ratios. Interestingly, the energy ratios have a parabolic trend. As seen, combination effects of KI and II have a decreasing effect on the total energy of the structure as almost all energy ratios are smaller than one. Particularly, an increase in the embedment ratio from 0.25 to 0.5 leads to a noticeable reduction in the total energy ratio, while for embedment ratios from 0.5 to 1.0, the variation in the total energy ratio is very insignificant. The reason could lie in the fact that rotational rocking component of FIM becomes considerable and compensates the reduction in the horizontal component of the FIM, and consequently, the total energy ratio of the structure remains unchanged. 


Figure 11. Mean energy ratio spectra of some exemplar SFSI systems (e.g. a0 = 2, λs = 3, and R = 4) for various embedment ratios: (a) total energy ratio, (b) viscous damping energy ratio, and (c) hysteretic damping energy ratio.

In contrast to the total energy of the structure, viscous damping energy ratios monolithically reduce with an increase in the embedment ratio. Interestingly, the combined effects of KI and II have an increasing influence on the viscous damping energy ratio for small embedment ratios i.e. λe = 0.25. The effects are reverse on the hysteresis damping energy ratios where increasing embedment ratio gives an increase in the energy ratios. However, for very long-period structures, the trend is reversed. 

[bookmark: OLE_LINK63][bookmark: OLE_LINK64]4.2 II and KI effects on CDI 
Figure 12 shows cumulative damage index spectra of some exemplary SFSI systems for various II interaction levels and record E1—again, spectra are plotted for both fixed-base period, Teq, and SFSI period, Tsfsi. The II effects induce a higher cumulative damage index in structures, particularly for short-period structures. Comparing fixed-base period spectra with SFSI period spectra, again demonstrates that SFSI period spectra are better representatives of the data as maximums and minimums of the spectra occurs in similar Tsfsi.    

[image: D:\New_Research-2018\New_Research-2018\ThirdPaper\Analysis\Final Results\Figure_7.emf]
Figure 12. Cumulative damage index spectra of some exemplar SFSI systems (e.g, λs = 3, λe = 0, and R = 4) for various non-dimensional frequencies and record E1: (a) cumulative damage index versus fixed-base period, and (b) cumulative damage index versus SFSI period.

Figure 13 shows the II effect only on CDI ratios for the exemplar SFSI systems. The CDI ratios are significantly larger than one—the II effect has a very significant increasing effect on the CDI. The increasing effect of II on damage index was also reported in [37]. This reveals detrimental aspect of SFSI, and if it is not included in the damage analysis of structures, damage effects will be underestimated. As seen in Figure 13, the CDI ratios considerably increase as the non-dimensional frequency increases (compare Figures 13a, 13b, and 13c). This increasing effect is the smallest for short-period structures, and becomes larger for long-period structures under lower II effects. However, as the II level increases, the increasing effects reduce to some extent. 
	

Figure 13. Mean CDI ratio spectra of some exemplar SFSI systems (e.g. R = 4) for various aspect ratios: (a) a0 = 1, (b) a0 = 2, and (c) a0 = 3. 

Interestingly, there exists a threshold period again before which an increase in the aspect ratio reduces the CDI ratio while after that, a reversed trend is observed. This threshold period shifts toward the longer periods as the non-dimensional frequency increases. Similar threshold period was reported in [19] where inelastic displacement ratios of soil-structure systems were investigated. 

Figure 14 shows collective effects of KI and II on CDI ratios. The concurrent KI and II have decreasing effect on CDI values—beneficial effect of KI on damage analysis of the structures—and this effect is higher for long-period structures. The reason lies in the attenuation of FIM due to the foundation embedment. The embedment effects are very small at low non-dimensional frequencies, and as the II increases—the soil becomes softer—the embedment ratio comes to play a role. At this state, increasing embedment ratio from 0.25 to 0.5 reduces the CDI ratios particularly for long-period structures. However, the CDI ratios are very similar for embedment ratios of 0.5 and 0.75, and the trend becomes reverse for embedment ratio of 1. This again seems to be effects of rocking component of FIM on high-rise structures (e.g. long-period structures).    

Figure 14. Mean CDI ratio spectra of some exemplar SFSI systems (e.g. λs = 3, R = 4) for various embedment ratios: (a) a0 = 1, (b) a0 = 2, and (c) a0 = 3. 

4.3 Correction factors to CDI for inclusion of SFSI 
In this section, a correction factor, α, to cumulative damage index of fixed-base structures is defined to return cumulative damage index of SFSI systems: 

		(41)
where CDIfbs is cumulative damage index of the fixed-base structure, and,

		(42)
αII and αKI impose inertial and kinematic effects into the correction factor (see Section 4.1 and Section 4.2, equations (39) and (40)). A parabolic model is taken for αII and a decaying model is chosen for αKI (see Section 4.1 and Section 4.2):

 		(43)
and,

		(44)
where A, B, C, D, and E depend on interacting system parameters. Coefficients A, B, C, D, and E are determined for mean spectra of each SFSI system using nonlinear regression analysis. The results are summarized in Tables 4-8 shown in Appendix. For SFSI systems with parameters not studied here, a linear interpolation can be used to determine the correction factor.

The performance of the proposed correction factors was also evaluated using coefficient of determination, denoted by R squared:      

		(45)


where  and  are values of actual and estimated correction factors at the ith SFSI period, Tsfsii. The R2-values fall within range of 0.91 to 0.97 which demonstrates high reliability of equation (42) in estimation of correction factors.  

5. Conclusions
In this study, energy distribution and cumulative damage index of structures with embedded foundations were investigated considering both inertial and kinematic interactions. To reach this aim, the embedded foundation was modelled using a stack of separated disks and double cone model concepts. The structure was considered as an equivalent single-degree-of-freedom structure with a wide range of periods. A comprehensive interaction analysis was conducted under an ensemble of 40 far-fault ground motions, and mean energy and damage spectra were constructed. It was shown that both kinematic and inertial interactions significantly affect mean energy and damage spectra.

[bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96]It was found that II effects reduce total energy, viscose damping energy, and hysteretic damping energy of the structure. Importantly, a threshold was found before which II has an increasing effect on energy amounts, and this trend becomes reverse after this period. Structures with higher aspect ratios were seen to have lower energy levels. KI effects were also observed to have decreasing effects on energy demands. Higher embedment ratios caused lower total energy and viscous damping energy, and higher hysteretic energy. However, lower hysteretic energy was found for long-period structures with higher embedment ratio. 

Cumulative damage index of structures increases under II effects, and higher aspect ratio of the structure decreases the damage index before a threshold period, and the trend becomes reverse after the threshold period. KI has a decreasing effect on the damage index, and higher embedment ratio might decrease or increase the damage index depending on the significance of the rocking input motion.
 
[bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK99]To make results beneficial for professional engineering, practice-oriented correction factors to cumulative damage index of fixed-base structures were also proposed. These factors could be used to obtain cumulative damage index of an SFSI system for performance-based design purposes.
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Appendix
Table 4. Coefficients A, B, and C to be used in equation (30) for calculation of correction factors for inclusion of II effects, λe = 0.
	A
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	1.20
	0.89
	0.72
	0.68
	2.19
	0.13
	-0.81
	-1.06
	8.19
	1.32
	-1.76
	-3.26

	
	
	2
	1.22
	0.94
	0.80
	0.77
	2.38
	0.79
	-0.05
	-0.44
	7.42
	2.06
	-0.30
	-1.32

	
	
	3
	1.20
	0.96
	0.82
	0.80
	2.26
	0.88
	0.12
	-0.27
	6.13
	1.71
	-0.08
	-0.89

	
	
	4
	1.16
	0.95
	0.82
	0.80
	2.08
	0.82
	0.08
	-0.31
	5.37
	1.38
	-0.27
	-0.92

	
	
	5
	1.14
	0.94
	0.83
	0.80
	1.98
	0.74
	0.04
	-0.35
	4.88
	1.13
	-0.34
	-1.02

	B
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.49
	0.70
	0.77
	0.71
	5.06
	5.23
	5.26
	4.87
	5.64
	8.96
	9.88
	9.94

	
	
	2
	0.31
	0.58
	0.66
	0.61
	2.96
	3.46
	3.87
	3.89
	3.21
	5.98
	6.95
	7.11

	
	
	3
	0.28
	0.53
	0.64
	0.61
	2.09
	2.82
	3.34
	3.49
	2.51
	4.93
	5.76
	5.98

	
	
	4
	0.30
	0.52
	0.63
	0.61
	1.98
	2.68
	3.20
	3.41
	2.55
	4.70
	5.50
	5.63

	
	
	5
	0.31
	0.53
	0.62
	0.63
	1.94
	2.67
	3.14
	3.38
	2.74
	4.68
	5.31
	5.50

	C
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	-0.04
	-0.07
	-0.08
	-0.07
	-1.13
	-0.88
	-0.75
	-0.56
	-1.26
	-1.43
	-1.32
	-1.16

	
	
	2
	-0.03
	-0.07
	-0.08
	-0.06
	-0.69
	-0.61
	-0.59
	-0.51
	-0.81
	-0.99
	-0.96
	-0.87

	
	
	3
	-0.04
	-0.08
	-0.10
	-0.08
	-0.52
	-0.54
	-0.56
	-0.51
	-0.65
	-0.83
	-0.83
	-0.77

	
	
	4
	-0.05
	-0.09
	-0.10
	-0.09
	-0.50
	-0.53
	-0.56
	-0.53
	-0.65
	-0.80
	-0.81
	-0.74

	
	
	5
	-0.06
	-0.10
	-0.10
	-0.09
	-0.50
	-0.54
	-0.56
	-0.53
	-0.67
	-0.80
	-0.79
	-0.73


  


Table 5. Coefficients D and E to be used in equation (31) for calculation of correction factors for inclusion of KI effects, λe = 0.25.
	D
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.53
	0.48
	0.45
	0.44
	0.21
	0.24
	0.27
	0.28
	0.23
	0.22
	0.22
	0.25

	
	
	2
	0.61
	0.55
	0.51
	0.48
	0.25
	0.27
	0.28
	0.28
	0.23
	0.22
	0.23
	0.24

	
	
	3
	0.67
	0.61
	0.58
	0.54
	0.32
	0.31
	0.30
	0.29
	0.25
	0.24
	0.24
	0.24

	
	
	4
	0.70
	0.64
	0.61
	0.57
	0.36
	0.32
	0.31
	0.29
	0.26
	0.26
	0.25
	0.24

	
	
	5
	0.71
	0.66
	0.63
	0.59
	0.38
	0.35
	0.32
	0.30
	0.27
	0.27
	0.26
	0.24

	E
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.44
	0.57
	0.65
	0.70
	0.71
	0.83
	0.86
	0.88
	0.36
	0.87
	1.06
	1.07

	
	
	2
	0.35
	0.48
	0.56
	0.62
	0.56
	0.72
	0.78
	0.82
	0.31
	0.83
	0.99
	1.01

	
	
	3
	0.29
	0.39
	0.46
	0.52
	0.44
	0.62
	0.72
	0.78
	0.24
	0.76
	0.92
	0.97

	
	
	4
	0.27
	0.35
	0.41
	0.46
	0.40
	0.56
	0.68
	0.76
	0.24
	0.71
	0.88
	0.94

	
	
	5
	0.26
	0.33
	0.38
	0.43
	0.38
	0.56
	0.67
	0.75
	0.26
	0.69
	0.86
	0.92











Table 6. Coefficients D and E to be used in equation (31) for calculation of correction factors for inclusion of KI effects, λe = 0.50.
	D
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.51
	0.47
	0.45
	0.43
	0.14
	0.17
	0.20
	0.23
	0.14
	0.12
	0.15
	0.17

	
	
	2
	0.59
	0.53
	0.52
	0.49
	0.20
	0.21
	0.23
	0.24
	0.16
	0.13
	0.17
	0.18

	
	
	3
	0.63
	0.59
	0.57
	0.55
	0.28
	0.26
	0.26
	0.25
	0.20
	0.17
	0.19
	0.19

	
	
	4
	0.65
	0.61
	0.60
	0.58
	0.32
	0.27
	0.27
	0.26
	0.22
	0.20
	0.20
	0.19

	
	
	5
	0.66
	0.62
	0.61
	0.59
	0.34
	0.30
	0.28
	0.27
	0.24
	0.21
	0.21
	0.20

	E
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.36
	0.46
	0.66
	0.70
	0.83
	0.93
	0.94
	0.93
	0.75
	1.12
	1.17
	1.13

	
	
	2
	0.30
	0.38
	0.56
	0.60
	0.66
	0.80
	0.84
	0.86
	0.68
	1.03
	1.08
	1.06

	
	
	3
	0.26
	0.33
	0.47
	0.49
	0.52
	0.69
	0.75
	0.80
	0.60
	0.89
	0.98
	1.01

	
	
	4
	0.24
	0.29
	0.43
	0.45
	0.49
	0.63
	0.72
	0.78
	0.58
	0.84
	0.93
	0.97

	
	
	5
	0.24
	0.29
	0.40
	0.43
	0.47
	0.63
	0.71
	0.77
	0.56
	0.82
	0.91
	0.95











Table 7. Coefficients D and E to be used in equation (31) for calculation of correction factors for inclusion of KI effects, λe = 0.75.
	D
	a0
	1
	2
	3

	
	λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.54
	0.50
	0.48
	0.44
	0.18
	0.16
	0.18
	0.19
	0.23
	0.12
	0.13
	0.14

	
	
	2
	0.59
	0.56
	0.54
	0.52
	0.25
	0.21
	0.21
	0.21
	0.26
	0.15
	0.14
	0.15

	
	
	3
	0.63
	0.60
	0.59
	0.57
	0.32
	0.26
	0.24
	0.23
	0.31
	0.18
	0.16
	0.16

	
	
	4
	0.64
	0.62
	0.61
	0.59
	0.35
	0.27
	0.26
	0.25
	0.34
	0.21
	0.18
	0.17

	
	
	5
	0.64
	0.63
	0.61
	0.60
	0.36
	0.30
	0.28
	0.26
	0.36
	0.22
	0.19
	0.17

	E
	a0
	1
	2
	3

	
	λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.32
	0.54
	0.46
	0.49
	0.64
	0.84
	0.89
	0.95
	0.41
	1.02
	1.10
	1.10

	
	
	2
	0.28
	0.46
	0.38
	0.40
	0.52
	0.73
	0.80
	0.87
	0.42
	0.92
	1.02
	1.02

	
	
	3
	0.26
	0.40
	0.33
	0.34
	0.45
	0.64
	0.73
	0.79
	0.42
	0.81
	0.94
	0.98

	
	
	4
	0.25
	0.37
	0.31
	0.31
	0.44
	0.60
	0.69
	0.75
	0.44
	0.76
	0.90
	0.94

	
	
	5
	0.26
	0.36
	0.29
	0.30
	0.45
	0.60
	0.67
	0.74
	0.46
	0.75
	0.88
	0.92




















Table 8. Coefficients D and E to be used in equation (31) for calculation of correction factors for inclusion of KI effects, λe = 1.00.
	D
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.57
	0.54
	0.52
	0.50
	0.24
	0.18
	0.18
	0.18
	0.29
	0.12
	0.11
	0.11

	
	
	2
	0.62
	0.59
	0.58
	0.56
	0.31
	0.24
	0.21
	0.20
	0.33
	0.16
	0.13
	0.13

	
	
	3
	0.64
	0.62
	0.62
	0.60
	0.38
	0.28
	0.25
	0.23
	0.42
	0.21
	0.16
	0.14

	
	
	4
	0.64
	0.63
	0.63
	0.62
	0.40
	0.30
	0.28
	0.25
	0.45
	0.23
	0.17
	0.15

	
	
	5
	0.64
	0.64
	0.64
	0.63
	0.41
	0.32
	0.29
	0.27
	0.47
	0.24
	0.19
	0.16

	E
	a0
	1
	2
	3

	
	 λs
	2
	3
	4
	5
	2
	3
	4
	5
	2
	3
	4
	5

	
	R
	1.5
	0.27
	0.36
	0.40
	0.42
	0.45
	0.75
	0.82
	0.89
	0.20
	0.98
	1.10
	1.12

	
	
	2
	0.25
	0.31
	0.33
	0.34
	0.38
	0.62
	0.73
	0.82
	0.27
	0.82
	0.97
	1.02

	
	
	3
	0.25
	0.27
	0.29
	0.30
	0.37
	0.55
	0.66
	0.74
	0.37
	0.71
	0.88
	0.94

	
	
	4
	0.25
	0.26
	0.27
	0.27
	0.40
	0.52
	0.62
	0.70
	0.41
	0.67
	0.83
	0.90

	
	
	5
	0.26
	0.26
	0.26
	0.26
	0.42
	0.53
	0.60
	0.68
	0.46
	0.67
	0.81
	0.87
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