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Abstract. In spite of the fact that avant-garde sliding bearings have been proposed, the ap-
plication of the single friction pendulum (FP) bearing is increasing due to its conceptual sim-
plicity; yet there are still important aspects of its behaviour that need further attention. More
specifically, the FP system presents spatial variation of friction coefficient, depending on the
sliding velocity of the FP bearings. Moreover, the frictional force and restoring stiffness dur-
ing the sliding phase are proportional to the axial load. Long duration intense velocity pulses
in the horizontal direction and high values of the ratio between vertical and horizontal peak
ground acceleration are expected for near-fault earthquakes. Torsion with residual displace-
ment and uplift of the FP system need to be better understood for base-isolated structures lo-
cated in near-fault areas. To this end, a numerical investigation is carried out with reference
to a six-storey reinforced concrete (r.c.) framed building, characterized by an L-shaped plan
with wings of different length and setbacks at different heights along the main in-plan direc-
tions. Twelve base-isolated test structures are designed in line with the Italian seismic code,
considering (besides the gravity loads) the horizontal seismic loads acting alone or in combi-
nation with the vertical ones. Three design values of the radius of curvature for the FP system
and two in-plan distributions of dynamic-fast friction coefficient for the FP bearings, ranging
from a constant value for all isolators to a different value for each, are assumed. A nonlinear
force-displacement law of the FP bearings in the horizontal direction, depending on sliding
velocity and axial load, is considered, while a gap model takes into account the vertical uplift
of the FP bearings. The nonlinear seismic analysis is performed on two sets of seven near-
fault earthquakes, both sets with significant horizontal or vertical components selected and
normalized on the basis of the design hypotheses adopted for the test structure.
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1 INTRODUCTION

The friction pendulum (FP) system is one of the most in-demand techniques for the seismic
isolation of buildings [1], where the geometry and gravity allow a minimization of torsion and
a self-centring of the base-isolation FP system for a wide range of frequency inputs [2]. How-
ever, the (low) constant isolation frequency, proportional to the curvature of the sliding sur-
face, may induce resonance of base-isolated structures if it is close to the predominant
vibration period of near-fault ground motions [3]. Specifically, fling-step and forward-
directivity in near-fault areas can produce long duration pulses of intense velocity in the hori-
zontal direction [4, 5], amplifying the displacement and inducing torsional and re-centring
problems [6, 7]. On the other hand, since the response of the FP system during the sliding
phase is strongly influenced by the axial load, amplification of torsional demand and residual
displacement and uplift of the FP bearings may also be induced by the high frequency vertical
component of near-fault earthquakes [8-10]. This vertical motion is characterized by peak
ground acceleration higher than the horizontal one and closer in time for decreasing values of
distance from the fault [11, 12].

In order to verify the occurrence of torsion with residual displacement and uplift of the FP
system for base-isolation of structures located in near-fault areas, this study aims to investi-
gate the following two effects in FP bearings: friction variability, as a function sliding veloci-
ty; friction force and restoring stiffness during the sliding phase, proportional to the axial load
variation. To this end, a six-storey reinforced concrete (r.c.) framed building, characterized by
an L-shaped plan with wings of different length and setbacks at different heights along the in-
plan X (i.e. one setback, at the third-storey) and Y (i.e. two setbacks, at the second- and
fourth-storey) principal directions is considered. In detail, twelve base-isolated structures are
designed in line with the Italian seismic code (NTCO08, [13]), with the horizontal seismic loads
acting alone or in combination with the vertical ones. Furthermore, two in-plan distributions
of low-type friction properties, ranging from a constant value for all isolators to a different
value for each, are designed for three low-to-medium design values of the radius of curvature
of the FP bearings. Two sets of seven near-fault earthquakes, each with significant compo-
nents in the horizontal or vertical direction, are selected from the Pacific Earthquake Engi-
neering Research center database (PEER, [14]) and normalized with the design hypotheses
adopted for the test structure (i.e. medium-risk seismic region and stiff site).

2 LAYOUT AND DESIGN OF THE BASE-ISOLATED BUILDINGS

A six-storey r.c. office building base-isolated with the FP system, characterized by an L-
shaped plan with wings of different length (Figure 1a) and setbacks at different heights (Fig-
ure 1b), is considered as test structure. It is designed in line with NTCO08 [13] and besides the
gravity loads, the horizontal seismic loads are assumed to act alone or in combination with the
vertical ones. The following design assumptions are considered: elastic response of the super-
structure (i.e. behaviour factor for the horizontal seismic loads, gu=1; behaviour factor for the
vertical seismic loads, qv=1); stiff site (i.e. subsoil class B); medium-risk seismic region (i.e.
peak ground accelerations: PGAH, s=0.16gx1.2=0.19g and PGAv,s= 0.08g, at the life-safety
limit state for the superstructure; PGAH,cp=0.21gx1.2=0.25g and PGAv,cp=0.13g, at the col-
lapse prevention limit state for the base-isolation system). The gravity loads used in the de-
sign are represented by a dead load of 6.7 kN/m? and a live load of 2.0 kN/m?, on all floors,
and a perimeter masonry-infills of 2.7 kN/m?, on the first five floors. A cylindrical compres-
sive strength of 25 N/mm? for the concrete and a yield strength of 450 N/mm? for the steel are
assumed for the r.c. frame members, whose cross sections are reported in Tables 1 and 2.

5713



F. Mazza and S. Sisinno

27 Y 23 24
o 5 = Z Z
ly i‘? y llx ly
5‘0_12» 17]| 18 33
‘ 4X} 4x 33
2% W 8 |
; 4x | 4xl 3'3[
/ 3y Y [
5'0773 | L 12 21 &
50| 1y i(ly :\(2) \Efzy 2\1_\' 3‘3;
5 ol 71 8l 20 '
| 2x T 2x i 2x ‘ 2x 4'Ok
500 Iy) =2y <=2 —2| —1y X om em ok ok kX h m Wk ok ok
R B RN 50 50 50 50 50 50 @ 50 ‘
5.0 5.0 5.0 5.0
(a) Plan. (b) Elevations.
Figure 1: Base-isolated test structure (units in m).
Floor level
Beam 1 2 3 4 5 6
1x 30x60 30x60 30x60 30x60 30x60  30x60
2X 50x21  50x21 50x21 50x21 50x21  50x21
3x 30x55 30x55 30x55 30x55 30x55  30x55
4x 40x65  40x65  40x65  40x65 - -
ly 30x60 30x60 30x60 30x60 30x60  30x60
2y 40x65  40x65  40x65  40x65  40x65  40x65
3y 50x21  50x21 50x21 50x21 50x21  50x21
Table 1: Cross-sections of r.c. beams (units in cm).
Storey
Column 1 2 3 4 5 6
1 40x60 35x55  30x50 30x45  30x40  30x35
2 60x40 50x35 50x30 40x30 30x30  30x30
3 60x40 50x35 50x30 40x30 30x30  30x30
4 40x60 35x55  30x50 30x45  30x40  30x35
5 40x60 35x50 35x40 30x40 30x30 30x30
6 70x70 65x65 60x60 50x50  40x40  30x30
7 70x70 65x65 60x60 50x50  40x40  30x30
8 60x60 55x55  50x50  45x40 40x30  35x30
9 40x60 35x50 30x50 30x40 30x30 30x30
10 70x70 65x65 60x60 50x50  40x40  30x30
11 55x70  50x65  45x60  40x50 35x40  30x30
12 40x60 35x55  30x50 30x45 30x40 30x35
13 40x50 35x50 30x40 30x35 30x30 30x30
14 65x65 60x60 50x50  45x45  35x40  30x35
15 40x50 35x45 30x40 30x35 30x30 30x30
16 30x40 30x35 30x30  30x30 - -
17 50x50 45x45  35x40  30x35 - -
18 30x40 30x35 30x30 30x30 - -
19 30x30 30x30 30x30 - - -
20 30x40 30x35  30x30 - - -
21 30x30 30x30  30x30 - - -
22 30x30  30x30 - - - -
23 35x30  30x30 - - - -
24 30x30  30x30 - - - -

Table 2: Cross-sections of r.c. columns (units in cm).
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The FP system is designed at the CP limit state, requiring the fulfilment of the provisions
imposed by NTCO8: i.e. maximum compression axial load of the FP bearing less than its ca-
pacity; maximum horizontal displacements less than the spectral value; absence of tensile axi-
al loads at the level of the FP system.

Three values of the effective fundamental vibration period of the isolation system

T, =2rn _r 1)
g l+ Hiast
R uyg4
are considered (i.e.=2s, 2.5s and 3s), corresponding to the effective stiffness
1 Hiast
Ke=Ng| =+ 2
e Sd (R uH‘d J ( )
and a value equal to 20% for the effective equivalent viscous damping
2 1
T 3)
1+ Hd
:ufastR

The nonlinear system based on Equations (1) and (3) returns the values of the radius of
curvature (R) and dynamic-fast friction coefficient (u#st) of the FP bearings, which
correspond to the spectral displacement (un,¢). Then, the maximum axial load capacity of the
FP bearings (Neq) is evaluated by Equations (4a) and (4b), as function of the assigned value of
the quasi-permanent gravity loads (Nsq) transmitted from the superstructure [15]

Htast (%) =17, [%j <01 (4a)
Ed
N -0.834 N
Lot (%) = 2.5(iJ , EﬂJ >0.1 (4b)
NEd NEd

Moreover, two in-plan distributions of Neqg are assumed for the FP bearings: case A in Fig-
ure 2a, with fifteen types of FP bearings (i.e. s#ast equal for all isolators); case B in Figure 2b,
with only three types of FP bearings (i.e. z4ast different for each isolator), which are selected
with reference to the maximum value of Neq from those of the isolators corresponding to three
ranges of /=Nsg/Nsgmax (i.e. £<0.4; 0.4<4<0.7; £>0.7). It is worth noting that the final values
of #ast take into account the fact that the FP bearings need the fulfilment of the CP limit state
imposed by NTCO8. For all the examined cases, design parameters of the FP systems are re-
ported in Tables 3 and 4 where horizontal seismic loads act alone (i.e. H) or in combination
with the vertical ones (i.e. HV), respectively.

Bl.AH1 BI.LAH2 BI.AH3 Bl.BH1 Bl.BH2 Bl.BH3

Tar (5) 1.95 2.33 2.62 1.97 2.33 2.61
& (%) 22.0 25.8 30.2 21.0 25.3 30.2
R (m) 1.45 2.26 3.26 1.45 2.26 3.26

Table 3: Dynamic and geometric parameters of Friction Pendulum (FP) systems
designed for horizontal seismic loads.
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BILAHV1 BIL.AHV2 BI.AHV3 BI.BHV1 BI.BHV2 BI.BHV3

Ta (5) 1.90 2.21 2.49 1.95 2.26 254
& (%) 24.0 29.3 335 22.0 27.4 32.0
R (m) 1.45 2.26 3.26 1.45 2.26 3.26

Table 4: Dynamic and geometric parameters of Friction Pendulum (FP) systems
designed for horizontal and vertical seismic loads.
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Figure 2: In-plan distributions of axial load capacity for the Friction Pendulum (FP) bearings.

3 NONLINEAR MODELLING OF THE FP BEARINGS

The single FP bearing consists of a spherical concave sliding surface of polished stainless
steel, with a radius of curvature R and a centre of curvature C, and an articulated slider coated
with a layer of low friction composite material. The frictional force and stiffness during the
sliding phase are proportional to the axial load. Moreover, an exponential analytical law can
describe the velocity dependence of the dynamic friction coefficient [16]

H= Heast — (:Ufast ~ Hlow ) e_(ZUH (5)

where z#ast and usiow are the friction coefficients at fast and slow sliding velocities u,, , respec-
tively, and « is a rate parameter which depends on the contact pressure and condition of the
interface. The experimental results indicate that ssiow can be assumed to be 2.5 times lower
than usast [17], while o can be considered approximately equal to 0.0055 s/mm [18].

The friction force for horizontal (bidirectional) motion is equal to [19]

fo 1 lJHx
Fo=q  “l=uN_—d" 6
f {F} “ ||uH||{uH,y} ©

where N is the axial load on the FP bearing. Finally, the restoring force can be evaluated as

[20]
I:H,x ~N uH,x Ff,x
e R e

containing a pendular component, directed toward the centre of the bearing, and a friction
component, acting in the opposite direction to the velocity. For constant values of axial load
and friction coefficient, the force-displacement behaviour of the FP bearing in the horizontal
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direction (Fn-un) can be idealized by a bilinear law with lateral restoring stiffness
K, =— (8)

However, due to high values of vertical ground acceleration and global overturning mo-
ment produced by the horizontal seismic loads, the axial load variation on the FP bearing
leads to changes in g, Frand K. In particular, at any given moment during an earthquake, the
weight (W) of the superstructure acting on a FP bearing can be modified in accordance with
the following expression [9]

N =w[1—ug—'V+Nﬂj 9)
g w
where (g is the vertical ground acceleration (positive when the direction is downwards) and
Nowm Is the additional axial load due to overturning (positive when compressive). It is worth
noting that the fluctuation in the bearing axial load can be large enough to produce reversal of
the axial load from compression to tension. A gap element is considered in the vertical direc-
tion, to take into account the fact that the FP bearing does not resist tensile axial loads and
thus is free to uplift, assuming infinite rigidity in compression.

Maximum floor rotation at the level of the FP system, during the total duration (twt) of each
ground motion, is evaluated as

tan g, = max {‘Ux 1(t) —uy »()/Ly ‘ = ‘UY 1(t) Uy 19 (t)/Lx ‘} 120t (10)

referring to the horizontal displacement of three FP bearings at the corners of the building
plan (i.e. FP;, i=1, 19 and 22 in Figure 1a), being Lx=20m and Ly=25m the maximum length
along the X and Y directions. Moreover, the maximum residual displacement of the FP bear-
ings is obtained as the vector sum of the residual displacement along the local axes

Ures,max = Max {\/(uresx,i)2 + (uresy,i)2 + (uresz,i)z } . 1I=1-24 (11)
while the maximum vertical uplift
Uy (t
Uypmax = max{ Uy () -R {1— cos[arcsin HTI()H‘} i=1-24 (12)

is obtained as function of vertical and horizontal displacements on their spherical surface.

4  UNSCALED AND SCALED NEAR-FAULT GROUND MOTIONS

Ground motions recorded at near-fault sites may be characterized by strong long-duration
velocity pulses in the horizontal direction, which may affect the friction coefficient of the FP
bearings and their axial load variation due to overturning. To study torsional and re-centring
problems of base-isolated structures with the FP system subjected to near-fault ground mo-
tions, seven recordings with significant horizontal components are selected from the Pacific
Earthquake Engineering Research center database [14] on the basis of the design hypotheses
adopted for the test structures. In Table 5a their main data are shown: i.e. year; recording sta-
tion; closest distance from the fault (4); magnitude (Mw); peak ground acceleration for the two
horizontal (i.e. PGAn1 and PGAH2) and the vertical component (i.e. PGAv); orientation of the
strongest observed pulse (asp), clockwise from North [21].

5717



F. Mazza and S. Sisinno

Earthquake (EQ) Station A(km) My PGAn1 PGAn. PGAv Qsp
Chi-Chi, 1999 TCU068 0.3 7.6 05669 0.462g 0.486g 144°
Imperial Valley, 1979 El Centro D.A. 5.1 6.5 0.353g 0.481g 0.770g 253°
Kobe, 1995 Takatori 15 6.9 0.618g 0.671g 0.284g 318°
Loma Prieta, 1989 Gilroy A#3 12.8 6.9 05599 0.368g 0.342g 277°
Northridge, 1994 Rinaldi R.S. 6.5 6.7 0.874g 0.472g 0.958g 209°
Parkfield, 2004 Fault Zone 1 25 6.0 0.605g 0.833g 0.255g 13°
Superstition Hills, 1987 Parachute T.S. 1.0 6.5 0.432g 0.384g - 242°

Table 5a: Characteristics of the selected near-fault ground motions with significant horizontal components.

On the other hand, near-fault ground motions may be characterized by high values of the
acceleration ratio apca(=PGAv /PGAH), which may influence the friction force and lateral
stiffness of the FP bearings during the sliding phase and produce uplift of the FP bearings. To
study the nonlinear response of base-isolated structures with the FP system subjected to near-
fault ground motions with significant vertical component, seven recordings are selected from
the PEER database. Table 5b shows their main data: i.e. year; recording station; closest dis-
tance from the fault (4); magnitude (Mw); peak ground accelerations (i.e. PGAH1, PGAH. and
PGAv); maximum value of the acceleration ratio (i.e. arcamax).

Earthquake (EQ) Station Akm) Mw PGAh:1 PGAn2 PGAv  apoamax
Nahanni, 1985 Station | 6.0 6.76 1.108g 1.201g 2.281g 2.059
Imperial Valley, 1979  El Centro D.A. 5.1 6.50 0.353g 0.481g 0.770g 2.181
Imperial Valley, 1979  El Centro A#7 0.6 6.50 0.341g 0.469g 0.579g 1.698
Morgan Hill, 1984 Gilroy A#3 10.3 6.19 0.195g 0.201g 0.403g 2.067
Coyote Lake. 1979 Gilroy A#4 5.7 570 0.233g 0.252g 0.422g 1.811

Whittier Narrows, 1987 Arcadia Campus 174 59 0.293g 0.176g 0.223g 1.267
Westmorland, 1981 Westmorland F.S. 6.5 59 0.377g 0.498g 0.812g 2.154

Table 5b: Characteristics of the selected near-fault ground motions with significant vertical component.

To account for the potential structural damage of near-fault earthquakes, maximum value
of spectral acceleration is assumed as a seismic intensity measure. In detail, horizontal com-
ponents corresponding to the effective fundamental vibration period (i.e. Ter) and equivalent
viscous damping (i.e. &) of the base-isolated structures reported in Tables 3 and 4 (i.e.
SMNPan 1 and SNPay2) are considered. Then, the scale factor (SF), whereby the selected accel-
erograms are normalized with respect to the NTCO8 spectrum, is evaluated as

SF - SaNJCOB (Tel '§el )
maX{S;\IHF,l (Tel lgel )’ S:‘HF,Z (Tel ’gel )}

Finally, normalization of the selected near-fault ground motions is carried out by scaling their
PGA values with reference to SF values reported in Tables 6a and 6b.

(13)

SF
Earthquake (EQ) BI.LAH1 BI.AH2 BIL.AH3 BI.BH1 BI.BH2 BI.BH3
Chi-Chi, 1999 0.28 0.25 0.21 0.28 0.25 0.21
Imperial Valley, 1979 0.64 0.52 0.47 0.64 0.52 0.47
Kobe, 1995 0.17 0.22 0.28 0.17 0.22 0.27
Loma Prieta, 1989 0.61 0.62 0.62 0.62 0.62 0.62
Northridge, 1994 0.27 0.32 0.32 0.27 0.32 0.32
Parkfield, 2004 0.59 0.75 0.82 0.60 0.75 0.82

Superstition Hills, 1987 0.21 0.23 0.22 0.21 0.23 0.22

Table 6a: Scale factors of the selected near-fault ground motions with significant horizontal components.
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SF

Earthquake (EQ) BI.AHV1 BI.AHV2 BI.AHV3 BI.BHV1 BI.BHV2 BI.BHV3
Nahanni, 1985 1.08 1.05 1.04 1.07 111 1.04
Imperial Valley, 1979 0.67 0.54 0.50 0.64 0.53 0.49
Imperial Valley, 1979 0.37 0.34 0.32 0.36 0.34 0.32
Morgan Hill, 1984 2.06 2.33 2.16 2.04 2.32 2.12
Coyote Lake. 1979 1.64 1.89 2.14 1.70 1.94 2.15
Whittier Narrows, 1987 3.08 3.24 3.30 3.22 3.26 3.27
Westmorland, 1981 0.69 0.89 1.00 0.71 0.94 1.02

Table 6b: Scale factors of the selected near-fault ground motions with significant vertical component.

5 NUMERICAL RESULTS

A numerical study is carried out to analyze torsional response, re-centring capability and
uplift of base-isolated structures subjected to near-fault ground motions. In detail, maximum
effects are evaluated for the orientation of the strongest pulse (i.e. a=asp) in the case of earth-
quakes with significant horizontal components, while accelerograms applied in line with the
direction of the recording station (i.e. a=as) are considered for earthquakes with significant
vertical component. A computer code is adopted for the nonlinear dynamic analysis of the test
structures [22-25], considering an elastic-linear behaviour of the superstructure and a nonline-
ar force-displacement law of the FP bearings in the horizontal direction depending on sliding
velocity and axial load. A gap model is also assumed to capture the uplift of the FP bearings
in the vertical direction. Moreover, a stiffness-proportional damping matrix of the superstruc-
ture is considered, by applying a viscous damping ratio &=1% to the fundamental vibration
period of the base-isolated structures [26]. To take into account the uncertainty in the selec-
tion of the seismic intensity measure [27] and code-mandated damping modification factor
[28] to be adopted for base-isolated structures subjected to near-fault earthquakes, two series
of analyses are carried out on the selected ground motions applied with and without the scal-
ing factor described in Section 4.

Firstly, maximum values of floor rotation (tanfmax) and residual displacement (Uresmax) at
the level of the FP system are reported in Figures 3a-4a and 3b-4b, respectively, for base-
isolated structures subjected to the unscaled Chi-Chi and Nahanni near-fault earthquakes
(EQs). Two in-plan distributions of dynamic-fast friction coefficient for the FP system (i.e.
BI.A and BI.B structures) are compared for three low-to-medium values of the radius of cur-
vature for the FP bearings (i.e. R=1.45m, 2.26m and 3.26m).

001 0.04
_| Chi-Chi EQ E Bl AH Chi-Chi EQ B Bl AH
J 1 (SF=1: = C—IBI.BH
— (SF=1; 0~ay,) E=BLBH (SF=1; a=ap,)
| 0.03 —
< 0.006 —| B 1
< - £ 002 —
g p
£ 0.004 — 2 .
=
0.01 —
0.002 —
il o, m] I r
R=145m R=226m R=326m R=145m R=226m R=326m
(@) Floor rotation. (b) Residual displacement.

Figure 3: Effects of the radius of curvature of the FP bearings on the nonlinear response
of base-isolated structures subjected to the unscaled Chi-Chi EQ.
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Figure 4: Effects of the radius of curvature of the FP bearings on the nonlinear response
of base-isolated structures subjected to the unscaled Nahanni EQ.

The BI.AH and BI.BH structures are designed considering the horizontal seismic loads act-
ing alone and thus they are subjected to the Chi-Chi EQ (Figure 3), in which significant hori-
zontal components are dominant; on the other hand, the Nahanni EQ (Figure 4), with a
significant vertical component, is considered for the BI.AHV and BI.BHV structures designed
also considering the vertical seismic loads. As can be noted, torsional effects are found to be
important for the Chi-Chi EQ (Figure 3a), while in the case of the Nahanni EQ the effect is
minor (Figure 4a). On the other hand, the residual displacement is generally more marked for
the base-isolated structures subjected to the Nahanni EQ (Figure 4b) than the Chi-Chi EQ
(Figure 3b). This behaviour can be interpreted by observing that higher spectral values of ac-
celeration in the vertical direction are obtained for the Nahanni EQ, at least for rather low val-
ues of the vibration periods, thereby increasing the friction threshold of the FP bearings. As
expected, the concave spherical surface of the FP bearing ensures a reduction of the residual
displacement for decreasing values of the radius of curvature (Figures 3b and 4b). The BI.BH
and BI.BHV structures respond in a similar way to the corresponding BI.AH and BI.AHV
structures, but the former are less expensive because they require only three typologies of iso-
lators in accordance with the maximum axial load capacity of the FP bearings.

Similar graphs in Figure 5 refer to minimum and maximum percentage of re-centring dis-
placement (Urec,%) compared to maximum horizontal displacement.

200 200

4 Chi-Chi EQ = min 7 Nahanni EQ = min

1 SF=1; a=ay,) EEm Mmax 1 (SF=1; o=a,) . Max
150 — 150 —
i . ¥ -
5 100 — 5 100 —
=) - = 7
50 — 50 _

o
|
o

BI.LAH1 BI.AH2 BI.AH3 BI.AHV1 BI.AHV2 BI.AHV3
(@) (b)

Figure 5: Percentage of re-centring displacement for base-isolated structures
subjected to the unscaled Chi-Chi and Nahanni EQs.
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The BILAHV structures subjected to the unscaled Nahanni EQ (Figure 5b) highlight values
of urec,% lower than those obtained for the BI.AH structures under the Chi-Chi EQ (Figure 5a).
Moreover, it is worth noting that the BI.AHV structures subjected to the Nahanni EQ exhibit
different minimum and maximum values of urec %, highlighting the possibility of residual floor
rotation at the level of the FP system.

Next, maximum values of uplift (uup,max) for the BILAHV and BI.BHV structures subjected
to the unscaled Nahanni EQ are compared in Figure 6. More specifically, uplift of the six FP
bearings at the corners of the building plan (i.e. FPj, i=1, 11, 19, 21, 22 and 24 shown in Fig-
ure 1a) are reported. Note that uplift takes place in all the examined cases although the pres-
ence of tensile axial loads at the level of the FP system was prevented when designed for the
horizontal seismic loads acting in combination with the vertical seismic ones. As can be ob-
served, the variability of the in-plan distribution of friction coefficient and the choice of dif-
ferent radii of curvature for the FP bearings are not able to prevent uplift. Further results,
omitted for brevity, confirm the absence of uplift due to overturning produced by the horizon-
tal components of the unscaled Chi-Chi EQ.

0.006

4 Nahanni EQ —e— BLAHVI

0.005 — (SF=1; o=a,,) —@— BLAHV2

. —e— BL.AHV3

— 0.004 — —o— BIL.LBHVI
7 —e— BI.BHV2

—e— BIL.BHV3

Uyp.max [m
o
=
S
&
|

o

o

S

3]
|

Figure 6: Effects of the radius of curvature of the FP bearings on the uplift
of base-isolated structures subjected to the unscaled Nahanni EQ.

Afterwards, in order to evaluate the effects of the modelling assumptions related to veloci-
ty dependence of the friction coefficient of the FP bearings, maximum values of the floor ro-
tation and residual displacement are reported in Figures 7 and 8.
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(a) Floor rotation.

of base-isolated structures subjected to the unscaled Chi-Chi EQ.
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(b) Residual displacement.
Figure 7: Effects of modelling of the friction coefficient on the nonlinear response
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Figure 8: Effects of modelling of the friction coefficient on the nonlinear response
of base-isolated structures subjected to the unscaled Nahanni EQ.

Only results for base-isolated structures exhibiting maximum effects are examined for the
unscaled Chi-Chi (i.e. BILAH3 and BI.BH3 structures) and Nahanni (i.e. BLAHV3 and
BI.BHV3 structures) EQs. Three cases are compared: (a) friction coefficient variability as a
function of the sliding velocity (i.e. z=uar); (b) constant friction coefficient, at fast sliding
velocity (i.e. u=sast); (C) constant friction coefficient, at slow sliding velocity (i.e. = tsiow).
As can be observed, maximum floor rotation is obtained for the BI.LAH3 and BI.BH3 struc-
tures subjected to the Chi-Chi EQ (Figure 7a). This is evident when the minimum friction co-
efficient is assumed (i.e. usiow), While comparable results are found for the maximum (i.e. z#ast)
and variable (i.e. tuar) friction coefficients. On the other hand, maximum values of residual
displacement are obtained for the BI.LAHV3 and BI.BHV3 structures under the Nahanni EQ
(Figure 8b) and correspond to maximum friction coefficient (#ast); lower values are obtained
for the minimum (usiow) and variable (gar) friction coefficients. In all the examined cases,
comparable results are obtained for the base-isolated structures designed to consider the two
in-plan distributions of the FP bearings (i.e. cases A and B shown in Figure 2).

Finally, maximum (tan6fmax) and mean (tanéhean) floor rotations along the building height
are plotted for base-isolated structures subjected to two sets of seven scaled near-fault ground
motions with significant horizontal (Figure 9) and vertical (Figure 10) components.
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Figure 9: Maximum and mean floor rotations of the superstructure
for scaled near-fault EQs with significant horizontal components.

5722



6 6
Maximum of EQs Mean of EQs
5 —{ (SF=var.; a=a,) 5 — (SF=var.; a=a,)
Ly & ] 4 /
e gy
g —e— BLAHV2 3 L ALV
* 2 - —e—BLAHV3" B2 ) IR
—o— BL.BHVI 1 BI.BHVZ
I 5 —e— BIBHV2 I X B1BHV3
—e— BI.BHV3 ’
0 T T T '[' T 0 T T T T
0 0.0005 0.001 0.0015 0 0.0005 0.001 0.0015
tan0, .« tanBycan

(@) (b)
Figure 10: Maximum and mean floor rotations of the superstructure
for scaled near-fault EQs with significant vertical component.

Note the highest values of floor rotation at the top level, with variability of torsional effects
at the floor levels of the superstructure which are more evident in terms of tanémax (Figures 9a
and 10a) than tanémean (Figures 9b and 10b). However, limited torsional effects are highlight-
ed for all the examined structures subjected to scaled near-fault EQs, which are normalized in
accordance with a medium risk seismic region. Further results, omitted for the sake of brevity,
highlight low values of maximum and mean residual displacement and uplift of the FP system.

6 CONCLUSIONS

The nonlinear seismic analysis of base-isolated structures with the FP system is carried out
under near-fault ground motions, considering three low-to-medium design values of the radius
of curvature of the FP bearings and two in-plan distributions of their dynamic-fast friction co-
efficient. Torsional effects are found to be more evident for unscaled earthquakes with signif-
icant horizontal components (e.g. the Chi-Chi EQ). On the other hand, residual displacement
are generally more marked for base-isolated structures subjected to unscaled earthquakes with
significant vertical component (e.g. the Nahanni EQ). Torsional and residual effects of the
BI.BH and BIL.BHV structures are similar to those of the corresponding BI.AH and Bl.AHV
structures, but the former are less expensive because they require only three typologies of iso-
lators. As expected, a reduction of the residual displacement is obtained for decreasing values
of the radius of curvature of the FP bearings. It is interesting to note that the BI.LAHV struc-
tures subjected to the Nahanni EQ exhibit different minimum and maximum values of the
percentage of re-centring displacement, highlighting the possibility of residual floor rotation
at the level of the FP system. Moreover, the BI.AHV and BI.BHV structures exhibit uplift
when subjected to the Nahanni EQ. The modelling of the friction coefficient highlights max-
imum floor rotation under the Chi-Chi EQ, when the minimum (constant) friction coefficient
is assumed, while comparable results are found for maximum (constant) and variable friction
coefficients. Maximum values of residual displacement are obtained under the Nahanni EQ,
corresponding to maximum (constant) friction coefficient, while lower values are obtained for
the minimum (constant) and variable friction coefficients. Finally, the highest values of mean
floor rotation are found at the top level of the superstructure. However, torsional effect and
residual displacement and uplift are less evident for scaled near-fault earthquakes, confirming
the crucial importance of selecting suitable seismic intensity measure and code-mandated
damping modification factor.
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