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Abstract. A complete response investigation on behavior of conventional sliding bearings applicable to
seismic-isolated structures has not yet been fully realized, while use of such bearings is a common
practice. A Full Structural Response Investigation (FSRI) comprising energy dissipation, bearing’s
effective and post-yield stiffness, displacements, story drifts, shear forces, accelerations and time
instants for peak responses has been carried out on a ten-story RC building model with varied
superstructure stiffness, and isolated by flat and curved surface sliders under different types of
earthquakes. Disregarding some of the responses mentioned above FSRI can result in poor control of
seismic isolation, since all the responses are observed to be affected by the type of earthquake and
bearing’s slider surface. Furthermore, the findings demonstrate that seismic isolation may not provide
all desired responses, and in some situations, some responses may need to be of first priority owing to
their beneficial effects.

1. Introduction

Seismic isolation is about decoupling a structure from the ground so that seismic loads cannot
be transmitted to the superstructure when an earthquake occurs. Since twentieth century, seismic
isolation has been adopted as a strategy and accepted design technique for protecting structures
against earthquake hazards. Isolators decouple a superstructure from its substructure that is in turn
resting on the ground and reduce the superstructure’s natural frequency by dissipating energy from
seismic load. Existing seismic isolators include mainly elastomeric and sliding bearings. The latter has
greater durability feature and is more preferred for large deformations, and more attractive due to its
mechanism to restore force by gravity action and ability to be designed independent of the
superstructure’s effective mass, hence easy to model [1-3]. Sliding bearing systems are displacement
dependent for passive energy dissipation, and are based on simple principle of friction. The main
advantage of these isolation systems is the possibility to control a wide range of frequencies and the
maximum acceleration transmitted to the superstructure using the coefficient of friction [2—4].

The sliding bearing systems are subdivided into pure friction (PF) systems, flat surface sliding
bearings and Friction Pendulum Systems (FPS). PFs are the first innovations in isolation by friction:
they depend on friction coefficient with sliding occurring when excitation force exceeds the frictional
force [5, 6]. PFs have been reported to be effective for buildings with no overturning moments [6]. Flat
surface sliding bearings are free sliding with no restoring force, simple and economical [7-10].
Furthermore, these bearings have low coefficient of friction that ranges from 0.1 to 0.15 and less than
0.02 for unlubricated and lubricated bearings, respectively [11]. Flat sliding bearings differ from the
curved surface bearings in that their restoring force is provided by adding springs in the system, while
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the spherical surface provides restoring force for the curved FPS [12]. FPS were invented in order to
solve the problems exhibited in pure friction systems regarding permanent displacement by provision
of a restoring force mechanism [13, 14]. FPS operate based on the principle of the pendulum motion
and like PF systems, they also depend on the friction coefficient [15].

Over the last years, innovations in various FPS have been developed to enable multiple
performance of the bearing system in seismic isolation using curved surface bearings and identified by
the number of effective pendula and sliding regimes. The first being the single FPS invented back in
1980s [16, 17]. Later on, authors in [18] modified equation of single FPS to describe a smooth transition
of breakaway to minimum sliding coefficient of friction. This bearing is characterized by a single sliding
surface, but it is challenged by resonance, thus rendering it ineffective for some structures as the
isolated structure can collapse [14, 19, 20]. To solve this problem, double FPS was invented with two
effective pendula and three sliding regimes to improve relative displacement capacity and isolator
flexibility [12, 21]. Researchers in [22] modified the double FPS by developing triple FPS with three
effective pendula and five sliding regimes. A significant number of researchers have additionally
reported various advantages of triple FPS over double FPS such as greater strength and stiffness in
response to change in displacement and velocities, increased energy dissipation capacity and adaptive
behavior [22—-28].The latest innovation is the quintuple friction pendulum isolator, an innovation of Lee
et al. [29], with five effective pendula and nine sliding regimes. The added number of pendula as well
as the sliding regimes have added advantage of adaptability, but made its behavior too complex to
model [29]. These systems have been reported to show great performance, though not fully developed
as they still lack experimental studies [3]. The study of Mokha et al. [7] on flat sliding bearings showed
a good agreement between numerical and experimental results when experimentally derived

parameters of Umax = 0.12, Uyip = 0.0389, and o = 15.75 s/m under bearing pressure of 3.45 MPa

were adopted. Also a study by Xu et al. [18] on static friction of curved sliders under low to moderate
earthquakes showed that for isolators with low friction coefficients, an increase of breakaway-to-
minimum ratio from 1 to 4 induced moderate changes in bearing shear forces, superstructure drift and
floor accelerations, while for moderate and high isolators’ friction the breakaway-to-minimum ratio of 2
introduced no significant changes.

Poornima and Babu [30] reported that for a 15 story RC building, FPS were the best in seismic
isolation in comparison with Lead Rubber Bearings (LRB) and high damping rubber bearings. They
concluded that FPS with damping ratio of 0.05 and friction coefficient from 0.03 to 0.06 could increase
isolated building period by 37.97 % and top floor displacement by 29.05 %, while decreasing story
acceleration, story shear and story drifts by 56.31 %, 63.828 % and 44.15 %, respectively. However,
previous study on a 5 story RC building by Pokhrel et al. [31] had reported that both LRB and FPS can
reduce base shear force, inter-story drifts and top floor acceleration by 50 %, and adding that while
LRBs were the best in reducing elastic base shear as well as inter-story drifts, FPS showed greater
control of isolator displacement for adopted bearing characteristics and wider hysteresis loop under far-
fault earthquakes.

To date, there have been appreciable modifications of sliding bearings, and a substantial number
of existing researches seem to have been mainly focusing on modified bearings (double, triple, and
quintuple FPS), with less literature on the conventional (flat and single curved) bearings despite of their
greater economic advantages [7, 9], and hence their potential applicability in developing countries.
Furthermore, the existing literature on conventional sliding bearings seem to have been partially
developed in terms of Full Structural Response Investigation (FSRI) on the behavior of both bearings
and isolated superstructure when exposed to near and far-fault ground motions. Most importantly,
studies that fully examine seismic isolation behavior in terms of FSRI (energy dissipation, top and base
floor displacements, story drifts, superstructure accelerations, base shear force and accelerations,
isolator’'s effective and post-yield stiffness variation, optimal control of bearing’s hysteretic behavior,
and control on the time instants for the occurrence of structural peak responses) under different types
of earthquakes seem to have not yet been conducted. The authors of this study believe that in order to
gain insights on effective performance of seismic isolation under different types of seismic loads, it is
necessary to conduct studies that are pertinent to FSRI. In this regard, the main purpose of this study
was to control the responses of a 10 story RC building model isolated by conventional sliding bearings
and exposed to both near and far-fault earthquake ground motions, by applying FSRI to ensure a full
seismic response control on the above building. In addition to the governing equations for flat and
single-curved surface sliders, the study also attempted to formulate an improved equation for curved
slider having its stiffness as a tenth of the first story structure and compared its results with ones from
the existing curved slider equation.
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2. Methods

In order to achieve the objectives of this study, equations governing the dynamic behavior of
superstructure and substructure were first defined. Furthermore, a numerical study on seismic response
control of a 10 story RC building model isolated by flat and curved surface sliding bearings was
conducted by using the aforementioned equations.

2.1. Governing Equations

The equation governing a dynamic motion of any structure that is fixed at its base and exposed
to a dynamic load can be written as:

M nxnunxl + Cn><nLj nx1 KnxnU nx1l = -M nxn Rn><1 {Ug } . (1)

For a dynamic motion of a structure isolated at its base, the governing differential equations can
be expressed as:

0 e o)
[R0] [RTMR+M, ] - Uy, 0[S maymay )
fl0 u* 0" MR .
+ |:(D :| U —_ . Uglx]_,
0 [Kb] (m+1)(m+1) bJ(m+1) REMR+My, (M+1)xL

WhereU,, = ¢,,,,mU ;Xn and ¢ is the modal matrix of fixed base superstructure normalized with
respect to mass, and is used to find the diagonal matrices:

,@T MO =1, QT KJ = 0)2, ﬂTC,@ = 2Ewm, where o is diagonal matrix of natural frequencies of

* .k %
fixed base structure, & is diagonal matrix of damping ratio of fixed base structure, U ,U ,U are

model displacement, velocity and acceleration vectors relative to the base, m is the number of
eigenvectors retained in the analysis, & is modal damping ratio and i is natural frequency of fixed
base structure for mode i, M is the diagonal superstructure mass matrix, C is superstructure damping
matrix, K is the superstructure stiffness matrix, R is influence matrix, My is diagonal mass matrix of
rigid base, Kp is resultant stiffness matrix of elastic isolation elements, Cp, is resultant damping matrix

of viscous isolation element, Uy, Ub, Ub are vectors of base displacement, velocity and
accelerations relative to the ground respectively, U'g is vector of ground acceleration, f is vector

containing forces mobilized in the nonlinear elements of the isolation system. Equation (2) has been
adopted in 3D-BASIS Software by Tsopelas et al. [32]. However, for simplicity and easy solution by 4t
order Runge-Kutta algorithm, this equation can also be expressed as shown below:

a) The equation governing a dynamic motion of superstructure can be written as:

M nxnU nx1 + C:n><nl'j nx1 KnxnU 1 = -M nxn Rn><l {Ug + Ub} J ®3)

Where n is the number of floors, M., is the diagonal superstructure mass matrix, Cpp, Ky

are the superstructure damping and stiffness matrices respectively, and U4, U, Unxl are vectors

of superstructure displacement, velocity, and acceleration for n floors, respectively.

From equation (3), Unxl can be expressed as:

L.J'n><1 = _(M nxn Rn><1 (Ug +Ub ) + CnxnU nx1 + KnxnU nxl)/M nxn - (4)

Then, Equation (4) yields

Un><1 = _(Ug +Ub ) _(CnxnU nx T KnxnU nxl)/M nxn * ()
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b) The equation governing a unidirectional dynamic motion of base structure can be expressed
as:

RenM iy {{U}nxl Roa {Ub +U, }1><1} " Mbm{ub +Ug }1><1 "

+Cb1x1{ub}1xl+ Kblxl{ub}lx1+{ f }lxl :O,

(6)

Where, RlTxn is the transpose of the influence matrix, 1x1 is the index representing a one by one
matrix or simply a single value (for each time step) when unidirectional motion is considered.

Rearranging Equation (6),
T . T . .
RinMnUnsa + R M Ry {Ub +Uq }M+ Mp 1aUb pa + 78)
a
+Mp1qU g 1a +ChraUbpa + KphaUpsa + fra =0.

Equation (7a) can be rearranged such that Ub 11 s easily obtained:
R MR + M
1xn M nxn R + Mp1a

Up1a =

A
T .. T .. .. .
_(RlngnxnUnxl + RenMnnRnal g 1a + Mp 1Y g 1a + ChpaUbpa + KppaUpra + flxl)
By '

(7b)

Then, the base floor acceleration for each time step can be solved as:
" 1
Uprq=Ay" *Byp. (7c)

The superstructure mass, stiffness and damping matrices can be formulated as:

m, 0 0 0 0 0
Om 0 00 O
0 0 m 0 0 0
[Mn<n] = 0 0 0 0o 0/ ®
0 0 0 0 0
(0 0 0 0 0 m]
Tko+ky  —k, 0 0 0 0]
k&, kyt+k; -k O 0 0
0 ks  kstk, ks O 0
[Knn] = 0 0 k. .0 ©)
0 0 0 e kg
0 0 0 0k, k|

In this study, the superstructure damping matrix [Cnxn] was calculated from [I\/Inxn] and

[Knxn] based on Rayleigh formula [4, 33], which is defined as shown in Equation (10).
[Cnxn] =0Qq [Mnxn]+a1[Knxn]- (10)

To obtain the coefficients oy and 0.y, Equation (11) can be used [34].
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where W;, W;j and &;, ﬁj are natural frequencies and damping ratios of the non-isolated structure with

1

i and J" modes respectively. The damping ratios at i and j" can be assumed as shown in [4].

The hysteretic behavior of sliding bearings has been modelled by a substantial number of
researchers using Bouc-Wen model for dynamic analysis of bilinear and non-linear hysteretic systems

[6, 32].This model is adopted in this study for hysteretic force ( f ) of flat and curved bearings.

For flat surface sliding bearings:

fy =uWzZ,. (12)
For single curved surface sliding bearings:
w

f, =—U, + uWZ,. (13)
eff

Apart from Eq. (12) and (13), a new formulation typical to Eq. (13) is formulated as shown in
Eq. (14) where the isolator stiffness is directly related to the first story stiffness through the value KC.

Eq. (12)—(14) are all adopted and compared to examine their effectiveness. Particularly, Eq. (14) is
compared with the existing Eq. (13) to examine its possible applicability for other structures with same
properties as one investigated in this study.

fy = KUy +uWZ,. (14)
Where:

—ol|

]J(L'I)zpmax _(Mmax _Hmin)e , (15)

f, is hysteretic force in X-direction, L is the coefficient of friction, o is a constant and the parameters
X y! u p
Lmin and Upax describe the friction coefficients at essentially zero and high velocities, respectively,

Reff is the radius of curvature, W is the total weight of the structure calculated as:

(Z, Zymi+ Mb)x g, where, g is the gravity acceleration and mi is the mass at the it floor; K,

is the tenth of the first story stiffness, and ZX is a hysteretic component of the unidirectional Wen’s
non-linear model and can be derived from Equation (16).

. . . 2 . .
2, =| AUt -UpZ§ (¥ 5|gn(UbXZX)+B)}/Uy, (16)
where A, Ys B are dimensionless quantities, X stands for the base motion in X-direction, U y is the yield

displacement. The idealized hysteretic behavior of the aforementioned bearings is shown in Fig. 1.

Force K K
Bearing Material uN $ 2
o — ) _
Spherical Sliding I
Surface \ 1
g
- 8
Displacement ™ |
Friction Pendulum Bearing \ J

DISPLACEMENT
a) b)
Figure 1. Idealized force-displacement relations: a) curved, b) flat surface sliding bearings.
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In this study, Eq. (5) and (7c) derived from the general equations of superstructure and base
motion respectively, and Eq. (12) through (16) were solved by 4™ order Runge-Kutta algorithm in
MATLAB environment. The detailed procedures involved in this algorithm can be found in [34].

2.2. Numerical Study

Responses of 10 story structure model under four input parameters and three earthquake ground
motions were investigated with respect to flat and curved surface sliding bearings defined by
Equations (12)—(14). The earthquakes were sourced from PEER strong ground motions [35], then
filtered and corrected using Seismosignal Software(SS). The characteristics of these earthquakes are
summarized in Table 1. It is important to mention that various kinds of excitations have been proposed
to investigate dynamic behavior of isolated structures, such as the use of blasts [36] and micro tremors
[37], however, this study focused on the use of near and far-fault earthquakes occurred in the past. The
engineering data used for the above structure are shown in Table 2. Additionally, structural masses
lumped at each floor, story height of 3 m for each floor and overall damping ratio of 5 percent are

assumed for the investigated structure. The values of Ky, My and C, are assumed equal to ones of
the first story stiffness, mass and damping, respectively. Kc is taken as the tenth of the first story

stiffness, for each input. Yield strength of the isolator is computed as Uy = Fy/Kb , and the friction

parameters adopted are: [pyip = 0.02, Wpax = 0.15, Ry =0.435m, A=1,=0.1,and y =0.9. Itis

important to note that these friction parameters and data shown in Table 2 for Input 2 have been
previously adopted in [23]. The response quantities of interest investigated are: Energy Dissipation
Capacity (EDC), Maximum Isolator Displacement (MID), Maximum Isolator Force (MIF), top floor
displacements, story drifts, base floor shear force and accelerations, isolator’s effective and post-yield
stiffness variation, peak story accelerations, peak story shear forces, optimal control of bearing’s
hysteretic behavior (by checking the relationship among MID, MIF and EDC), and control on the Time
Instants (TIs) for the occurrence of structural peak story displacements under the aforementioned
earthquakes.

Table 1. Characteristics of used earthquakes.

Earthquake Component  PGA (m/s?)  PGV(m/s) PGD(m) Te(s) Type Duration (s)

Elcentro NS 3.42 0.32 0.09 2.88 LP 56.52
Duzce EW 8.05 0.63 0.12 0.96 NF 55.85
Kobe NS 8.03 0.92 0.18 1.10 NF 49.93

PGA, PGV, and PGD are peak ground acceleration, velocity and displacement respectively, Te: predominant period, NF:
Near Fault, LP: Long period, NS: North-South direction, EW: East-West direction

Table 2. Input parameters.

Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7 Story 8 Story 9 Story 10
Input m 400000 520000 520000 520000 520000 520000 520000 520000 520000 520000
1 k 2187e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
2 k  10.75e9 8.78e9 6.80e9 5.65e9 4.90e9 4.38e9 4.01e9 3.12e9 3.50e9 3.33e9
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
3 k 10.75e11 8.78ell 6.80ell 5.65e1l 4.90ell 4.38ell 4.0lell 3.12el1 3.50ell 3.33ell
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
4 k 10.75el2 8.78el2 6.80el2 5.65el12 4.90el2 4.38el2 4.01el2 3.12el12 3.50el2 3.33el2

Abbreviations: m: mass of superstructure (in Kg), K: stiffness of superstructure in (in N/m)

Insights on the inputs shown in Table 2 demonstrate that both mass and stiffness values are kept
equal under Input 1 for all floors except for 15t story floor. On the other hand, Input 2 has the same story
mass but varied story stiffness. Furthermore, Input 3 and 4 are of similar trend as Input 2 except that
their story stiffness are 102 and 10° times the story stiffness of Input 2, respectively. Existing literature
demonstrates that superstructure stiffness can be increased through retrofitting and strengthening
[38-40], use of shear walls and braced frames [41, 42], as well as central core, tube and double tube
systems. That is, increasing superstructure stiffness is important because the current building industry
is toward larger floors, longer spans and taller buildings, all of which may require sufficient structural
stiffness against both axial and dynamic loads. In this regard, the story stiffness was increased to
examine the effect of superstructure stiffening on behavior of the used bearings.
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3. Results and Discussion
3.1. Top Floor Displacements

Floor displacement control is vital, as very large and dangerous superstructure displacements
can occur in earthquake-prone areas [43], hence damaging sensitive equipment in buildings, especially
those located in NF zones where long period earthquakes can occur [44]. Under moderate earthquakes

like Elcentro, the top floor relative displacements (Utop) are observed to be equal for all equations

under each input as can be seen in Fig. 2. That is, (Utop) are observed to be approximately 0.28,

0.13, 0.0041 and 0.00044 m for Inputs 1, 2, 3 and 4 respectively.
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Figure 2. Top floor displacements under equations (12) to (14) (from top to bottom) — Elcentro.

Similar trends are also observed for Kobe earthquake, where (Utop) of approximately 0.4, 0.5,
0.0075, and 5.78e~* m are obtained for Input 1, 2, 3 and 4, respectively under Equations (12)—(14).
Based on this observation, Input 1 is the most favourable as it results in reasonably reduced (Utop)
for a 10 story structural model compared to other inputs. This shows the importance of using equal

stiffness for all floors in reduction of (Utop) under strong earthquake by approximately 10 %.

Like Elcentro and Kobe earthquake, Duzce is also observed to result in similar trend of (Utop)
with approximately 0.2, 0.2, 0.0073, and 6.0279e~* m for Input 1, 2, 3 and 4, respectively. However,

using similar story stiffness values under Duzce and Elcentro result in unwanted long-lasting (Utop)

peaks over nearly the entire duration of each earthquake (Fig. 2, 4), which can cause substantial cracks
in structural components of the superstructure. Deep insights on this unwanted behavior can be found
referring to Table 4, where the time instants of the occurrence of maximum story peaks are observed
to alter significantly between story 5 to 6 and 9 to 10 under Duzce and 7 to 8 and 8 to 9 under Elcentro,
and hence outlining that use of similar superstructure stiffness may be unreliable in controlling
superstructure displacements when such earthquakes occur. Furthermore, the pronounced long-lasting

(Utop) peaks over the entire duration of Elcentro and Duzce lead to suggesting that PGA alone may

not characterize the earthquake severity, since those two earthquakes have significantly different PGA
values as can be seen in Table 1.
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Figure 4. Top floor displacements under equations (12) to (14) (from top to bottom) — Duzce.

From the above results, it can be noted that Equations (12)—(14) perform similarly and equally in

reducing top floor displacement (Utop) for each used input. Besides, under all three earthquakes it is

seen that the resulting (Utop) are smaller when moderate LP earthquakes like Elcentro are used,

rather than strong NF ones like Kobe. However, though Duzce is also classified as a strong NF

earthquake, this earthquake and Elcentro are observed to result in comparable (Utop) as can be seen

in Fig. 2 and 4. This may be interpreted as Duzce having a single PGA at around 10 s, followed by a
sharp decrease in PGA and thereafter levelling off all along until its final duration time, a nature that is
far different from Kobe's which has successive peak fluctuations over 8-13 s interval of time.
Additionally, this shows that some NF earthquakes may behave like LP moderate ones, regardless of

their PGA.

Under all earthquakes, the increase in stiffness leads to decrease in (Utop), and all the

earthquakes tend to result in approximately similar displacement profiles as stiffness becomes large,

which indicate that (Utop) of very stiff superstructure may not significantly be affected by the

magnitude of the earthquake. Further observation shows that LP moderate & NF with smaller PGV
earthquakes tend to cause the structure with varied story stiffness perform better than the structure with
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constant story stiffness in terms of (Utop) reduction, contrary to NF with higher PGV earthquakes
where the effect is less pronounced. Looking at the resulting maximum (Utop), it can be seen that
Equation (12) results in the smallest (Utop) under all earthquakes for Inputs 1 and 2, thus making flat

slider the most effective in terms of (Utop) reduction for less stiffened superstructure.

Table 3. Structural responses under all inputs and all earthquakes.

EARTHQUAKE KOBE DUZCE ELCENTRO

SLIDER Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)

lJb max 3.6113 3.2088 3.5292 3.6556 2.7416 3.09 1.0847 0.9479 0.9804

Inputl UtOP 0.3746 0.403 0.3792 0.209 0.2682 0.235 0.2743  0.2825 0.2771
I:sb max  1.44e06 1.28e6 1.41e6 1.45e6 1.10e6 1.24e6 4.34e5 3.79e5 3.92e5

L‘J‘b max 11.8702  9.3349 15.5153 8.1562 6.3273 7.5064 5.8244 3.9769 5.0927

Input2 UtOP 0.4881  0.5276  0.5067  0.2227  0.2443  0.2382  0.1224  0.1386 0.1288
I:sb max 9.26e7 7.83e7 9.05e7 6.76e7 5.31e7 6.29e7 4.56e7 3.33e7  4.13e7

L‘J‘b max 0.9279 0.9252 1.3921 4.067 4.0562 3.4225 2.4584 2.448 1.9813

Input3 UtOP 0.0075 0.0075 0.0076 0.0073 0.0073 0.0075 0.0041 0.0041 0.0041
I:sb max 7.63e6 7.63e6 7.22e6 3.20e7 3.19e7 2.62e7 1.99e7 1.99e7  1.58e7

L‘J‘b max 0.1731 0.1728 0.1701 0.7988 0.7974 0.6317 0.8018 0.8031 0.7074

Input4 UtOP 5.78e-4 5.78e-4 5.84e-4 6.03e-4 6.03e-4 6.08e-4 4.38e-4 4.36e-4 4.4e-4
Fsb max 1.45e6 1.45e6 1.42e6 6.70e6 6.69e6 5.30e6 5.78e6 5.79e6  5.57e6

Abbreviations: U.bmax is base floor acceleration, Utop is top floor displacement, Fsbmax is base shear

force.

3.2. Base Floor Accelerations and Base Shear Forces

Looking at the resulting maximum base shear forces (Fsb max) in Table 3, it can be seen that

for very high stiffness all the used equations result in approximately equal Fsb max Values of 1.9e” and
5.7e8 N for Elcentro, 7.6e® and 1.4e® N for Kobe, 3.2e” and 6.677e8 N for Duzce under Inputs 3 and 4,
respectively. Similarly, approximately equal meax values of 2 and 0.8 m/s? for Elcentro, 1 and 0.2 m/s?

for Kobe, 4 and 0.7 m/s? for Duzce are observed under the respective inputs. On the other hand, it can
be seen that for all the used equations, the smaller the base acceleration the smaller the shear force,

as expected [45]. Focusing on moderate stiffness, Input 1 is observed to result in smaller Fsb max than
that from Input 4 for all the equations and earthquakes. Besides, Input 2 results in the highest value of
Fsymax for all used equations and earthquakes, whereas Input 1 results in the least. This reveals that
Input 1 can be the most effective in terms of Fsb max reduction compared to other inputs. Additionally,
it can be seen that Equation (13) results in the smallest base shear force for Input 1 and 2, whereas
Equation (14) results in the smallest force in all other inputs and earthquakes.

Focusing on the resulting maximum base accelerations (U.bmax) in Table 3 and Fig. 5, it can

be seen that all equations perform equally in reducing or increasing accelerations for each input. It is
clear that all equations result in meax of approximately 1, 2 and 0.8 m/s? for Inputs 1, 3, and 4

respectively, except for Input 2 where Equation (13) reduces meax more than the other equations.
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Figure 5. Base floor & Input accelerations under equations
(12) to (14) (top to bottom) —Elcentro.

On the other hand, Input 1 results in slightly smaller Fsbmax than that of Input 4 for all equations,

and when Input 1 and 3 are used, Equation (13) tends to result in the smallest Fsb max Compared to

both Equation (12) and (14) as seen in Table 3. This indicates that Equation (13) can be more effective
for structures with moderate stiffness than Equation (12) under NF earthquake ground motions. Further

observation from Fig. 5 and 6 shows that Input 2 amplifies meax under both Kobe and Elcentro

earthquakes while keeping meax from Duzce approximately equal to Duzce acceleration, except for
Equation (12) where a slight amplification of nearly 0.1 m/s? is observed as can be seen in Table 3 and
Fig. 7. Contrarily to Input 2, Input 1 is observed to result in the most desirable meax values of

approximately 3.6113, 3.2088 and 3.5292 m/s?; 3.6556, 2.7416, and 3.09 m/s?; 1.0847, 0.9479 and
0.9804 m/s? from Equations (12), (13), and (14) under Kobe, Duzce and Elcentro earthquakes,

respectively. This makes Input 2 less viable in terms of meax reduction, though was proven to perform
better than Input 1 in terms of superstructure story displacements control.
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On the other hand, a drastic increase in stiffness of the superstructure leads to drastic decrease
in relative meax up to a value smaller than 1 m/s? as seen under Input 3 and 4 in Table 3. However,

increasing stiffness can hinder reasonable isolator displacement as shown in Fig. 5, 6, 7, and Table 3.
This is also confirmed by observing a substantial reduction of EDC, despite of the resulting reduced
accelerations, hence indicating that stiffer systems can perform well in reducing the relative base shear
forces and accelerations but poorly in dissipating sufficient energy as it will be shown in section 3.4.
Overall, Input 1 and 3 can result in more benefits when considering shear forces, energy dissipation
and base acceleration, but the former input can lead to large displacements for some earthquakes as
explained in the previous section 3.1.

In order to make the isolator perform effectively by reducing ubmax and dissipating sufficient
energy, Input 1 can be adopted for all investigated equations over other inputs. By prioritizing Input 1,
it is clear from Table 3 that Equation (13) results in the smallest meax of approximately 3.2088,

2.7416, 0.9479 m/s? under Kobe, Duzce, and Elcentro, respectively, as compared to Equations (12)
and (14) which result in 3.6113 and 3.5292 m/s?, 3.6556 and 3.09 m/s?, and 1.0847 and 0.9804 m/s?,
under the same respective earthquakes, thus making Equation (13) the most effective for the
investigated structure. For example, deep insights under Duzce earthquake show that approximately

55.8, 65.5and 61.6 % meax reduction are observed from Equation (12), (13), and (14), respectively,
making Equation (13) the most effective.

3.3. Time Instant for the occurrence of story floor displacements

The Time Instants (TIs) for which the maximum floor displacements take place are examined and
the observed values are shown in Table 4. Investigating the TlIs for which the peak responses take
place can provide insights on the rigid body motion behavior of the superstructure. For instance, authors
in [20] observed that under Elcentro earthquake, a six story building isolated by FPS resulted in a Tl of
4.51 s for the superstructure displacements. In this study, under NF earthquakes like Kobe with Inputs
1 and 4, the maximum displacements from all used equations are observed to simultaneously occur at
nearly 10 and 8.5 s, respectively. Besides, the displacements under Inputs 2 and 3 are observed to
result in negligible differences of approximately 1 s in the first four floors and 2 s in the last three floors,
respectively. Under Elcentro, Input 2 results in TIs of approximately 8 s. Similarly, Inputs 3 and 4 result
in Tls of approximately 3.66 and 4.4 s. However, Input 1 tend to alter Tls significantly with a difference
of 6s longer for 8™ floor compared to other floors, thus showing lack of rigid motion behavior and making
this input ineffective for the studied 10 story building when moderate LP earthquake occurs. Similar
trends when Input 1 is adopted are observed even when strong earthquake like Duzce (NF, but with
smaller PGV than Kobe’s) is used with a substantial difference in Tl between the first and last five floors,
whereas the remaining Inputs 2, 3, and 4 cause the Tls to happen at reasonable values for all floors of
nearly 12, 11, and 11 s respectively. Overall, the type of earthquake ground motion and input parameter
are observed to influence the Tls, and therefore, for full control of structural responses under dynamic
loads, TIs should be investigated.

Dushimimana, A., Singirankabo, E., Kathumbi, L.K.



Magazine of Civil Engineering, 108(8), 2021

Table 4. Time Instants for the occurrence of story floor displacements.

Earthquake KOBE DUZCE ELCENTRO
Slider ST Eq(l2) Eq.13) Eq.(14) Eq(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
ST1 10.3 10.3 10.3 12.6 12.6 12.6 6.3 6.3 6.3
ST2 103 10.3 10.3 13.1 13.1 13.1 6.4 6.4 6.4
ST3 103 10.3 10.3 13.2 13.2 13.2 6.4 6.4 6.5
ST4 10.3 10.3 10.3 13.2 13.2 13.2 6.5 6.5 6.5
input 1 ST5  10.4 10.4 10.4 13.2 13.2 13.2 6.5 6.5 6.5
ST6  10.3 10.3 10.3 214 214 214 6.5 6.5 6.5
ST7 103 10.3 10.3 21.4 21.4 21.4 6.5 6.5 6.5
ST8  10.2 10.2 10.2 215 215 215 125 125 12.5
ST9 101 10.1 10.1 215 215 215 6.8 6.8 6.8
ST10 10.1 10.1 10.1 12.1 12.1 12.1 6.8 6.8 6.8
ST1 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST2 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST3 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST4 105 10.5 10.5 11.9 11.9 11.9 8.1 8.1 8.1
Input 2 ST5 121 12.1 12.1 11.9 11.9 11.9 8.1 8.1 8.1
ST6 121 12.1 12.1 11.9 11.9 11.9 8.1 8.1 8.1
ST7 121 12.1 12.1 12.5 12.5 12.5 8.0 8.0 8.0
ST8 12.1 12.1 12.1 12.5 12.5 12.5 8.0 8.0 8.0
ST9 121 12.1 12.1 12,5 12.5 12.5 8.0 8.0 8.0
ST10 122 12.2 12.2 12.5 12.5 12.5 7.9 7.9 7.9
ST1 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
ST2 85 8.5 8.5 10.8 10.8 10.8 37 37 37
ST3 85 8.5 8.5 10.8 10.8 10.8 37 3.7 37
ST4 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
Input 3 ST5 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
ST6 8.6 8.6 8.6 10.8 10.8 10.8 37 37 37
ST7 86 8.6 8.6 10.8 10.8 10.8 37 3.7 37
ST8 10.5 10.5 10.5 10.8 10.8 10.8 3.7 3.7 3.7
ST9 105 10.5 10.5 10.8 10.8 10.8 3.7 37 3.7
ST10 105 10.5 10.5 10.8 10.8 10.8 3.7 3.7 3.7
ST1 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST2 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST3 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST4 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST5 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
Input 4 ST6 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST7 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST8 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST9 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST10 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4

3.4. Force-Displacement Relationship of Flat and Curved Sliding Bearings
(EDC, MID, & MIF)

Control on the hysteretic loop shape and size and parameters of the isolator is vital as it has
been reported that these mainly affect the responses of base-isolated structure [46]. Looking at
Elcentro, EDCs from all equations vary significantly for Inputs 1 and 2. For instance, EDCs resulting
under Input 2 from Equation (12), (13) and (14) are 5.13e7, 2.30e’ and 3.61e7J, respectively.
Furthermore, under the same inputs and equations, maximum isolator force (MIF) are approximately
2.39¢7, 8.08e7, and 6.13e” N respectively. From this observation and considering the fact that high EDC
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with small MIF leads to effective performance of the bearing [47], it is clear that flat slider defined by
Equation (12) has the highest performance followed by Equation (14) and lastly the Equation (13). On
the other hand, owing to very high superstructure stiffness from Inputs 3 and 4, approximately similar
behavior is observed for Equations (12) & (13), except for Equation (14) which results in smaller EDC
and higher MIF, performing seemingly poor as compared to other equations.

Focusing on the combined hysteresis loops from Inputs 1 and 2 in Fig. 8b, 9b, 10b, it can be
observed that smaller superstructure stiffness used for Input 1 causes the isolator to similarly result in
smaller isolator stiffness, whereas larger superstructure stiffness from Input 2 similarly results in larger
isolator stiffness. That is, the more the superstructure stiffness is the more the isolator stiffness. This
observation is used to compare the behavior of Equations (13) and (14) defined for curved surface
slider, and in order to have deep insights, Inputs 2, 3, and 4 are shown in the same Figure. Referring
to the above stiffness variation trend under Inputs 1 and 2, it can be observed from Inputs 2, 3, and 4
that Equation (13) tends to deviate from the expected behavior (i.e. the more the superstructure
stiffness the more the isolator stiffness) by resulting in hysteresis with almost similar isolator stiffness
as one of Equation (12). However, the reality is that Equation (13) was expected to continue increasing
isolator stiffness as superstructure stiffness increases but it is observed to underestimate isolator
stiffness for higher superstructure stiffness from Inputs 3 & 4, whereas Equation (14) keeps its
conservative behavior, hence rendering the latter equation more effective. In this way, priority is given
to Equation (14) rather than Equation (13) in the rest of discussions related to stiffened superstructure
(Inputs 3 & 4).

Looking at EDC from Table 5 and Fig. 8 for Elcentro earthquake, Input 2 results in the highest
EDC and MIF followed by Input 3. Similar to Elcentro, EDCs under Kobe from all sliders governed by
Equations (12), (13) and (14) are observed to vary significantly based on both the slider and input type.
For instance, under Input 2 EDCs of 7.84e7, 5.84e7, and 8.72e” J are observed from Equations (12),
(13) and (14), respectively as shown in Table 5 and Fig. 9. This indicates that the proposed Equation
(14) can result in more energy dissipation than other equations, thus rendering it more effective than
the existing curved slider formula denoted by Equation (13). However, similarly to Elcentro, for
structures requiring high story stiffness (represented by Inputs 3 and 4), the proposed formula can
perform better than the existing equation as can be seen in Fig. 9. Furthermore, under Input 2 the MIFs
are observed to be 2.98e7, 2.14€8, and 1.42e8 N for Equations (12), (13) and (14), respectively. This
indicates that flat slider can perform better in reducing MIF. A comparative perspective on both EDC
and MIF demonstrates that flat surface slider can be the most effective for the studied building in terms
of EDC and earthquake force reduction during NF Kobe earthquake. Considering other inputs, it is seen
that for all equations, Input 2 results in the highest EDC followed by Inputs 1, 3 and 4, respectively.
Duzce earthquake is, furthermore, observed to have similar trends as the ones from the previously
investigated Kobe and Elcentro earthquakes (see Table 5 and Fig. 10).
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However, it is important to note that for all earthquakes, Equation (14) resulted in higher EDC
than Equation (13) for Inputl and 2, and approximately similar EDC for Input 3 and 4, indicating that
under the former inputs Equation (14) overestimates EDC as can been seen in Table 5. From this
observation, the proposed formula can be reliable only when the increase in superstructure stiffness is
expected. On the other hand, Equation (12) is observed to result in higher EDC than Equation (13) for
Input 1 and 2, and nearly equal EDC for Input 3 and 4, indicating that under the former inputs, flat
surface slider defined by Equation (12) can have better performance than curved one. Furthermore, a
comparative perspective on EDC and MIF indicates that Input 1 and 2 can perform better as these
inputs are capable of keeping both EDCs and MIF in a comparable range, while EDC and MIF from
Inputs 3 and 4 are observed to differ significantly as seen in Fig. 8, 9, 10 and Table 5.
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Further observations demonstrate that Equations (12) and (14) result in conservative hysteresis
loop shapes from all inputs and earthquakes even when the story stiffness is increased up to e11 and
el2, contrarily to curved surface slider defined by Equation (13), which tends to lose its stiffness trend
as superstructure stiffness increases as can be seen Fig. 8b, 9b, 10b. In fact, curved slider from
Equation (13) is observed to almost act as flat slider as the superstructure stiffness becomes large
under Inputs 3 and 4. Similar observations are also made when NF earthquakes with high PGA like
Kobe and Duzce are used, thus demonstrating that the conservative behavior of Equations (14) remains
true under different types of earthquakes. Overall, for all earthquakes, flat slider is observed to be the
most effective in both EDC and MIF reduction under all input parameters, followed by curved slider
defined by Equation (14) under Inputs 3 and 4 or the curved slider defined Equation (13) under Input 1
and 2 in both EDC and MIF reduction.

Table 5. Energy Dissipation Capacity, Maximum Isolator Force and Displacement.

EARTHQUAKES KOBE DUZCE ELCENTRO
SLIDER TYPE Eq.(12) Eqg.(13) Eq.(14) Eq.(12) Eq.(13) Eg.(14) Eq.(12) Eq.(13) Eq.(14)
EDC (J) 3.25e6 1.29e6 1.99e6  3.02e6 7.34e5 1.85e6 5.39e5 4.00e5 4.72e5
Inputl  MIF (N) 1.45e6 7.66e6 2.79e6 1.47e6 5.90e6 2.69e6  1.15e6 3.58e6 1.63e6
MID (m) 0.08 0.05 0.08 0.09 0.04 0.07 0.03 0.02 0.03
EDC (J) 7.84e7 5.84e7 8.72e7 6.02e7 2.74e7 4.62e7 5.13e7 2.30e7 3.61le7
Input2  MIF (N) 2.98e7 2.14e8 1.42e8 2.67e7 1.34e8 8.47e7  2.39e7 8.08e7 6.13e7
MID (m) 0.13 0.09 0.11 0.08 0.06 0.06 0.05 0.03 0.04
EDC (J) 6.97e5 6.95e5 6.15e5 4.26e5 4.24e5 3.39e5 9.95e5 9.92e5 8.30e5
Input3  MIF (N) 1.85e7 7.99e7 9.73e7 1.87e7 2.03e7 1.08e8 1.86e7 1.92e7 6.28e7
MID (m)  8.19e-4 8.18e-4 7.36e-4 0.001 0.001 8.4e-4 4.93e-4 4.92e-4 4.17e-4
EDC (J) 3.73e4 3.73e4 3.34e4 1.95e4 1.95e4 1.68e4 4.52e4 4.52e4 3.84e4
Inputd  MIF (N) 1.81e7 1.82e7 8.36e7 1.82e7 1.82e7 6.83e7  1.83e7 1.83e7 5.85e7
MID (m)  6.70e-5 6.70e-5 6.09e-5 5.16e-5 5.15e-5 4.7e-5 4.16e-5 4.16e-5 3.77e-5

Looking at Fig. 11 and Table 5, Input 1 results in MID of approximately 0.03 m for both Equation
(12) and (14), while for the same equations Input 2 results in MID of approximately 0.04 m under
Elcentro. Additionally, Equation (13) results in approximately 0.02 and 0.03 m under Input 1 and 2,
respectively. From this observation together with the observed base shear forces and base
accelerations, Equation (13) can be the more effective than Equation (12) under Elcentro earthquake

as it results in the smaller MID and reasonable meax under Input 1 and 2. Similar suggestions can
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also be made for Duzce which is observed to result in MID of 0.09, 0.04 and 0.07 m under Input 1, and
0.08, 0.06 and 0.06 m under Input 2 for Equation (12), (13) and (14) respectively. Overall, curved slider
defined by Equation (13) results in the smaller MID under Input 1 and 2, while flat slider results in the
highest values followed by the proposed Equation (14) under all earthquakes, thus making Equation
(13) the most reliable in terms of MID reduction under Inputs 1 & 2.

On the other hand, it can be seen that under Inputs 1, 2, 3 and 4, Kobe earthquake resulted in
approximately 3,3,2,1.6; 2.6,2,1.6,1.6; and 3,3,1.8,1.6 times larger MID than Elcentro’s under Equation
(12), (13) and (14), respectively. Not surprisingly, strong earthquake results in higher MID than
moderate earthquake as expected. Furthermore, as story stiffness increases, differences in MID from
the two earthquakes become less pronounced; demonstrating that MID of conventional sliding bearings
used to isolate stiffened superstructure may not significantly be affected by the earthquake magnitude.

Focusing on stiffened systems, Inputs 3 and 4 are observed to result in approximately equal
values for both Equation (12) and (13) with nearly 8e~ and 7e-° m, respectively, whereas under Duzce
nearly equal MID are observed for all equations of approximately 0.00005 and 0.001 m, respectively.
On the other hand, under Elcentro these inputs result in approximately similar MID values of 4.9e~* and
4.2e-5 m for Equation (12) and (13), while (14) results in slightly smaller MID of approximately 4.2e~*
and 3.8e~> m under Inputs 3 and 4 respectively. These small displacements explain the inefficiency of
the isolator to dissipate much energy, though their corresponding base floor accelerations and shear
forces were observed to reduce significantly in Section 3.2. It is, therefore, necessary to mention that
in situations where reduced base accelerations and shear forces are of first priority, stiffened
superstructure can be adopted.

Kobe earthquake
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Elcentro earthquake
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Figure 11. Variation of EDC, MIF, and MID under Equations: a) (12), b) (13), c) (12).

Looking at the results of EDC, MIF, and MID in Fig. 11 under all inputs, all earthquakes tend to
result in similar trends for each equation. Additionally, Equations (12) and (13) demonstrate that, for all
types of earthquakes, the increase in superstructure stiffness decreases MIF to a certain value,
thereafter levelling off such that further increase leads to negligible changes in MIF. The same holds
for Equations (14) under Kobe and Elcentro, except under Duzce where an increase in MIF is observed
as stiffness increases from Input 2 to 3, and further increase leading to decrease in MIF. Further
observations show that increase in story stiffness leads to decrease in both MID and EDC for all
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earthquakes as can be seen particularly considering Inputs 2, 3 and 4, where only story stiffness is
increased while keeping the same story mass.

Overall, a comparative perspective from Fig. 11 demonstrates that Input 2 has higher EDC than
Input 1 while the latter has smaller MIF, thus making the former possess desirable properties than the
latter when dissipation is prioritized. Besides, both Input 1 and 2 can perform better as these inputs are
capable of keeping EDC, MIF and MID responses in a comparable range while these responses from
Inputs 3 and 4 are observed to alter significantly, with almost zero values of MID and EDC as can be
seen in Fig.11 and Table 5.

3.5. Effective and Post-yield Stiffness

In order to maintain the hysteretic behavior of the bearing and define the isolation period in such
a way that resonance is avoided, it is important to control the stiffness of the isolator. Effective stiffness

(Keff ) and post-yield stiffness (Kp) of the isolator are compared for each input and equation to

provide insights on the behavior of isolator in terms of its consistency in keeping desirable hysteretic
behavior under horizontal loading. Looking at the isolator stiffness variation under Kobe earthquake, it

can be seen from Table 6 and Fig. 12 that Input 1 results in Keﬁ and Kp of approximately 1.65e7
and 7.69e6, 1.45e8 and 1.38e8, and 3.62e7 and 2.65e7 N/m; while K and Kp under Input 2 are

2.38e8 and 1.17e8, 2.28e9 and 2.15e9, and 1.25e9 and 1.13e9 N/m, for Equation (12), (13) and (14),
respectively.

Table 6. Effective and post-yield stiffness under various sliding bearings and earthquakes.

EARTHQUAKES KOBE DUZCE ELCENTRO
TYPE OF
Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
SLIDERS
Keff 1.65e7 1.45e8  3.62e7 1.47e7 1.47e8 3.63e7 3.62e7 1.74e8 6.07e7
Inputl
K p 7.69e6 1.38e8 2.65e7 6.51e6 1.44e8 2.68e7 1.22e7 1.67e8  3.66e7
Keff 2.38e8  2.28e9 1.25e9 3.47e8 2.42e9 1.37e9 4.99e8 2.68e9 1.53e9
Input2
K p 1.17e8  2.15e9 1.13e9 1.62e8  2.21e9 1.17e9 2.12e8 2.31e9 1.22e9
Keff 2.39e10 2.57el0 1.33e11 2.07el0 2.23e10 1.31ell 4.20e10 4.34el0 1.56ell
Input3
K p 5.15e8 6.88e9 1.15el11 4.27e9 5.92e9 1.14ell 8.79e¢9 1.01el0 1.20ell
Keﬁ 3.14e11 3.15ell 1.42e12 3.07ell 3.07ell 1.41el2 5.46ell 5.49ell 1.67el2
Input4

5.67e10 5.86el0 1.16el2 7.64el0 7.67el0 1.19el2 9.63el0 9.64el0 1.21el2

)
©

With similar interpretation as above for other earthquakes, it can be observed that Kp is
consistently less than Ky as expected for all equations and earthquakes. Additionally, both Kp and
Keff are observed to increase as the stiffness of the superstructure increases. Thus, Input 1 has the

least values of Keff and Kp due to its lowest superstructure stiffness while Input 4, which has the

highest superstructure stiffness, has the highest isolator stiffness.
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Figure 12. Effective and post-yield stiffness variation under various bearings and inputs.

The above observations are in agreement with the previously observed isolator displacement
trends, which are found to be smaller for Inputs 4 and 3 compared to other inputs due to the presence

of very high K and Kp that prevent and limit the isolator flexibility, and hence leading to small MID.

It is, furthermore, of paramount importance to indicate that this prevention of isolator flexibility results
in small EDC as previously discussed. Under all studied earthquakes and inputs, it is also important to

note that Equation (12) results in the smallest Keff and Kp , followed by Equation (14) and Equation

(13), respectively. This makes flat surface slider possess the best performance in terms of minimizing
Keff and K p:as well as providing desirable MIDs, followed by curved slider defined by Equation (14)

and lastly by (13). This shows again that Equation (14) can be more effective than (13) in terms of
isolator stiffness control, particularly for stiffened superstructure where the proposed equation has
previously shown tremendous behavior over the existing equation (13). On the other hand, comparing
Elcentro results with Kobe's, it can be seen that the latter earthquake results in smaller stiffness values
indicating that NF earthquakes will lead to larger MID, owing to their ability to reduce the isolator
stiffness as compared to moderate earthquakes like Elcentro. Furthermore, authors in [46] reported that
high isolator stiffness can increase superstructure accelerations for NF earthquake, and high post-yield
stiffness leads to limited lateral displacement capacity [45], which is in agreement with the observed
increased acceleration under Kobe earthquake when Input 2 (which results in higher isolator stiffness
than Input 1) is adopted, hence showing the importance of controlling the isolator effective and post-
yield stiffness.

3.6. Superstructure Story Drifts, Shears and Accelerations

Typical story drifts, peak story acceleration and shears are shown in Table 7 for Input 2. It can
be seen that the maximum story drifts occur at the first story as previously reported by Hassan and Pal
[48]. Furthermore, peak story accelerations are observed to be similar for all investigated equations,
and found to be reduced by approximately 34, 50, and 39 % (in comparison with fixed base structure)
under Kobe, Duzce and Elcentro, respectively. Similar reductions are also observed in terms of peak
story shear forces as can be seen in Table 7. From this observation, conventional sliding bearings can
have their best performance under earthquakes with NF such as Duzce (with small PGV) and LP
moderate like Elcentro, outlining that behavior of these bearings is significantly influenced by the type
of earthquakes.
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Table 7. Peak story acceleration and shear, and story drifts.

Kobe Earthquake Duzce Earthquake Elcentro Earthquake
Slider Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
PSA (%) 33.699 50.303 38.964
PSF (%) 33.676 50.303 38.965
SD1 0.12 0.14 0.18 0.13 0.09 0.10 0.08 0.05 0.07
SD2 0.06 0.06 0.06 0.03 0.03 0.03 0.02 0.02 0.02
SD3 0.07 0.07 0.07 0.03 0.03 0.03 0.02 0.02 0.02
SD4 0.06 0.06 0.06 0.04 0.04 0.04 0.02 0.02 0.02
SD5 0.06 0.06 0.06 0.04 0.04 0.04 0.02 0.02 0.02
nput2 SD6 0.08 0.08 0.08 0.02 0.02 0.02 0.02 0.02 0.02
SD7 0.07 0.07 0.07 0.01 0.01 0.01 0.02 0.02 0.02
SD8 0.07 0.07 0.07 0.05 0.05 0.05 0.02 0.02 0.02
SD9 0.05 0.05 0.05 0.04 0.04 0.04 0.02 0.02 0.02
SD10 0.04 0.04 0.04 0.02 0.02 0.02 0.01 0.01 0.01

Abbreviations: PSA, PSF are peak story acceleration and shear forces respectively, SD: story drift

4. Conclusion

In this study, effectiveness of conventional sliding bearings (flat and curved surface sliders) as
seismic-isolators was examined. The study also attempted to improve the existing equation for curved
sliding bearing by directly relating the isolator stiffness to the first story stiffness of the investigated
structure. Four different input parameters reflecting the superstructure stiffness variation were adopted
for a 10 story RC structure model isolated by flat and curved bearings and its structural responses were
examined under LP moderate and strong NF earthquake ground motions. To achieve this, Full
Structural Response Investigation (FSRI) was applied as a new and desirable strategy to fully
investigate the behavior of isolated structures when exposed to seismic-loads, as this can provide a
whole picture of the isolated structure behavior. Key findings after applying the FSRI are as follows:

1. Allinvestigated bearings perform similarly and equally in reducing Utop for each used Input.

Utop is smaller when moderate earthquake is used than when strong one is adopted, though the nature

of Duzce (with smaller PGV than Kobe’s) makes it behave as Elcentro, indicating that earthquake’s
PGV (along with PGA) needs consideration when investigating seismic isolation systems. Increase in

stiffness leads to decrease in Utop’ and all the earthquakes tend to result in approximately similar
displacement profiles for stiffened superstructure, indicating that for such superstructure the Utop may

not significantly be affected by the earthquake type. Flat surface slider can be the best in Utop control

for less stiffened superstructure. On the other hand, both flat and curved bearings are observed to
possess equal ability in reducing peak story accelerations and shear forces, and in keeping similar story
drifts, except for the first story where moderate Duzce earthquakes tend to render curved slider
performance better.

2. Stiffening of superstructure can lead to reduction of base shear forces and accelerations, but
affect the bearing flexible, hence causing small isolator displacements, which lead to less EDC. This
provides insights about how setting priorities during design is vital as seismic isolation may not be able

to provide all desirable FSRI responses. For example, in situations where Uy, reduction and

increased EDC are of first priority (rather than reduced Utop)* equal stiffness for all floors can be

adopted for the investigated bearings, as varied story stiffness leads to amplification of meax despite

of its best performance in reducing Utop Furthermore, curved surface slider results in the smallest
meax for all earthquakes, thus making it the most effective in reducing meax-

3. Strong NF earthquakes are found to result in higher MID than LP moderate earthquake as
expected. As story stiffness increases, differences in MID from both earthquakes become less
pronounced. This demonstrates that MID of conventional sliding bearings may not significantly be
affected by the earthquake magnitude when the superstructure is stiffened. Focusing on the observed
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Tls, type of earthquake and Input parameters are observed to significantly affect Tls, hence should be
examined when investigating the performance of seismic isolation systems.

4. Having a comparative perspective on the results of EDC, MIF, MID under all Inputs, all
earthquakes tend to result in similar trends for each slider. Additionally, results from flat and curved
sliders demonstrate that the increase in superstructure stiffness decreases MIF to a certain value
thereafter levelling off so that further increase leads to negligible changes in MIF. The same holds for
the proposed formula under Kobe and Elcentro, except under Duzce where an increase in MIF is
observed as stiffness increases from Input 2 to 3, and further increase leading to decrease in MIF. Flat
surface slider is found less reliable in terms of MID reduction under Inputs 1&2, though it is observed
to perform better in terms of EDC increase and MIF reduction. Therefore, in situations where reduced
MID is prioritized, curved slider has more beneficial effects.

5. Kp is observed to be consistently less than Keff as expected under all equations and

earthquakes, and both increase as the superstructure stiffness increases. Flat surface slider results in
the smallest Ky and Kp rendering it the most effective. Furthermore, the proposed formula can be

more effective in terms of isolator stiffness control, particularly for stiffened superstructure. Using similar
story stiffness under Duzce and Elcentro result in unwanted long-lasting Utop peaks over nearly the

entire duration of each earthquake, which can cause substantial damage of sensitive equipment in the
building.

6. The formulated equation is tested and found reliable only when the superstructure is stiffened,
owing to its conservative behavior over a wide range of superstructure stiffness, and ability in controlling
seismic isolation responses. In this case, this equation can even perform much better than the existing
Equation, which underestimates isolator stiffness due to its conservative inability. On the other hand,
flat surface slider can have better performance than the curved one, when less stiffened superstructure
is adopted, and comparable performance, when superstructure stiffness increases.
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