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Abstract

Introduction: Earthquakes are one of the most frequent and potentially disruptive natural disasters. Up to this day, numerous
methods have been tested and applied to prevent damage to buildings and structures as a result of earthquakes. Currently,
one of the widely used methods is to provide seismic isolation between the building and the ground. Its main purpose is
to reduce the interaction between the building and the ground as well as the impact of soil movement on the building. For
our study, we chose a system of lead rubber bearings as isolators used to improve the seismic resistance of buildings.
Purpose of the study: We aimed to expand the tool kit for the analysis of seismic isolation based on rubber bearings and
demonstrate the effectiveness of ETABS software. Methods: The paper investigates the behavior of an isolation system
with lead rubber bearings for various earthquake records with the use of ETABS software according to UBC-97 standards
and software developed specifically for this study in Excel. Results: Based on the developed software, we analyzed how

changes in properties of base isolators affect the behavior of structures exposed to earthquakes.
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Introduction

One of the important challenges of structural
engineers is to find a suitable solution to reinforce
structures so that they could withstand earthquakes.
In traditional design methods, the seismic resistance
of buildings is provided by the combination of
stiffness, plasticity, and energy losses in the main
components of the structure. In modern design
methods, seismic isolation systems are utilized
to ensure the safety and resistance of structural
components to earthquakes as well as to reduce
material consumption for structural components.
Currently, seismic isolation systems are widely used
to prevent structural vibrations from earthquakes,
which allows structural components to remain in the
elastic deformation range and makes it possible to
prevent their significant damage and destruction
(Tamim Tanwer et al., 2019).

There are many damping devices, including
rubber bearings (with/without a lead core), friction
and kinematic dampers. In recent decades, they
have been used in practical seismic design of
structures and are still being developed (Buckle
and Mayes, 1990; Rutman and Ostrovskaya, 2019;
Tyapin, 2020; Uzdin et al., 2012).

Fig. 1 shows an example of a lead rubber bearing
(LRB) widely used all over the world (Jangid, 2007;
Tyler and Robinson, 1984). The LRB is made of
alternating layers of rubber and steel plates with one
or several lead cores inside. The core is deformed,
ensures the hysteresis operation of the structure as

well as sufficient stiffness, strength and resistance to
low lateral loads, light winds, and minor earthquakes
(Bhandari et al., 2018).

The LRB force/displacement relationship is non-
linear, and the correct prediction for the behavior
of isolated base structures under seismic effects
depends heavily on the mathematical model chosen
to describe the system. For instance, there are
several hysteresis models to describe the dynamic
behavior of the LRB: linear, polynomial, and
curvilinear (Wen, 1980). A suitable model for the
dynamic behavior of the system is usually based
on the characteristics of pulse energy, obtained as
a result of dynamic or static experiments. In recent
decades, much effort has been made to develop
methods to identify non-linear hysteresis systems.
These methods include least squares estimation in
the time domain (Kilar et al., 2011; Lin et al., 2001;
Wenbin, 2000; Yang and Lin, 2004). Thus, the task
of determining the parameters of seismic bearings
and simulating the behavior of the structure / seismic
isolation system is quite relevant.

Subject, tasks, and methods

Fig. 2 shows a design scheme and main design
parameters of the LRB (Sharbatdar et al., 2011). To
determine the isolator parameters, Uniform Building
Code UBC-97, corresponding to the regulations,
was used (ICBO, 1997). The target period of the
building and material properties were determined
based on the following considerations: the values
from 2 to 3 seconds are the desired values of the
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Fig. 1. Schematic diagram of the LRB (Smirnov and Bubis, 2014):
1 — support plates fastened to the non-seismically isolated and seismically isolated parts of the structure;
2 — flanged steel plates; 3 — steel plates located between rubber plates; 4 — rubber plates; 5 — a rubber
cover protecting the inner layers of rubber and metal; 6 — holes for anchor bolts required to fasten the bearing
to the non-seismically isolated and seismically isolated parts of the structure; 7 — key holes; 8 — a lead core.

isolation system oscillation period. The modulus of
elasticity E, the shear modulus G, and the maximum
shear strain y__ differ depending on the type of the
LRB selected.

The main stages of the calculation were as
follows: first, a building with rigid fixing was modeled,
and vertical loads in the interior, exterior and corner
columns were determined. After that, the design
parameters of the LRB were calculated using an
Excel spreadsheet. Then those parameters were
used to determine the LRB parameters in ETABS.
As a result, the following design parameters were
obtained for three different types of the LRB (Table 1).

Description of the design solutions adopted with
the use of the LRB. To test the model, we considered
a standard 10-story reinforced concrete building
located in the earthquake-prone area V, with an open
floor, as shown in Figs. 3 and 4. The dimensions of
the building in plan view are 30 and 24 m in the x
and y directions, respectively (Ferraioli and Mandara,
2017). The height of the first floor is 3.6 m, and the
height of the rest floors is 3 m. Thus, the total height

- D]_RB -
_ End Plate
Rubber Layers
ek Shim Plates
“ Dz .

of the building is 30.6 m. The slab thickness is 0.150
m. The design static loads are taken to be equal to 3.4
kPa for the partitions and 1.5 kPa for the floors and the
roof. Table 2 shows other characteristics of concrete
and reinforcement. The axial load for the interior,
exterior and corner columns is 5332.06 kN, 4529.19
kN, and 3911.39 kN, respectively. The design was
performed as per American standard ASCEQ7 and
UBC-97 (ICBO, 1997). In the calculations, concrete
of grade M35 was used, and high yield strength
deformed (HYSD) bars with a minimum yield strength
of 415 MPa were utilized as both longitudinal and
transverse reinforcement.

Modeling and design of a building with an LRB.
ETABS software was used for the calculation. Fig. 5
shows a design scheme in the form of a spatial
frame. It should be noted that in ETABS (and in
some foreign design programs), static non-linear
pushover analysis is implemented by introducing
plastic hinges into the sections of the design
scheme components where, from the point of view
of the program user, inelastic deformations should
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Fig. 2. Design scheme and main design parameters of the LRB
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Table 1. Design parameters of the LRB for ETABS

Final input data for ETABS Exterior Interior Corner
columns columns columns

Rotational inertia (kN/m) 0.0146 0.0207 0.0107
U1 Effective stiffness (kN/m) 721.991 849.977 623.510
U2 & U3 Effective stiffness (kN/m) 2913 3430 2516
U2 & U3 Effective damping 0.1 0.1 0.1
U2 & U3 Distance from the end — J (m) | 0.0058 0.0058 0.0058
U2 & U3 Stiffness (kN/m) 24.559 28.913 21.209
U2 & U3 Yield strength (kN) 142.2 167.4 122.8
Bearing diameter, DLRB (m) 0.789 0.856 0.75
Total height of the LRB, h (m) 0.34 0.35 0.34

develop. This significantly increases the error
probability since it is almost impossible to define
an appropriate mechanism for the destruction of a
complex structure and criteria for the transition of its
components into plastic condition.

The use of the response spectrum function in
accordance with the standards is a more unified
procedure, which does not require additional user
control over the structure operation, and that creates

Table 2. Initial data for structural modeling

No. Parameter Value

1 | First floor height (m) 3.6

2 | Floor height (m) 3

3 | Building height (m) 30.6

4 | Column size (m) 0.6x0.6 or 0.5x0.5

5 | Number of floors 10

6 |Beam size (m) 0.4x0.5

7 | Floor slab thickness (m) |0.150

8 | Modulus of elasticity 25

of concrete Ec (GPa)

9 | Design strength 30

of concrete Fck (MPa)

10 | Reinforcement yield 415

strength (MPa)

11 | Poisson’s ratio 0.2

12 |Dead load ontheslab |4.5

(kN/m?2)

13 | Load on the floor 34

with partitions (kN/m?)

14 | Load on the roof (kN/m?) | 1.5

15 | Load on the walls (kN/m) | 7.5

16 | Specific weight 25.00

of reinforced concrete
(kN/md)

17 | Material Concrete M35
and reinforcement Fe-415
(HYSD, compliant with IS-
2002)

18 | Reinforcement High strength deformed
steel compliant with
1S-2002. Modulus
of elasticity — 200 kN/mm?

the advantage of using the response spectrum
analysis method compared with the calculation
according to the plastic mechanism.
Results and discussion
The spectral analysis of the structure isolated with
the use of the LRB and the non-isolated structure
yielded the following results presented in Figs. 6-10.
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Fig. 3. Standard floor plan
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Fig. 4. Scheme of the transverse frame of the
reinforced concrete building structure
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Table 3. Seismic characteristics
of the construction facility as per UBC-97

No. Parameter Value Remark
1 |Seismic zone factor (Z) |0.36 (UBC 97,
Table 16-1)
2 |Seismic load As per
ASCEQ7
3 | Seismic source type B (UBC 97,
Table 16-S)
4 |Distance to a known 5 (UBC 97,
source Table 16-S)
5 | Soil profile type S, (UBC 97,
Table 16-J)
6 |Near-source factor (Na) | 1.2 (UBC 97,
Table 16-S)
7 |Near-source factor (Nv) | 1.6 (UBC 97,
Table 16-T)
8 |Seismic coefficient (Ca) |0.36 (UBC 97,
Table 16-Q)
9 |Seismic coefficient (Cv) |0.56 (UBC 97,
Table 16-R)
10 |Design period TD, s 2.5
11 |Behavior coefficient 1.25
12 | Effective damping (Bd  [0.05
or m)
13 |Damping coefficient (Bd |1
or m)

The following designations are used in these figures:
FB — a system without seismic isolation; LRB —
a system with seismic isolation using the LRB. The
results are given for the effects of an operating basis
earthquake as well as for the system response
spectrum analysis.

A comparison of the values of the maximum
displacement for story drift and the shear force for
each story, obtained based on the response spectrum
analysis, makes it possible to note that displacement,
drift, and shear forces decrease by 30% or more
when the LRB is used. In the assessment of the
maximum displacement of the LRB system, which is
one of the main parameters in the design of seismic
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Fig. 5. Scheme of the spatial frame of the reinforced
concrete building structure with the LRB

isolation, as well as the maximum displacement of
the base section of the structure and the building as
a whole, the spectrum analysis method proved to be
a simple and effective method.

In conclusion, it should be noted that it is
important to choose the right parameters of seismic
isolators. The system response spectrum analysis is
one of the easiest and effective tools to determine
the required properties of isolators, taking into
account the complex movement of the structure.
The proposed method for determining the LRB
parameters using Excel in accordance with UBC-
97 has acceptable accuracy in terms of assessing
the design parameters of the LRB. Considering
the behavior of the isolated structure and the fact
that the bearings have non-linear characteristics, it
is possible to choose the most effective model for
the seismic bearing and structure by analyzing the
response spectrum of the system.
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Fig. 6. Drift in the X and Y directions (earthquake)
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Fig. 10. Shear force in X and Y directions (spectrum analysis)
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AHHoOTauus

BBeaeHue: 3emneTpsiceHns SIBNAKOTCA OOHWMM U3 4acTo HabrnogaembiX CTUXWMIAHBIX GEACTBMI, KOTOpblE MOTYT MMETb
BeCbMa paspyLunTenbHble nocneacTems. [Jo cerogHswHero aHA 6b1no onpo6oBaHO U MPUMEHEHO MHOXECTBO PasnuYHbIX
METOLOB AN NPeAoTBPALLEHUS MOBPEXAEHUA COOPYXXEHUN U KOHCTPYKUMIA, KOTOPblIE MOTYT BO3HWKHYTb B pesynsrarte
3emneTpsiceHnin. OgHNM M3 LUIMPOKO UCMONb3yEMbIX B HACTOSLLEE BPEMS METOAOB SIBNAETCA NPYMEHEHUE CENCMON30NALNA
MeXay 304aHVWEeM W TPYHTOM, OCHOBHOWM LEMbi0 KOTOPOro SIBMSIETCA YMEHbLUEHUE B3aMMOAEWCTBUSA MEXOY HUMU ©
YMEHbLLEHWNE BMUSHUSA ABWXEHNSA FPyHTa Ha 3aaHue. B kauecTBe U30NsiTopoB, NPUMEHSIEMbIX B CENCMOCTONKMX 30aHUSIX,
Obina BbibpaHa cuctemMa pe3mHOMETanIMYecknx onop co CBUHLIOBbLIM cepaedHukoMm. Llenb nccnegoBaHus: HacToswas
CTaTbsl CTABUT LiENbIO PacLUMpUTb MHCTPYMEHTAPUI CPEACTB pacyeTa cecMomn3onsaummn Ha 6ase pesmHoMeTanImyeckux
onop 1 nokasatb 3PEKTMBHOCTb NPUMEHEHUS MporpammHoro komnnekca ETABS. MeTtoabl: B cTaTbe MpOBOAMTCS
nccrnenoBaHUe NOBEAEHUS CUCTEMbI U30MNSALMM C MPUMEHEHNEM PE3UHOMETAINYECKMNX OMOP CO CBMHLIOBLIM CEPAEYHNKOM
ONS pasnUyHbIX 3anuncert 3eMNeTpPsiCeHUIA C UCMONb3oBaHMEM nporpammHoro komnnekca ETABS cornacHo Hopmam
UBS-97 n nporpammHoro obecrneyeHuns, paspaboTaHHOro crneumansHo ANns 3Toro uccnegosaHus B Exel. Pesynbratbi:
C NOMOLLbI0 pa3paboTaHHOro MPOrpaMMHOro obecrneyeHmst aHann3npPoBanoch BrUSIHUE U3MEHEHUST PasfiMYHbIX CBONCTB
N30NSITOPOB OCHOBaHWUSI HA NMOBEAEHME KOHCTPYKLMMN NoA AENCTBUEM 3EMIETPSCEHWIA.

KniouyeBble croBa: cericmMoun3onsuns, cemncmoornopa, peavHoMeTannnyeckasi onopa, 3pMeKTMBHOCTb CEMCMON3ONSALINN.
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