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Abstract In the year 2022 according to the United
Nations, the world population is three times larger than the
twentieth century, which affects the demand for land and
consequently the cost per m? increases. Likewise, it
requires occupants to choose to build high-rise buildings to
maximize the area acquired, consequently most structures
require huge shear walls that increase the cost in steel, and
in turn reduce the profitability of real estate for lack of
aesthetic spaces on the floors. Now, recent architectural
models do not allow regular structures, consequently,
different irregularities occur. The present work develops
the influence of vertical geometric irregularity in high-rise
buildings with base isolation system, by which the
researchers, modellers and designers, carried out the
analysis of a regular pattern model (MPAT) based on shear
walls, columns and beams against 12 different models,
presented in their structural configuration different vertical
geometric irregularities, consisting of 20 floors. It was
analyzed by means of the seismic properties established in
the Peruvian regulation of buildings norm E.030 and E0.31,
providing with rigidity, resistance, ductility to the structure,
likewise the elements of isolation of base of the type
Elastomeric LRB and Slider were placed, which were
developed with a nonlinear analysis time history with a
total of 7 pairs of seismic registrations. Finally, it was

observed in the displacement analysis that the irregular
structures compared to the regular structure do not present
a variation greater than 3.14%. Similarly, drifts between
floors were analysed in which the models M1T3, M2T3,
M3T3, and M4T3 presented greater drifts compared to the
regular model, obtaining in the model M4T3 an increase in
the drift of 56. 74%. On the other hand, in the accelerations
per level, the M2T3 model obtained an increase of 60.63%
compared to the standard model. Finally in the analysis of
energy dissipation with seismic isolators, the M4T3 model
dissipates 92.84% of energy generated in the structure,
consequently the seismic effect is dissipated directly by the
base isolators.

Keywords Displacement, Drifts, Acceleration,
Vertical Geometric Irregularity, Energy Dissipation, Base
Isolation, Seismic Isolation, High-rise Buildings

1. Introduction

According to the National Institute of Statistics and
Informatics (INEI), in 2023 the Peruvian population will
reach 33 million 726 thousand inhabitants, of which 30.1%
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live in Metropolitan Lima [1]. These statistics involve the
real estate sector caused by the modern city, i.e. the
expansion of buildings is part of the commercial and
residential districts. Likewise, Lima's population prefer the
flats located on the highest floors because of the privileged
view, in fact they are the first to be marketed [2]. Tall
buildings in Lima are exposed to seismic movements
throughout their useful life because they are within the
Pacific Ring of Fire that concentrates the highest seismic
activity in the world with the possibility of generating an
earthquake of a great magnitude [3], for this reason the
structure must control the displacements that are generated
in the floor levels to avoid collapse and to maintain
immediate occupancy safety [4]. Thanks to the progress of
earthquake-resistant engineering, measures have been
taken to reduce the seismic demand on structural elements
through the isolation of LRB and Slider isolators, which
improve the dynamic behaviour of the structure [5].
Additionally, there are other components that influence
structural damage such as vertical geometric irregularity
that punishes the basal shear by an increase of 11.11%
directly affecting displacement, accelerations, drifts,
increased steel requirement in beams, columns, plates [6].

The Turkish Department of Architecture has conducted
a comprehensive analysis of seismic events in Turkey. In
1999, a devastating earthquake with a magnitude of 7.4
claimed the lives of more than 17,000 people and left more
than 280,000 homes destroyed [7]. In addition, in 2023,
another 7.8-magnitude earthquake struck the region,
resulting in the loss of 4,300 lives and the collapse of
numerous buildings, as illustrated in Figure 1, labelled A).
In Mexico, the 15-storey Nuevo Leon building collapsed
during the 1985 earthquake, which reached a magnitude of

':’-a m f - . ! e |?

. st - ] 4 3
A) Collapsed buildings in Turkey earthquake 2023

B) Building collapse Nuevo ledn 1985 quake

8.1, leaving a tragic toll of 300 people dead in its collapse.
This tragedy is highlighted in Figure 1, identified as B) [8].
On the other hand, in Chile, significant seismic events have
been recorded, such as the Valpara §o earthquake in 1985,
with a magnitude of 8, and the Maule earthquake in 2010,
with a magnitude of 8.8. These events affected large areas,
including the metropolitan region and Valpara §0, as well
as areas such as Vifa del Mar, where collapses of
structures have been reported, as shown in Figure 1,
marked C) [9].

It is evident from Figure 1 that some tall office buildings
focused their efforts on structural stiffness, but did not
incorporate seismic isolation systems, which contributed to
their collapse.

In Peru, the introduction of base isolation is a relatively
new measure in terms of seismic protection. Currently, this
approach is being used mainly in hospitals, although in its
early days, its application was carried out using foreign
codes due to the absence of local regulations. This has
raised concerns about the adequacy of these isolated
buildings to accurately resist the country's own seismicity
[10]. In addition to its implementation in hospitals, base
isolation has been used in other structures in Peru, such as
the municipality of Moquegua and UTEC University. It has
also been applied in bridge construction. Moreover, in
2014, the Peruvian government established that all public
health centers should be built with base isolation [11].
Despite these advances, it is important to continue
developing local regulations and standards that are
specifically adjusted to the seismic characteristics of Peru,
thus ensuring the effectiveness and safety of isolated
structures in the country.

C) Building collapse Maule earthquake 2010

Figure 1. Collapse of buildings in different countries due to seismic events
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In Turkey, isolated and fixed base models were carried
out, in which the behaviour of the lead rubber bearing
(LRB) was evaluated against flat slider isolation systems
(FS), curved surface friction (FPS) for low and medium
height buildings, in which 352 analyses were carried out, in
the non-linear range, The behaviour of the models without
a base isolation system was evaluated. They obtained a
higher seismic requirement exceeding the state of
controlled damage; on the other hand, the lateral
displacements of the isolated models were higher. The
researchers concluded that the joint use of the LRB and FS
isolator is detrimental to the behaviour of the structure by
increasing the seismic demand, while the use of the LRB
isolator alone is detrimental because the FS isolator lacks a
restoring force, as opposed to the LRB devices that do
produce a restoring force. It is concluded that the use of the
LRB isolator is a better option than other base isolation
systems [12]. On the other hand, the researchers [13],
evaluated the base isolation with elastomeric support
constituted of rubber with lead core (LRB), in which they
considered effects of torsional irregularity and 1408
different time history analyses. They have used the
three-dimensional models of 3,5,7, 9 storey models using
11 records obtained from the ground, demonstrating
sensitive behaviour to torsional irregularity effects,
affecting 47% higher than a model without eccentricity.
One of the factors to this result is that the lack of seismic
records leads to inaccurate predictions of seismic demands.

In Italy, the behaviour of irregular and asymmetric
structures was analysed, this induces the structure to
generate seismic overload actions on the elements
distributed around the frames, generating a fragile
behaviour; To reduce this vulnerability, they proposed
structuring strategies, through the addition of shear walls,
structural frames, elastomeric base isolation. The latter
solution is intended to be more effective because it reduces
vulnerability due to irregularity, in which it has been
demonstrated that the isolated system allows to reduce the
total shear stress of the base by 70% by decoupling the
vibration modes in an adequate way in order to obtain 2
translations in the first modes and in the third one torsional
mode. This characteristic allows to distribute the stresses in
the columns in a uniform way avoiding dynamic loads in
the surroundings of the columns and avoiding forced
torsional effects [14]. On the other hand, in multi-storey
tall buildings characterised by irregularity in plan, they
were analysed by means of response spectrum analysis and
non-linear analysis, demonstrating that an analysis carried
out with the response spectrum provides lower drift values,
and consequently in dynamic analysis it is less
conservative compared to the non-linear analysis, in terms
of displacement. In the same way, the forces generated in
the beams and columns with respect to the bending
moment were evaluated, generating lower values in a
response spectrum compared to the non-linear analysis,
while in a shear analysis in the supports they are very
similar, which is why the researchers recommend using a
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non-linear analysis in irregular multi-storey buildings with
base isolation systems [15-16].

Experimental studies in the United States on elastomeric
insulation evaluated its behaviour under shear deformation
to predict what happens under seismic stresses, with the
axial load being decisive during design. This is calculated
under the Haringx theory, based on small displacements
and modified by a correction factor to take into account
shear effects. In this study, it is shown that the critical load
decreases as the horizontal displacement or the shear
deformation generated increases. It is also shown that the
formulae used for the design are not conservative for small
displacements, but for large displacements, they are too
conservative [17].

In the Asian continent they evaluated high-rise buildings
using base isolation which is accepted for seismic design,
where it is mentioned that the elastomeric isolator is the
most used. But still there is a tendency of the friction
pendulum bearing (FPB) due to its high vertical bearing
capacity, which has been developed with a non-linear
analysis obtaining a base response, under wind load a
non-zero mean by linearisation. Finally the research
mentions that the effects of radius and coefficient of
friction are induced to the vibration generated by the wind,
offering guidelines for design of tall buildings affected by
wind [18].

The effectiveness of viscous fluid dampers (VFD) in
combination with floor isolators has been evaluated in
China, showing that this combination significantly
improves the structural performance of buildings by
reducing floor drifts and shear force. However, finding the
optimal parameters for VFD can be challenging. Although
the use of viscous fluid dampers together with isolators is
common in buildings close to earthquake faults, this hybrid
system is also advantageous in inter-storey isolation to
limit P-A effects. However, previous research on base
isolation has pointed out that this additional damping can
have negative effects by increasing inter-storey drifts and
floor accelerations [19] [20].

This background provides clear guidelines for the
isolation of tall buildings using elastomeric isolators,
ruling out the use of viscous fluid dissipators due to their
negative effects on floor drifts and accelerations.
Furthermore, it is recognised that these effects can be
aggravated when considering geometric irregularity, which
is the focus of this research. Therefore, our aim is to
improve the structural behaviour by means of isolators,
focusing on analysing only the wvertical geometric
irregularity as the main variable. For this purpose, it has
been considered essential to carry out a modelling with a
non-linear analysis. In this study, four different types of
models will be evaluated, each with three variations,
involving the analysis of 12 different configurations of
vertical geometric irregularity. These configurations will
be tested using a base isolation system composed of LRB
elastomeric isolators in conjunction with Slider type
isolators. Various parameters such as displacements,
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accelerations, drifts and energy dissipation will be studied
in comparison with a regular isolated building in order to
better understand the behaviour of the structure under
seismic conditions.

2. Materials and Methods

In this study, theoretical concepts were used to analyse
the behaviour of the structure, establishing a relationship
between the independent variable, the vertical geometric
irregularity, and the dependent variables, such as the LRB
and Slider base seismic isolator.

2.1. Seismic Properties of the Structure

The seismic properties are requirements to evaluate the
behaviour of the structure, which are governed according
to the Peruvian building regulation Norma E.030 Disefo
Sismorresistente [21]. In relation to zoning, the project is
located in Lima, therefore, the zoning parameter (Z4=0.45).
The use factor for isolated structures is equal to 1 (U=1)
[22], the seismic amplification factor (C) is a function of
the period of the building and the soil parameters, and the

soil factor (S) is a function of the zoning, which depends on
the soil study having a shear wave between 500 m/s and
1500 m/s, located in (S1=1). Finally the reduction
coefficient of seismic forces (R) in the analysis of seismic
records was considered a R=1 for the non-linear analysis
time history.

2.2. Computational Modelling in ETABS

ETABS is a structural analysis software used in
buildings with seismic isolation systems [22]. The study
building, depicted in Figure 2, has a total floor area of 1512
m? and consists of 20 floors with a total height of 62.4 m.
The configuration of the seismic-resistant system includes
a core of reinforced concrete walls, beams, and columns. In
addition, it rests on a 1.8 m thick slab, supported by 24
natural rubber isolators, of which 16 incorporate a lead
core. Therefore, isolated footings have been provided for
the isolators which are interconnected by foundation beams.
The isolated model and the perimeter structures have
implemented a 50 cm insulation joint, which significantly
exceeds the minimum requirements, in order to minimise
the possibility of impact between the isolated structure and
the surrounding structures.

—
o
-

Figure 2. MPAT Computational Model in ETABS of the building
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2.3. Building Structuring

The structuring of buildings in Peru is subject to strict
requirements of stiffness and resistance established by the
Peruvian Building Regulations, specifically in Standard
E.031 [22], which limits drifts and accelerations at all floor
levels. Therefore, in the analysis of vertical geometric
irregularity, it was chosen to use models that include beams,
columns and shear walls, as shown in Table 1. Square
columns measuring 1.2 m were utilized with a concrete
resistance of 420 kg/cm=from the first to the tenth floor.
From the eleventh to the fifteenth floor, the column
geometry was reduced to 1.1 m with a compressive
strength of 350 kg/cm=then from floor 16 to 20 the column
dimension is 1 m with a concrete of 280 kg/cm?, the
concrete walls in their totality maintained a constant
thickness of 0.4 m, and the floor slab elements were
maintained at 0.2 m while the beams were 0.35 m wide and
a camber of 0.6 m. This gives us an idea regarding the
requirement of axial compressive strength decreases as one
ascends at the upper levels.

In Figure 3, we visualise the elevation of the structure
with mezzanine levels of 3 m, foundation slab of 1.8 m,
isolated foundation height of 3.1 m, having a total of 20
storeys, whereby the columns have a variation in
compressive strength as the levels are raised accordingly.

2.4. Vertical Geometric Irregularity

The vertical geometric irregularity, according to the
Peruvian Technical Standard E.030 [23], refers to a
particularity in the spatial configuration of buildings that
affects their response to seismic events. This irregularity is
vertical when the horizontal dimension of the system of
resistance to lateral forces at a specific level exceeds by
130% or more the dimension of the level immediately
below. Likewise, the Colombian Seismic Resistant
Construction Regulation (NSR-10) establishes the same
relationship as the Peruvian standard, which penalises the
coefficient of reduction of seismic forces at 0.9. Figure 4
shows 3 configurations to evaluate the vertical geometric
irregularity, depending on the total lengths of the cross
section versus the corresponding change in length. The
irregularity adopted for each configuration is outlined in
Figure 5.

Figure 5 shows the 12 structural configurations with
vertical geometric irregularity, where the irregularities
were evaluated accordingly as indicated in the E.030
seismic-resistant design standard, which was detailed in
Figure 3, in which we can highlight that the T3 models are
the ones that show an irregularity ratio of 1.75 to 2.33
being higher compared to other irregular models.

Table 1. Geometric properties of the structure

COLUMNS AND WALLS BEAM AND SLAB

FLOOR 20 F'c=280 C100X100 e=40cm F'c=280 V/35x60 20cm
FLOOR 19 F'c=280 C100X100 e=40cm F'c=280 V/35x60 20cm
FLOOR 18 F'c=280 C100X100 e=40cm F'c=280 V/35x60 20cm
FLOOR 17 F'c=280 C100X100 e=40cm F'c=280 V35x60 20cm
FLOOR 16 F'c=280 C100X100 e=40cm F'c=280 V35x60 20cm
FLOOR 15 F'C=350 C110X110 e=40cm F'c=280 V/35x60 20cm
FLOOR 14 F'C=350 C110X110 e=40cm F'c=280 V35x60 20cm
FLOOR 13 F'C=350 C110X110 e=40cm F'c=280 V35x60 20cm
FLOOR 12 F'C=350 C110X110 e=40cm F'c=280 V/35x60 20cm
FLOOR 11 F'C=350 C110X110 e=40cm F'c=280 V35x60 20cm
FLOOR 10 F'C=420 C120X120 e=40cm F'C=350 V/35x60 30cm
FLOOR 9 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm
FLOOR 8 F'C=420 C120X120 e=40cm F'C=350 V/35x60 30cm
FLOOR 7 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm
FLOOR 6 F'C=420 C120X120 e=40cm F'C=350 V/35x60 30cm
FLOOR 5 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm
FLOOR 4 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm
FLOOR 3 F'C=420 C120X120 e=40cm F'C=350 V/35x60 30cm
FLOOR 2 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm
FLOOR 1 F'C=420 C120X120 e=40cm F'C=350 V35x60 30cm

ISOLATED SLAB F'C=420 V100x200 180cm
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2.5. Base isolation System

2.5.1. Dynamic Behaviour of the Isolated Building

Seismic isolation consists of separating a structure from
ground motions by coupling flexible elements between the
superstructure and foundation [24]. The intention is to
reduce the fragility of structures by contributing to
damping for deformation control, as well as to shorten
displacements between the ground and the building [25].
Figure 6 shows the rigid building moving with base
isolators, which decreases seismic amplification and
stabilises the building. The flexibility provided by the
isolators allows to adapt the ground deformation into a
shear deformation, making it difficult to transfer the
ground motion to the structure.

|
|
|
|
|
|
|
|
|
|
B

SEISMIC ISOLATION SLA

| 1 | 1 l
Figure 6. Base-isolated building

2.5.2. Dynamic Behaviour of the Unisolated Building
During a seismic event, ground vibration is transmitted

to the buildings through their foundations and
consequently transferred to the superstructure. Buildings
without seismic isolation are designed to withstand gravity
loads, however, in a seismic event the structure resists
dynamic loads acting in all directions causing the structural
elements to suffer horizontal displacements [26] as shown
in Figure 7, the behaviour of the structure without seismic
isolation is visualised in which the embedded base is
considered generating increased displacements.

T N e N N TR |
T I A T AT
L S I I N

“HV"H"H"‘V*‘H*‘H*‘H*‘H*‘H*‘H*‘\
1 i

S X | i e
Ly I
| .

e 222222 - - - - T == —-——-—=-1
oy

FOUNDATION

Figure 7. Building without base insulation

2.5.3. LRB Elastomeric Isolators: The Bilinear Model

Lead core bushings (LRB) consist of alternating layers
of rubber and A1 steel sheets [27], as shown in Figure 8,
with a hole in the centre where the lead core is placed to
increase the initial stiffness and energy dissipation capacity
[28-29-30]. In addition, an isolation system provides
structural safety and lower seismic demand [31]. The
details of the LBR isolator are shown in Figure 9, as well as
the nominal properties of the bilinear model of the isolator
[22].
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Figure 8. Lead core insulator
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Figure 9. Bilinear force-deformation model of the insulator [22].
In the Bilinear model the post-flow stiffness K; has to Kepf = Fmax 2
be found for each loading cycle, where G is the shear Dmax

modulus of the rubber, A.qucho 1S the area of the rubber
and F,,, is the total thickness of the rubber which are
given in equation (1) [32].

_ G Acaucho

Kq = — 1)

Another parameter is the effective stiffness which is

found for each load cycle, where E,,, the maximum force,
in D,,q, correspondingly according to equation (2) [29].

2.5.4. Slider Isolators: Bilinear Model

Sliding isolators use a sliding surface, usually stainless
steel, on which a steel plate coated with Polytetra
Fluoroethylene slides and supports the structure as shown
in Figure 10; this surface allows horizontal movements
independently of the ground. The seismic isolation system
is able to dissipate energy through its frictional forces
emitted by the earthquake, also this type of isolation may
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require other types of seismic isolators (LDRB, LRB or
HDRB) to restore the structure to its initial position after
the earthquake [33].

Top tray

Stainless steel

—=——— Teflon

Piston

Sealing rings
Elastomeric cushion

L? Bowl

Figure 10. Sliding support

2.6. Acceleration Recording

The acceleration records are the tapes obtained from
different stations in order to generate a database with
existing information [34], for the analysis of the structure
at least seven pairs of ground acceleration records are
required consisting of a pair of orthogonal components
chosen and scaled from individual events to construct the
pseudo-acceleration spectrum taking the square root of the
sum of squares (SRSS) [21-22]. Table 2 shows the seven
chosen records that were extracted from CISMID for the
analysis of the structure, which must be spectrum
compatible i.e. they must have similar properties such as
soil type.

2.6.1. Effects of Seismic Loads and Design Combinations

The irregular modelling that makes up the isolated
structure must use the additional load combinations for the
design stage and for testing of the prototype units of the
isolation system set out in equation (3), (4), (5) [22].

Pservice = 1.0CM + 0.5CV (3)
Praximo = 1.25(CM + CV) + 1.0(CSH + CSV)  (4)
Prinimum = 0.9CM-1.0(CSH+CSV) (5)

Where:

CM: Dead Cargo

CV: Live Cargo

CSH: Horizontal Seismic Loading
CSV: Vertical Seismic Loading

2.7. Acceleration Log Processing

The records defined in Table 2 show that most of the
stations at the moment of recording a seismic event have
disturbances due to factors such as passing cars, trains,
ambient noise, etc [35]. This generates a superposition in
the initial signal by another signal of a certain level that can
hide important features. Thus, it is necessary to correct the
accelerations obtained from the Seismosignal recording;
Figure 11 shows the correction of the acceleration vs. time
of the Lima earthquake in 1966. The blue line represents
the baseline correction and the filtering of the data that
caused the perturbations, while the lead line represents the
initial data without corrections.

Table 2. Seismic records from time-history analysis

Earthquake Date Mw Depth (Km) PGA (9) Hypocentral Depth (Km)
Lima, Perc 17/10/1966 8 37.3 0.275 223.1
Chimbote, Per 31/05/1970 7.9 71.1 0.107 368.3
Lima, Per 3/10/1974 8.1 21.2 0.196 58.8
Moquegua, Pera 23/06/2001 8.4 29 0.294 325.6
Arequipa, Pera 7/07/2001 7.5 33 0.126 82
Moyobamaba, Per(i 25/09/2005 7.5 115 0.134 90
Ica, Per 15/08/2007 7.9 40 0.494 117
LIMA 1966-NS
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Figure 11. Baseline correction and filtering of the lime register, 1966
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Figures 12 and 13 show the seven records scaled to the design spectrum, where a 5% damping of the structure is
considered, a seismic reduction factor (R=1), which will later be used for the non-linear time-history analysis of the
structure.
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2.8. Non-linear Time History Analysis (FNA)

The fast nonlinear analysis (FNA) is a tool used in the
ETABS program as a modal analysis method to evaluate
the dynamic and static behaviour of linear and nonlinear
structural systems, being suitable for the time-history
analysis due to its computational formulation, which
evaluates the relationship between force and deformation,
being suitable for our analysis according to the Bilinear
methodology mentioned in Figure 8.

To evaluate the seismic behaviour of the structural
models with the base isolation system, we used the
non-linear time-history analysis, discarding the spectral
modal dynamic model, since the structure is not less than 4
stories or more than 20 m according to the Peruvian
Building Regulations, standard E.031 Seismic isolation
[22], for which it is necessary to use at least seven sets of
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ground acceleration records which must be scaled to the
defined spectrum, considering the 2 components in the
orthogonal directions.

Figure 14 direction X shows the analysis criteria used
for the compatible spectrum east-west direction, where the
preliminary scaled spectrum was obtained and then in the
analysis direction "X" of the record, it was considered
east-west at 90%, north-south at 44% simultaneously. The
same was done for the 7 pairs of records used.

Figure 14 direction Y shows the analysis criteria used
for the compatible spectrum in the north-south direction,
where the preliminary scaled spectrum was obtained and
then in the "Y" analysis direction of the record, it was
considered east-west at 44%, north-south at 90%
simultaneously. The same was done for the 7 pairs of
records used.
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Figure 14. Non-linear time-history analysis considered in the X-direction And Y direction
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2.9. Normative Verification Parameters

2.9.1. Vibration Modes

The modes of vibration are determined by stiffness
properties and mass distribution which can be simplified
by means of a structural model in ETABS [36], which is
required by the Peruvian building regulation Norma E.030
Disefd Sismorresistente where it is mentioned, "The
modes of vibration must obtain a sum of effective masses
greater than 90% of the total mass, for which the first 3
modes of vibration in the direction of analysis are taken
into account" [21].

Table 3 shows the vibration modes obtained from the
ETABS software, in the standard model without a base
isolation system, a period of 1.321 seconds was obtained,
predominantly a displacement in X", being valid to meet a
total mass at 90% in mode number 10. In the same way it is
validated in the "y" direction having a period of 1. 224
seconds. The period is lower due to the structuring of shear
walls in the direction of analysis, while in the Z direction a
torsion effect predominates obtaining a period of 1.185
seconds, being verified that the effective masses are greater
than 90%. In case the requirement is not met, the number of
vibration modes is increased, for the ETABS model was
considered 60 modes of vibration in the structure, of which
were validated in mode 10 for which reason, only these
data have been presented.

Figure 14 shows the standard model with base isolation
in which the periods of vibration increased, so in the
analysis direction "X" increased by 2.81 times obtaining a
period of 3.723 seconds. Another particularity of the
isolation system is that the modes of vibration meet the 3
directions of analysis in the fundamental mode 3.

Figure 15 shows the response of the structure of the first
3 fundamental modes of vibration of the standard model
with base isolation system, where mode 1 represents the
displacement in "X" where there is a 66.43%
predominance and 33.21% of displacement in the ™Y"
direction and without the presence of torsion, in the same
way behaves mode 2, where there is 66. 46% of
predominance in the "y" direction of analysis while in the
"X" direction 33.21%, without the presence of torsion.
Finally, the vibration mode 3 shows a predominance of
torsion of 99.57% which is adequate according to the
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analysis carried out in tall buildings [37].

2.9.2. Drift Control

The Peruvian building regulation Norma E.031 Seismic
isolation, limits us to the drifts between floors for which a
seismic reduction factor (Ra=1) is used, where for the
spectral modal analysis it should not exceed 0.0035, while
for the time-history analysis considering non-linear
force-deformation properties it should not exceed 0.005.
This factor is obtained by the difference of displacements
between an upper level and the one immediately below
divided by their respective analysis height.

2.9.3. Acceleration Control

Accelerations in the structure must be controlled as
essential buildings, since the equipment inside the
superstructure has to be in operation after a seismic event,
for which accelerations less than 0.4g defined as control of
interstorey accelerations for structural systems with base
seismic isolation are recommended [38].

Table 3. Vibration modes in the structure

Tfixed Tisolated
Code
Mod1 Mod2 Mod1 Mod2
FRAMES 1.6137 1.5690 3.8290 3.7370
MPAT
WALLS 1.3205 1.2244 3.7225 3.7184
T1 1.0578 1.0180 | 3.5939 3.5440
M1 T2 0.9966 | 0.9664 | 3.4797 3.4303
T3 0.9978 | 0.8886 | 3.4107 3.3545
T1 1.3870 1.3147 3.7834 3.6830
M2 T2 1.1707 1.0150 3.4316 3.3570
T3 0.9666 | 0.8950 | 3.0797 3.0560
T1 1.0509 | 0.9906 | 3.3260 3.2720
M3 T2 1.0060 0.9489 3.2580 3.2059
T3 0.9405 | 0.8801 | 3.1217 3.0728
T1 1.2273 1.1878 3.4257 3.3525
M4 T2 1.1840 1.1590 3.4200 3.3570
T3 1.1266 1.0750 3.3500 3.2570
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Figure 15. Fundamental modes of vibration of the base-isolated standard structure

3. Results

This section will review the aforementioned models that
are structured in the materials section, where the behaviour
of the elastomeric and slider isolators is evaluated. The
requirements established in the E.031 standard were also
verified, such as the control of drifts and accelerations
inside the building because they are the main parameters to
ensure that a structure will have an immediate occupancy
behaviour in the event of a seismic event.

3.1. Location of Insulators

The distribution of the elastomeric isolators and sliders
is placed in such a way that their location avoids
eccentricity and traction in the structure, thus improving
the distribution of forces in the structural elements of the
models analysed.

3.1.1. Elastomeric Insulator Properties

Table 4 and Figure 16 show the properties of the
elastomeric insulator, therefore, the M4 model has a higher
stress because it required a LRB of 1400 mm in diameter to
support the stresses caused by the vertical geometric
irregularity having a ratio of 1.17, 1.45 and 175
respectively. The stresses caused by the vertical geometric

irregularity are shown in Table 2. Since the standard model
has no irregularity, an LRB of 1000 mm in diameter was
required, therefore an increase of 83% was obtained with
respect to the model walls, to cover the stresses generated
in the foundation. Meanwhile, models M2 and M3
respectively obtained a LRB requirement of 1300 mm in
diameter, which represents a 67.44% increase in stresses
with respect to the standard WALLS model. Finally, model
M1 required an LRB of 1200 mm in diameter, generating
an increase of 38.41% in the stress request in relation to the
WALLS model, while model frames required an LRB of
1300 mm in diameter to cover the stresses and
displacements generated, increasing by 67.44%. It is
understood that the most optimal model is the M1 model
because at the moment of causing irregularity it only
increases by 38.41% unlike the other models which
increase by 67.44% and 83% respectively.

3.1.2. Slider Insulator Properties

Table 5 shows the properties of the slider type isolators,
where the M4 model is the most stressed and has a
geometry requirement of 1250 mm in diameter and a
camber of 230 mm, which represent a force of 592.92 kN,
followed by the M1 model (584.95kN), M3 (567.73kN),
M2 (534.52 kN), which means that the most stressed model
is M4 in both the elastomeric isolator and the slider.
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Table 4. Properties of elastomeric insulators

Code Name Diameter Total Effective Rubber Rubber Lead Plug Horizontal Stiffness Yielding Initial and After-Yielding
(mm) Height plane area Layer Height Diameter (KN/m) Force (kN) post-yield Horizontal Stiffness
(mm) (x10=mm=% Height (mm) (mm) stiffness ratio (KN/m)
(mm)
MPAT FRAMES LRB1 1300 376.90 12893.00 8.70 200.00 220.00 3573.84 328.06 13.00 2490.58
WALLS LRB2 1000 400.60 7627.00 6.70 200.00 170.00 2120.87 195.92 13.00 1473.93
M1 T1-T2-T3 LRB1 1200 385.60 10996.00 8.00 200.00 200.00 3016.78 271.18 13.00 2121.34
LRB2 850 413.10 5521.00 5.70 200.00 140.00 1502.63 132.83 13.00 1064.03
M2 T1-T2-T3 LRB1 1300 376.90 12893.00 8.70 200.00 220.00 3573.84 328.06 13.00 2490.58
LRB2 1000.00 400.60 7627.00 6.70 200.00 170.00 2120.87 195.92 13.00 1473.93
M3 T1-T2-T3 LRB1 1300.00 376.90 12893.00 8.70 200.00 220.00 3573.84 328.06 13.00 2490.58
LRB2 850.00 413.10 5521.00 5.70 200.00 140.00 1502.63 132.83 13.00 1064.03
M4 T1-T2-T3 LRB1 1400.00 515.50 14978.00 9.50 200.00 230.00 4070.19 358.61 13.00 2886.05
LRB2 1100.00 390.20 9220.00 7.40 200.00 190.00 2592.28 244.69 13.00 1784.33
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Figure 16. Location of the LRB and Slider insulators

Table 5. Slider insulator properties

Code Name Diameter (mm) Total Height | Horizontal Stiffness Yielding Force
(mm) (kN/m) (kN)
MPAT FRAMES SL 1200.00 225.00 2156.96 602.98
WALLS SL 1200.00 225.00 2156.96 602.98
M1 T1 SL 1200.00 225.00 2091.81 584.77
T2 SL 1200.00 215.00 2092.46 584.95
T3 SL 1150.00 215.00 2012.44 562.58
M2 T1 SL 1200.00 225.00 1912.05 534.52
T2 SL 1100.00 212.00 1780.82 497.83
T3 SL 1100.00 212.00 1554.74 434.63
M3 T1 SL 1200.00 225.00 2030.88 567.73
T2 SL 1200.00 225.00 2045.86 571.92
T3 SL 1100.00 212.00 1711.01 478.31
M4 T1 SL 1250.00 230.00 2120.96 592.92
T2 SL 1200.00 225.00 2114.76 591.18
T3 SL 1200.00 225.00 1993.37 557.25
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3.1.3. Tensions in the Insulation System

Table 6 shows the load combinations for the analysis where the minimum and maximum averages of the vertical load
applied to each insulator have been calculated according to equations (3), (4), (5), in the same way it has to be verified that
there are no tractions in the LRB and Slider insulators, because it represents that there will be a brittle failure of the
element by traction.

Table 6. Design load combinations

Code Name Diameter (mm) N< Pmax Pserv Pmin
MPAT FRAMES LRB1 1300.00 44.00 1817.48 964.29 4212
WALLS LRB2 1000.00 4.00 732.95 348.73 11.10
SL 1200.00 8.00 3969.92 1929.10 119.60
M1 T1 LRB1 1200.00 33.00 1768.28 976.00 37.56
LRB2 850.00 15.00 850.37 410.34 8.27
SL 1200.00 8.00 3904.06 1986.98 194.15
T2 LRB1 1200.00 36.00 1756.75 952.82 10.31
LRB2 850.00 12.00 789.36 381.17 -3.67
SL 1200.00 8.00 3922.76 1987.60 214.59
T3 LRB1 1200.00 39.00 1710.67 924.70 13.17
LRB2 850.00 9.00 717.77 359.06 6.74
SL 1150.00 8.00 3801.87 1911.59 269.92
M2 T1 LRB1 1300.00 36.00 1928.32 1116.09 19.59
LRB2 1000.00 12.00 1544.55 734.04 4201
SL 1200.00 8.00 3932.16 1816.23 26.44
T2 LRB1 1300.00 36.00 2006.39 1056.76 33.98
LRB2 1000.00 12.00 1288.69 598.00 -4.95
SL 1100.00 8.00 3404.85 1691.57 89.31
T3 LRB1 1300.00 36.00 1825.87 877.77 -138.72
LRB2 1000.00 12.00 837.92 392.22 4.97
SL 1100.00 8.00 3164.55 1476.82 -52.30
M3 T1 LRB1 1300.00 36.00 1817.48 964.29 4212
LRB2 850.00 12.00 732.95 348.73 11.10
SL 1200.00 8.00 3969.92 1929.10 119.60
T2 LRB1 1300.00 34.00 1781.01 969.49 47.22
LRB2 850.00 14.00 732.11 360.72 9.87
SL 1200.00 8.00 3890.44 1943.34 49.16
T3 LRB1 1300.00 36.00 1539.90 850.49 50.90
LRB2 850.00 12.00 652.30 319.07 27.93
SL 1100.00 8.00 3324.47 1625.26 60.32
M4 T1 LRB1 1400.00 38.00 2268.82 1168.73 -111.92
LRB2 1100.00 10.00 1334.87 680.49 -43.10
SL 1250.00 8.00 4490.87 2014.67 28.27
T2 LRB1 1400.00 27.00 2247.20 1158.05 -112.78
LRB2 1100.00 21.00 1517.44 781.62 -14.95
SL 1200.00 8.00 4146.30 2008.78 23.29
T3 LRB1 1400.00 24.00 2127.65 1137.31 -21.37
LRB2 1100.00 24.00 1379.39 670.90 -6.89
SL 1200.00 8.00 3976.85 1893.47 -27.21
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3.2. Behaviour of the Structure

3.2.1. Displacement in the Base Isolation System

Figure 17 shows the behaviour of the displacements
from level 0 to 20, also showing the models analysed M1,
M2, M3, M4 and MPAT; the graph "Model M1" which has
a red line represented by M1T1 presents a displacement of
0.2823 m at the base greater than M1T2, M1T3, MPAT,
while at level 20 what shows a greater displacement is
M1T3 with a displacement of 0.3216 m compared to the
standard model that has a displacement of 0. 3118 m,
which would represent an increase in the displacement of
3.14 % being greater than M1T1, M1T2, MPAT. It means
that the models with a not so critical irregularity present
greater displacements in the base, however the model that
had a more pronounced vertical geometric irregularity
being M1T3 greater, presented a greater displacement at
the last level but in the base, it presents a smaller
displacement in model M1. In the graph "Model M2,
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Model 3, Model 4" in Figure 16, it can be seen that there is
a predominance of the MPAT model in the displacement
from the base of 0.2794 m and at level 20 of 0.3118 m, this
is coherent because the model has a greater mass than M2,
M3, M4 that present irregularities and less mass
respectively in each of other models. The researchers
highlight that the displacements in the building are not
affected by more than 3.14% in the 4 models presented,
since only in the M1T1 model does it exceed the standard
model, while in the M2T3 model it represents 98.68%,
M3T3 97.69%, M4T3 96.92% of the displacement with
respect to the standard model, M3T3 97.69% and M4T3
96.92%. 92% of the displacement with respect to the
standard model, being lower, which indicates these data
that the irregularity did not affect the displacement at the
upper levels despite the fact that irregularity modifications
were made in the different models presented, so this item
does not affect this irregularity.
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Figure 17. Displacement per level in structure part A and B
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3.2.2. Drifts

Figure 18 shows the drifts between floors, which is one
of the verification parameters that establishes the
suitability of a structure; the established limit is 0.35%. On
the other hand, none of the models exceeds this limit. In
this way, a comparison of the MPAT and M1T3, M2T3,
M3T3 and M4T3 models was carried out, synthesising the
information. The type 3 model has a predominance of
interstorey drift compared to the other models. Level 20
was used to evaluate the increase of the drift with respect to
the standard model, then the model M1T3 increased its
drift by 37.72%, M2T3 by 54.53%, M3T3 by 47.11%,
M4T3 by 56.75%, so it can be seen that the model M4T3
generates a greater effort to the structure because when
there is a greater displacement in the structure. The internal
elements will demand an increase in the longitudinal and
transverse reinforcement.

Additionally, it is shown in the M1 model that the
MPAT has a greater drift behaviour until floor 10
compared to other models with irregularity, but after level
10 the M1T2 model presents an increase in the drift and
also the M1T3, while the M1T1 model remains below the
MPAT drift until floor 16 where it just presents a behaviour
of increased drift. This is reflected because the
participatory masses become flexible as the levels increase,
presenting this behaviour of drift change in the upper
floors.

3.2.3. Accelerations

Figure 19 shows the accelerations of the models
analysed. The MPAT model was verified as complying
with the maximum permitted acceleration of 0.4g. In
model 1, M1T1, M1T2 and M1T3 do not comply with the
maximum permitted acceleration limit of standard E.031,
with M1T3 showing the highest acceleration of 58.04%
with respect to MPAT, while in model M2 it can be seen
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that M2T1 exceeded the maximum permitted acceleration
limit (0.4g) by 0.175%. On the other hand, M2T2 and
M2T3 did not comply with this requirement because M2T3
presented an increase with respect to the standard model by
60.63%. Model M3 and M4 do not comply with the
maximum permitted acceleration, likewise M3T3 had an
increase in acceleration of 44.91% and M4T3 58.55% with
respect to the standard model, in short the model that had a
greater increase compared to the rest is M2T3 in contrast to
model M2T1 which presented a lower acceleration.

3.2.4. Energy Dissipated by the Insulator

Figure 20 shows the MA4T3 model of the seismic
behaviour of Arequipa 2001, and the analysis carried out in
the east-west direction. Also, on the abscissa axis is the
time in seconds and on the ordinate the energy in tonf.m;
where the Kinetic energy, potential energy, energy
dissipated by the building, energy taken by the isolators,
input energy after 80 seconds were considered. The total
energy input is 6675.2932 tonf.m and 6197.4678 tonf.m
assumed by the isolators, in effect 92.84% of the energy
dissipated by the isolators in the building; being the most
overstressed model according to the parameters evaluated
in the corresponding items of accelerations and drifts.

The isolators are one of the elements that help to
dissipate energy in large quantities, on the other hand, the
building itself with its structural components made up of
beams, columns, reinforced concrete walls, provides an
energy dissipation after 80 seconds of 428.4098 tonf.m,
which represents 6. 42%, while the kinetic component can
be disregarded because it only has an energy of 0.4 tonf.m
and a potential energy of 48.15 tonf.m representing 0.7%
compared to the energy entering the building, then the last
2 components can not be considered because their
contribution to the dissipation system is negligible unlike
the base isolation system.
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Figure 18. Floor-to-floor drifts per level in structure part A and B
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Figure 19. Accelerations by level in structure part A and B
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Figure 20. Fundamental modes of vibration of the base-isolated standard structure

4. Discussions

4.1. Effectiveness of the Isolation System

The study by A. Qahir Darwish and M. Bhandari [26]
indicates that isolation systems can reduce the seismic
response in the range of 50% to 60%, with energy
dissipation up to 92.84% using LRB isolators and sliders.

In contrast, the study by I. Mansouri et al [30] highlights
that as the percentage of damping increases, the drift
decreases, suggesting an improvement in structural
performance. This implies that isolation systems can be
effective in reducing the seismic response by improving
the dynamic behavior of the structure.

4.2. Variations in Structural Periods

The study by M. El-Assaly et al [29] observes that the
periods in irregular 20-story structures can be up to 3.54
times greater than that of an unisolated structure. This
increase is mainly attributed to the higher seismic mass and
the difference in the number of levels.

On the other hand, the study by I. Mansouri et al [30]
points out that when the structure is equipped with
laminated rubber base (LRB) isolation systems, the periods
increase. This observation is consistent with the theory that
the increase in periods may be related to the introduction of
damping systems, which could indicate a reduction in the
effective stiffness of the structure.

4.3. Reduction of Seismic Liability of the
Superstructure

The study by A. Qahir Darwish and M. Bhandari [26]

shows that the use of isolation systems can transfer the
seismic liability to the isolation system, thus reducing the
seismic liability of the superstructure to 7.16%. This
implies a potential reduction in the steel requirement in the
structural parts.

However, the study by I. Mansouri et al. [30] also
highlights that isolated structures have a lower probability
of damage compared to fixed base structures, suggesting
that the introduction of isolation systems can significantly
improve the ability of the structure to resist seismic loads
without experiencing significant damage.

In summary, although there are differences in the
specific results among the studies, all agree that isolation
systems can be effective in reducing the seismic response
and improving the structural performance of buildings. The
choice of the type of isolation system and its impact on
structural periods and seismic load distribution may vary
depending on the specific characteristics of the structure
and the seismic environment.

5. Conclusions

The 4 models analysed against the standard model that
provided important data, such as the displacement of the
insulation system where it was noted that the M1T1 model
presented a greater displacement in the base insulation
zone compared to the M1T2, M1T3 and MPAT models,
but the models with more pronounced irregularities at the
last level, only the M1T3 model had a displacement greater
than 3. 14% compared to the standard model without
irregularities, while compared to other models the regular
isolated system presents a greater displacement of 0.3118m,
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the M2T2 model presented a better behaviour in the
displacements per floor.

On the other hand, in the evaluation of inter-floor drifts
the researchers highlighted that in model M1 the standard
model has greater drifts compared to models M1T1, M1T2,
M1T3, only up to level 10, but after that level the models
M1T2, M1T3 present an increase in their drifts greater than
the standard model. This is due to the change of geometry
in the upper floors. In the analysed models we observe that
the models M1T1, M2T1, M3T1, and M4T1 present a
better behaviour, but as the irregularity increases in the
models T2, T3, T4 the floor drifts increase.

Likewise, in the analysis of accelerations, the MPAT
model is the only one that complies with the maximum
permitted acceleration of 0.4g, while of the models with
irregularity, only the M2T1 model performed better
because it only obtained an excess of 0.175% with respect
to the acceleration limit. 175% with respect to the
acceleration limit, while the M2T3 model was the one that
presented a higher acceleration of 60.63% compared to the
standard model, but it is worth noting that in all
acceleration curves the M1T3, M2T3, M3T3 presented
higher accelerations at the last levels of the roof. The type 1
models have a better behaviour in terms of accelerations.

Finally, after the rigorous analysis of the 12 models with
irregularity, we could notice that the elastomeric and slider
isolators improve the dynamic behaviour in the reduction
of drifts and accelerations achieving columns, reinforced
concrete walls, beams, which is due to the reduction of the
basal shear of the building. This in turn modifies the
structuring in tall buildings, but does not completely
eliminate the requirement for shear walls. This is because it
is a flexible structure and in order to stiffen, these structural
elements are necessary. Therefore this gives us to
understand that for tall structures it is necessary to place
these walls in the central areas to avoid traction in the areas
of the edges, because if we place the shear walls on the
perimeter our foundation slab to balance this effect would
increase, which would not be economical. Then part of this
research is to make a proper structuring to avoid
overexerting the elements with unnecessary loads,
therefore distributing the elements properly will help to
have a better behavior to the structure in general.

Consequently, the present work has provided ideas and
clarifications to the behaviour of displacements, drifts,
accelerations, and energy dissipation of an irregular
structure against the use of LRB and Slider type base
isolation. Other useful work to be carried out from this
research topic is the analysis of structures in tall buildings
as they allow to have a better behaviour in isolated
structures, as well as part of it we leave to other researchers
to analyse the stresses generated in the geometry change
zones versus another level.

6. Supplementary Information

A link to one of the models with vertical geometric
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irregularity is attached, as well as its respective calculation
memory for the sizing and verification of the insulators.
Link: https://continentaledupe-my.sharepoint.com/:f:/g/
personal/75911754 continental_edu_pe/EjUXgSH6_2NH
rAYn-1Tt6C8B-LAyL5ibZ_JMQhvDL4hX3w?e=qDfW7

p
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