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Abstract

Unreinforced masonry (URM) buildings are one of the most common constructions in devel-
oping countries and are usually constructed based on traditional knowledge without engi-
neering intervention. Due to poor seismic performance of URM buildings, the development of
seismic protection systems can play a key role in the mitigation of losses in future earth-
quakes. Despite the availability of different interventions for seismic strengthening of URM
buildings, the quest for a cost-effective technique still exits. On the basis of recent outcomes
by these authors, this study presents the design of low-cost base isolation systems for a class
of URM buildings deemed representative of the building stock of developing countries. The
proposed base-isolation system is made by recycled-rubber fibre-reinforced elastomeric iso-
lators (RR-FREIs). Building classes were defined by properly selecting those parameters
which are expected to mostly affect the seismic behaviour of the building such as number of
storeys, masonry type and in-plan irregularity. Three-dimensional numerical models of URM
buildings were developed in SAP2000 using nonlinear layered shell elements and bilinear
models for RR-FREIs. Nonlinear time history analyses were carried out for a set of ground
motion records to investigate the performance of both fixed-base (FB) and base-isolated (BI)
configurations of URM buildings. The comparison of results shows a significant reduction of
inter-storey drift ratios for Bl configuration, thus demonstrating the effectiveness of RR-
FREIs.

Keywords: Unreinforced masonry buildings, base isolation system, recycled rubber, fiber re-
inforced elastomeric isolators, finite element analysis.

ISSN:2623-3347 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2021.
doi: 10.7712/120121.8482.18963

286



Nagavinothini Ravichandran, Daniele Losanno and Fulvio Parisi

1 INTRODUCTION

Unreinforced masonry (URM) buildings are usually constructed using locally available
bricks, based on traditional knowledge without engineering intervention. Such non-engineered
constructions (NEC) are highly susceptible to damage when subjected to lateral loads like
seismic motion. This is mainly due to the lack of seismic design, low strength construction
materials and poor structural detailing [1]. The common URM buildings found in developing
nations of the world are constructed using masonry walls with roofs made up of reinforced
concrete. Such type of buildings tends to develop deep cracks and undergo significant damage
even under moderate earthquakes [2]. The collapse of such non-engineered and semi-
engineered buildings during seismic events had resulted in huge losses especially in develop-
ing nations like India, Nepal, Philippines, Pakistan, Mexico, and Indonesia. Notable events
include the 2006 Yogyakarta earthquake and 2005 Kashmir earthquake in India and Pakistan,
respectively [3].

Considering the economic impact, the complete replacement of NECs with earthquake-
resistant buildings is unfeasible. Hence, there is a need for a sustainable control strategy with
reduced cost. One of the promising solutions is the base isolation technology in which the
seismic response of the superstructure is reduced by introducing isolation bearings between
the superstructure and the foundation of the building [4,5,6]. However, the cost of the base
isolation system being high, the application is usually limited to important structures such as
hospitals and historic buildings. The continuous development in this field had led to the de-
velopment of novel configurations of elastomeric bearings for base isolation. Among these,
fibre-reinforced elastomeric isolators (FREIs) have been developed in the recent years as an
alternative to conventional laminated rubber bearings [7,8]. The replacement of internal shims
with flexible reinforcement makes FREIs less heavy and easier to install in comparison with
conventional isolators.

In order to further reduce the cost of FREIs, significant research effort is being dedicated
currently to developing a novel elastomeric bearing using recycled rubber. The extremely low
cost of recycled-rubber fibre-reinforced elastomeric isolators (RR-FREIs) would make them
highly suitable for application in developing nations [9,10,11,12]. However, research on the
suitability and effectiveness of the novel RR-FREIs for base isolation of URM buildings is
scarce in the literature [13]. A recent study by Losanno et al. investigated the effectiveness of
RR-FREIs for a box-type URM building in developing nations [14]. The study assessed the
response of fixed-base (FB) and base-isolated (BI) building models developed based on mac-
ro-modelling approach using SAP2000 [15]. The use of such simplified macro-modelling ap-
proach for nonlinear analysis of base-isolated structures can be widely seen in the literature
[16, 17]. Developing a suitable modelling approach with acceptable accuracy is necessary to
capture the exact response of the masonry structures [14,18,19,20].

In this context, the present study aims at investigating the effect of low-cost base isolation
system on typical URM buildings from the stock of developing nations. Three building types
were chosen in order to address the effect of plan variability, wall density and number of sto-
reys on effectiveness of base isolation under a set of earthquake records. Nonlinear time histo-
ry analyses of the FB and BI-URM buildings were carried out using a simplified three-
dimensional numerical model developed in SAP2000.

2 SELECTION OF CASE STUDIES

Three different masonry buildings representing URM buildings in developing nations are
considered for the aim of the study. The first building prototype (URM1) is a single-story
building reported by Shahzada et al. (2012) with plan dimensions 4.115 m X 3.505 m, built
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with 0.228-m-thick walls as shown in Figure 1a. The experimental and numerical analysis re-
sults of URMI1 are available in the literature [14,21,22]. The second building prototype
(URM2) is selected based on a detailed investigation on the URM building stock in develop-
ing nations and the building plan with dimensions 8.0 m x 6.0 m is shown in Figure 1b. The
building plan is framed by also considering the Indian Standards for earthquake design [23].
The third building prototype (URM3) considered in the study is a two-storey building with the
same building plan of URM2.
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Figure 1: Plan view of URM buildings: (a) URM1; (b) URM2 and URM3.

The wall thickness is constant in plan and elevation, and equal to 0.228 m; the roof of the
URM buildings was considered to be made up of 0.152 m reinforced concrete slab. Further,
the buildings were also provided with a 0.152 m thick RC lintel above the openings to im-
prove the building resistance to gravity loads. The inter-storey height of the structures was
taken equal to 3.3 m. Mohr-Coulomb failure criterion with associated flow rule was used for
simulating the inelastic shear behaviour and failure of the masonry. The RC elements were
assumed as linear elastic and a rigid diaphragm constraint was assigned to the roof level of the
buildings.

In order to consider the variability of mechanical properties, the material properties of the
masonry structures considered in the present study were selected from previous studies on
URM buildings located in developing nations such as India, Nepal, Pakistan and Iran
[21,24,25,26,27]. The statistical distributions, mean value and coefficient of variation (CoV)
of the main material properties are listed in Table 1.

Material properties Distribution Mean CoV
Mass density [kg/m?] Lognormal 1707.5  0.13
Compressive strength [MPa] 4.2 0.43
Tensile strength [MPa] 0.16 0.56
Shear strength [MPa] 0.24 0.66
Young’s modulus [MPa] 1302 0.68

Table 1: Material properties of URM buildings.
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3 DESIGN OF BASE ISOLATION SYSTEM

Detailed research on RR-FREIs has been carried out in the recent years both numerically
and experimentally. The RR-FREI sample and its experimental shear behaviour obtained from
Losanno et al. (2020) is shown in Figure 2 [12]. These bearings are made up of rubber grains
from used tires and industrial leftovers that are crumbled and glued together. The devices are
installed in unbounded configuration in order to achieve an easier installation and significant-
ly releasing internal stress within the isolator. The cost of this innovative RR-FREIs has been
estimated in the order of 10% of the cost of conventional laminated rubber bearings.
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(b)
Figure 2: RR-FREI prototype: (a) picture; (b) experimental shear behaviour [12].

The weight of the building plays a major role in the design of rubber-based isolation sys-
tems. Considering the low weight of single-story URM buildings, only a smaller number of
bearings would be required to achieve a conventional target period in the range of 2.00 to 2.50
s. But the requirement of a deep beam spanning over the whole length of the masonry walls
poses a major challenge. In order to maintain the overall lateral stiffness of the system, a suit-
able trade-off needs to be identified while designing the base isolation systems with a limited
number of bearings trying to avoid a deep base-beam. In the present study, the reinforced
concrete base beam was designed in accordance with Indian code provisions confirming min-
imum concrete strength and internal reinforcement for URM buildings. The width of the base
bond beam is maintained same as that of the wall thickness. Dead load analysis of finite ele-
ment model was carried out with varying support locations to identify the most suitable posi-
tion of the least number of isolators while satisfying the requirements in terms of both stress
and deformation limits provided by the code. The number of isolators used in the three BI-
URM buildings considered in the present study is equal to 8 (URM1) and 15 (URM2 and
URM3), respectively. The layout of the isolation bearings is shown in Figure 3.

The properties of the square RR-FREIs used in the building prototypes are listed in Table 2.
Square-shaped devices are considered for the possibility of easy cutting RR-FREIs from larg-
er size rubber pads. The width of the bearing is defined according to stability requirements.
The target period of BI-URM buildings is obtained as a trade-off between the longer period
range for a more significant mitigation of spectral accelerations and the lower period value
corresponding to limited displacement demand of the isolation system.

According to previous studies by the authors, the stability limit and damping capacity of
RR-FREIs were set equal to 50% shear strain and 15% of critical damping, respectively [11].
Shear modulus for URM1 was set equal to 0.70 MPa [14]. A lower value of that modulus, i.e.
0.40 MPa, was selected for URM2 and URM3 in order to obtain a more stable geometry of
the bearings. A laboratory investigation is being developed in order to reduce the shear modu-
lus to a value which is typical of a softer compound.
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Figure 3: Location of RR-FREIs in URM buildings: (a) URM1; (b) URM2 and URM3.

Building  FB funda-  Target BI Target dis- Equivalent Shear Rubber

model mental pe- period (s) placement damping modulus height
riod (s) (mm) (%) (MPa) (mm)
URMI1 0.12 1.30 60 15 0.70 120
URM2 0.10 1.50 150 15 0.40 300
URM3 0.14 1.70 170 15 0.40 340

Table 2: Properties of RR-FREIs used in BI-URM buildings.

Due to increasing weight, a higher target period can be achieved with larger URM build-
ings, i.e. URM2 and URM3 in comparison with URMI1. The variability associated with the
properties of the isolators is not considered in the present study.

4 NUMERICAL MODELLING OF URM BUILDINGS

Masonry being a complex material demands extensive computational effort and experi-
enced users in order to model the exact characteristics of the structure. Further, the inclusion
of orthotropic properties of masonry requires additional material properties that are not readi-
ly available. Thus, a detailed experimental study on the masonry structure under investigation
is necessary to reproduce the realistic behaviour of the masonry through numerical modelling.
Hence, simplified macro-modelling techniques are preferred when the aim of the research is
mainly focussed on the global behaviour of the structure. In macro-modelling techniques, ma-
sonry is modelled as a homogeneous material with equivalent mechanical properties.

The numerical model of the buildings was developed using this simplified macro-
modelling approach in SAP2000 software package with nonlinear layered shell elements. In
this macro-modelling approach, masonry was considered as an isotropic material. The shell
layers are defined with different constitutive law in the thickness direction. Two stress-strain
curves corresponding to normal and shear stresses were used to represent the nonlinear behav-
iour of the masonry [1,16]. The uniaxial compressive strength of the masonry was defined
based on the analytical model developed by Kaushik et al. [28]. The uniaxial tensile strength
of the masonry was defined based on the relationship suggested by Akhaveissy and Milani
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[29]. The presented numerical approach had also been proven to be accurate and computa-
tionally efficient compared to other micro modelling approaches used in masonry modelling.
The comparison of numerical and experimental results of the box-type structure can be seen
in Losanno et al. [14]. Furthermore, a detailed research article on the comparison of different
macro-modelling approaches for URM buildings highlights the suitability of this method [30].
In case of base-isolated buildings, the RC base beam is modelled using linear elastic frame
elements. The RR-FREIs are modelled using a simplified bilinear model to account for non-
linear behaviour of the bearings. The initial and post-yielding stiffness values were used in
order to provide the effective stiffness and equivalent damping ratio obtained with the base
isolation system design according to values listed in Table 2. The numerical models of the
base-isolated buildings along with their first mode of vibration are shown in Figure 4. The
first mode of BI-URM buildings clearly shows the rigid-body motion in the superstructure.

(a) (b) ()
Figure 4: Numerical model (first mode of vibration) of base-isolated buildings using RR-FREIs: (a) URMI; (b)
URM2; (¢) URM3.

5 SEISMIC ANALYSIS OF URM BUILDINGS

In order to consider the uncertainties associated with earthquake ground motion (i.e. rec-
ord-to-record variability), the response of the FB- and BI-URM buildings was studied under
20 ground motions recorded in several developing nations all around the world. The peak
ground acceleration (PGA) of the selected records ranges from 0.01g to 1.78g. The moment
magnitude and epicentral distance of the earthquakes associated with those ground motions
range from 5.2 to 7.9 and 2.2 to 190 km, respectively. The variation of PGA with moment
magnitude and epicentral distance of the ground motions is shown in Figure 5.

In order to model uncertainties associated both with the ground motions and material prop-
erties, Latin hypercube sampling (LHS) technique is used in the present study to select the
random variables. Using this technique, 20 sets of random parameters were selected and ran-
domly combined with 20 ground motion records. Then, direct integration nonlinear time-
history analysis (NLTHA) of FB- and BI-URM buildings was carried out and the structural
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response is obtained. Thus, a total of 120 NLTHAs were carried out over the different cases
considered in the study.
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Figure 5: Selected input ground motion records: (a) PGA vs. moment magnitude; (b) PGA vs. epicentral distance.

6 RESULTS AND DISCUSSION

Structural response in terms of inter-storey drift ratio (IDR), which is the ratio between rel-
ative lateral displacement measured at the roof level and inter-story height, was computed for
all case studies. IDR values were studied due to their direct correlation with the damage of the
masonry buildings. The range of IDR corresponding to different damage levels varies in ac-
cordance with the building type and material strengths [31]. Previous studies suggest that IDR
values greater than 0.2% usually correspond to extensive damage and significant strengthen-
ing interventions would be necessary. As far as isolators’ displacements are concerned, a
maximum response value was not explicitly given since the present study mainly focused on
effectiveness of base isolation on seismic response of URM buildings. As a further develop-
ment of the subject, the authors will study the fragility of the different structural components
including base isolators.

6.1 URMI1 building

The comparison between FB and BI configurations of URM1 building is shown in Figure 6.
The results clearly highlight the effectiveness of base isolation. Under PGA = 1.78g, the re-
duction in IDR in the BI-URM building reaches approximately 91% whereas the reduction
corresponding to the lowest PGA level, i.e. 0.04g, is about 40%. It is also important to note
that the IDR values of BI-URM1 building under all the earthquake excitations would be less
than 0.2%, which demonstrates the absence of extensive damage. Furthermore, comparatively
higher reduction in IDR is observed under seismic excitations with PGA > 1g. The percentage
reduction of IDR in BI-URMI1 in comparison with FB-URMI1 building is shown in Figure 7,
with average value equal to 63% over all shaking intensities. For ground motion records with
PGA = 1g, a wide variation in the building response is observed due to the combined variation
in material properties and record characteristics. It can be noted that a linear regression model
would be poorly accurate in providing an estimate of IDR reduction versus PGA due to sig-
nificant non-linear behaviour in both FB- and BI-URM buildings.
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Figure 6: Seismic response of URM1 building.
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Figure 7: Percentage reduction in IDR of base isolated URM1 building.

6.2 URM2 building

URM2 building prototype is considered to identify the effect of base isolation with the var-
iation in wall density along the direction of excitation (X-axis) and plan area in comparison
with URM1 building. The response of URM?2 building under earthquake excitations is shown
in Figure 8. A significant reduction in IDR is observed in BI-URM2 building.
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Figure 8: Seismic response of URM2 building.
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Similar to URM1 building, the base isolation technique is found to be more effective under
seismic excitations with PGA > 1g. The reduction in IDR due to base isolation under earth-
quake ground motion with PGA = 1.78g is around 98% and response reduction in BI-URM?2
building under varying PGA is shown in Figure 9. The average percentage reduction in IDR is
about 66%, 1.e. a higher value in comparison with URM1 building.
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Figure 9: Percentage reduction in IDR of base isolated URM2 building.

6.3 URMS3 building

URM3 building is considered in the present study to assess the effect of an increased num-
ber of storeys. The two-storey URM building is deemed more representative of a common
building type found in developing nations, classified under low-to-medium income socio-
economic people. The building response in terms of IDR is shown in Figure 10 and the per-
centage reduction is given in Figure 11. The properly designed base isolation system offers a
great reduction in terms of structural response, thus avoiding severe damage even under high-
er PGA levels. The average percentage reduction in IDR of URM3 building is about 81%,
which is significantly higher than that predicted on others URM buildings due to increased
mass of the building. Differently from previous cases, a linear regression model would result
more accurate in predicting IDR reduction. These outcomes confirm the effectiveness of RR-
FREIs under medium-size URM buildings, laying the basis for a further development of the
subject.
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Figure 10: Seismic response of URM3 building.
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Figure 11: Percentage reduction in IDR of base isolated URM3 building.

7 CONCLUSIONS

In the present study, a low-cost base isolation system using recycled-rubber fibre-
reinforced bearings for URM buildings in developing countries is assessed. Three URM
buildings are selected as representative of nonengineered constructions and the numerical
models are developed in SAP2000 using nonlinear layered shell elements. The base isolation
system is designed for all the selected buildings and modelled using a simplified bilinear
model. Statistical distributions of material properties were calibrated from previous studies
available in the literature. Then, the nonlinear time history analyses of the URM buildings
were carried out under both fixed-base and base-isolated configurations. In order to consider
the variability associated with both material properties and earthquake excitation, 20 sets of
random variables were obtained through Latin hypercube sampling technique and each com-
bined with a different earthquake ground motion recorded in developing countries. The results
show a significant reduction in the IDR of the base-isolated URM buildings in comparison
with their fixed-base counterparts under all selected ground motions. Furthermore, the reduc-
tion in IDR due to base isolation is more effective in URM2 and URM3 buildings in compari-
son with URMI1 building due to their higher mass, i.e. a longer base isolation period is
achieved due to a more stable geometry of the isolators. These promising results confirm the
suitability of a novel low-cost base isolation concept for URM buildings in developing na-
tions. The lower IDRs of the BI configuration are a major proxy of a significant reduction in
the conditional probability of damage to the URM structure under seismic events. In next
studies, the authors will thus investigate the seismic fragility of base isolated URM buildings,
explicitly accounting for the limited displacement capacity of base isolators as additional crit-
ical parameter.
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