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Abstract

Most of the residential structures designed in Nepal are low-rise reinforced concrete (RC) frames.
They are designed following the guidelines given in the Nepal Building Code, especially, the
mandatory rule of thumb. In analyzing and designing most of the reinforced concrete structures
in the urban and semi urban areas of Nepal, only bare frame model is considered. The additional
effect caused by the infill walls are neglected. In this research, a comparative seismic fragility
assessment of low-rise RC frame is conducted. Two cases are assumed; with and without the
consideration of the unreinforced masonry infill. Macro modelling approach is followed for
modelling the infill effect. Results clearly indicate that the inclusion of the infills drastically
reduce the roof” displacement compared to the bare frame model during a seismic shaking. This is
attributed to the fact that the inclusion of the infill imparts more stiftness to the structure during
a seismic-shaking compared to the bare frame model and hence the displacement is reduced.
Furthermore, seismic fragility of the frame structure is also overstated when the effect of infill is
not taken into consideration. The inclusion of infills reduced the structural fragility to significant
extent. In this regard, the bare frame model was found to be more vulnerable to seismic shaking
compared to the infill model.
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1. Introduction

It is a common practice to use masonry infill walls as a partition wall in many countries, especially for
the low-rise reinforced concrete (RC) frames. It is also, at the same time, a common practice to neglect
the effect brought about by the masonry infill walls during an earthquake-shaking. Infills can contribute
to a significant amount in increasing the lateral stiffness of a structure. Pujol and Fick (2010) performed
experimental studies on the effect caused by masonry wall on the seismic performance of structures. Teguh
(2017) performed experimental studies on the masonry wall subjected to cyclic loading and concluded that
including masonry infill provide alternate load path on a frame system and thus highlighted its importance.
This study further concluded that the infill walls can be beneficial during a structural response provided that
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they are placed regularly throughout the structure and they do not cause the shear failure of the tie columns.
Shan et al. (2016) performed experimental studies on the progressive collapse performance of RC frames
with infill walls. To this end, a two-storey RC frame was analyzed experimentally as well as in OpenSees
(McKenna and Fenves, 2000) with and without the inclusion of infills. They concluded that the inclusion
of infills impart stiffness to the structure at the cost of a reduced ductility. The presence of infill walls can
be beneficial or unfavorable on structures (Furtado et. al, 2015). The negative impacts are associated with
the horizontal and vertical irregularities brought about by the masonry infills that can cause various failure
mechanisms in structures like the soft storey mechanism (FFurtado et. al, 2014) and short column mechanism
(Dolsek and Fajfar, 2008). Out-of-plane collapse of infill walls is one of the most dangerous failure modes
that possess great risk to occupants (Furtado et al., 2015). Barbosa et al. (2017) studied the performance
of mid to high rise RC frame buildings with masonry infills during 2015 Gorkha earthquake. Kose (2009)
carried out extensive research to study the parameters affecting the fundamental period of the RC frames
with infills. The selection parameters were building height, number of bays, ratio of area of shear wall to
area of floor, ratio of infill panels to total number of panels and type of frames. He concluded that RC frames
with infills have shorter period (5%-10%) regardless of whether the shear wall is present or not.

Furtado et al. (2015) studied the influence of the in plane and out-of-plane walls’ interaction on the structural
response of RC frames. The study proposed a simplified macro model which accounts for the out-of-plane
behavior of infill walls as well as the interaction of in plane and out-of-plane behavior during seismic
shaking. Asteris et al. (2017) also performed studies on the out of plane behavior of the infill walls. Asteris
et al. (2015) have proposed a macro-modelling approach to model the masonry infill walls by considering
the openings and vertical loads. Asteris et al. (2016) studied on calculation of the fundamental period of
RC frames with infills. They performed a research work to predict the fundamental mode period of a RC
frame structure with infills using artificial neural network. Uprety and Suwal (2023) performed bidirectional
analysis of low-rise bare and infill frames and conducted seismic fragility assessment of the same. The result
of the analysis clearly depicted that the performance of the structures was significantly impacted when the
infills” effect was taken into consideration. Bare frame models were found to be more fragile compared to the
infill ones, thus highlighting the importance of modelling infills during a seismic shaking. Fikri and Ingham
(2022) performed analysis to develop seismic response and aftershock fragility curves for a non-ductile mid-
rise RC frame with infill. These non-ductile mid-rise masonry infill buildings were seismically assessed
using incremental dynamic analysis (IDA) and a series of aftershock fragility curves for various damage
states following mainshock shaking were produced. It was discovered that when a building's Inter-storey
Drift Ratio (IDR) grew, aftershock shaking caused more damage at a lower spectral acceleration intensity,
demonstrating that these mainshock-damaged structures were extremely vulnerable to earthquakes of
lower aftershock intensity. Adhikari et al. (2022) performed the seismic fragility assessment of low-rise RC
frames with brick infills in high seismic regions. Ior a single model, different cases were considered; bare
frame model with soil structure interaction, infill model with soil structure interaction, bare frame model
without soil structure interaction and infill model without soil structure interaction. The overall picture of
the observations showed that low-rise RC buildings were damage state sensitive to the effects of infills and
soil-structure interaction. In the meanwhile, because some performance criteria are more sensitive than the
total fragility, design considerations would be severely impacted. In the case of low-rise RC buildings, it was
also noticed that the analytical fragility models significantly overstated the real seismic fragility.

The importance of infills in modelling of RC frames have been extensively highlighted, however it is still in
practice, in case of' Nepal, to ignore its eftect during a seismic shaking. Extensive researches have been done
to highlight the importance of infills and the modelling of infills, yet very little work has been done in this
area. Hence, in order to bridge the research gap, a low-rise RC frame model was selected for this research
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work. Major objective of this research is to study the seismic performance of bare and infill model in case
of an earthquake event. Time history analysis was done for this case. Global behavior was studied and roof
displacement was taken as the global variable. Secondly, fragility analysis was performed for both bare and
infill model and fragility curves were prepared, compared and contrasted.

2. Material and Methods

2.1. Prototype building model

A three-storey RC frame was considered for this study. The model was prepared in OpenSees ( McKenna
and FFenves, 2000). Two instances of model were prepared in OpenSees as shown in Figure 1. First one was
the bare frame case, where the effect of infill was not considered. In the second case, the infill effect was
considered for the exterior walls. The model considered had 3 numbers of bay in x and y direction. Fixed
based model was considered and the soil structure interaction was not considered. The finite element model
parameters and geometric properties of the structure is listed in Table 1 and Table 2. The reinforcement
details of the model are listed in Table 3. The typical cross section of beam and column is shown in Figure
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Figure 1: Finite element models considered for the study purpose
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Core Concrete = 6x6 no. of Core Concrete = 6x6 no. of
fibers fibers
Cover Concrete = 6x2/2x6 no. Cover Concrete = 6x2/2x6
of fibers no. of fibers

Column Section Beam Section

Figure 2: Cross section of beam and column

Table 1: Structural properties of model parameters

Model Case Bare Infill

Beam Size 230x850 mm 230x850 mm
Column Size 300x300 mm 300x300mm
Slab Thickness 127 mm 127 mm

Bay No 3x3 3x3

Bay Length Sm X 3m 3m x 3m
Live Load 1 kN/m? 1 kN/m?
Floor Finish 0.5 kN/m?* 0.5 kN/m?*

Table 2: Finite element model parameters

Parameters Value Units
Yield Strength of Steel (fy) 415 MPa
Ultimate Strength of Steel (f) 485 MPa
Yield Strain of Steel (ey) 0.002075 -
Ultimate Strain of Steel (€ ) 0.144 -
Modulus of Elasticity of Steel (E ) 2X10° MPa
Modulus of Elasticity of Concrete :5ooom 22360.68 MPa
Poisson’s Ratio for Concrete (V) 0.2 -
Shear Modulus = E/2(1+v) 9816.95 MPa
Unit Weight of Concrete 25 kN/m?
Concrete Strain at Maximum Stress in Axial 0.002 _
Compression (IS 456:2000; Clause 39.1)

Concrete Strain at Maximum Stress in Axial

Compression and Bending (IS 456:2000; Clause 0.0035 -

39.1)
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Table 3: Beam and column specification

Longitudinal LongltuEilnal Lateral Ties for Shear Reinforcement for
Floor Level Rebar of
Rebar of Beam Column Beam
Column
3 12 —T
Second Floor @ 12mm —Top 8@ 12mm O smm ®-125mm c¢/c  2L.VS, Smm ®-100mm c/c
3 @ 12mm- Bot.
: 3 @ 12mm —Top
First Floor 8@ 12mm P 8mm P-125mm c/c  2LVS, Smm ®-100mm c¢/c
3 @ 12mm- Bot.
8 @ 16mm —Top
Ground Floor 8@ 16mm P 8mm P-125mm c/c  2LVS, sSmm ®-100mm c/c

$ @ 16mm- Bot.

Note: Bot. = Bottom Rebar; Top = Top Rebar; ¢/c = center to center spacing; 2LLVS = 2 Leg Vertical
stirrup

2.2. Modelling of masonry infill

Infill walls can be of different types; namely brick, stone, cement block and so on. All of these are in common
practice in context of Nepal. However, in the urban and semi-urban regions of Nepal, brick infills are
extensively used. Hence, in this study we have considered the brick infill. Different approaches of modelling
the brick infill masonry panel is available in the literature. On a broader scenario, they can be classified
into two groups, namely micro-modelling approach and simplified macro-modelling approach. In the micro-
modelling approach, the eftfect of mortar joints is also considered. Mortars joints are actually the weakest
points of failure in masonry infill and hence the micro-modelling approach can best represent the seismic
performance and behavior of a masonry wall. Micro-modelling approach requires different components of a
masonry system to be properly defined such as the bricks, mortar, interface brick-mortar, interface masonry-
frame, and the frame elements. Due to the complex modelling adopted by this approach, it is computationally
expensive and is generally not followed to study the global performance of a structure. Micro-modelling
approach can be best suited when studying the local behavior of the masonry walls. Macro-modelling, on the
other hand, requires that the infill effect in a frame structure be modelled using an equivalent compressive
diagonal strut. In general, single compressive struts are defined in two diagonal directions to represent
the infill masonry. There are other approaches also available in the literature to model the infills using the
diagonal struts (Rodrigues et al., 2010). In case of macro modelling, equivalent width of a diagonal strut is
calculated. FEMA (2003) and IS code follows similar approach for calculation of the width of the diagonal
struts. Macro modelling approach has been adopted in our case.

Another major step in macro-modelling approach for nonlinear analysis is the definition of the constitutive
relation that is to be assigned to the diagonal compression strut. This will represent the post elastic behavior
of the diagonal strut during seismic shaking. Different researchers have provided varieties of constitutive
relation for modelling the force deformation relationship of the diagonal compression strut. Fardis (1996)
and Dolsek and Fajfar (2008) are two of the mostly used approaches currently established in the literature
to describe the nonlinear response of masonry infill. The approach provided by Fardis (1996) was adopted
for defining the nonlinear force deformation behavior of the diagonal strut. It is a multi-linear curve,
characterized by four stress states: initial elastic behavior of the infill at un-cracked stage, post-elastic linear
response characterized by a reduced value of stifthess, softening response after the maximum force and
residual strength state as shown in Figure 8. Several parameters are needed to define the backbone curve
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given by Fardis (1996). The initial stiffness R1 of the masonry was calculated as

_ GmtmLm
R1 = . (1)

where, G, is shear modulus of the infill obtained from diagonal compression test and L , ¢ and H are the
length, thickness and height of masonry infill panel respectively.

The post cracking stiffness R2 can be calculated using the following expression:

_ Emtmbm
Re=—" — (2)

where, E is the Young’s modulus of elasticity of masonry wall, d is the diagonal length of the masonry
infill and b is the thickness of the strut as calculated in Equation 5.

Similarly, R3 is the stiffness of the softening branch which was taken as 0.5% to 10% of  the initial branch R1.

The lateral cracking strength E is calculated as:

Fy :‘f;ns tﬂl lm (3)

where, f is cracking stress of the masonry wall as measured in diagonal compression test. The ultimate
strength I was taken as:

Fu = I'ij;ls tm lm (4)
Residual strength F, can be taken as 5-10% of the ultimate strength of the masonry infill.

4 Force

| AN

oy am du .
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Figure 3: In plane lateral constitutive model proposed by (Fardis, 1996)

For calculation of the strut width, the equation recommended by FEMA (2003) was adopted. The equivalent
width was calculated using following expression:

b =0.175 (llhcol)_0'4rinf (5)
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where Ty = d is the diagonal length of the infill wall and A, is calculated as :
Emn tm Sin20) /4

A= [— (6)
! 4 Efe Icol hinf

where, Eﬂ is the modulus of elasticity of the frame, I ,is the moment of inertia of the column and 4, =
h s the height of masonry infill. The material properties of masonry infill are taken form Varum (2003)
based on the diagonal compressive test results of masonry wallets with plaster on both sides. Modulus of
elasticity, tensile strength, and shear modulus are respectively taken as 2300 MPa, 0.575 MPa and 1.171
GPa respectively. The infill effects brought about by the interior half walls are not considered and only
their seismic effects are considered. The value of Fy, FFm, and FFu were respectively 857.075kN, 464.198kN,
46.4198 kN and By, Blm, and Blu of 1.2mm, 3.083mm, and 17.158mm respectively.

2.3. Ground motion selection

One of the major aspects of nonlinear time history analysis is the selection of earthquake ground motion.
The seismic performance of structures is highly dependent upon the ground motion characteristics. A total
of 14 earthquake ground motion records were taken into consideration for this study purpose. The ground
motions were selected such that they represented a variation in their magnitude, frequency content, and
duration. The selected ground motions for this analysis purpose is shown in Table 4. The ground motion
records were downloaded from the NGAwest2 records (Ancheta et al., 2013) available in the PEER Strong
Ground Motion Database (PEER, 2005) except the Gorkha earthquake, which is downloaded from strong
motion center. The selected ground motions were a combination of near field and far field shaking. These
selected ground motions were then used to perform time history analysis and the responses are recorded and
studied.

Table 4: List of selected earthquakes

S.N.  Earthquake Name Year Station Mw  Hyp (km) Hi(g)
1 Gorkha 2015 Kantipath 7.8 78.2 0.164
2 Kocaeli, Turkey 1999  Yarimca 7.51 25.07 0.322
3 Kobe, Japan 1995  Kobe University 6.9 31.08 0.312
4 Chalfant Valley-02 1986  Tinemaha Res. Free Field 6.19  57.99 0.447
5 Loma Prieta 1989 BRAN 6.93  19.66 0.502
6 Imperial Valley-06 1979 Bonds Corner 6.53  11.72 0.777
7 Coalinga-05 1983  Oil City 577 871 0.841
8 Northridge 1994 J. F. Plant Generator Building 6.69 21.08 0.995
9 Coyote lake 1979  Gilroy Array #6 574  9.12 0.422
10 N. Palm Springs 1986  Whitewater Trout Farm 6.06 11.79 0.629
11 Umbria Marche, Italy 1997 Nocera Umbra 6.0 12.49 0.472
12 Whitter Narrows-01 1987  Whittier Narrows Dam upstream 5.99  15.18 0.317
13 San Fernando 1971  Pacoima Dam (upper left abut) 6.61 17.6 1.238
14 Managua, 1972  Managua, ESSO 6.24  7.57 0.872

Nicaragua-01
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2.4. Nonlinear modelling

Nonlinearity in a structure are of different types, namely, geometric nonlinearity, material nonlinearity and
contact nonlinearity. For our case, we only considered the material nonlinearity while performing the nonlinear
time history analysis. Again, there are different approaches of modelling the material nonlinearity in a
structure. They are distributed plasticity approach and concentrated plasticity approach. In the concentrated
plasticity approach, nonlinearity is lumped at specific locations, usually at the ends of elements and the
elements is modeled as linear. Unlike this, the distributed plasticity approach assumes that nonlinearity can
occur anywhere within the elements and assumes the entire element as nonlinear. It then assigns suitable
integration points to the elements and adopts suitable integration scheme for carrying out the analysis.
Distributed plasticity approach is adopted for this analysis. Nonlinear beam column element, which is an
OpenSees implementation of force-based element, is used to model the beams and columns. The nonlinearity
is lumped at six integration points per elements. A wide range of numerical integration options are available
in OpenSees to represent distribute plasticity in force-based beam-column elements (Scott, 2007). Gauss-
Lobatto type of integration was used in our case in nonlinear beam column element. This is a most common
type of integration scheme adopted for force-based element (Neuenhofer & Filippou, 1997). Gauss Lobatto
type integration assigns integration points at the ends of an element section as well where the bending
moments are maximum (Scott, 2007). In addition to the material nonlinearity, geometric nonlinearity (P-A
effect) has not been considered in the analysis.

In OpenSees, fiber sections were created for beams and columns. Nonlinear beam column element was used
to model the beams and columns. Concrete02 and Steelo2 (Carreo et al., 2020) was respectively used to
represent the nonlinear material behavior of the concrete and steel reinforcements. For concrete, the effect
brought about by the confinement was also taken into consideration for the confine concrete (Mander et al.,
1989). Concrete fibers were created for confine and unconfined concrete. Figure 4 shows the stress-strain
behavior for the Concrete02 and Steeel02.
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Figure 4: Hysteretic behavior of Concrete02 (left) and Steelo2 (right) (McKenna and Fenves, 2000)

In case of the diagonal strut, it was modelled using the truss element in OpenSees. Hysteretic Material model
was adopted to represent the cyclic behavior of the compression strut. In order to define the cyclic behavior
using Hysteretic Material model, three points in tension and compression are required. Small values (1%
of that of the compression) was provided in the tension zone to simulate no tension response and, at the
same time, maintain the numerical stability. Mohammad Noh et al. (2017) have performed the validation of
the experimental and OpenSees model considering infill and performed model calibration, when using the
Hysteretic Material model. The model parameters that include pinchx, pinchy and beta values were hence
adopted from their calibration.
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2.5. Fragility analysis

Fragility functions define the probability of exceedance of certain damage state for a structure for a
particular level of seismic demand. The seismic demand are the intensity measures which can be peak ground
acceleration, peak ground velocity, peak ground displacement or the spectral acceleration. There is different
approach of deriving fragility functions. They are expert based/ judgmental fragility curve, experimental
fragility curve, empirical fragility curve and analytical fragility curve. In the absence of sufficient expert
judgments or field data, analytical fragility curves are generated. Analytical method was adopted in this
paper to define the fragility function. Four types of damage states were considered while preparing the
fragility curve. They were slight, moderate, extensive and complete damage states. The famous and widely
used limit state model proposed by Lagomarsino and Giovinazzi (2006) is used to define the median limit
states for four damage states.

Slight damage = 0.7 dy (7)
Moderate damage = 1.5 dy (8)
Extensive damage = 0.5(d, +d,) (9)
Complete damage = d_ (10)

Idealization of the capacity curve gives the yield (d ) and ultimate displacements (d ). The median values of

y:

the four-damage state were calculated using the equations 7-10 by using the yield and ultimate displacement
values calculated by performing the bilinear idealization of capacity curve.

PrE) = or iy (1)

Bas  ‘Sdds
Where, @ = the standard normal cumulative displacement function,

S, = median values at which the building reaches the threshold of damage state, ds.

8§, . 1s calculated from equations 7-10 and

B_ds = the standard deviation of the natural logarithm of the engineering demand parameters (EDP) for
damage states, ds.

3. Results and Discussion
3.1. Modal validation

Validation of OpenSees model is an important step before moving on to any further analysis. At first, the bare
frame models built in OpenSees were validated by performing the modal analysis (Chopra, 2001). The modal
properties that include the modal period, frequencies and mode shapes were checked and compared. Modal
period for the first three modes of the bare frame model was compared with the values obtained from the
ETABS V.19 software. Table 5 shows the values of modal period for the first three modes which are in good
agreement and justified. Comparable values of modal periods were obtained in ETABS and OpenSees with
slight discrepancy which confirmed the correctness of our numerical model that we prepared in OpenSees.
Once the bare frame models were validated, then only the infill effects were applied to the frames.
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Table 5: Modal period

Analysis Tool ETABS OpenSees
Mode 1 0.852 s 0.366 s
Mode 2 0.352 s 0.366 s
Mode 3 0.306 s 0.274 s

3.2. Roof displacement

Roof displacement was considered as the global parameter to be studied in this analysis. Table 6 shows the
roof displacement obtained for the bare and infill model for all the selected earthquake ground motions.
Addition of infill caused a drastic reduction in the roof” displacement in model. The infills provided additional
stiffness to the model as compared to the bare frame model. This depicted the significance of infills in the

analysis and highlighted its modelling importance as well.

Table 6: Roof displacement in mm

Model Type M1 Model

S.N. Earthquakes Bare Infill
1 Gorkha 32.44 2.845
2 Kocaeli, Turkey 44.7 3.547
3 Kobe, Japan 33.675 3.395
4 Chalfant Valley-02 72.671 4.881
5 Loma Prieta 85.083 6.029
6 Imperial Valley-06 99.605 7.613
7 Coalinga-05 86.348 7.366
8 Northridge 109.713 8.25
9 Coyote lake 53.589 3.973
10 N. Palm Springs 65.968 5.44
11 Umbria Marche, Italy 40.821 5.069
12 Whitter Narrows-01 29.895 5.017
13 San Fernando 110.118 11.066
14 Managua, Nicaragua-01 51.54 4.475

3.3. Fragility curves

Time History analysis was performed on a typical low-rise RC frame for the selected 14 sets of ground

motion. Analytical fragility curves were than prepared for the two cases to compare and contrast the structure
vulnerability with and without the consideration of the unreinforced masonry infills. The structural fragility
for both bare and infill case is represented in Figure 5.
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Figure 5: Analytical fragility curve

From the analytical fragility curve developed for bare and infill model, it was observed that at a seismic
demand of 0.8g, the corresponding exceedance probabilities were respectively 98.81 %, 85.75%, 64.23% and
36.53% for slight, moderate, extensive and complete damage states in bare frame case. Similarly, for the infill
case, the corresponding exceedance probabilities were 74.23%, 29.99%, 23.64% and 10.58% respectively for
slight, moderate, extensive and complete damage states. For all the damage states, it was observed that the
exceedance probabilities were high in case of bare frame model. This depicted that the bare frame was more
vulnerable to a seismic event compared to infill frame.

4. Conclusions

In low-rise RC frame buildings in Nepal, masonry infills are most typical. It is also customary to disregard
its impact during a seismic shaking. The effect of the infill masonry on the structural performance of low-
rise RC frame was examined in this study. Two scenarios, bare and infill, were set, for the model. Roof
displacement was considered as the global parameter in the analysis. At first, modal analysis was done for
the bare frame model in order to validate the OpenSees model. Fragility curves were also developed for
the case of bare and infill. The study revealed that, the inclusion of the infills were associated with the
drastic reduction of the roof displacement of the RC frame. The results from the analytical fragility function
revealed that, bare frame structure was more fragile or vulnerable to an earthquake event compared to the
infill structure. At 0.8g, the damage state fragility for the bare frame case was 98.81 %, 85.75%, 64.23%
and 36.53% for slight, moderate, extensive and complete damage states. Similarly, for the infill case, the
corresponding exceedance probabilities were 74.23%, 29.99%, 23.64% and 10.58% respectively for slight,
moderate, extensive and complete damage states at a PGA of 0.8g. Hence, the inclusion of the infill effect
is thus recommended during the analysis and design of the low-rise RC frame in context of Nepal. For the
further consideration of this work, soil-structure interaction can be considered. The infill effect, taking into
account the openings can be considered for further expansion of this research work. The combined eftect of
in-plane as well as out-of-plane effect of the infill masonry could be the further aspect of this study.
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