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ABSTRACT

Masonry infill walls (MIW) are the most popular building elements commonly used in
low-rise to medium-rise reinforced concrete (RC) structures all over the globe including
seismically active regions. Nevertheless, these structures usually employ the infill panels as
either non-structural elements, non-load bearing walls, or partition walls that carry their self-
weight whereas the surrounding RC frame is designed as a structural member that carries lateral
and gravity loads. However, the vulnerability of MIW when subjected to lateral forces has
substantial implications for life safety and has a significant impact on the building's functional
progress due to their brittle nature. As non-structural components, MIW modifies the
structure’s dynamic behavioral characteristics such as deformation resisting capacity, strength,
stiffness, and natural frequency, leading to differences in overall structural performance. In
spite of having significant stiffness contribution to the structural system, the fundamental
nature of infills being brittle, the seismic behaviour of the surrounding RC frame is impacted
mostly in a negative manner. The insight obtained from previous studies has proven that RC
structures with MIW have many unintended effects during seismic activities such as the effect
of soft-story, short-column effect, torsional effect, and in-plane (IP)/out-of-plane (OOP)
collapse. In addition to this, if an opening is present in an infill wall, the behaviour of the
structure will be considerably modified when subjected to lateral forces. To examine the
changes that occur in the performance of the infill systems with openings under lateral forces
require laboratory experiments designed realistically (closer to practical cases). Furthermore,
textile reinforced mortar (TRM) composites are retrofitting techniques used for strengthening
masonry structures giving them the required strength and stability to withstand external forces.
Unfortunately, most of the previous research on frames with infills concentrated either on the
most basic structural setup of infill panels without openings strengthened with TRM or with
openings but without strengthening the infill panels. This thesis discusses the experiments and
numerical simulations along with a parametrical study conducted on MIW combining the
afore-mentioned two factors i.e., openings and strengthening to study the difference in the

behavioral pattern of the system and the effectiveness of TRM.

For this purpose, initially, a numerical validation study is conducted which includes the
process of simulation of the experimental campaign carried out at Wellington Institute of
Technology by [N. Ismail et. al. (2018)]. This analysis is carried out for the following reasons:

(1) to quantitatively measure the agreement between the predictions provided by the numerical



model and the practicals represented by observations in experiments through models and
provide empirical formulations and, (ii) to understand the techniques and logics behind
conducting an experiment on MIW in a laboratory with different materials and check the

performance under lateral loading conditions.

Next, two 2/5" scaled, single-bay single-story MIW with RC frame test specimens
having an aspect ratio (the length-to-height ratio of the infill wall) of 1.56 were constructed for
this study. One specimen served as a conventional specimen unreinforced specimen (URS),
and the other had an AR-resistant glass fiber TRM grid retrofitted into the wall, double
reinforced specimen (DRS). The surrounding RC frame is made to be more similar to the
practical scenario by applying ductile detailing which is common for both the specimens. Burnt
clay red brick units that had a nominal compression strength of 6.83 MPa were set in a running
stack bond pattern using a cement-sand mortar. With a volumetric ratio of 1:3, the brick-and-
mortar layers were kept at a consistent thickness of around 12 mm in both the bed and head
joints. A lintel beam is provided exactly above the opening by maintaining its configurations
(dimension and reinforcement) and properties (grade of steel and concrete) standard in the
experimental tests. A concrete mix having a nominal strength of 20 MPa was adopted to build
the frames of the test specimens. Both beam and column had main reinforcement with steel
rebars of 12 mm nominal diameter, while the shear reinforcement was provided with a nominal
diameter of 8 mm. To prevent joint failure at the beam-column connection, top longitudinal
reinforcing bars from the beam were extended inside the column with an embedment length of
450 mm while the bottom rebars were bent upside into the column at both ends. The foundation
beam, intended as a doubly reinforced section and purposefully made robust has two bars of
12 mm diameter in the compression zone and three bars of 16 mm diameter in the tension zone,
with a 20 mm clear cover on all sides. 10 mm stirrups placed with center spacings of 200 mm
on both ends and 170 mm in the midspan are tied around the bars. To represent a permanent
rigid connection, column longitudinal bars with a development length of 500 mm were also
extended into the foundation beam. The test specimens with utmost care were placed on a
strong floor, which was provided with a rigid connection by grouting six anchor bars to the
floor through the foundation beam. The specimens were tested under quasi-static reversed

cyclic lateral loading that was controlled by sinusoidal displacement.

Regarding numerical analysis, the study elaborated on the development of a numerical

model to simulate the non-linear structural cyclic behaviour of the infill wall with an RC frame.



The numerical analysis was carried out in the finite element (FE) software ABAQUS using a
simplified micro-model approach. The concrete damage plasticity (CDP) model was used to
simulate the non-linear behaviour of the masonry blocks and concrete. The numerical model
was performed using a non-linear structural cyclic analysis of the tested specimen, which was
retrofitted. In other words, the experimental tests were validated in the software ABAQUS
along with a parametric study conducted to determine the significance of the full-bond scenario
between the RC frame infilled with masonry and the TRM considering: (1) the location of the
strengthening material on the specimen and (2) the number of layers of the strengthening
material. In particular, the lateral load-displacement relationships of test specimens were

numerically simulated and validated against the experimental results.

Concerning the results, it was found in the experimental investigation that significant
differences in the damage patterns, resisting the deformation capacity, lateral stiffness and
strength, and energy dissipation capacity were observed in the two specimens. The results
showed that the URS produced 65.73% less lateral strength and stiffness and a 58.88% increase
in the maximum deflection compared to the DRS specimen. This indicates that the presence of
TRM significantly increased the infill wall system's lateral stiffness and strength and decreased
the frame's deflection when subjected to lateral forces. The numerical validation exhibited that
the model can precisely simulate the performance and predict the capacity of retrofitted
masonry-infilled RC constructions. The results of observations are discussed in the form of
load-displacement hysteresis loops and excursion curves. Regarding the parametric study, all
retrofitted wall specimens showed a considerable improvement in the in-plane performance;
some features of the wall's behaviour were found to be strongly influenced by the parameters

under examination.

The suggested strengthening technique significantly increased the infill walls' capacity
by up to 66% to support in-plane loads. TRM has generally been successful in improving the
seismic performance of RC frames with burnt clay red brick masonry infills that are seismically
vulnerable. There was a noticeable delay in the onset of cracking and damage, and the ultimate
gain in lateral strength was between 50 and 70 percent. The numerical results thus show great

agreement with the experimental results and the significant effectiveness of TRM.

Keywords: Unreinforced masonry, textile reinforced mortar, in-plane behaviour, concrete
damage plasticity, ABAQUS, opening, quasi-static load, energy dissipation
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CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

Masonry infill walls (MIW) are frequently employed as internal and external partition
walls in reinforced concrete (RC) frames, which are one of the most commonly used structural
systems worldwide. In the structural analysis and seismic design process, infill walls are often
disregarded since they are generally categorized as non-structural components (Elouali, 2008).
In doing so, their stiffness and strength contribution, as well as their interaction with the load-
bearing elements of the frame (i.e. beams, columns), are fully neglected. Thus, the actual
performance of infilled RC frames will differ from the expected performance based on the
structural analyses. Under seismic forces, they can interact with the surrounding frames and
alter the behaviour of the RC frame in terms of load-resisting mechanism and failure pattern.
The particular function that masonry walls play during an earthquake is complicated and not
well known, making the topic of how infills influence an RC structure's performance during a
seismic event challenging to understand. From the available published experimental and
numerical data, it can be observed that MIW can have a significant effect on the structural
performance of RC frames under seismic actions. Even light to moderate earthquake
shaking/acceleration or drift levels can cause damage to the infill walls and this damage may
result in life safety hazards, immediate evacuation, and loss of function of buildings, limiting
the use of internal spaces. In many cases, the influence of the infill panels was shown to be the
reason for extensive damage or even the buildings' collapse. Based on these factors, it is not
surprising that, over the past six decades, an increasing interest has been observed concerning

the investigation of the effect of infill walls on the seismic performance of infilled frames.

Masonry walls have been a fundamental element of construction since the inception of
civilization due to its economic aspects, ease of construction, low maintenance, durable and
aesthetic purposes. This is because of its crucial function in separating the interior from outside
spaces, offering security, and protecting from adverse ecological repercussions. Because of
these essential purposes, brick walls are used in almost all structures, including the most

sophisticated ones in modern cities. In order to brace low-rise and medium-rise structures



against in-plane lateral stresses brought on by wind or earthquakes (Block & Block, 2023), this
approach has shown to be both effective and efficient. However in the past few years, several
studies have been conducted on soft-story failure, in-plane (IP) and out-of-plane (OOP)
damages as a result of its inadequate performance during an earthquake, as seen in Figure 1.1
(@)-(c) (Adem et. al., 2013).

(a) Soft storey failure (b) In-plane failure (c) Out-of-plane failure

Figure 1.1. Adverse effects of earthquakes on masonry infilled RC buildings (Adem et. al., 2013)

Among the most destructive natural calamities are earthquakes. Earthquakes that are
innocuous often occur in several US locations. Large-scale earthquakes have historically
caused the most catastrophic loss of life and physical infrastructure. They have also had a
profoundly negative economic impact on the places they strike. Approximately 500,000
earthquakes occur worldwide each year, with many of them being felt (AlKhaldi, 2024). Figure
1.2 shows the share of economic damage caused by natural disasters by continent (Statista,
2024), from which it is evident that, America suffers the highest percentage share of economic
loss (69.6%) caused by the natural disasters in a single year 2022, followed by Asia which has
an economic loss of 21.8%. Both Africa and Oceania share the same amount of economic loss
of 3.8% whereas the continent that suffered least economic losses is Europe which is 0.1%
which is almost 200 times less in terms of percentage compared to America. Some of the
strongest earthquakes occurred worldwide according to the measurements recorded by the
Richter Scale in the year 2023 is shown in Figure 1.3 (Statista, 2024).

Some examples of earthquake events around the world includes in the places such as
the moderate earthquake struck the Turkish region of Kutahya on May 19, 2011 (Ademet. al.,
2013). The strongest earthquakes that have affected Albania in the last 40 years are with a



magnitude of 5.6 foreshock occurred on September 21, 2019, Durrés and on November 26,
2019, an earthquake with a magnitude of 6.4 occurred to the north of Durrés, the second-largest

city in Albania and a port city on the Adriatic coast. (Andonov et al., 2022).

Share of Economic Damage Caused by Natural Disasters in 2022,
by Continent in %

Qceania, 3.80 i
Europe, 0.10 5 Africa, 3.80

Asia, 21.80

Americas, 69.60

Figure 1.2. Share of economic damage caused by natural disasters by continent
(Andonov et al., 2022)

The Indian subcontinent has had some of the largest earthquakes in history, with
magnitudes greater than 8.0. For example, within a brief period of around 50 years, four of
major earthquakes took place: Assam earthquake of 1897 (magnitude = 8.7), Bihar-Nepal
earthquake of 1934 (magnitude = 8.4), Kangra earthquake of 1905 (magnitude = 8.6) and the
Assam-Tibet earthquake of 1950 (magnitude = 8.7) (Pribadiet. al., 2014).

Strongest Earthquakes Worldwide

East Coast of Honshu, Japan (1933)
Coast of Southern Peru, Peru (2001)
Kamchatka, Russia (1923)

South Sumatra, Indonesia (2007)
Kuril Islands (1963)
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North Sumatra, Indonesia (2005)
Andrean of Islands, Aleutian Islands, Alaska (1957)
Assam, Tibet (1950)

West Coast North Sumatra (2012)
South of Alaska (1946

Rat Islands, Alaska (1965)

Offshore Bio-Bio, Chile (2010)

Near the coast of Ecuador (1906)
Kamchatka (1952)

Japan, east of Honshu (2011)

West Coast North Sumatra (2004)
Prince William Sound, Alaska (1964)
Chile (1960)
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-
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Figure 1.3. Strongest Earthquakes Worldwide (Andonov et al., 2022)



Building performance during mild, moderate, and severe earthquakes has been
observed, and these observations have helped to expand our understanding of the seismic
behaviour of structures, particularly with regard to identifying appropriate and inappropriate
designs and earthquake load-resisting systems. The behaviour of the RC constructions is
determined by the stiffness, strength, ductility, and energy-dissipation properties of the
structural parts, amid other characteristics (Rodrigues et al., 2018). Each structural part and the
connections and interactions between them give the structure its structural strength (Fardis &
Panagiotakos, 2007). The load redistribution capacity of the highly redundant buildings
regulates their reaction. The buildings may fail if certain elements fail, and the remaining
members cannot withstand considerable deformations before collapse. Certain structural
elements' inadequate strength capability can be explained by the fact that they are subjected to
seismic loading demands much higher than the values considered during their design. To
provide sufficient stiffness, strength, and ductility to the elements and, consequently, the global
structure, the structures should be constructed in accordance with the predicted seismic
demands specified by the current codes. It is necessary to consider non-structural features like
the MIW and secondary RC structural elements while performing the seismic design of RC
structures. Some international codes, for example (BS EN 1998-1 :2004 EN 1998-1 :2004 (E),
2011) regard infill panels as non-structural components and assign little emphasis on how they
behave during earthquakes or affect how the structure responds. Usually ignored is their
contribution to the seismic structural reaction. The 2015 Nepalese earthquake provided
evidence that infill walls frequently impact how RC buildings respond to seismic activity
(Arede, 2017). They improve the overall structural performance in terms of stiffness, strength,
and energy dissipation. They induce more significant seismic loadings than anticipated during
the design process by altering buildings' natural periods and vibration modes (Rodrigues et al.,
2018). However, their distribution, both in-plan and in-elevation, may adversely impact the
overall structural response (Trapani et al., 2018). Including infill walls in a RC building can
amplify failure mechanisms that the structural components were not intended to sustain and

decrease the building's capacity for deformation (Misir, 2015).

Its structural behaviour is dependent on each of its constituent parts since it is a dual
system. The advantageous confinement effects of the concrete frame, which in turn strengthens
the frame to produce a shear-resisting element, strengthens the infill panel. Because of its

restricting action, the frame keeps the infill from disintegrating after its initial cracking, and



the infill keeps stiffening the frame. Together, these factors provide a system that combines the

surrounding frame's ductility with a high degree of infill strength and stiffness.

Vulnerability studies are very important to evaluate seismic risk and their application
is particularly interesting in urban areas located in low to moderate seismic hazard regions
where the increase of the population and the absence of adequate seismic-resistant prescriptions
for buildings increment the seismic risk. Very often, in these areas, a large number of RC frame
structures have been designed mainly for gravity loads, or their lateral resistance has been
determined without adequate seismic-resistant considerations or according to old seismic
codes, in which ductile detailing is not explicitly required. It is very likely that these buildings,
when subjected to a maximum credible seismic event, suffer more damage than reasonable.
Therefore, it became a necessary job for earthquake engineers to design earthquake-resistant
buildings in such a way that the whole structure contributes to seismic safety.

1.2. WALLS

Brickwork is regularly framed by spreading various interlocking units bound together
by mortar. The dry-set masonry depends on the friction between the units to forestall movement
and does not need mortar. Brick masonry is vital in compression, however less viable at

opposing horizontal loading or tension forces.

1.2.1. Types of Walls

The wall is a construction characterizing an accurate region and giving security and
haven. There are different sorts of walls utilized in the development of structures shown

underneath.

a) Load Bearing —the walls that carry the imposed load and their self-weight are the load-
bearing walls. These walls can be classified as exterior or enclosing walls.

b) Non-Load Bearing — the walls that do not carry the imposed load but carry the gravity
load are named the non-bearing wall. An example is partition walls.

c) Masonry infill walls — the structural elements are constructed first, and the brick wall
panels fill the open rectangular spaces between the lower and higher beams and side
columns.

d) Confined walls —the walls are constructed first using masonry units, and then the walls

are enclosed (confined) by erecting concrete columns and beams (Brzev, 2007).



1.2.2. Wall Openings

The critical parameter that alters the performance of a wall under lateral loads is the
openings provided in the wall. Therefore, the consideration of openings in the design of barriers
is of utmost importance. The different types of wall openings available are doors, windows,
and ventilators. Many researchers study the performance of walls subjected to lateral loads with

and without openings. Figure 1.4 shows some examples of walls with openings.

Figure 1.4. Construction of a typical MIW Figure 1.5. Dimensions of a typical burnt
structure red clay brick

1.3. BUILDING MATERIALS
1.3.1. Bricks

Brick is one of the oldest building materials used for construction purposes — bricks for
constructing shelter dates to 7000 B.C. Since then, bricks have been the most famous building
material until today. Bricks (Figure 1.5) the materials manufactured artificially using natural
resources such as clay heated and moulded in uniform shape and size. There are four classes
of bricks based on their compressive strength (IS 1077 : 1992 ( Reaffirmed 2002), 2007). The

details of the different classes of bricks are given in Table 1.1.
1.3.2. Composition of Bricks

Bricks are not naturally available material. The manufacturing takes place artificially,
either manually or mechanically. Later, Romans invented firebricks in 3500 B.C. They just

eliminated the long and tedious process of hardening the bricks under warm temperatures and



manufactured bricks in different shapes according to the requirement of wooden moulds. In the
medieval period, clay became the most crucial ingredient in the making of bricks. In 1666, the
city of London was majorly decorated with brickwork structures. The majority of the
skyscrapers in the United States of America use bricks or terracotta (Brick, 2023).

Table 1.1. Summary of classification of bricks

Crushing Water
Class ) Colour Uses
strength (N/mm?) absorption (%)

Load-bearing

Class | >10 12t0 15 Deep Red
masonry structures
16 to 20 ] Exterior walls and
Class Il =7 Reddish Orange _
(22 max.) flooring
22 t0 24 ) Partition or parapet
Class I 35t07 Reddish Yellow
(24 max.) walls
o Dark Reddish Temporary
Class IV <35 No limit
Brown structures

The bricks consist of primarily five constituents, namely, silica, alumina, lime, iron
oxide, and magnesia in different proportions. Each component has another purpose that forms
the end product brick. Hence, it can be a great brick if its excellent properties such as the shape
and size of the brick are uniform with straight and sharp edges, deep red with the surface texture
being rough so that binding action with the mortar will be proper. The hardness should be so
that no mark should be visible if nails scratch the brick, and it should make a clear metallic
sound when it pounded on each other, which is the soundness of the brick. Most importantly,

the brick should not contain any impurities in the form of stones grits, etc.

1.4. MASONRY INFILL WALLS (MIW)

Masonry construction is a process that utilizes singular units such as bricks, stone, etc.
bound along with different types of mortar such as cement-sand mortar, lime mortar, gauged
mortar, etc. Even though it is amazingly durable, masonry does, in any case, wear out after

some time and regularly needs repair or restoration.



1.4.1. Types of Masonry Construction

The construction of masonry walls is done in two different ways. One method includes
filling the space between the upper and lower beams and columns with brick walls with/without
openings (being optional). These structures are known as masonry infill walls (Figure 1.6). In
the second method, the brick wall is constructed first by leaving the required amount of gap to
construct vertical compression members, called tie columns joined with tie beams. These

structures are known as confined masonry walls (Figure 1.7).

In this thesis, the study focuses only on the research and development of masonry infill

walls, which will be discussed in the following sections.

Figure 1.6. Masonry infill wall Figure 1.7. Confined masonry wall

1.4.2. Modes of Failure of MIW

Building performance during mild, moderate, and severe earthquakes has been
observed, and this observation has helped to expand our understanding of the seismic behaviour
of structures, particularly with regard to identifying appropriate and inappropriate designs and
earthquake load-resisting systems. The RC structures' behaviour depends on the structural
elements’ stiffness, strength, ductility, and energy-dissipation characteristics, among other
factors (Rodrigues et al., 2018). The building's structural strength is provided by each structural
member and the interaction and connection between them (Fardis & Panagiotakos, 2007).
Since the buildings are structures with a high degree of redundancy, their response is controlled
by the loading redistribution capacity, which can fail if some of the members reach the failure,

and the remaining ones cannot accommodate significant deformations before failure. The



insufficient strength capacity of some structural members can be justified by being subjected
to seismic loading demands significantly higher than the values considered during their design
process. The structures should be designed according to the expected seismic demands
prescribed by the modern codes to ensure adequate stiffness, strength, and ductility to the
elements and, consequently, the global structure. The seismic design of RC structures needs to
be performed by considering the RC structural elements secondary elements and non-structural
elements like the masonry infill walls. Some international codes like (BS EN 1998-1 :2004 EN
1998-1:2004 (E), 2011) consider the infill panels as non-structural elements and provide low
importance to their seismic behaviour and participation in the response of the building. Their
contribution to the seismic structure response is usually disregarded. The Nepalese earthquake
in 2015 evidenced that the infill walls often play an essential role in the seismic response of the
RC structures (Arede, 2017). They provide an increment of stiffness, strength, and energy
dissipation to the global structure. They change the natural periods and vibration modes of
structures, attracting higher seismic loadings than those expected during the design process
(Rodrigues et al., 2018). Nevertheless, their in-plan and in-elevation distribution can also affect
negatively the global structural response (Trapani et al., 2018). The infill walls presence
reduces the building's deformation capacity and can potentiate failure mechanisms that the

structural members were not designed to support (Misir, 2015).

The infills have a beneficial influence on the performance of the existing non-ductile
RC frames if properly designed for heavy seismic forces (Armin Mehrabi et al., 1996).
However, its unsatisfactory performance during an event earthquake led to several studies over
the past few years such as Corner Crushing (CC) mode, Diagonal Compression (DC) mode,
Sliding Shear (SS) mode, Diagonal Cracking (DK) mode, Frame Failure (FF) mode are some
of the examples for performance failure of MIW, as represented in Figure 1.8 (a)-(b) (P. G. and
C. Z. C. Asteris, 2011).

1.4.3. Prevention of Failures of MIW

The fundamental purpose of seismic strengthening is to enhance the overall structural
performance and increase the resistance to deformation when subjected to lateral loadings.
There are two safeguarding strategies for the masonry system against the effect of the
earthquake. One is to protect the structure from seismic forces, and the other is to enhance the
strength of the existing systems to withstand seismic loads. The two ways of retrofitting a

structure are by using additional components and additional adhesives.



Seismic analysis of the existing structure is proper if the soil under the construction is
in good condition so that fewer seismic forces will be transferred to the superstructure. The
structural engineers estimate the capacity of the structure for strengthening by considering the
type of construction materials, loads acting on the structure, and the geometric aspects of
deteriorated structures. All kinds of failure modes must be considered during the strengthening

process.

detachment
frame-infill

detachment
frame-infill

corner frame shear
crushing damage slip
frame
damage
corner (toe) 9
crushing

diagonal

: detachment
compression

frame-infill

detachment
frame-infill

tension

Figure 1.8 (a) CC and DC modes of failures  Figure 1.8 (b) SS, FF, and DK modes of failures

The selection of the strengthening technique should be according to the design and
condition of the existing structure, knowing the overall characteristics of the system in detail
for the selection process of a particular strengthening method. The basic parameters such as
deformation capacity, dissipating energy capacity, shear capacity, stiffness, and strength
properties are considered. The other consideration factors are the economic aspects, aesthetic
views, etc. In addition to all these mentioned, other details include the foundation design,

seismic zone, and earthquake records in that zone.
1.5. SEISMIC STRENGTHENING OF MASONRY STRUCTURES

Seismically strengthening the structure represents improving each structural as well as
non-structural member's strength, such as beams, columns, and walls individually. There are
various techniques to retrofit these members. The strengthening methods are two types based
on the location of the strengthening material on the MIW; intrinsic and extrinsic. The former
method consists of dowel bars, vertical and horizontal reinforcement, and the center core

technique whereas the latter technique consists of various methods such as repointing

10



technique, welded wire mesh (WWM), fiber reinforced polymer (FRP) jacketing, steel bracing,

and textile reinforced mortar (TRM).
1.5.1. Repointing Technique

The repointing technique is a popular method in strengthening the masonry walls
among the available traditional retrofitting methods. This method's general procedure follows
to eradicate the defective portion and substitute those with similar elements to rehabilitate the
previously lost strength of the wall. In such cases, this method is more productive when the
mortar is eroded over time or notches included in the bonds, (Jaime et al., 2019).

The filling of the bed joint between the bricks in a brick wall is called the pointing
method. This method accomplishes the ongoing work by disseminating the mortar in the bed
joint with the masonry wall face or separately when the exterior part of the mortar in the bed
joint is left broken. The primary factor contributing to the brick wall's aesthetic appearance is
the pattern of the mortar joints, uniformity, and the sequence of laying, significantly when the
sizes of the bricks vary. The mortar joint contributes to the aesthetic aspect of a masonry wall.
It favors keeping the structure dry mainly in two ways, i.e., by not letting the atmospheric
moisture penetrate through the wall and allowing the already present humidity inside the wall
to dissipate into the dry weather. There is a possibility that rainwater may penetrate through
the wall through the tiny cracks between the mortar joints and the bricks. The water must escape
back into the environment after the rain stops to avoid moisture entering the wall. The best way
to achieve this is through permeable mortar bed joints. If hardened cement mixes with the
mortar, it may not release moisture, and it may stagnate in the bricks, which increases the

chances of damage caused by to crystallization of soluble salts, (Chuang & Zhuge, 2005).

Repointing can improve the aesthetic appearance as well as the durability of the brick
masonry. It may affect the brickwork if it is not done correctly, sometimes leading to
unrecoverable damage. It is most suitable on the exposed face of the brick wall of the structure.
The principle of the repointing technique is that the bed joint mortar should be a little weaker
than the bricks, for example, if the mortar is stronger than the brick masonry then, the wall will
be in the danger zone where the permeability occurs, preventing the moisture content
evaporating through the bed joints. Due to this, cement-based mortars started declining;
instead, lime-based mortars came into the limelight, strictly following the principle. The type

of mortars that can be advantageous for the repointing techniques are lime-based mortars. Two

11



types of lime are easy to use in mortars, i.e., non-hydraulic lime and natural hydraulic lime.
After completing the repointing process (Figure 1.9), the wall is safeguarded from temperature
variations such as rain, sunlight, and heavy winds to prevent any damage. It should be
maintained under damp conditions using jute bags or thick mats to allow the mortar to set.
Finally, the cannon is ready for the final step, finishing while still in damp condition. Proper
maintenance is necessary until the curing of mortar is complete enough to resist any kind of

damage caused by the variation in temperature.

1.5.2. Centre Core Technique

This technique follows a method in which holes (cores) are drilled vertically along the
height through the masonry brick wall through which reinforcement bars are embedded through
the brick wall into the basement of the wall as shown in Figure 1.10. The diameter of this core
varies between 100 to 150 mm depending on the type and size of the wall. The cores are drilled
using the oil-well drilling technique. This dry process may release large debris that can be
removed manually or using any mechanical instrument such as a vacuum cleaner. The most
common reinforcement used is solid steel bars placed at the center of the drilled hole and
usually filled with a pump using sand grout throughout the cavity under pressure. This
technique will help in filling out the voids along with the height of the drilled core. The bonding
between the inner surface of the grout with the rebar and the outer surface of the grout to the
masonry makes it a homogeneous compound better than the core itself. This method helps the
masonry infill wall to resist both the in-plane loading and the out-of-plane loading. However,
this method has the disadvantage of creating a large amount of disturbance/noise during the
process. The geometry of the wall is not changed overall since it is one of the non-destructive
testing methods (Breiholz, 1993).

1.5.3. Fiber Reinforced Polymer (FRP)

Many existing structures built with masonry are vulnerable to seismic forces both in the
in-plane and out-of-plane directions. Hence, these structures need retrofitting to resist these
loads to avoid damage or collapse, resulting in property loss or life loss. Available techniques
for strengthening masonry infills more often have disadvantages such as corrosion, heavy
weight, uneconomical, requiring skilled labours, and is time-consuming. To overcome these
limitations, materials such as fiber-reinforced polymer (FRP) are developed as a strengthening

material. Due to its lightweight in nature and minor time-consuming procedure, it has gained
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significant popularity. FRP is available in many types and many forms as well. The different
fibers available are carbon fiber, glass fiber, and basalt fiber in various forms, such as chopped

fibers and woven fibers (Masuelli, 2013).
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Fibre Reinforced Polymers (FRP) has broad applications, including aerospace,

automotive, marine, and construction industries. FRP is a composite material made of a
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polymer matrix reinforced with fibers. The fibers used are usually carbon, basalt, glass, or

aramid, although other fibers such as paper, wood, or asbestos are sometimes functional.

The polymer is usually epoxy, vinyl ester, or polyester thermosetting plastic, and
phenol-formaldehyde resins are still available. As shown in Figure 1.11, the applicability of
FRP to concrete or masonry structures as a substitute for steel bracing or pre-stressing tendons
has been actively studied in numerous research laboratories and professional organizations
worldwide. FRP strengthening offers several advantages: corrosion resistance, nonmagnetic
properties, high tensile strength, lightweight, and ease of handling. They also have poor
resistance to fire and when exposed to high temperatures (Tetta & Bournas, 2016). They lose
significant strength upon bending, and they are sensitive to stress-rupture effects. Moreover,
regarding the economic aspect, either considered cost per unit weight or based on force carrying
capacity, is high compared to conventional strengthening methods. One of the disadvantages
of using FRP solutions is the high costs associated, which makes this solution impracticable

for the large majority of the building's owners (Shrivastava et al., 2009).
1.5.4. Textile Reinforced Mortar (TRM)

It is known as textile-reinforced mortar (TRM) or fiber reinforced cementitious matrix
(FRCM) or textile-reinforced concrete (TRC), in international literature (Figure 1.12). Multi-
axial fabrics are helpful in combination with fine-grained concrete in a newly developed
material. The new TRM externally bonded composite strengthening system combines high-
performance sprayable mortar with any fiber grid that creates a thin structural layer without

significantly altering the structure's weight or volume (Naaman, 2010).

TRM is being built as a revolutionary alternative to conventional strengthening
methods, at the same time giving the RC structures the required strength and stability to
withstand external forces. These fibers are too soft to add directly to concrete, so they apply a
coating to stiffen after being woven together. The fibers in the weave are adjusted for maximum
tenacity to perform optimally in the concrete. These individual fibers form the basis of the
concrete; up to 50,000 are combined to create a yarn. It is then processed on an automated loom
to produce woven mesh. The new concrete's textile interior emerges from a myriad of fine
threads. Another coating is put into the mesh that increases stability then, within a few minutes,

the piece is cut to the required length (Naaman, 2010).
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Earthquake-resistant structures are designed to protect buildings from earthquakes.
While no structure can be entirely immune to damage from earthquakes, the goal of earthquake-
resistant construction is to erect structures that fare better during seismic activity than their
conventional counterparts. According to (Dr. Sudhir K Jain, n.d.), masonry infills hold
considerable in-plane stiffness and strength and contribute to the overall stiffness and stability.
The infills show a lesser effect on the structure if openings are present. However, these infills
pose the hazard of out-of-plane collapse, which means structural engineers should design the
buildings in such a way that the loss of life should be maintained minimum by preventing the
destruction of the buildings against major earthquakes, same time limiting the loss of

functionality to more frequent ones.

Strengthening RC frame structures generally increases the resistance and deformation
capacity of the frame itself for the system to satisfy the levels of performance according to the
codal provisions. Another possible way to improve the resistance of existing structures under
lateral loads is to convert the infill walls into a more stable source of resistance over the whole
spectrum of structural response through a significant and indemnified contribution to the
structure's strength/stiffness (Curbach & Jesse, n.d.).

1.6. COMPARISON OF TESTING METHODS

The general aim of cyclic testing, which may include any method of testing where the
structure is subjected to repeated reversals of loading direction, is to study the seismic
performance of structural systems. Such tests can be further categorized according to the

loading rate as either quasi-static or dynamic.

Quasi-static cyclic tests involve administrating a cyclic loading pattern at a slow rate,
usually in displacement control. The primary advantage of this mode of testing is to allow the
load versus displacement (hysteresis) behaviour to be studied under predefined displacement
at sequentially increasing levels, with multiple cycles at each level of displacement. This can
be used to quantify the system’s cyclic load-displacement envelope as well as its degradation

and energy dissipation characteristics.

Dynamic shake table testing is fundamentally different from quasi-static loading
because it subjects the structure to a series of accelerations. Whilst this mode of testing does
not afford the same level of control over the imposed structural deformations, it does recreate

the true dynamic nature of the seismic response by incorporating inertial and viscous damping
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forces. It also allows the structure to be subjected to realistic earthquake motions. A further
aspect of shake table testing is that the structure is inherently subjected to loading spatially
distributed according to its mass, which is an experiment considered in quasi-static testing if it

is to be used for seismic resistance assessment.

(G. Calvi, et. al., 1996) provide a good discussion of the relative merits of the different
testing methods concerning masonry structures. He notes that since URM exhibits rate-
dependent behaviour whereby crack propagation can occur during the application of a constant
load, quasi-static tests tend to indicate lower load resistance than dynamic tests and are thus
generally considered to be conservative for seismic assessment. Furthermore, he and other
researchers (for example, (Daniel Abrams, 1996) have also argued that since typical
displacement histories used in quasi-static cyclic tests involve a large number of displacement
cycles, which are more severe than monotonic or random earthquake histories, gquasi-static
cyclic tests tend to be even further conservative in terms of the measured strength for structural

systems such as URM, where degradation is affected by the number of cycles.
1.6.1. Monotonic Loading

According to the literature survey, in the past four decades, a substantial amount of
monotonic testing has been performed on masonry walls, with significant contributions made
in Europe, Canada, and the Asian countries. The general aim of these studies has been to
measure the static load capacity of various types of wall configurations in response to a

uniformly distributed pressure, typically considering different strengthening materials.
1.6.2 Cyclic Loading

Whilst a relatively large amount of work has been performed involving monotonic
loading (as reported in Section 3.2.1), only a handful of studies have administered cyclic
loading, be it quasi-static or dynamic. Furthermore, the majority of such studies have focused

only on vertically spanning walls. (mentioned in Chapter 2, Section 2.5).
1.7. AIMS OF THE RESEARCH

The proposed study will explore the field of seismic performance of masonry infill
walls strengthened with textile-reinforced mortar. The objective of the research is to investigate

scientifically and systematically the behavior and dynamic response of the same by
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implementing new strengthening techniques to improve the performance when subjected to

severe seismic conditions.

The following specific objectives are set up to be achieved through the course of this

study:

1. Toidentify and evaluate the factors influencing the performance of masonry infill walls
(MIW).

2. To evaluate the cyclic behavior such as the development of cracks, ultimate strength,
and deformation capacity of the MIW.

3. To carry out the parametric study by considering the opening in the infill wall, the
location of strengthening material on MIW, and number of strengthening material
layers used that affect the response of the seismic performance of the structure.

4. To develop empirical expression to depict the lateral load carrying capacity of MIW
and validate the obtained results using numerical methods and to report the cost analysis

for different scales of the specimen.
1.8. ORGANIZATION OF THE THESIS

In this thesis, the response of ductile-detailed RC frames including MIW consisting of
central door openings strengthened with TRM was tested by in-plane cyclic load to evaluate
the effectiveness of TRM as a strengthening material in contributing to the maximum load-
carrying capacity and deflection-resisting phenomena of the MIW. Hence, to achieve the
aforementioned objectives, the content of this thesis is divided into three parts: Part | reports
on the numerical validation work undertaken which includes Chapter 3. Part Il reports the
associated experimental numerical and analytical methodologies that includes Chapters 4, 5, 6,

and 7. Part 111 includes various supporting appendices relating to the work carried out.

Chapter 1 introduces MIW and TRM members including other strengthening methods,

as well as outlines the purpose of this study.

Chapter 2 contains a comprehensive literature review of the previous research.

Chapter 3 explains the numerical validation study conducted to measure the agreement

between the outcomes of the simulated model and the observations/results of the experiments.
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Chapter 4 & 5 reports experimental tests performed where the testing of one specimen
without ductile detailing and opening is explained in Chapter 4; two 1:2.5 scaled walls with
opening and ductile detailing subjected to quasi-static cyclic loading strengthened with TRM
is explained in Chapter 5. The experimental results are presented at the end of the Chapters.

Chapter 6 is dedicated to the specific numerical validation model used in this research
to represent the infill walls. Next, a parametric study was conducted to determine the
significance of the full-bond scenario between the RC frame infilled with masonry and the
TRM and an analytical model is developed to predict the wall’s load-carrying capacity by
assuming that the masonry possesses zero bond strength. The resulting approach is based
primarily on the geometrical properties of the wall. The numerical results are presented at the
end of the Chapter. Also, the cost analysis of different scales of the test specimens are reported

after the numerical results.

The outputs of the analyses are shown in terms of load-displacement hysteresis graphs,

maximum excursion graphs, stiffness degradation, and energy dissipation capacity graphs.

Chapter 7 concludes this thesis by summarizing its main outcomes and providing

recommendations for future research.

1.9. CONTRIBUTION OF THE THESIS

This thesis contributes to three categories, i.e., experimental work, numerical work, and
analytical work. The experiment is conducted on two 1:2.5 scale specimens to understand the
cyclic performance of MIW under lateral loading conditions with one of the specimens with
seismic retrofitting using TRM, which proved to increase the load carrying capacity and
resisting deflection of the masonry wall specimen. Numerical simulation provides the
validation of the experimental hysteresis behaviour. Finally, cost analysis for reduced scale and
full-scale models is provided to compare the rates, which lets the users/customers select the
configuration of the TRM according to their requirements and also depending on the seismic

hazard of the particular area.

18



19



CHAPTER 2

LITERATURE REVIEW

2.1. OVERVIEW

Related studies were recognized through various bibliographies such as Science Direct,
ASCE, Springer, Earthquake Spectra, Wiley, Taylor & Francis, etc., to conduct an organized
review, published from 1971 until 2024. References for this study were selected based on the
fundamental requirement such that they provide (a) the material and mechanical property tests;
and (b) the details of the strengthening materials. Indeed, it was considered suitable to
incorporate these works because of the profoundly important and various data on this subject.
All these records were segregated using Mendeley Desktop (version 1.19.4). Following this
task, titles, and year of publication of the articles were filtered to eliminate the irrelevant papers.
The titles of each journal were read with utmost care and were categorized based on the type
of work carried out by the authors. Initially, they were segregated based on the type of loading
(out-of-plane (OOP) and in-plane (IP) load) and strengthening method. Later, it was even more
segregated based on the numerical or experimental tests carried out. Full articles related to the
selected titles/work were scrutinized thoroughly and complemented the mentioned criterion in
the ultimate bibliography.

The parameters considered while gathering the information regarding the methods of
strengthening and retrofitting of masonry infill wall (MIW) were (a) technical parameters of
the strengthening material, (b) specifications regarding strengthening strategies of MIW, (c)
failure pattern of strengthened MIW (d) effect of strengthening material on MIW. As this
research topic consists of several parameters, systematic evaluation was contemplated as the

appropriate practice as far as this topic is concerned.

Although most of the literature concludes that infills increase the overall lateral stiffness
of the whole structure, still researchers and scientists does not considering the infills in the
seismic design of reinforced concrete (RC) structures (Stavridis et al., 2011). In a few cases, a
small gap pertains between the infill wall and the bounding structural system, and in other
cases, innovative strengthening methods of MIW are practiced. In contrast, strengthening
existing MIW constructions is a bit complicated due to the absence of the technical details of
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the structure, such as the type of masonry units used for building the wall, which leads to the
unpredictability of selecting a suitable strengthening technique to adopt for the masonry

structure.
2.2. RESEARCH & DEVELOPMENT ON MASONRY STRUCTURES

Several researchers have carried out and performed studies on MIW for decades.
Studies showed that MIWs contribute to the resistance of lateral forces such as seismic actions.
Hence, the presence of infills serves the purpose of its presence in the overall structure. The
masonry infills can also be strengthened with various materials to increase the tensile capacity,
as the material is brittle in nature. Research on MIW is not a contemporary topic as it was
started a few decades back and is continuing. The research on MIW is divided into three
categories, i.e., experimental work, numerical work, and analytical work, as discussed in the

following sections.
2.3. EXPERIMENTAL WORK

Researchers performed and are still performing several experiments to investigate the
effect of numerous parameters on the performance of reinforced concrete masonry infill
frames. An extensive review of these works has led to the compilation of a database
incorporating the references segregated year-wise in ascending order, from oldest publication
to the recent (1988 to 2023). Table 2.1 and 2.2 summarizes the main aspects of the published
test data (OOP and IP loads, respectively), including the type of masonry blocks, type of
strengthening material, parameters considered, and the strengthening contribution along with

the failure modes.
2.3.1. Out-of-Plane Loading

(Drysdale & Essawy, 1988) tested 21 full-scale MIW with concrete blocks by applying
uniformly distributed load (UDL) perpendicular to the wall plane with simple support
conditions on four sides of the border. The bending strength used was extracted from the results
of the tests in which bending strength was removed from the test performed on masonry
assemblages. Load for initial cracking and failure load were examined. (R Ehsani et al., 1999)
investigated three unreinforced masonry (URM) infill walls retrofitted with composite strips
with five reinforcement ratios & 2 different glass fabric composite densities by applying OOP

cyclic loading. Results concluded that URM walls retrofitted with composite strips are effective
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alternate strengthening techniques. (Papanicolaou et al., 2008) compared the performance of
textile reinforced mortar (TRM) overlays and fiber reinforced polymer (FRP) overlays as a
strengthening material or near surface mounted (NSM) reinforcements. The parameters
considered were motor-based vs resin-based matrix materials, the number of layers of TRM,
and the orientation of moment vector concerning bed joints, and concluded that TRM is
advantageous over FRP in terms of strength & deformability. In other words, TRM is a
promising solution for strengthening MIW under OOP. (Babaeidarabad et al., 2014) conducted
OOP experimental tests on nine clay brick MIW in which three specimens were without
strengthening and six were with strengthening, with fiber reinforced cementitious matrix
(FRCM) having one and four reinforcement fabrics. The behaviour of the infill wall in terms
of both stiffness and flexural capacity was a significant improvement. Also neglecting the
arching effect, an analysis was carried out, and was compared with experimental data.

(Elsanadedy et al., 2016) conducted an experimental and analytical study on the OOP
flexural performance of six URM infill walls constructed with hollow concrete blocks
externally bonded with glass fiber reinforced polymer (GFRP) composites that were loaded to
failure using an airbag and a loading frame by considering FRP reinforcement ratio and
stiffness as main parameters. The conclusion derived was that FRP effectively enhances the
load-carrying capacity and the OOP deformation-resisting capacity of URM walls. (D’ Ambra
et al., 2018) performed experiments on full-scale clay infill walls strengthened with basalt grid
with inorganic matrix used to strengthen pre-damaged walls and constructed walls to study the
effectiveness of FRCM to regain the capacity of pre-damaged walls & to enhance the overall
performance of a non-damaged wall. (Padalu et al., 2018b) examined different parameters such
as loading direction, reinforcement ratio, and effect of shear span by conducting experiments
on 8 URM and 28 welded wire mesh (WWM) reinforcement-strengthened walletes and
concluded that these characteristics of the latter are much higher than the former specimens.
(Kariou et al., 2018a) suggested TRM has a significant effect on the load-carrying capacity of
MIW by testing 18 specimens divided in equal numbers into single-wythe & double wythe
walls, investigating key parameters such as textile reinforcement ratio, textile material, and
textile material coating of textile reinforcements with epoxy resin & the wall thickness.
(Verderame, et al., 2019) performed experiments on URM and RM infill frames by using OOP
lateral loading. These specimens are compared with the other two models, which were
strengthened using FRCM and FRP. The results showed that the FRCM gave three times the

strength, whereas FRP gave two times the strength of the specimen without support.
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Table 2.1. Summary of the literature review on the out-of-plane testing on MIW

Brick Unit Used

Details of Strengthening

Authors o _ Parameters Considered Strengthening Contribution Failure Mode
(size in mm) Material
(B. P. Sinha, M. .
Different
D. Loftus, Filling of vertical joints ) Increase in flexural capacity
1979) aspect ratio
(Drysdale & Simple support conditions

Essawy, 1988)

Concrete block

on all four boundaries

Initial cracking

(R Ehsani et al.,
1999)

Unreinforced

brick walls

Vertical composite strips

Reinforcement ratios and
different glass fabric

composite densities

Capable of dissipating some

energy.

Tensile failure,

delamination

(Papanicolaou

Fired clay brick,
ridge-faced, 6-
hole, horizontally

TRM or FRP jackets in
comparison to NSM

Mortar-based vs resin-
based matrix materials,

number of layers,

TRM overlays provide a
substantial gain in strength and

Damage in the masonry

et al., 2008) ) ) _
perforated clay strips orientation of the moment deformability
bricks vector w.r.t. the bed joints
) Flexural failure and shear
(Babaeidarabad _ _ . . : . .
Clay brick FRP, FRCM Strengthening material Flexural capacity and stiffness failure in the substrate

etal., 2014)

material
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Brick Unit Used

Details of Strengthening

Authors o ) Parameters Considered Strengthening Contribution Failure Mode
(size in mm) Material
Upgrading the load-carrying
(Elsanadedy et | Hollow concrete FRP reinforcement ratio ] . . )
FRP, GFRP capacity, enhancing the ductility FRP debonding
al., 2016) block and stiffness
capacity
Solid brick, 250 ) . Collapse occurred abruptly,
) Resist OOP bending
mm thick, rubble almost at mid-height of the
(Gattesco & Types of masonry and moments almost 4-5 times .
stone and GFRP meshes ) sample, at the interface
Boem, 2017) failure mode greater than those of plain .
cobblestones, 400 ) between mortar joint and
specimens _
mm thick masonry units
(Shermi & Brick of size WWM Three-point loading Enhanced the flexural strength Flexure cracks, ductile
Dubey, 2017) 230x110x 70 method and ductility of masonry. failure.
Textile reinforcement ratio,
) _ ) textile material, coating of ) Textile rupture, slippage of
(Kariou et al., | Solid clay bricks o Increase the load-bearing o
TRM the textile reinforcement _ the textile fibers, shear
2018b) 215x 102.5 x 65 ) _ capacity _
with epoxy resin, and wall failure of the masonry wall
thickness
Composite basalt grid ) ) ) o )
(D’Ambra et _ o _ _ Damaged wall and not pre- | Prevent a brittle failure, ultimate Shear sliding at higher
Clay brick with inorganic matrix
al., 2018) damaged wall load doubled

FRCM

displacement levels
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Authors

Brick Unit Used

(size in mm)

Details of Strengthening
Material

Parameters Considered

Strengthening Contribution

Failure Mode

(Fagone &
Ranocchiai,
2018)

CFRP Composite
Materials

Influence of spike anchors
on the load-bearing
capacity and dissipation of
the capability of the

reinforcements

Increase of F1 and Fmax, spike
anchors effectively increase
strength and dissipative power of
CFRP reinforcement sheets

Cracks pattern in the
central portion because of
masonry compressive
failure, detachment of the
reinforcement from the

substrate

(Padalu et al.,
2018a)

Solid clay brick

units

229 x 109 x 72

WWM reinforcement

Loading direction,
reinforcement ratio, and

effect of shear span

Enhances the flexural strength of
the wallets deformability and

energy absorption capacity

Failure of URM wallets is
sudden and brittle,
debonding of bed-joints at

the interface with mortar.

(Verderame,
Balsamo, et al.,
2019)

Clay hollow units
250 x 250 x 80

FRCM and FRP

Unreinforced and

reinforced one-way

spanning masonry infills

Increment of the OOP strength

Combined flexural and

arching mechanism

(Ani¢ et al.,
2021)

Hollow clay

masonry blocks

Non-contact optical
techniques to measure
contour strains and

deformations

With and without window

and door openings

High stability, no cracks
occurred in the frame, except in
the infill wall and the lower

beam

Debonding of the infill
from the frame, fall out of
parts of infill walls due to

inertia
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Brick Unit Used

Details of Strengthening

Parameters Considered

Strengthening Contribution

Failure Mode

Authors o )
(size in mm) Material
uniform OOP . The arching mechanism
(Furtado et al., Gravity load and . . .
pressure applied by provided the sufficient capacity
2018) ) panel support condition
airbags to not occur the panel collapse
Hollowed Vertical arching
ollowe
lightweight mechanism with an
ightweig
asymmetrical behaviour,
(Milanesi et al., tongue and o o Y ) _
2021) | Codified applications uplift, and torsional
groove clay
blocks rotation at top, and shear
’ failure or crushing of the
235 x 350 x 235
units at bottom course
Rocking and toe
Concrete Rocking rotation and then
(Hwang et al., ) crushing strengths based on ] ) )
bricks o . ultimately failed with
2022) the elasticity and plasticity ) .
190 x 90 x 57 " ; t compressive toe-crushing
eorems of concrete
TRM-based strengthening
Square masonry Expanded polystyrene .
(Gkournelos et scheme can improve the OOP _
assemblages TRM boards were used for Local crushing

al., 2023)

450 x 450 x 120

thermal insulation

response of MIW both in terms
of strength and stiffness
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The main goal of (Furtado et al., 2020) is to contribute to increasing the understanding
regarding the infill panels’ OOP behaviour and evaluate the influence of different variables in
the panel’s performance, and the second goal is to perform a comparative study between these
two specimens with the other three tests already tested. (Milanesi et al., 2021) discussed the
OOP resistance of strong clay masonry infills built-in full adherence with the frame and
proposed some new formulations to better estimate these values according to the experimental
evidence. (Hwang et al., 2022) tested two full-scale unreinforced masonry (URM) walls under
constant axial stress and cyclic OOP lateral loads and proposed mathematical models to predict
the rocking and toe-crushing strengths based on the elasticity and plasticity theorems of
concrete. (Baek et al., 2024) presented a series of combined IP and OOP shake table tests
conducted on a 60%-scaled 2-storey infilled RC building with parameters being the presence
of openings in the MIW and the effect of bi-directional dynamic shaking to the latter. The
evolution of damage exhibited significant variations between the two directions of the building.

2.3.2. In-Plane Loading

(Parisi et al., 2011) studied the behaviour of MIW with openings in the form of doors
subjected to IP loads. The damaged specimen is further applied with cyclic displacement-
controlled force repaired with inorganic matrix-grid (IMG) composites. (Redmond et al., 2016)
proposed a method to account for the connection of the dowels between the infills and the
reinforced concrete frame that forms a hybrid concrete-masonry structure that can elevate the
seismic performance of the unreinforced infilled masonry structures. (Dautaj et al., 2019)
carried out an experimental study on five MIRC frames with different upper and lower story
heights of MIW to determine the shear resistance capacity using a newly proposed method that
offers a promising approach to designing RC infill frames. (Niasar et al., 2020) constructed
resilient infill wall (RIW) whose performance was enhanced by using metal connectors and
conducted cyclic IP tests to compare the damage evolution and hysteric performance of the
same, successfully concluded that the understanding of RIW is much better in terms of initial
stiffness, storey drift ratios, and has been shown deterioration of strength. (Niasar et al., 2020)
tested the efficacy of engineered cementitious composite (ECC) on URM under IP loading by
constructing three specimens among which the first one is a reference wall, the second one is
strengthened with ECC. Finally, the third was damaged and then retrofitted with ECC as in the
case of the previous specimen and observed a hike in terms of energy dissipation capacity and

shear strength in the second specimen and 115% and 330% in the third specimen.
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Table 2.2. Summary of the literature review on the in-plane testing on MIW

Specimen Properties
Wi Srick Viort Results
a ricks ortar
) Overall Strengthening
Reference Frame | Openings Dim Aspect Comp Comp . Contribution of
Scale ) ) Material ] )
Ratio Type Strength | Type/Ratio | Strength Strengthening Failure Mode
a a ateria
(mm) 1 (hy (MPa) (MPa) Material
) Failure of the
Specimens )
o compression
consisting of a )
) ) diagonal at
panel in a hinge .
Hollow Masonry ] ultimate load
(Dawe & Steel 3600 x o frame with a 20
Doorway - 1.19 concrete 27 - 34 Type S 22 infilled in steel occurred as
Seah, n.d.) frame 2800 mm gap between .
blocks frames localized
the upper edge of ] o
crushing of infill
the panel and the
at the loaded
roof beam
comers
Flexural, Mid-
) Hollow and height horizontal
(Armin B. ) )
. RC 3302 x solid Masonry Strong and Strong frame and | crack, diagonal
Mehrabi, No 1:02 15 2.39 - .
frame 1955.8 concrete mortar weak panels strong panel crack, horizontal
et.al., 1996) )
blocks slip, corner
crushing
o Both
RC infill &
1 (second ) strengthened
Carbon fiber
(Erdem et RC 4310 x | storey) & Hollow Not ) frames behaved
No 1:03 ) 7.8 ) 2.6 reinforced o
al., 2006) frame 2695 1.5 (first | clay block Mentioned similarly under
polymer )
storey) reversed cyclic
(CFRP) )
lateral loading.
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Specimen Properties

Wall Brick Mort Results
a ricks ortar
) Overall Strengthening _
Reference Frame Openings Dim Aspect Comp Comp . Contribution of
Scale i ] Material ] )
Ratio Type Strength | Type/Ratio | Strength Strengthening Failure Mode
(mm) 1 (hy (MPa) (MPa) Material
Specimens with Column
partial infill mechanism,
. Four o
) Ductile ] . ] walls both Shear sliding,
(Anil & Partial 1500 x | different | RC partial Not Not Not .
. RC o 1:03 o ) . ] Dowels connected to the | Web crushing,
Altin, 2007) infills 1050 aspect infills Mentioned | Mentioned | Mentioned
frame ] column and Short column
ratios .
beams of the failure, Column
frame failure
(Almusallam )
Hollow Glass Fiber GFRP sheets )
& Al- RC 2900 x Not Not ) Debonding of
No 1:02 1.35 concrete 7.1 ) ) reinforced enhance the
salloum, frame 1950 Mentioned | Mentioned the FRP sheets
block polymers strength
2007)
Plastic hinges,
] Clay brick . internal strut
(Kakaletsis Clay brick and ]
. and Type M1 o crushing, shear
& RC Window 1500 x o 310 & 153 & vitrified o o o
) 1:03 15 vitrified mortar/ o Strong infills sliding at joints,
Karayannis, frame and door 1000 ) 26.4 1.75 ceramic brick o
ceramic 1:1:6 o shear sliding
2008) ) infill types
brick crack, corner
rocking crushing
] Hollow .
. Ductile ) . Mesh-reinforced
(Altin et al., 1500 x clay tiles, Masonry Reinforced ] )
RC No 1:03 1.73 6.6 4.2 high-strength Shear failure
2010) 900 (masonry mortar plaster
frame ] plaster layer
clay units)
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Specimen Properties

Wall Brick Mort Results
a ricks ortar
) Overall Strengthening _
Reference Frame Openings Dim Aspect Comp Comp . Contribution of
Scale i ) Material ] )
Ratio Type Strength | Type/Ratio | Strength Strengthening Failure Mode
a a ateria
(mm) 1 (hy (MPa) (MPa) Material
Innovative
o system for RC
(Vladimir G.
MIW based on
Haach Graga .
Cement - the Presence of Mixed shear-
Vasconcelos Refer Concrete o . .
- No 1:02 0.67 121 sand mortar - combination of horizontal flexure failure
and Paulo B. paper blocks ) )
(2:3) vertical and reinforcement mode.
Lourenco, )
horizontal
2010)
trussed
reinforcement
Steel frames
(Tasnimi & . ) Cement- with clay brick ) . .
Steel Window 2400 x Solid clay L Frames with Diagonal tension
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Six half-scale testing specimens, including three unreinforced concrete block masonry
walls (URM) and three confined walls, were tested by (M. Deng et al., 2020) under IP cyclic
loading to investigate their seismic performance before and after the upgrade. The test results
indicated that these configurations significantly increased the lateral shear strength, stiffness,
and energy dissipation capacity of the URM walls, and changed the brittle failure mode into a
ductile mode. (Roosta and Liu, 2021) presented an experimental study on the IP behaviour of
a masonry infilled frame system assessing the effects of several design parameters on the
behaviour of this type of infilled frame and assessing its performance against its infilled RC
frame counterparts. (Azmat et al., 2022) investigated the influence of full-scale brick MIW on
the seismic performance of RC frames and found that the infill walls improve the RC frame
performance in terms of strength and stiffness. (F. Wang, 2023) focused on the development
of an FRCM system in combination with phase change materials (PCMs) and extruded
polystyrene sheets (XPS) to achieve adequate mechanical and thermal properties for RC and
masonry structures. The IP behaviour of five FRCM-strengthened RC frames with hollow-
brick wall infill was tested under cyclic loading to investigate the improvement in earthquake
resistance. (Kabas & Kusain, 2023) examined the general load-displacement behaviour of RC
frames with opening MIW in different sizes and locations under lateral earthquake loading.
The strengthening method developed with anchored carbon fiber reinforced polymers (CFRP)
strips increased the ultimate load capacity, initial stiffness, displacement ductility ratio, and
dissipating capacity values of the masonry infilled frame systems with opening by an average
of 72%, 11%, 13%, and 10%, respectively.

2.3.3. Masonry Infill Walls Strengthened with Textile Reinforced Mortar

Grids for TRM applications are often constructed using carbon fibers, individually
treated basalt fibers, and glass fibers that are resistant to alkalis. The application of TRM in
concrete and masonry projects has been documented on several occasions (L. N. Koutas et al.,
2019). These fabrics are warp-knitted fabrics, which are manufactured for applications in civil
engineering, which have the inlay yarns are spread throughout the textile in two orthogonal
directions, which are 0° straight yarns in the longitudinal direction and 90° straight yarns in the
transverse direction. The inlay yarns are sometimes placed diagonally and are also consecutive
yarns oriented at a 45° angle in the warp-knitted fabric (Gries et al., 2016). The most recent
cutting-edge research indicates that TRM is useful for fortifying masonry and concrete

constructions. Five FRCM-enhanced RC frames with hollow-brick wall infill were investigated
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by (F. Wang, 2023) for their IP behaviour to look at the improvement in earthquake resistance
under cyclic loading. Ultimately, it was demonstrated that the mechanical and seismic
performance of RC frames filled with masonry could be significantly improved by using this
innovative integrated technique. (C. Filippou et al., 2022) carried out an extensive review of
masonry walls retrofitted with TRM both experimental and numerical studies available and
suggested that TRM reduces the vulnerability of collapse criteria if the guidelines apply to the
surrounding RC frame, suggested that lack of specified criteria for infill walls within RC frames
leads to the inapplicability of this method on existing structures. (Sagar et al., 2019) evaluated
the two modes of fabric application namely direct application and sandwich application to
strengthen the masonry-infilled RC frames where the former method proved to be more
effective than the latter method. (L. N. Koutas & Bournas, 2019) determined that the behavior
of MIW retrofitted with carbon-fiber TRM jackets was drastically improved when subjected to
OOP loads where the thickness of the wall and the infill-frame interaction have pivotal roles in
the behavior of the wall. (Ismail et al., 2018b) presented an overview expertly conducted on
the efficiency of three kinds of FRCM, namely basalt, carbon, and glass, to resist the critical
shear damage in unreinforced hollow concrete block (HCB) masonry, which altered the failure
mode from sliding bed joint brittle mode to gradual diagonal cracking on toe crushing.
Observations indicated that FRCM rupture and debonding did not occur. In addition, other
parameters such as shear strength, toughness modulus, and energy deformation capacity
considerably increased with FRCM.

(Carozzi et al., 2018) presented the performance of ancient masonry structures
strengthened with TRM systems with different glass fiber grids and a NSM system.
(Triantafillou et al., 2018) tested a system combining both TRM and thermal insulation, which
turned out to be a highly effective technique in increasing the IP resistance of masonry walletes.
(Bilotta et al., 2017) presented the results of tensile and bond tests of FRCM systems bonded
to masonry specimens and were monitored by the digital image correlation (DIC) technique.
(Carozzi & Poggi, 2015) investigated five different types of FRCM materials made with
different fiber grids for masonry strengthening. (L. Koutas et al., 2015) examined the
significance of the textile reinforced mortar (TRM) jacketing retrofitting scheme of a three-
story reinforced concrete frame and concluded that the infill full-face application of TRM needs
support by proper frame-infill connection to obtain the optimistic output. (Jiang et al., 2015)
performed full-scale reversed cyclic in plane and OOP test on URM walls strengthened with

polymer TRM, which were constructed using vintage solid clay bricks and low-strength

45



hydraulic cement mortar to repeat the similar properties of ancient masonry material. The
observations concluded that the strength increased from 128% to 136% when URM tested IP
loads and 575% to 789% under OOP loading. (L. Koutas et al., 2014) concluded that the
ultimate flexural or shear capacity, stiffness, and performance of concrete members could be
increased by strengthening those with TRM. (Bournas & Triantafillou, 2008) compared
experimentally the effectiveness of TRM jackets and FRP jackets as a means of confining RC
columns with lap splices at their base and concluded that TRM jackets enhanced the lateral
strength (25.6%) and deformation capacity (64.7%) under cyclic loads.

2.4. NUMERICAL WORK

Several numerical investigations were performed to investigate the effect of numerous
parameters on the performance of reinforced concrete masonry infill frames. The references
are segregated year-wise, from oldest publication to the recent (1996 to 2023) and summarized

in tabular form in Table 2.3.

Experimental research provides accurate results but on the other side also has a few
disadvantages in the form of the economic aspect, space occupation to conduct tests, and time-
consuming setup of the test such as mounting the types of equipment like actuators, sensing
meters like strain gauges, linear variable differential transformer (LVDT), Data Acquisition
System, slow motion cameras to capture the crack propagation. Hence, to overcome these
limitations involved in conducting the experimental tests, the best-suited alternative is
numerical simulation or modeling, which becomes crucial for evaluating seismic behavior and
undertaking parametric studies. Numerical modeling encoded in computer programs has
become increasingly employed to predict the behavior of masonry-infilled frames as computing
capability has advanced over the previous two decades. The finite element method (FEM) has
been widely employed by researchers to comprehend the performance of infilled RC frame

systems under seismic loading.

Simulation of masonry walls can be implemented in three ways: micro modeling,
simplified micro modeling, and macro modeling, micro modeling of infill walls, involves
modeling masonry units, mortar joints, and the frame wall interface separately, as well as their
relative constitutive models. In the simplified micro-modeling method, the thickness of the
brick units is increased on all sides to half the thickness of the mortar. Macro models follow a

simple simulation technique in which the whole masonry wall including the brick units and
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mortar is modeled as a solo panel, anyhow that can only predict appropriate results. The micro
modeling approach delivers more accurate results, which also involves huge storage, and space
for data, and is time-consuming. Hence, many researchers conducting numerical simulations
on the study of the performance of MIW during seismic activities usually prefer a simplified
micro modeling approach so that few idealizations (such as not considering the thickness of

mortar, increasing the thickness of the brick unit) can be assumed to extract the desired output.

The mentioned modeling techniques, shown in Figure 2.1, can be selected, depending

on the degree of accuracy and simplicity desired (Lourenco, 1996):

e In detailed micro-modeling, the continuum elements represent the units and mortar in
the joints while the unit-mortar interface is represented by discontinuous elements.

e In simplified micro-modeling, the continuum elements represent the expanded units
(Figure 2.2).

e In macro modeling, the behavior of mortar joints and the unit-mortar interface is
grouped in discontinuous elements in macro-modeling; and units, mortar, and the unit-

mortar interface are discarded in the continuum.

As mentioned previously, numerical modeling encoded in computer programs has
become increasingly employed to predict the behavior of masonry-infilled frames as computing
capability has advanced over the previous two decades. Since FEM was employed in this work,
the following literature review will focus on FEM investigations in brick-infilled frames. (X.
Wang et al., 2017) investigated the effect of TRM on the non-linear response and failure modes
of masonry walls by developing a model using the DIANA finite element analysis (FEA)
software. Mortar elements were modeled by implementing a total strain rotating crack material
model. For infill wall elements, a softening anisotropic elastoplastic continuum model was
applied (Hill type criterion for compression and Rankine type yield criterion for tension).
(Furtado et al., 2021) evaluated the impact of the openings and the use of textile-reinforced
mortar strengthening along with the slenderness of MIW constructed with horizontal hollow
clay bricks. The numerical validation of the experimental study was carried out using the
software Open Sees that concluded that IP maximum strength and energy dissipation capacity

were decreased by the openings by roughly 40% and 18%, respectively.

(Ademovi et al., 2023) examined the seismic response of a typical Austro-Hungarian
masonry building in Sarajevo in modeling scenarios with various horizontal diaphragm

typologies and found that the stiffness of the diaphragm and its method of connection to load-
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bearing walls determine how well the diaphragm can improve the seismic behaviour of such
buildings. The IP shear behaviour of URM wallettes built with Sarooj mortar and retrofitted
with NSM-GFRP bars is examined by (Soleymani et al., 2024) through experimental and
computational research. The test results demonstrated that the wallets IP shear strength was

greatly boosted using the epoxy filled joint (EFJ) approach.

Mortar Brick-Mortar Expanded  Joint Homogenized
Model Interface Model — [No Interfaces] Brick Model Model [No Interfaces] Model

Brick
Model

(a) Detailed Micro-Model (b) Simplified Micro-Model (c) Macro-Model

(a) Macro modeling; (b) meso modeling; (c) detailed micro modeling.

Figure 2.1. Main modeling approaches for masonry structures

Ii-i-iI

——

] Expanded Brick
Unit

ty + (tm'°P/2) + (tmbOt/2)I

tp = thickness of mortar; tm = thickness of brick unit; tm'°? = thickness of mortar above the

ktb + (t®/2) + (tn/2) #

brick; tmP = thickness of mortar below the brick.

Figure 2.2. Expanded brick unit (Kouris et al., 2020)

(Kareem et al., 2022) use nonlinear three-dimensional (3-D) solid finite elements to
represent the frame, and the discrete macro-element method (DMEM) model, or macro-
elements, is used to simulate the infills. In contrast to other models, this one makes use of 2D
continuum contact components to simulate the shear behavior between the frame and infill,
which heavily influences the lateral resistance. (Basili et al., 2016) proposed a two-dimensional

48



modeling approach using MIDAS FEA software to analyze the IP shear behavior of tuff stone
masonry panels retrofitted with a basalt textile reinforced mortar (BTRM) system. Isotropic
continuum elements were used to model the infill wall, but different non-linear functions were
used for the tensile and compressive behavior of the infill wall. The tension elastic-brittle
material model for textile reinforcement is employed for the BTRM strengthening and the
mortar. A perfect bond is assumed between the TRM system and the masonry wall. (C. A.
Filippou et al., 2020) conducted a numerical study to simulate the IP behavior of RCFMI, which
was experimentally studied by (L. Koutas et al., 2015), by developing a two-dimensional finite
element model using DIANA FEA. They used a smear-cracked approach constitutive model to
precisely model the characterization of the nonlinear response of concrete, masonry infill, and
TRM. (L. Koutas et al., 2015) developed a numerical model to simulate the nonlinear
performance of the concrete masonry-infilled RC frames subjected to IP lateral forces. FEM
ABAQUS was used, and the modeling of the behavior of masonry and concrete blocks was
carried out using the concrete damaged plasticity (CDP) model. (Nasiri & Liu, 2017a) studied
the effect of infill isolators significantly affecting a structure's natural period, stiffness, and
strength, when subjected to seismic ground vibrations by considering various layers of carbon
fiber reinforced polymer (CFRP) to strengthen the MIW, then simulated in ABAQUS.

(Fallahi et al., 2018) Implemented a micro-modeling approach to numerically model to
comprehend the complex hysteretic behavior of the unreinforced masonry panels made up of
soft brick subjected to lateral loads and determined that the aspect ratio (Height/Length of the
wall has the greatest influence on the failure type. (Vemuri et al., 2018) selected the micro-
modeling approach to study the behavior of solid brick masonry subjected to lateral loads.
(Shah et al., 2021) numerically analyzed the experiments conducted by (Augenti et al., 2011)
using a finite element micro-model of the masonry walls with TRM using DIANA FEA
software. Isotropic continuum elements are used for modeling the brick units, mortar joints,
and their interface. TRM was modeled as a grid reinforcement embedded in the mortar
elements. A smear crack model based on the Rankine yield criterion for tension and the VVon-
Mises criterion for compression was used for the infill wall and mortar joint elements. (Parisi
et al., 2011) uses the micro-modeling technique to construct an infill wall in ABAQUS by
applying the actual earthquake excitation that took place in Iraqg to analyze the contribution of
MIW in the seismic behavior of reinforced concrete frames. (Augenti et al., 2011) proposed a
simplified micro model to establish an effective way to model the 3-D nonlinear behavior of

brickwork under monotonic in-plane, OOP, and cyclic loads using the extended finite element
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method (XFEM) and plasticity-based constitutive models. The analysis is carried out utilizing
the Newton Raphson technique in Abaqus 6.13, which has captured the non-linear behavior
and failure mechanisms of masonry under both vertical and horizontal loads with some
published experimental investigations in comparison. The significance of the presence of
openings is modeled by (Shawkat & Rahman, 2017) using ABAQUS whose results displayed
that the amount of area of the openings and the capacity of the wall in resisting lateral loads
are not in proportion to each other. (Abdulla et al., 2017) in ABAQUS, developed a three-
dimensional micro-model for similar specimens of the previous study but under diagonal
compression loading. The brick units and mortar joints are represented by eight-node
quadrilateral elements. A multi-directional Drucker-Prager and Mohr-Coulomb strength
criterion supplemented Concrete Damage Plasticity model is implemented for these elements.
A perfect bond is assumed between the TRM system and the cementitious matrix, which
embedded the strengthening material modeled as a truss reinforcement. The primary objective
of (Meillyta, 2012) is to find suitable numerical constitutive models and elaborate their
efficiencies as an interface model to take into consideration the shearing, residual shear
strength, and joint opening and closing under cyclic shear stresses in conventional

combinations of concrete blocks and mortar joints.

(Kostinakis & Athanatopoulou, 2020) aimed to propose a multi-strut large-scale model
suited for simulating the long-term force-displacement behaviour of infilled frames with
various opening configurations. The outcomes show that the extent and spot of the opening
have considerable repercussions on both the inclination and the effective width of the struts.
(Nasiri & Liu, 2017a) proposed an attributed study concerned with developing a numerical
model for simulating the nonlinear behaviour of the concrete masonry infilled R.C. frames
subjected to IP lateral loading. The ABAQUS FEM software was incorporated into the
modeling. FEM results of this study conveyed that the dilatancy of mortar should be considered
in the numerical models. (Mohammed Ashraf Nazief, 2014) proposed an FE technique to
model masonry infilled frames using the simplified micro-modeling approach and observed
that the best location for an opening in an infill wall is where the interference with the
developed compression strut is minimal. (Koutromanos et al., 2011) studied the nonlinear FE
models to simulate the behaviour of masonry-infilled RC frames under cyclic lateral loading.
The finite element models presented here can accurately reproduce the infilled frames' load-
displacement response, crack patterns, and failure mechanisms. (Stavridis & Shing, 2010)

proposed the initiation of nonlinear FEM models for determining the seismic performance of

50



masonry structures. The proposed modeling approach can understand various failure processes,
and infilled RC frames show the load-displacement reactions. et. al., 2009) prepared single
brick walls and eccentrically braced frames (EBF) with infilled walls and were analyzed by the
FEA Diana software. The stiffness of the braced frames with infill walls showed better yield
strength but on the other hand, the frame deteriorated due to plastic behaviour. (Al-Chaar,
2008) discovered a modeling technique that addresses masonry discontinuities by adding
interface components for the masonry joints. Additionally, following a thorough evaluation of
the literature, the selected constitutive material models' capabilities were illustrated. The
experimental results are concisely summarized, and a constitutive model is presented by
(Mehrabi & Benson Shing, 1997) for the general modeling of masonry mortar joints and
cementitious interfaces. The models eventually can be used for numerical parametric studies
to extrapolate existing experimental results to develop comprehensive design guidelines. The
development of the hysteretic model and the definitions of the control parameters, which can
be determined using any suitable theoretical model for masonry infills, has been carried out by
(B. A. Madan et al., 1997). The proposed macro-model is better suited for representing the
behaviour of infills in nonlinear time history analysis of large or complex structures with
multiple components, particularly in cases where the focus is on evaluating the inelastic

structural response.

To explore the bi-directional loading behavior of fully and partially grouted masonry
shear walls, researchers used the Concrete Damaged Plasticity (CDP) model in ABAQUS.
Although prior numerical studies have demonstrated the ability of FE models to simulate
masonry infills or masonry shear walls, these models have some limitations. The 2D models
were unable to capture several elements of infilled frames, such as non-typical geometric
properties, stress concentration, local reinforcement effects, and OOP behavior, despite their
ease of use. There is frequently a paucity of information supplied on the input material
parameters for current 3-D model studies, making it impossible for others to recreate the model
and accompanying results. Furthermore, because these models were calibrated using test results
for a single type of brick infill and bounding frame, their efficacy for a wide variety of material

and geometric factors was not examined.

Table 2.3 summarizes the main aspects of the published data on the numerical analyses,
including the type of masonry blocks, type of strengthening material, parameters considered,

and the strengthening contribution along with the failure modes.
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Table 2.3. Summary of the literature review on the numerical analysis on MIW

Details of

Brick Unit Used ] Parameters Strengthening )
Authors o Strengthening ] L Failure Mode
(size in mm) i Considered Contribution
Material
(A. Madan et ) Drift analysis and Cyclic lateral
Clay bricks )
al., 1997) base shear loading
_ ) Compressive, shear
(Mehrabi & | Hollow and solid _
and tensile strength, Lateral and
Benson concrete ) )
) elastic and shear horizontal loads
Shing, 1997) | masonry blocks
modulus
Compressive, shear
(Kaushik et | Burnt clay solid and tensile strength, _ _
) ) Crushing failure
al., 2007) bricks elastic and shear
modulus
Compressive, shear
(Al-Chaar, Hollow concrete and tensile strength, Cyclic lateral
2008) blocks elastic and shear loads
modulus
(Amir Saedi
Daryan, Compressive, shear | Dissipation of a
Masood ) and tensile strength, | large amount of ] _
o Concrete blocks | Link Beams ) ) Dynamic loading
Ziaei, Ali elastic and shear energy during
Golafshar, modulus earthquake
2009)
Empty frame, Compressive, shear Horizontal
(Stavridis & | hollow and solid and tensile strength, | Increase in sliding, diagonal
Shing, 2010) | concrete elastic and shear strength crack, panel
masonry blocks modulus crushing
(Vladimir G. Prefabricated

Haach Graga

Vasconcelos

Steel Truss

Reinforcement

Compressive, shear

and tensile strength,

Shear-flexure

failure
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Details of

Brick Unit Used ) Parameters Strengthening _
Authors o Strengthening ) o Failure Mode
(size in mm) i Considered Contribution
Material
and Paulo B. elastic and shear
Lourenco, modulus
2010)
(Koutromano Drift analysis and )
Lateral loading
setal., 2011) base shear
Compressive, shear
. ] Response of the
(Rai et al., ) and tensile strength, o
Burnt clay bricks ) system gets Seismic failure
2011) elastic and shear
reduced
modulus
Compressive, shear
(Meillyta, Clay brick and and tensile strength, )
. Shear failure
2012) concrete blocks elastic and shear
modulus
(Torrisi, G S _
) ) Compressive, shear ]
Crisafulli, F _ Lateral loading
and tensile strength
J, 2012)
Compressive, shear
(Zhai et al., and tensile strength, ) )
Concrete blocks ] Dynamic loading
2012) elastic and shear
modulus
A coefficient- )
) Technique used
(Kai et al., based method | Peak ground ) o
) ) can be suitably | Seismic failure
2013) will be used accelerations
) adopted
for the design
Compressive, shear ) )
) ] Dynamic loading
(Mohyeddin and tensile strength, i )
) failure (in plane
etal., 2013) elastic and shear

modulus

and out of plane)
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Details of

Brick Unit Used ) Parameters Strengthening _
Authors o Strengthening ) o Failure Mode
(size in mm) i Considered Contribution
Material
Compressive, shear Diagonal tensile
(X. Chen & and tensile strength, cracking as well
Liu, 2015) elastic and shear as
modulus crushing
(Mohammed Compressive, shear
Ashraf Hollow concrete and tensile strength, Sliding shear
Nazief, blocks elastic and shear failure
2014) modulus
(Karimi et ) Compressive, shear o
Clay bricks ) _ Seismic failure
al., 2016) and cyclic loading
Precast Compressive, shear
(G. Wang et _ ] concrete and tensile strength, | Increase in _
Solid clay bricks ) Shear failure
al., 2017) columns and elastic and shear strength
beams modulus
o ) Compressive, shear | Increased
(Maidiawati _ o
and tensile strength, | survival time o )
& Sanada, ) _ Seismic loading
elastic and shear during ground
2017) _
modulus motion
Increased
(H. Deng & Shear strength ) ) o
survival time of | Seismic failure
Sun, 2016) parameters
the structure
Compressive, shear
(Chungman ) and tensile strength, Diagonal
Concrete bricks ) )
et al., 2016) elastic and shear cracking
modulus
(Rahgozar & Improved
o ) Mortars Compressive, shear ]
Hosseini, Clay bricks structural Shear failure
including mud, | and tensile strength,
2017) performance
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Details of

Brick Unit Used ) Parameters Strengthening _
Authors o Strengthening ) o Failure Mode
(size in mm) i Considered Contribution
Material
lime—mud, and | elastic and shear
lime—sand modulus
o Lateral and Technique used
(De Risi et ) ] ] _
1. 2017) Clay bricks horizontal loads, can be suitably | Shear failure
al.,
displacement adopted
(Ali . Laftah.
Lateral and . i
Abbas and ] Dynamic loading
horizontal loads, i
Maan. H. _ failure
displacement
Saeed, 2017)
_ Compressive, shear
(Khatiwada :
) and tensile strength,
& Jiang, )
elastic and shear
2017)
modulus
Compressive, shear
(Nasiri & and tensile strength, Seismic loading
Liu, 2017b) elastic and shear failure
modulus
Compressive, shear
(Shawkat & .
Concrete and tensile strength, o )
Rahman, ) Seismic loading
masonry blocks elastic and shear
2017)
modulus
(De Angelis
& Pecce, Dynamic testing Dynamic loading
2018)

(Liberatore

Hollow and solid

Cyclic loading test

Seismic failure

etal., 2018) | brick blocks

(Baghi et al., o Lateral loading, L
Ceramic bricks Seismic failure

2018) compressive, shear
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Details of

Brick Unit Used ) Parameters Strengthening _
Authors o Strengthening ) o Failure Mode
(size in mm) i Considered Contribution
Material
and tensile strength,
elastic and shear
modulus
(Nasiri & Concrete Dynamic loading Dynamic loading
Liu, 2019) masonry blocks tests failure
Compressive, shear
(Sipos et al., and tensile strength, | Increase in o
) Seismic failure
2018) elastic and shear strength
modulus
_ _ Lateral loading,
Commercial Commercial )
. ) ) compressive, shear | Improved
(Panto et al., | vertical vertical ) S
and tensile strength, | structural Seismic failure
2019) perforated perforated )
elastic and shear performance
masonry masonry
modulus
Compressive, shear
(Maheri et Hollow concrete and tensile strength, Diagonal shear
al., 2019) masonry blocks elastic and shear failure
modulus
(Khalilzadeh Compressive, shear
Vahidi & and tensile strength, o
) ) Seismic failure
Moradi, elastic and shear
2019) modulus
(Verderame, Lateral loading,
Balsamo, compressive, shear | Improved
o Hollow clay FRP's & ] ) )
Ricci, & ) and tensile strength, | structural Dynamic loading
) bricks CFRP's )
Domenico, elastic and shear performance
2019) modulus
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Details of

Brick Unit Used ) Parameters Strengthening _
Authors o Strengthening ) o Failure Mode
(size in mm) i Considered Contribution
Material
Lateral loading,
(Di compressive, shear
Hollow clay
Domenico et and tensile strength, Seismic failure
masonry blocks )
al., 2021) elastic and shear

modulus

(Liberatore
& AlShawa,
2021)

Solid or hollow
clay bricks

Lateral loading,
compressive, shear
and tensile strength,
elastic and shear

modulus

Seismic failure

Compressive, shear

(Yekrangnia _ Improved
_ and tensile strength,
& Asteris, ) structural
elastic and shear
2020a) performance
modulus
Compressive, shear
(Jalaeefar & _
and tensile strength, o
Zargar, ) Seismic failure
elastic and shear
2020)
modulus
(Niu et al., Sintered ordinary ) o )
) Lateral loading Seismic loading
2020) brick
Column failure
(Nyunn et )
Lateral loading at corner and
al., 2020)

exterior region

(Liberatore
et al., 2020)

Clay bricks and
concrete blocks

Compressive, shear
and tensile strength,
elastic and shear

modulus

Seismic failure
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2.5. ANALYTICAL WORK

An extensive review of analytical works has led to the compilation of a database
incorporating the references segregated year-wise in ascending order, from (1971 to 2021).

(Mallick DV, Garg RP 1971) have considered the effect of most probable positions of
openings on the lateral stiffness of infilled frames (Figure 2.3). It is recommended that the best
position for door opening be located in the center of the lower half of the panel and to the center
of the window. Using FEM stiffness has been calculated for MIW with openings. To derive the
stiffness matrices, Airy’s stress function, which fulfills a bi-harmonic equation with B.C., was
introduced. By minimizing the energy for linear edge displacement, the stress pattern obtained
is

X = A+ AY + AX
Y = Azt AX+AsY } (1)
XY =As-AsY — A7X

Stress components having seven coefficients for the accuracy of the solution are of the form

U  =Bi+BxX+BsY +BsXY }
V  =Bs+BeX+B7Y +BgXY 2
The stiffness matrix of a beam element subjected to shear and axial deformation
12E1 ,
3 Symmetrical
K'B=| _i5p 12E1 (3)
13 13

Smith’s formula was used to determine the length of contact for the frame without shear

connectors

B _ T _ Eot
= om where A = 4 pyem 4)

The stiffness of MIW with shear connectors can be derived using

A+B+C htan?a d h3(3h+21
= where A = ,B = ,C= ( )
C+(A+B) aEg WtEscos?a (2E5I (6h+1))

Q)

Where h is the wall height, W is the weight, t is the thickness, and Es is the modulus of elasticity.
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(Saneinejad & Hobbs, 1995) have considered a new analysis method of steel frames
with concrete MIW subjected to IP forces. Further model is analyzed for multi-story infilled
frames as braced frames. (Moehle JP, 1996) seismic performance is considered to produce
structures that satisfy the specific performance of the objectives. The probabilistic approach
should be used to deal with the uncertainties in estimating the capacity and demands (Madan
BA et al., 1997.) an equivalent strut approach is considered, and hysterical modelling is
proposed for masonry infill panels in the non-linear analysis of frame structures. Dynamic
analysis is done for a light-reinforced concrete structure to find the influence of masonry infill

frames.
?
14'3,& 1‘?4:54
G B} et X
fe L »
qlf-‘Fi q, ‘FJ
A beam element subJected to bending and shear
Y i -
ol 1 ﬂ 73
f akom - X
2 F, {5
d q
T 2 T o ah 9,5
> —_— »X oy
94 e L » 235 Generalized forces and displacements
of a rectangular element

Figure 2.3. A beam element subjected to shear and axial deformation (Mallick DV, Garg

RP 1971)
. o 4 - / vtl’ 0.83tlr
Maximum lateral force  V,, = V,," (V;,") < Agfin cosO < I—0astand)cost < — (6)
. _ €'mL
Displacement Uy = Ut (W) = C:;; 7)
| ac Ib O.5th/];—‘cl
Where A =1 -a)a.th r + aptlfc < o (8)
Ly = \/(1 L A (9)

Where Vn is the maximum lateral force, Um is the displacement, Lq is the lateral length.

The initial stiffness of the wall can be determined by

Vi

Ko = 2() (10)
_ Vin— @Kol

W) = e (12)
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Vin— aKoum

uy+(uy_) = Ko(1- @) (12)

Ko is the stiffness of the wall, Vin and Um are the maximum lateral force and
displacement.

The stiffness loss due to deformation is an important property of the hysteric model,

including the control parameter 1 for Z, the hysteric parameter
— n ap;
dzZi={A-1Z;l [Bsgn (du;Z) + Y]} e (13)
where ni = [sk to(w; — 1) + 1]/ s + p;] forpw; >0 (14)

The strength degradation is modelled reducing the yield force Vy from

Vy =V, (1 - DI) where (15)
max—1 %4 d _
DI = "#—_1 [1- 0255, ) (u:m] SP2 (16)

Crack slip model p = p1 + p2 where p2 is displacement ductility component given by

dyz = af (z) dz (17)
— 512

f(z) =exp (- [ZZ 2] )where -1 <z, 72<1 (18)

az _ [A=Z™ {B sgn (du z)+ A}] (19)

[ 1+aexp(- %)(A— 121" {8 sgn (du2)+ 2]

(Yaw-Jeng Chiou, Jyh-Cherng Tzeng, 1999) a full-scale test verifies IP monotonic
loading. Finally, after the analysis is completed, full-filled masonry walls show high stiffness,
whereas the adjacent column fails with nearly uniform cracks. A complete first-order

polynomial is chosen as the displacement function for the 2D block.

uO
Vo

{u} _ 10 _(y _yo) (x _xo) 0 @ To (20)
Voo o1 (x-x) 0 (x — x,) @ ::x
y
ny

{1 = m1m1 (21)

Where u and v are the lateral force and displacement respectively.

The failure criteria for mortar are
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a) Tensile failure —
o >0 (22)
dK" >0, | (23)
Where ¢ is the tensile stress and ot is the failure tensile stress

b) Shear failure —

Tr = T, + 0y tang (24)
1>1, + 0, tang (25)
s. Ky = t,l +dK,tang (26)

Where, ¢ is the shear failure and on is the normal tensile stress

(Rodolico, 1985) carried out at the University of Adelaide and the University of
Melbourne. The main objective of the research is to find the collapse behaviour of unreinforced
masonry walls. Finally, the comparison of displacement-based analysis with time history
analysis is made. The natural, highly non-linear system should be modelled as a primary linear
single degree of freedom (SDOF) oscillator to apply THa to predict the semi-rigid rocking
response of a URM wall. Doing this allows the utilization of time-stepping integration
procedures, such as the Newmark constant-acceleration approximation. The modelling change
is accomplished by the correlation of the individual framework dynamic equations of motion.
Equation [27] addresses the generally acknowledged dynamic equation of action for a primary
linear SDOF oscillator exposed to base excitation &; where C is the corresponding damping
coefficient, M is the framework mass, v(t) the relocation reaction, and ® the framework average
precise recurrence. Since for the SDOF oscillator, the framework recurrence (f = ®/27) is
consistent. The single condition can portray assertive conduct. For semi-inflexible URM walls
with the tri-straight, (F-A) rearrangements used to show the genuine non-direct bend, three
states are needed to depict the unique behaviour with changing straight firmness segments.
Equations [27-29] address the dynamic equation of motion where v(t) is the removal reaction

at either the mid-stature of an SS wall or at the wall top of a free-standing parapet wall.

(Crisafulli et al., 2000) it is seen that modelling a masonry structure is a complex issue
because it shows a high non-linear behaviour (Figure 2.4). Different methods are considered,
and further advantages and disadvantages of each of the methods are studied.
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B0+ [5] 9O+ [02soor v(0) = ~[dg],, (27)

b(t) + 2[<] PO +§[(%W)]EXP v(t) = — 2[ay]  for v(e) <uy(1) (28)

B(e) + 2[5 L, v® g[(%g‘m)]m v(t) = — 2[dg] . foru(1)<v(®) <u(@ (29)

0+ 2[5, O+ [EREED] v = = Flag],,, forv(© > u@) (30)
(S o)

fsrr = Py = uy(1) <v(t) <uy(2) (31)

The first approximation to calculate the width of the equivalent strut in the lack of

experimental data, assuming that:

— dm
w= (32)

where d,,, is the diagonal length of the panel. Additional experimental information
allowed a more refined evaluation of w, considering the ratio hn/Lm, and a dimensionless
parameter A; (which takes account of the relative stiffness of the masonry panel to the frame)
defined by:

) \ ]
F -------- dm '_>V
. ..I.... \\\
4
____________ | R \\jw
< Y g
~ ~
hibm ~o ~a Ny
~ ~ .
1 J~ RS :
c /‘ \\ -
~o .
...... ~. &
L Ln |
. v >

Figure 2.4. The effective width of the diagonal strut (Crisafulli et al., 2000)

_ 14 |Emtsin26
An=h \’ 4EcIchom, (33)
t and hm are the thickness and the height of the masonry panel, respectively, 0 is the
inclination of the diagonal of the panel, Em and E. are the modulus of elasticity of the masonry

and the concrete, respectively, and I is the moment of inertia of the columns. The equation that

is recommended for a lateral force level of 50% of the ultimate capacity is given by
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Figure 2.5. Variation of the ratio w/dm for infilled frames as a function of the parameter An

(Crisafulli et al., 2000)
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Figure 2.6. Ratio w/dm for framed masonry structures (Crisafulli et al., 2000)

w=0.25 dm

(34)

Figure 2.5 illustrates the variation of the ratio w/dm according to the previous

expressions. Two sets of equations were proposed considering different states of the masonry
infill

Uncracked panel:

(224 0.085) dyy, if 1, <7.85
An

(0.393
Ah

+ 0.130) d.. if1,>7.85 (35a)

Cracked panel:

W= (0.707
An

+0.010) dyy, if 2, <7.85 }
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W= (0.470
=

+ 0.040) d.. if 1, >7.85

(35b)

The modulus Em calculates parameter A.11, corresponding to the considered state

(uncracked or cracked masonry). These equations are plotted in Figure 2.6 as a function of the

parameter An. The principal advantage of the approach is the distinction between the uncracked

and cracked stages. The comparison of Egs. 35a and 35b indicate that w reduces significantly

after cracking to a value ranging from 50% to 80% of the initial width. The higher reductions

occur for large values of the parameter

h because the influence of the infill panel in the

system's response is more remarkable in these cases. (Doherty et al., 2002) a newly developed

displacement-based method for the seismic assessment of URM walls in one-way vertical

bending for application to walls (as shown in Figure 2.7) in two-way bending is done the results

are tabulated. The single-degree-of-freedom idealization of URM walls is shown in Figure 2.8.

Timber bearer
boundary condition
Slab boundary condition

Slip joint boundary condition

L

(a) (b) ()

Parapet wall Simply-supported
non-loadbearing
wall

Simply-supported
loadbearing wall

Non-linear spring modelling of
stabilising forces

Trolley modelling of
wall inertia

N -
Dashpot modelling of "

radiation damping Base Excitations

Figure 2.7. Unreinforced masonry wall support

configurations (Doherty et al., 2002)

Figure 2.8. Idealized non-linear single-degree-of-
freedom model (Doherty et al., 2002)

The computed displacement, velocity, and acceleration of the lumped mass are defined

as the effective displacement, velocity, and acceleration, respectively. The equation of motion

of the lumped mass SDOF system can, therefore, be expressed as follows

Meae(t) + Cve(t) + F(Ae(t)) = —Meag(t)

(36)

where ag(t) is the effective acceleration, ag(t) the acceleration at wall supports, ve(t) the

effective velocity, Ae(t) the effective displacement, C the viscous damping coefficient and

F(Ae(t)) the non-linear spring force which can be expressed as a function of Ae(t) (NB: F(Ae(t))

is abbreviated hereafter as F(Ae)).
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The effective modal mass (Me) is calculated by dividing the wall into several finite
elements, each with mass (mj) and displacement (i), and applying Equation (2) which is

defined as follows:

Me (Zl 1M 51) (37)

2{11"‘62

The effective mass for a wall with uniformly distributed mass for parapet walls and
walls supported at their top and bottom has been calculated to be three-fourths of the total mass,

based on standard integration techniques. Thus,

Me=3/4M where M is the total mass of the wall
A similar expression, Equation (4), also derived using standard modal analysis

procedures, defines the effective displacement (Ae) (Figure 2.9).

A = Ziz1 M0 (38)

Z?zlmiai
It can be seen from Equation (4) that

Me=2/3 4; for a parapet wall and (39a)
Me=2/34,, for a simply supported wall and (39b)

where A; and 4,, are the top-of-wall and mid-height wall displacements, respectively.

A, -2/2t
R=F/2-Mgt/2h

Ingrtia force distribution pivot — \ %

W6 F,

\

*i \

>
TN
/‘ o/2 l pivots

2/3h

e e A
R’=F/2+Mgt/2h
(a) (b)

Figure 2.9. Inertia forces and reactions on rigid URM walls
(a) Parapet Wall at incipient Rocking and Point of Instability
(b) Simply Supported Wall at Incipient Rocking and Point of Instability
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(El-Dakhakhni et al., 2003) Masonry infill frames are known for their stiffness,
ductility, and strength of structure; in this paper, lateral stiffness, and lateral load capacity of
concrete frame structures. This method can further be used in computer modelling, and non-
linear analysis can also be performed. In the case of an unconfined panel, immediately after a
diagonal crack develops within an infilled panel, the panel assumes itself confined inside the

bounding frame and bearing against it over contact lengths, as shown in Figure 2.10.

Contact Iengths__ Diagonal crack .

ion b T

. A:(W A

= \\\\\.M\\d ,ﬁgm

- -.m\ R G
\,

!_L N N S &x\\\\\

~—Contact lengths

Figure 2.10. Infill panel separation into two diagonal regions (El-Dakhakhni et al., 2003)

The total diagonal struts area, A, is to be calculated by

(1-ac) ac ht
cos6

A= (40)

The Young’s modulus, Ey, of the panel in the diagonal direction using the following equation

1

1 2Vo— 1 . 1.
= 4 —%Y%0-90 _] 2 2 — 4
g cos*6+ [ g + clcos 0 sin?6+ Fog sin*6

Eg = (41)

(Kuzik et al., 2003) has studied the OOP behaviour of masonry walls reinforced with
GFRP and subjected to cyclic loading. Simple model behaviour is taken for evaluation for
strength and deformation characteristics. The amount of GFRP sheet reinforcement can be

expressed as a reinforcemefnt ratio (perre) in terms of the transformed section area as

AGFRPEGFRP

PGFRP = A,

Acrrp = area of the GFRP sheet reinforcement on one side of the wall
Ecrrr = modulus of elasticity of the GFRP sheet reinforcement on one side of the wall

Em = prism modulus of elasticity of the masonry
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Figure 2.11 shows the regression line plotted through the data and the resulting linear

equation relating the two ratios.

The cracking moment can be explained by considering axial forces as

W= (fo+ 2. (22) (42)

Where P is axial compressive force; A is the effective area of an uncracked cross-section; h is

the total depth of the cross-section.

v, (1) v, ®) 4 (3)
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Figure 2.11. Selected failure mechanisms (Meharbi & Benson, 2003)

There are various numerical methods in the world. (Alwathaf et al., 2003) has reviewed
conventional mortared and non-conventional mortarless interlocking blocks masonry. Also
finally, different analytical methods for masonry joint analysis are reviewed. (Meharbi &
Benson, 2003) simple techniques that can be used to evaluate the seismic performance of
masonry-infilled reinforced concrete frames are presented. Response spectrum analysis is
performed on the masonry structure, and results are evaluated. The selected failure mechanisms
are displayed in Figure 2.11. (Simsir et al., 2004) OOP behaviour of unreinforced masonry
structure is taken into consideration. Experimental results are compared with SDOF and
MDOF. Two degrees of freedom are considered for dynamic stability. K. (Hwee Tan & H
Patoary, 2004) thirty masonry walls were strengthened using three different fiber-reinforced
polymers, with three anchorage methods, and were fabricated and tested under a concentrated
load over a 100 mm square area. The test results were compared well with the analytical
predictions. (Milani et al., 2006) the usage of a simplified homogenized technique is used for
the analysis of masonry subjected to OOP loading. Efficient results are found in all the cases,

indicating the proposed simple technique is sufficient for safety assessment for OOP-loaded
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masonry panels. (Matjaz Dolsek, 2008) Four-storey reinforced concrete frame structures have

been analyzed using the response spectrum method by inelastic approach. The provision of

infills helps in resisting the loads and does not cause the failure of the columns. (Amato et al.,

2008) due to masonry infills in the frame structure, infill behaviour switches from a strut

element to a plate shell. The lateral stiffness of infill frames is evaluated.

Table 2.4. Analytical prediction of lateral resistance and stiffness

Failure Force ]
S.No. _ ) Lateral resistance
Mechanisms Diagrams
1 Figure 2.11(1)  Figure 2.12 Vi1 = Viar + Fee + Fat Foo= 22 o= 22t
urP
Ve = Aw+2 Aceq
wr — - n
2 Figure 2.11 (2) Figure 2.13 Vy2=V’wr + Fec + Vet v 1—0-5ur%
Vct = 0.8Vcs + Vcc
3 Figure 2.11 (3)  Figure 2.14 Vs = yP'mt = McPmthe Me = /f,‘“fz _y= /‘;’%
Vs =0.67 f',,tah+2F, =
4 Figure 2.11 (4) Figure2.15 ™ ‘ oh =7 /&
(m.2 + 0.67a — 0.5a2) f',th 4Ewtsin26
5 Figure 2.11 (5)  Figure 2.16 Vs = Vir + Fi Fr= 22

(P.G. Asteris, 2008) a different computer-based programming method is done to

analyze single bay single storey masonry infilled RC frame when subjected to Lateral load.

The difference in Magnitude and contact lengths has been clearly shown for different frame

members. (Kaushik et al., 2008) A comparative study was carried out considering different

models. After linear and non-linear analysis, it is found that the 3-strut model can estimate the

force resultants in RC members with accuracy. In addition, a single strut model can be

effectively used when masonry is discontinued in the first storey for parking space. (Stavridis,

2009) Unreinforced masonry panels are used for exterior or interior partitions in concrete

frames, which are further subjected to shake table tests. This approach can be further used for

the construction of simple struts in the construction of the entire structure.
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Figure 2.12. Force diagrams for mechanisms 1 (Meharbi & Benson, 2003)
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Figure 2.14. Force diagrams for Figure 2.15. Force diagrams for
mechanisms 3 (Meharbi & Benson, 2003) mechanisms 4 (Meharbi & Benson, 2003)
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Figure 2.16. Force diagrams for mechanisms 5 (Meharbi & Benson, 2003)

(Panagiotis G. Asteris, et. al. 2011) When the structure is subjected to earthquake loads,
the behaviour of infill frames will be affected. So, in this paper, the bi-diagonal compression
strut model is considered for the analysis. Single bay and double bay are tested in different

laboratories and a comparison of the results is done.

In the proposed infill board model, every masonry panel is characterized by considering
four support strut-elements, with rigid behaviour and a center swagger component, where the
nonlinear hysteretic conduct is concentrated (Figure 2.17). The stresses created in the focal

component are simply of a tensile or compressive nature (H Rodrigues, H Varum, 2010).s

Struts

F 3
4:””” Central cr g

element
L~

. k

u

Figure 2.17. Macro-model for the simulation of an MIW panel and force-displacement monotonic

behaviour curve (Hugo Rodrigues, Humberto VVarum, 2010).

Nine parameters characterize the nonlinear behaviour by a multi-linear envelope curve

(Figure 2.17), representing:
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(i) Cracking (cracking force, Fc; cracking displacement, dc)
(it)  Yielding (yielding force, Fy; yielding displacement, dy)
(iii) Maximum strength, corresponding to the beginning of crushing (Fcr; and corresponding

displacement, dcr)
(iv) Residual strength (Fy) and corresponding displacement (du)

(v) The fifth branch of the behaviour curve is defined by its stiffness (Ka).

A different behaviour curve can be defined for each loading direction, which allows for

the consideration of non-symmetrical behaviour.

(Asteris P G et al., 2011) for achieving higher stiffness in the infilled frames, diagonal
struts are provided. After the analysis, the validity of the proposed equations is verified by
comparing the work done results by researchers against the achieved results. (Mohyeddin-
kermani, 2011) the exterior and interior walls are constructed using infill frames. When
subjected to earthquake loads behaviour of such frames is evaluated. The structure is analyzed
by using ANSYS software. The structure is analyzed both in plane and out of a plane for
different drifts to check the behaviour of the buildings. (Kai et al., 2013) seismic fragility and
spectral displacement are the parameters that are considered for low-rise and RC buildings.
Coefficient-based methods obtain fragility curves after the shake load test. Spectral

displacements are found to be within limits for low-rise buildings.

(Asteris P G et al., 2013) Since the behaviour of infilled frames under earthquake loads
is different in each case, different micro models are considered for the analysis in this paper.
Both advantages and disadvantages of each of the considered models are evaluated. (Calio &
Panto, 2014) macro modelling technique is implemented, lumped plasticity beam-column
elements model the frame members. This approach is evaluated by Non-Linear analysis
performed on Infilled structures. (Yuen and Kuang, 2014) the response of IP and out of a plane
is usually analyzed separately. The masonry infills, when subjected to OOP loading, are
provided with diagonal thrust. In addition, IP loading reduces the load capacity of the RC frame
by 50%. In addition, by providing anchorage, it stabilizes the forces against buckling. (Kumar
etal., 2014) plasticity-based interface model is considered for masonry structures. The structure
is further analyzed using ABAQUS software, and the results are validated by comparing with
literature review with the experimental results. (Dolatshahi et al., 2015) different types of

macro-elements are considered in unreinforced masonry structures and evaluated under seismic
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loads. After the analysis, the derivation curve is compared with non-linear FEA. This curve is
further used for the preliminary evaluation of URM walls for bi-directional loading. (Moretti,
2015) for the analysis of masonry structure is done by considering experimental, analytical,
and code provisions. Different approaches for single strut members are made, and results are
tabulated. (Yuen & Kuang, 2015) A unified analysis method with the damage-based modelling
technique is proposed for numerical simulations of masonry-infilled reinforced concrete frame
failure. Non-Linear behaviour of infilled frames was conducted by combining IP and OOP
loading. (T.P. Ganesana, M. Lakshmipathy, V. Thirumurugan, 2015) properties of the frame,
infills are the main factors of an infilled frame. Different members of different sizes are taken
along with one 3D. The effectiveness of the cork is interface material is studied, and adaptive
infilled frames are adapted. (Gattesco & Boem, 2015) the diagonal compression tests are
compared with the IP behaviour of unreinforced masonry walls with GFRP-coated structures.
The tensile strengths are compared with experimental results and from an analytical
formulation. (Gattesco & Boem, 2015) the infilled structures are analyzed by various numerical
procedures and are limited to the IP or OOP behaviour of masonry walls. In this paper, the
experiment is done by considering extreme loading to address the gaps. The analysis was
carried out using DIANA and ABAQUS software. (Lin et al., 2016) since there will be a
decrease in the energy of masonry-infilled frames, a new dry-stacked panel (DSP) semi-
interlocking masonry (SIM) infill panel has been provided. The constant friction part is verified
to provide substantial energy dissipation and benefits such as ductility of the structure.
(Miglietta et al., 2017) a branch of the FDEM software was developed at the University of
Toronto and called it Y-Brick. It is presented and validated as a reliable tool to model the
reverse cyclic behaviour of masonry structures by varying levels of complexity. Y-Brick is also
shown to identify the position of the cracks that form in the structure.

(Pasca et al., 2017) the OOP response of infilled frames is considered for damage
assessment of RC and steel buildings when subjected to seismic loads. After the analysis, the
comparison between experimental and analytical values is made. (Abdulla et al., 2017) has
chosen extended Finite element analysis, he has approached three-dimensional non-linear
behaviour of masonry under monotonic in-plane, out-plane, and cyclic loads. Abaqus software
is used for the analysis, followed by a numerical algorithm, i.e., the Newton Raphson method
for employing user-defined subroutines. (Edri & Yankelevsky, 2017) URM structures, when
subjected to OOP loading, incorporate large deflection and strains. A master has considered

which has suitable geometry and material nonlinearity. The two experimental results, when
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subjected to lateral loading, are compared with analytical model predictions. In both cases,
results are within the limit and safe. (Dautaj & Kabashi, 2018) 7 RC frames with masonry
infills are tested under cyclic loading. Based on the results achieved, a new macro model is
framed to analyze the infill RC frames. Further, the model is used to predict the failure patterns
of infilled RC frames. (Mazza & Donnici, 2018) Four diagonal OOP nonlinear beams and one
horizontal IP truss are considered. After analyzing the numerical results of the OOP and IP
models, cyclic tests for six-story RC-framed buildings are compared. Different displacement
histories are considered, such as i) OP loading faster than IP, at the sixth storey; ii) equal IP
and OP loading, at the third storey; iii) IP loading faster than OP, at the first storey. (Pradhan,
2018) a master macro model unreinforced masonry infill is considered under seismic action.
Existing macro models are analyzed, and their advantages and disadvantages are reported.
Using diagonal struts is complex for structural engineers to obtain the desired efficiency. The
feasibility of the 3D frame structure is checked and adapted. (Mbewe & van Zijl, 2019) Seismic
analysis infilled structures using strut models and pushover analysis have gained popularity.
The results show a good correlation between experimental data and the proposed model.
(Kostinakis & Athanatopoulou, 2020) the presence of infill frames in the masonry structure in
RC buildings behave feasibly under seismic loads. However, the position of infilled frames
irregularly in the structure results in adverse effects. Finally, it is concluded that the irregular
placement of infill frames in the structure leads to significant seismic damage. (Xiaomin Wang
et al., 2020) conducted Bidirectional seismic behaviour of MIW. After the analysis, a
comparison of experimental and analytical data is done to predict the failure modes. Further,
based on the slenderness ratio, and masonry strength on the OOP, the response of infill walls
within the plane damage is explored. Finally, stability is obtained by reducing stiffness and
strength in OOP. (Yekrangnia & Asteris, 2020b) has chosen multi strut macro model, which is
capable of simulating the overall force-displacement behaviour of infilled frames with different
configurations. The model is analyzed for different parameters and varying characteristics such
as position, opening height to length ratio, etc. A reduction factor is proposed for better strength
and stability. (Pohoryles & Bournas, 2020) using composite materials for IP retrofitting will
reduce the risk of collapse of the infills. The stiffness of the material and angle are considered
as the crucial factors. The comparison between the experimental and obtained strain is assessed
using an empirical formula. (Gerson Moacyr Sisniegas Alva, Alessandro Onofre Rigdo, Jodo
Kaminski Junior, 2021) seismic analysis is performed on RC buildings with masonry walls is

considered. An equivalent strut on the seismic response is found which eases the complexity
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of the structural engineers. Finally, the use of participating masonry walls is to be considered

by engineers for better efficiency under seismic loads.

Concerning Table 2.5, the analytical studies carried out on masonry infill panels are

summarized. For demonstrating infills, a few strategies have been created. They are assembled

in two principle classes: macro-models and micro-models. The first depends on the equivalent

strut method, and the second depends on the FEM. The principle benefits of macro modelling

are computational effortlessness and underlying mechanical properties from masonry tests

since the brickwork is a heterogeneous material. The dispersion of material properties of its

constituent components is hard to anticipate. The single strut model is most generally utilized,

as it is essential and most appropriate for large structures.

Table 2.5. Summary of the literature review on the analytical study on MIW

Brick Unit ] .
) Strengthening | Parameters | Strengthening ]
Authors Used (size _ ) o Failure Mode
) Material Considered | Contribution
in mm)
The door opening position
_ Lateral )
(Mallick DV & _ can be best located in the
stiffness of
Garg RP, o center of the lower half of
infilled
1971) the panel and the center of
frames )
the window.
o Analysis of Multi-storey
(Saneinejad & o
IP forces infilled frames as braced
Hobbs, 1995)
frames
(Jack P. Probabilistic Uncertainties in estimating
Moehle, 1996) approach the capacity and demands
(A. Madan et Non-linear Influence of masonry infill
al., 1997) analysis frames
(Yaw-Jeng
) . Entire filled masonry walls
Chiou, Jyh- ) IP monotonic
Brick . show high stiffness,
Cherng Tzeng, loading _
whereas the adjacent
1999)
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Brick Unit

) Strengthening | Parameters | Strengthening _
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
column fails with nearly
uniform cracks
Collapse )
] A comparison of
_ behaviour of ) _
(Rodolico, ) displacement-based analysis
unreinforced o ) )
1985) with Time History analysis
masonry ]
IS made
walls
) ) _ The advantages and
(Crisafulli et Non-linear )
) disadvantages of each of the
al., 2000) behaviour _
methods are studied.
o One-way vertical bending
(Doherty et al., Seismic o )
for application to walls in
2002) assessment o
two-way bending is done.
Lateral
(El-Dakhakhni stiffness and
et al., 2003) lateral load
capacity
Simple model behaviour is
(Kuzik et al., GFRP OOP taken for evaluation for
2003) Masonry walls | behaviour strength and deformation
characteristics.
Conventional
mortared and Different analytical methods
(Alwathaf et Masonry o )
non- for masonry joint analysis
al., 2003) blocks ) )
conventional are reviewed
mortar
(Meharbi & Seismic Response spectrum analysis
Benson, 2003) performance is performed on the
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Brick Unit

) Strengthening | Parameters | Strengthening _
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
masonry structure, and
results are evaluated.
Experimental results are
o compared with SDOF and
(Simsir et al., OOP
) MDOF. Two degrees of
2004) behaviour )
freedom are considered for
dynamic stability.
(Hwee Tan & Fiber- Three Results were compared well
H Patoary, Reinforced anchorage with the analytical
2004) Polymers methods predictions.
Efficient results are found in
all the cases, indicating the
Milani et al., roposed simple technique
( OORP loading p P o P a
2006) is sufficient for safety
assessment for OOP-loaded
masonry panels
The provision of infills
_ Response . .
(Matjaz helps in resisting the loads
spectrum
Dolsek, 2008) and does not cause the
method )
failure of the columns.
Infill
behaviour
(Amato et al., switches The lateral stiffness of infill
2008) from a strut frames is evaluated
element to a
plate shell
(P.G. Asteris, The difference in magnitude
Lateral load
2008) and contact lengths has been
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Brick Unit

) Strengthening | Parameters | Strengthening _
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
clearly shown for different
frame members.
The single strut model can
_ Linear and be effectively used when
(Kaushik et al., ] o ) _
nonlinear masonry is discontinued in
2008) _ ] ]
analysis the first storey for parking
space.
The approach can be further
(Stavridis, Shake table used to construct simple
2009) test struts in the construction of
the entire structure.
(Hugo o Single bay and double bay
) Bi-diagonal o
Rodrigues, _ are tested in different
compression )
Humberto laboratories, and a
strut model o
Varum, 2010) comparison is made.
The validity of the proposed
(Panagiotis G. Diagonal equations is verified by
Asteris, et. al., struts are comparing the work done
2011) provided results by researchers
against the achieved results
_ Earthquake IP and OOP for different
(Mohyeddin- ) )
) loads drifts to check the behaviour
kermani, 2011) ) o
behaviour of the buildings.
Seismic )
) . Spectral displacements are
(Kai et al., fragility and S
found to be within limits for
2013) spectral

displacement

low-rise buildings.
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Brick Unit

) Strengthening | Parameters | Strengthening )
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
_ Both advantages and
) Micro- )
(P G Asteris et disadvantages of each of the
models are _
al., 2013) ) considered models are
considered
evaluated.
Plasticity This approach is evaluated
(Calio & beam- by Non-Linear analysis
Panto, 2014) column performed on Infilled
elements structures.
By providing anchorage, it
(Yuen & IP and OOP Y p ) : . )
) stabilizes the forces against
Kuang, 2014) loading ]
buckling.
Plasticity- The results are validated by
(Kumar et al., based comparing with literature
2014) interface review with the
model experimental results.
The curve is further used for
(Dolatshahi et Seismic the preliminary evaluation
al., 2015) loads of URM walls for

bidirectional loading.

Experimental

Different approaches for

) , analytical, single strut members are
(Moretti, 2015)
and code made, and results are
provisions tabulated.
Non-Linear behaviour of
Damage -
(Yuen & infilled frames was
based .
Kuang, 2015) ) conducted by combining IP
modelling

and OOP loading
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Brick Unit

) Strengthening | Parameters | Strengthening )
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
(T.P.
Ganesana, M. The effectiveness of the
Lakshmipathy, Infills are the cork is interface material is
V. main factors studied, and adaptive
Thirumurugan, infilled frames are adapted.
2015)
Diagonal
. The tensile strengths are
compression _ _
(Gattesco & compared with experimental
GFRP and
Boem, 2015) results and from an
Plane . :
analytical formulation.
behaviour
_ The analysis was carried out
(Dolatshahi & IP or OOP _
) using TNO DIANA and
Aref, 2015) behaviour
ABAQUS software.
Dry stacked The constant friction part is
panel (DSP) verified to provide
(Linetal., semi- substantial energy
2016) interlocking dissipation and benefits
masonry such as ductility of the
(SIM) structure.
Y-Brick is also shown to
(Miglietta et Cyclic identify the position of the
al., 2017) behaviour cracks that form in the
structure.
o A comparison between
(Pascaet al., Seismic ) )
experimental and analytical
2017) loads

values is made.
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Brick Unit

) Strengthening | Parameters | Strengthening _
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
Abaqus software is used for
Monotonic the analysis, followed by a
(Abdulla et al., in-plane, out- numerical algorithm, i.e.,
2017) plane, and the Newton Raphson
cyclic loads. method for employing user-
defined subroutines.
The two experimental
results, when subjected to
(Edri & lateral loading, are
Yankelevsky, OOP loading compared with analytical
2017) model predictions. In both
cases, results are within the
limit and safe.
) _ The model is used to predict
(Dautaj & Cyclic )
) ) the failure patterns of
Kabashi, 2018) loading o
infilled RC frames.
Different displacement
histories are considered,
such as i) OP loading faster
(Mazza & OOP and IP than IP, at the sixth storey;
Donnici, 2018) model ii) equal IP and OP loading,
at the third storey; iii) IP
loading faster than OP, at
the first storey.
o The feasibility of the 3D
(Pradhan, Seismic )
) frame structure is checked
2018) action
and adapted.
(Mbewe & van Pushover The results show a good
Zijl, 2019) analysis correlation between
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Brick Unit

) Strengthening | Parameters | Strengthening _
Authors Used (size _ ) o Failure Mode
] Material Considered | Contribution
in mm)
experimental data and the
proposed model.
o It is concluded that the
(Kostinakis & o ) o
Seismic irregular placement of infill
Athanatopoulo )
loads frames in the structure leads
u, 2020) o
to severe seismic damage.
Failure of the
walls was from _
) It is concluded that the
Jorge Varela- OOP crushing of o )
) ) ) bidirectional strut method is
Rivera et. al. behaviour masonry is )
) the best choice.
found by yield
line
(Xiaomin Bidirectional Stability is obtained by
Wang et al., seismic reducing stiffness and
2020) behaviour strength in OOP.
Simulating ) _
_ A reduction factor is
(Yekrangnia & overall force-
) ) proposed for better strength
Asteris, 2020b) displacement N
) and stability.
behaviour
) The comparison between
) Stiffness of ) )
(Pohoryles & Composite ) experimental and obtained
) the material o )
Bournas, 2020) materials strain is assessed using an
and angle o
empirical formula.
(Gerson The use of participating
Moacyr o masonry walls is to be
o Seismic ] ]
Sisniegas considered by engineers for
response o
Alva, et. al., better efficiency under
2021) seismic loads.
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Consequently, R.C. frames with masonry infilled walls can be demonstrated as
comparable supported casings with infill dividers supplanted by an identical corner-to-corner
swagger, which can be utilized in a thorough nonlinear sucker investigation. The fundamental
boundary of these struts is their equivalent width, which influences their stiffness and strength.
There are new bricks known as Porotherm bricks developed considering the weight of the
overall structure, from an economic point of view, especially in new masonry constructions.
Still, there is secondary research to characterize the infill panels’ behaviour with these masonry

units.

The popular strengthening material for MIW GFRP is widely used on the MIW to
increase the lateral resisting capacity against horizontal loads. As suggested by (Gattesco &
Boem, 2015), the principal tensile strength f; at the center of a sample square subjected to
diagonal compression is calculated by using the formula (Equation 43)

= oFPmax
fi = o e (43)

Pmax 1S the maximum load attained in the test, t and b are the thickness and the width of
the specimen, respectively, and a is a coefficient assumed equal to 0.5. Then, a modification
factor (B) (Equation 44) is defined as the ratio between the experimental resistance of RM
wallets Pmaxr) and the preliminary analytical prediction (Pmaxuy) + Pc).

Pmax
(e —— (44)

In addition, it is seen that masonry with similar mechanical characteristics and the
coating is tested for the mortar range. The coefficient 3 is assumed as a linear trend function of
the tensile strength of the mortar, with values decreasing as the mortar strength increases. From
tendency curves, the values of the modification factor are calculated for each masonry type of
structure. The relation between the resistance of RM specimens and the mortar coating
resistance was derived analytically through the relationship as shown in Equation 45.

leax (R) = .8,- (Pmax(U) + Pc) (45)
2.6. FRAGILITY FUNCTIONS FOR MASONRY INFILL WALLS

An extensive review of the fragility functions for MIW has led to the compilation of a
database incorporating the references segregated year-wise in ascending order, from (2013 to
2021).
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(Grubisi¢ et al., 2013) conducted deals with the seismic assessment of the masonry
infilled walls with different infill conditions by utilizing fragility curves which assess the
vulnerability of the structure during seismic activity. Results showed that the type of infill
considerably affected the seismic response of the frame with the lowest probability of failure
belonging to fully and partially infilled frame as compared to bare frame. (Nassirpour &
D’Ayala, 2014) analyzed masonry-infilled RCC frames for spectral acceleration and
displacement under seismic action using the coefficient-based method (CBM). The CBM is
more advantageous than FEM in terms of complexity. The frames analyzed using CBM
obtained fragility results which were in validation with the previous studies. (Cardone &
Perrone, 2015) considered infilled frames with steel frames with different end conditions to
determine their seismic response using fragility analysis. The results pointed out that the
infilled frames with steel bracing performed better under simulated earthquake vibrations as
compared to the bare frames with steel bracing. (Jong-Su Jeon, Ji-Hun Park, 2015) evaluated
the damage potential of the non-structural component of the masonry-infilled RC frames with
and without opening through fragility functions by utilizing the experimental results of
previous studies. Further, the damage quantification was performed and the remedial measures
were given based on fragility curves which indicated that the results can be directly
incorporated performance assessment calculation tool. (Kai et al., 2013) estimated the seismic
vulnerability of the lightly reinforced masonry-infilled wall through fragility analysis. The
simulation was conducted by taking into account a non-linear push-over analysis. The masonry
unit that was taken into account was either hollow or solid. The results concluded that RC
frames with masonry infill improved the seismic response of the frames. (Sassun et al., 2016)
examined the IP seismic performance of the masonry-infilled RC or steel frames. A non-linear
analysis was implemented to obtain the results which concluded that low drift values such as
0.2% did not cause any serious damage to the structures until the drift values were as high as
2%. When the repair cost analysis was executed, it was concluded from the results that there is
a reasonable correlation between Italian masonry infill repair cost estimates obtained using
costing manuals and those obtained through consultation with the industry. (Eduardo Charters
Morais, 2016) The probabilistic damage state estimation of unreinforced masonry infilled walls
made with clay bricks in case of the occurrence of an earthquake using dynamic structural
analysis was performed. The earthquake intensities were obtained through 50 selected seismic
data matching the Komarom historical earthquake and incremental dynamic analysis was

implemented. The results concluded that peasant houses were probably not made of clay
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masonry when the 1763 Komarom historical earthquake occurred, and possibly made of adobe

or srfal.

(Carlo Del Gaudioa, et. al., 2017) conducted experimental investigation of RC frames
infilled with clay brick masonry under seismic activity was executed and the results were then
correlated with previous studies to obtain the fragility functions. (Chiozzi & Miranda, 2017)
performed in the study deals with the development of fragility functions by incorporating 152
different masonry units from previous works which were strengthened with RCC or steel and
infilled with either solid/hollow clay bricks or concrete blocks. The failure modes were
identified according to the previous literature considered in the research. The results concluded
that the type of masonry did not have any significant effects on fragility analysis. However, the
compressive strength of the masonry influenced the performance of the building under seismic
activity. (Gianni Blasi, Daniele Perrone, 2018) evaluated the seismic performance of the RC
frames infilled with clay and concrete blocks using incremental dynamic analysis to develop
fragility functions for the IP behaviour of the structure. The results concluded that seismic
retrofitting techniques needed to be employed to prevent the seismic failure of the structures.
(De Ruisi et al., 2018) carried out discussed the IP behaviour of the RC frames infilled with
hollow clay bricks under earthquake activity. The analysis was conducted both experimentally
and analytically to develop fragility functions and a new model is proposed. The results
concluded that the proposed model was reliable in determining the key points at which losses
occur during earthquakes. (Mohamed & Rom, 2002) conducted encompasses the non-linear
dynamic analysis of the partially and fully infilled and soft-story RC framed structures with
and without openings to develop fragility functions to evaluate seismic stability. A bare frame
model was also analyzed for reference purposes. For the first three damage states i.e., slight,
light, and moderate damage the bare frame and soft storey had a close performance while the
performance of the partially infilled framed structure was closer to that of the fully infilled
framed structure. (Gautam, 2018) executed determined the seismic vulnerability of the stone
masonry houses in the village affected by the 2015 Gorkha earthquake sequence of Nepal. The
fragility curves for seismic analysis were obtained from the 665,515 damage state conditions
of the houses built in Nepal. The results highlighted that stone masonry houses in Nepal were
highly vulnerable even in the case of low to moderate seismic activity. (Choudhury & Kaushik,
2019) found its background from the seismic events that occurred in the Mediterranean region.
These regions are of high economic and social importance. The study executed analyzed

masonry-infilled RC frames. The masonry units used were clay and concrete-type blocks. The
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damage quantification was conducted concerning drift and seismic activity and the fragility
curves were obtained. The results concluded that concrete blocks filled masonry frames
performed better as compared to clay block-infilled masonry in case of drift capacity and

seismic activity.

(Del Gaudio et al., 2019) investigated the seismic stability of the RC frames with
partially and fully infilled conditions. A non-linear time history analysis was performed to
develop fragility curves. The results showed that the epistemic uncertainty is significant only
for higher damage states in any type of RC frame. On the other hand, the ground motion
variability was found to be the major contributor to the total uncertainty in all the frames. (Carlo
Del Gaudio, et al., 2019) evaluated structural and non-structural damage of the structures
conducted by post-earthquake survey following the L’ Aquila earthquake. For the analysis, a
database of 32,520 residential masonry buildings was taken into account. The analysis showed
that vulnerability was strongly related to the quality of the masonry units and the type of
connections provided. (Xianxin Xie, Lingxin Zhang, 2020) conducted on nine fully infilled
masonry RC frames subjected to quasi-static loading to develop their fragility functions and
corresponding fragility curves. The results showed that maximum crack widths gave the
smallest dispersion, whereas the skeleton curve-based methods generated excessive
dispersions, and the phenomena-based method was shown to be self-contradictory in certain
circumstances. (Trapani et al., 2020) conducted on unreinforced masonry-infilled units that
were not subjected to prior IP damage to develop their fragility curves. An incremental dynamic
analysis was performed to assess the OOP behaviour of masonry units based on 26 seismic
data. The outcomes showed fragility curves which represented the possibility of exceedance of
OOP failure at a given ground vibration as a function of a different combination of geometrical
and mechanical parameters, IP damage level, and supporting conditions. (Khan et al., 2021)
aimed at performing fragility assessment of RCC frames infilled with masonry blocks using
linear and non-linear static and dynamic analysis. All the models were analyzed for plastic
behaviour. The results concluded that the probability of exceedance of collapse for specific
damage was under the limit. (Marco Nale, et al., 2021) evaluated the OOP failure mechanism
of the unreinforced masonry infilled walls by developing the fragility curves using the multiple
strip analysis method. The results concluded that the fragility functions developed in the study
will help assess the damage conditions of unreinforced masonry units as well as the economic
losses. (Gautam et al., 2021) concentrated on developing the fragility functions of the RCC

framed infilled brick walls affected by the Gorkha earthquake that occurred in Nepal in 2015.
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For the analysis purpose, 2196 damage data of the structures were collected based on a global

and local level. The damage states were categorized into three types which were minor, major,

and collapse. The conclusion that was arrived at from the fragility analysis was that even a

moderate-intensity earthquake can cause serious damage to RC framed structures of Nepal

which will lead to collapse. (Pradhan et al., 2021) developed a procedure to derive the fragility

functions of the low-rise RC framed structures. The OOP fragility functions were developed

using a probabilistic approach based on Monte Carlo Simulation. The results indicated that the

OORP fragility of the infill walls increased as the level of IP damage increased.

Table 2.6. Summary of the literature review on the fragility functions for MIW

Brick Unit _ _
] Strengthening Parameters Strengthening )
Authors Used (size ) ) o Failure Mode
) Material Considered Contribution
in mm)
» Pushover analysis on Increase in the | Light, moderate,
(Grubisi¢ et | Not ) ) ) )
. RCC Frames frames with and without | time takes for | extensive, and
al., 2013) specified o )
masonry infills collapse partial collapse
The coefficient-based Increase in the
) Masonry- . )
(Kai et al., o method utilized for lateral stiffness
infilled RCC o _
2013) obtaining spectral and capacity of
frames ]
accelerations the structure
Brick-infilled )
) ) Increase in the
(Nassirpour steel frame Pushover analysis on )
) _ o ) lateral stiffness ) )
& D’Ayala, | Clay bricks | with and masonry infills with _ Compression failure
_ ) o and capacity of
2014) without different end conditions
) the structure
opening
RC frames Peak floor acceleration ) Light cracking,
(Cardone & | Hollow _ o Increase in the _
. with and to identify OOP ) corner crushing,
Perrone, clay bricks _ ) o resistance to ) )
without behaviour of infilled ) extensive cracking,
2015) ) drift
openings walls and collapse
(Jong-Su Masonry- _ Sliding shear,
) Hollowor | Non-linear pushover Increase in the ) )
Jeon, Ji-Hun S infilled RCC ) diagonal cracking,
solid brick analysis lateral stiffness ]
Park, 2015) frames and corner crushing
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Brick Unit

] Strengthening Parameters Strengthening )
Authors Used (size _ _ o Failure Mode
_ Material Considered Contribution
in mm)
and capacity of
the structure
) Combination of
Solid and ' _ _
Increase in the | different failure
hollow clay | Masonry- _ _ _
(Sassun et o Non-linear structure lateral stiffness | modes - horizontal
brick or infilled RCC _ _ o
al., 2016) analysis and capacity of | slip, diagonal
concrete frames _
the structure cracking, corner
block ]
crushing
(Eduardo ) Incremental dynamic
Unreinforced ] )
Charters ) analysis to simulate the ) )
) Clay bricks | masonry ) Compression failure
Morais, o IP shear behaviour of
infilled wall
2016) MIW
(Carlo Del
Gaudioa, )
] Increase in the
Maria Masonry- ] ] ] o
Hollow o IP behaviour analysis of | lateral stiffness | Combinations of
Teresa De ] infilled RCC o ] ) ]
o clay bricks infilled walls and capacity of | various failures
Risia, Paolo frames
o the structure
Ricclia,
2017)
Combinations of
various failures -
Solid, ) hairline cracks in
o Increase in the
(Chiozzi & | hollow clay | Masonry- ) ) ) masonry up to 2
) ) o IP behaviour analysis of | lateral stiffness o
Miranda, bricks and | infilled RCC o ) mm, significant
infilled walls and capacity of
2017) concrete frames cracks, (>2 mm),
the structure )
blocks development of wide

diagonal cracks (>4

mm)
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Brick Unit

] Strengthening Parameters Strengthening )
Authors Used (size _ _ o Failure Mode
_ Material Considered Contribution
in mm)
(Gianni Fragility functions for ]
_ Increase in the
Blasi, Clay and Masonry- the IP performance of ]
) o o ) lateral stiffness | Flexure and shear
Daniele concrete infilled RCC masonry infills using ] )
) ) and capacity of | failures
Perrone, blocks frames incremental dynamic
_ the structure
2018) analysis
Increase in the | Sliding Shear,
o Masonry- ) ) ] )
(De Risi et | Hollow o IP behaviour of frame lateral stiffness | diagonal cracking
_ infilled RCC _ )
al., 2018) clay bricks ‘ under lateral load and capacity of | and compression,
rames
the structure corner crushing
Fully and
partially )
o Increase in the
(Mohamed infilled _ ) )
Non-linear dynamic lateral stiffness
& Rom, masonry RCC ) ]
_ analysis and capacity of
2002) frames with
) the structure
and without
openings
Masonry- o
o Peak ground Combinations of
(Gautam, Stone infilled walls ) )
) acceleration and ground various damages
2018) Masonry without any )
) acceleration observed
reinforcement
Increase in the o
Carlo Del Clay and Masonry- Damage and loss ) Combinations of
) o ] ) lateral stiffness ) )
Gaudio et concrete infilled RCC analysis due to drifts ) failure according to
) o . and capacity of
al. bricks frames and seismic activity the type of damage
the structure
Fully and )
) Increase in the ) o
(Choudhury partially _ _ ) ) Failure possibilities
] o Non-linear time history | lateral stiffness )
& Kaushik, infilled ) ) according to the type
analysis and capacity of
2019) masonry RCC of damage
the structure
frames
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Brick Unit

_ Strengthening Parameters Strengthening _
Authors Used (size _ _ o Failure Mode
_ Material Considered Contribution
in mm)
_ Failure possibilities
(Del Gaudio )
according to the type
etal., 2019)
of damage
(Xianxin . . .
_ Maximum crack widths, | Increase in the
Xie, Clay and Masonry- ) Combinations of
skeleton curve-based lateral stiffness
Lingxin concrete infilled RCC failure according to
and phenomena-based and capacity of
Zhang, bricks frames the type of damage
methods the structure
2020)
(F. Di
Trapani, M. Unreinforced Incremental dynamic A failure occurred
Malavisi, masonry analysis to determine the according to damage
P.B. Shing, infilled wall OOP behaviour of MIW conditions
2020)
Increase in the )
Masonry- ] _ ] A failure occurred
(Khan et al., o Nonlinear static and lateral stiffness ]
infilled RCC ) _ according to damage
2021) dynamic analyses and capacity of -
frames conditions
the structure
(Marco
Nale, Fabio ) ) ) )
o Unreinforced Multiple strip analysis
Minghini, o )
masonry for determining the OOP OORP local failure
Andrea
o infilled wall behaviour
Chiozzi,
2021)
N ) Increase in the )
Masonry- Fragility analysis was ] A failure occurred
(Gautam et o ) lateral stiffness )
infilled RCC conducted based on in- ) according to damage
al., 2021) and capacity of .
frames plane and OOP damages conditions

the structure
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Brick Unit _ _
] Strengthening Parameters Strengthening )
Authors Used (size _ _ o Failure Mode
_ Material Considered Contribution
in mm)
Monte Carlo simulations ]
) ) Increase in the
Masonry- employing a numerical )
(Pradhan et o lateral stiffness _
infilled RCC macro-model for the ) OORP failure
) and capacity of
frames evaluation of the OOP
] o the structure
capacity of infills

From the literature carried out, it is clear that strengthening of MIW is necessary to
prevent the failure of the wall against earthquake forces. There are various strengthening
techniques available to fulfill the functional requirement. The popular approach is to provide
reinforcement either in the vertical and horizontal direction or in both directions depending on
the severity of the seismic attacks. The reinforcement bars are inserted into the base of the wall
at the bottom and the beam on the top for vertical reinforcement and column-to-column for
horizontal reinforcement. An alternative method is to provide perforated steel plates or steel
braces on the surface of the wall. This method unintentionally adds extra weight to the existing
structure, which also increased the overall cost of the whole system. The dowel bar system was
then implemented, consisting of round steel bars inserted inside the wall so that half-length of
the bar is penetrated inside the bounding frame. The remaining portion is inserted into the wall
connecting both the structure and infill wall. This method has the disadvantage that the bar has
more stiffness than the wall system, due to which cracks start propagating on the wall, which
reduces the performance of the wall itself. The welded wire mesh (WWM), popularly known
as ferrocement, was weightless and advantageous compared to previous methods. But the only
disadvantage was the corrosion aspect as the mesh is mainly made up of steel. However, WWM
is recommended for the improvement of ductility and ultimate failure loads of existing frames.
Later, epoxy materials started gaining recognition as FRP overcame all these disadvantages.
The various types of FRPs are carbon, basalt, and glass. Still, this method does not perform
satisfactorily under elevated temperatures or aggressive environments. The experimental
results showed that the lateral resistance of the infill wall increased when FRP was wrapped
around MIW in any pattern. However, the experimental results displayed that the lateral

resistance depends on the reinforcement ratio, specific aspect ratio, and fiber characteristics.
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In contrast, the ultimate drifts were independent of reinforcement ratio and
reinforcement type but dependent on the aspect ratio and the retrofitting configuration. The
most recent upcoming strengthening material is a TRM that displayed better performance under
elevated temperature, and UV radiation and was used where vapour permeability is required.
The same types of fibers are present in TRM, too, but the manufacturing and implementation
method differentiates both. The TRM is recommended to strengthen the newly constructed
walls as well as repair the pre-damaged wall. FRCM helps regain the capacity of pre-damaged
walls and enhances the non-damaged wall's overall performance. According to (Tetta &
Bournas, 2016), TRM had the upper hand over FRP in strength and deformability, i.e. TRM is

a promising solution for strengthening MIW under OOP loading conditions.

In addition to the strengthening material used, the type of masonry unit with which the
wall is constructed also influences the overall performance of the infill system. The oldest
known commonly used brick type is the burnt clay bricks, famous in many developing
countries. Other types of bricks used to erect MIW are solid/hollow concrete blocks; autoclaved
aerated blocks, interlocking blocks, and Porotherm bricks (for which research needs to be
carried out). Considering the brittle nature of the infill materials, the tensile capacity should be
enhanced by using additional materials or techniques that have been summarized in the above
sections. In alternate cases, a small gap is provided between the infill walls and the bounding
frame so that the deflection of the structure once loaded does not show more impact on the
infill wall as in the case without the gaps being provided. The use of similar techniques is also
allowed for different materials. Still, it is necessary to determine the perfect method to

safeguard the infill wall through experimental tests or numerical simulations.

2.7. GAPS IN LITERATURE AND NEED FOR RESEARCH

After an exhaustive literature review, to plug the gaps in the research, the following

research needs were identified

e Need for a detailed study on the behavioral aspects such as load carrying capacity,
deflection resisting capacity, stiffness degradation, energy dissipation capacity,
ductility behaviour of the MIW with central door opening with TRM strengthening.

e Need for the detailed study of TRM as a strengthening material, even though research
on the same has been conducted from the past decade, still there are no codal provisions

to be followed by the engineers.
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e A combination of the above two factors has been discovered to be lacking in the
literature carried out, which needs to be addressed as both the factors can impact the
performance of MIW under lateral loading conditions to a larger extent.

e Numerical analysis needs to be conducted and propose suitable models for the MIW
strengthened with TRM, which is not given focus in the past, and provide a significant

material and interaction properties for the same.
2.8. SCOPE OF PRESENT STUDY

The MIW typology forming the main focus for this research is single-leaf, half-overlap
stretcher bonded, burnt red clay brickwork, which has widespread prevalence in both new and
existing Indian construction. While multi-leaf wall constructions with different kinds of
brickwork (for example, lightweight blocks) are also common, it is beyond the scope of this
thesis. Furthermore, as stated previously, single-bay, single storey walls with central door
opening represent the main type of wall configuration considered in this work; although where
forming a specific case of the developed methodology, TRM as a strengthening material was
also considered. It is the author’s intention that within this scope, the findings of this research
are kept as general as possible, so that they may be applied toward the design of new buildings

as well as the assessment of existing buildings alike.
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CHAPTER 3

IDENTIFICATION AND EVALUATION OF FACTORS
INFLUENCING THE PERFORMANCE OF MASONRY
INFILL WALL (MIW)

3.1. INTRODUCTION

In this chapter, experimental test results reported at Wellington Institute of Technology
(Ismail et al., 2018) were used to validate the adequacy of the finite modelling technique
described in Section 3.2 in predicting the behaviour of masonry infill walls (MIW) without
openings with/without fiber-reinforced cementitious mortar (FRCM) or Textile reinforced
mortar (TRM). Experimental investigations were carried out on RC frames with solid infill
walls (i.e., no openings) and infill walls strengthened with FRCM. The validation process
carried out in this Chapter is of particular interest to find out how effectively the method can
deal with the specific aspects of the tested walls, such as the material properties, interaction
properties, application of FRCM layers and to suggest improvements and refinements to the
method, if necessary in the finite element (FE) software ABAQUS.

This chapter is structured as follows: Section 3.2 briefs the experimental study
conducted by (Ismail et al., 2018) at Wellington Institute of Technology. Section 3.3 provides
the validation study of FE model discussed in Section 3.2 using ABAQUS software. Section
3.4 compares the results of both numerical predictions to experimentally measured values in
terms of load capacity and deflection resisting capacity. Section 3.5 provides the proposed
empirical expressions to determine the load carrying capacity of the MIW and provides a

comparison among experimental, numerical, and analytical results of all the specimens.

The advancement of computers and software made it easier to forecast how buildings
would behave. In any analysis, choosing a numerical model for simulation is a crucial step. A
structure is categorized into a discrete count of components using the FEM, and it is from these
elements that an approximate numerical solution is derived. The selection of relevant pieces

with the proper material characteristic modeling determines how accurate the findings will be.
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The structural evaluation of infilled frames has been simplified using parametric analyses and
experimental results. The suggested numerical method may create strut models for a complete

structure and predict structural performance, including stiffness, strength and deflection.

3.1.1. Objectives

The main objectives of this chapter are
a. To identify and evaluate the factors such as material properties and interaction
properties influencing the performance of masonry infill walls (MIW).
b. To explore the numerical validation of the infill model with experimental data.
c. To create a strut model for a complete structure and predict structural performance,
including maximum deflection and ultimate strength.
d. To provide an efficient method and an expression for evaluating the structural integrity

of infilled frames.
3.2 DATABASE OF PAST TEST USED IN VALIDATION (Ismail et al., 2018)
3.2.1. Brief Review of the Experimental Test

In order to validate the developed finite element technique, experimental test results
available in (Ismail et al., 2018) were considered. The seismic performance of retrofitted
FRCM systems on reinforced concrete frames with masonry infill (RCFMI) under cyclic IP
loads was tested on these structures. For the benefit of the readers, a succinct summary of the
tests carried out is provided in this section. However, readers are urged to consult (Ismail et al.,
2018a) if they want any further details.

A total of nine 2/3 scaled single bay-single story RCFMIs representing a typical mid to
high-raised building are constructed and tested. Ordinary moment resisting single bay
reinforced concrete portal frame was selected as a prototype structure to replicate details
prevalent in existing RCFMI buildings. The infill bay aspect ratio (infill length to infill height
ratio) of 1.4 was selected, being typical in non-ductile RCFMI buildings. Considering the ratio
of predicted lateral strength of the bare frame to that of the infill wall (Vrame/Vinfin), the test
frames were characterized to have a strong frame-weak infill configuration. Various
configurations were included: a bare frame, an RCFMI, and seven RCFMIs retrofitted using
FRCM made up of three fiber materials: aramid glass, carbon, and basalt. Table 3.1 provides

specifics on the MIW frame’s setup.
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Table 3.1. Specifications for the specimen (Ismail et al., 2018a)

_ Type of )
Specimen ) Strengthening
S. No. o Strengthening _ ] Layout
Description i Configuration
material used
Bare Frame
1 - -
(BF-1)
L& & |
L 1T 1T 11
Infill Wall llllllllll
nfill Wa
2 } ) I : I : I : I : I :
(IF-2) LT T T 1
LT T 11
T T T 1
I &1
Retrofitted Cross-pattern pattern
AR-Glass (RFG)  FRCM bands having a
(RFG-D3-3
3 and Carbon (RFC)  width equal to 1/3 of
RFC-D3-5 .
and Basalt (RFB) the diagonal length
RFB-D3-7) (D3)
Retrofitted Cross-pattern pattern
AR-Glass (RFG)  FRCM bands having a
(RFG-D6-4 U
4 and Carbon (RFC)  width equal to 1/6 of
RFC-D6-6 _
and Basalt (RFB) the diagonal length
RFB-D6-8) (D6)
Retrofitted Full-face FRCM
5 Basalt (RFB) o
(RFB-FU-9) application (FU)
L8 g |
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Figure 3.2. Reinforcement details (all dimensions in mm)

Three alternative fiber-reinforced cementitious matrix (FRCM) configurations, made
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of basalt, carbon, and glass, are used to carry out the strengthening strategy for the RCFMI
frame. The first and second step involves applying the FRCM structure to the test specimen as
a percentage of the diagonal length, using FRCM bands that are 1/3 the diagonal measurement
wide (denoted as D3 in the literature) and with a width 1/6 of the diagonal length (denoted as
D6 in the literature). The third procedure involves applying only basalt fabric FRCM to the
whole face of the brick wall. For the building of the RC frame, a ready mixed concrete (RMC)




mixture having a nominal compressive strength of 25 MPa was utilized to construct the test
specimens. The concrete masonry units had a nominal specified compression strength of 12
MPa and were 400 x 200 x 150 mm? in size. Grade 500 deformed steel reinforcement bars with
nominally specified diameter of 12 mm (D12) were used as longitudinal bars, whereas round
steel reinforcement bars with nominal specified diameter of 6 mm and a yield strength of 300
MPa (R6) were used as transverse reinforcement. A cement-sand mortar having a volumetric
ratio of 1:4 was used to lay hollow concrete masonry units in a staggered stack bond pattern.
In both the bed and head joints, the masonry mortar layers were preserved to a constant
thickness of 10 — 15 mm. The average concrete modulus of elasticity (Ec) was 23.8 GPa.. The
FRCM thickness was kept between 12 and 15 mm thick throughout. Figure 3.1 and Figure 3.2
(Ismail et al., 2018a) shows the overall geometry of the specimen and the adopted

reinforcement details used in the numerical model, respectively.

Test frames were given the designations BF-N, IF-N, or RFX-Y-N, where B stands for
"bare," | for "infilled," F for "frame," R for "retrofitted,” and X represents the kind of fabric
used (where B stands for basalt, C for carbon, and G for glass). Y represents the FRCM
configuration applied to the test frame as a percentage of the diagonal length (where D3 denotes
X-pattern FRCM bands with width equal to 1/3 of the diagonal length, D6 denotes cross-pattern
FRCM bands with width equal to 1/6 of the diagonal length, and FU denotes full face FRCM
application), and N denotes test number. These representations are given in detail in Table 3.1.

The experimental results are explained in the Section 3.5 along with the numerical

outcomes making it easier for the comparison among the same.
3.3. NUMERICAL ANALYSIS

Conducting an experimental testing in a laboratory is costly and time-consuming;
therefore, validation modeling was done instead. The implicit analysis approach and the
program ABAQUS/Standard were used, and the C3D8R (Continuum-3D-8 node-reduced
integration) element was chosen owing to its numerical efficiency. Many examples of the use
of the finite element (FE) approach to creating two-dimensional (2D) models that replicate
masonry reactions are stated in the literature (Chapter 2), while the use of 2D models to
simulate masonry performance is widespread (Cavaleri & Di, 2019; Doudoumis, 2007; Haach
et al., 2013) including the models which employ 2D components in 3D space. However, it is

generally acknowledged that 3D FE models provide accurate simulation (Krueger et al., 2002).
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Hence, 3D finite element model is employed in this masonry research because of the quick
advancement of computer technology, which has made them less expensive to compute. Table

3.3 shows the values adopted in the numerical study.

Figure 3.3 depicts the yield surface under plane stress and deviatoric conditions. The
yield line intercepting points at the major stress axes determine the material’s uniaxial tension
and compression strengths. The graph shows decreased tension and improved compression
capacity under biaxial stress situations, and damage criteria. An input of the fracture energy as

a material attribute can directly dictate the post-peak behavior under strain.
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uniaxial tension ~
/ -

\ /’/
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e
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Figure 3.3. Failure surface of CDP model in plane stress (Lubliner J, Oliver J, 1988)

ABAQUS plastic-damage model is contingent on models that were suggested by (Lee
& Fenves, 1998) and described in detail by (Scacco et al., 2020). The major features of the
governing equations for the concrete damaged plasticity (CDP) model are given in this section.

The CDP model's elastic-plastic response is characterized based on the effective stress

and the hardening factors.

Do™; (e-eM e {o”|F(o”, ) <0}

(o) =

&l = h (o, €”) . " (@)
pl - 96(a)

& A do’

where A and F obey the Kuhn-Tucker conditions:

ALF = 0;A>0and F<0
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The effective stress and the stiffness degradation variable, d (', pl), are used to determine

the Cauchy stress.
o = 1-do 2

Equation (1), which separates the constitutive principles for the elastic-plastic response
from the stiffness degradation response, makes the model desirable for efficient numerical
implementation. By allowing strains to exist outside the yield surface and applying a visco-
plastic regularization, the inviscid model as it has been summarized above may be simply
expanded to consider visco-plastic effects.

Assuming the ability to convert the uniaxial stress-strain curves into stress versus

plastic strain curves of the kind.

Gt

ot (e, &', 0, £), }
Oc = Gc (SCpI: SC,plo 99 fl)l

©)

Where tension and compression are denoted by the subscripts t and c, respectively;

&P and g

el = fot et’pl dt }

e = fot ec’pl dt

the equivalent plastic strain rates,

the equivalent plastic strains,

0
fi,(i=1.23...))

the temperature,

other predefined field variables.

The effective plastic strain rates under uniaxial stress conditions are given as

&P g11°P' in uniaxial tension }

e11’P in uniaxial compression

ec’” @)

Tension and compression responses of concrete under uniaxial force Figure 3.4 and 3.5.

Table 3.2. Input parameters for concrete damage plasticity

Dilatation Angle () Flow Potential Eccentricity (e) Kc: Viscosity Parameter

11° 0.1 0.67 0.00015

The viscosity parameter is often estimated to fall between 0.0001 and 0.0005.

Following various sensitivity tests, a value of 0.00015 was found to be a reasonable
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compromise for ensuring accurate findings and addressing convergence difficulties. Table 3.2
provides the numbers utilized in the analysis to determine the yield surface (Salehi & Nikghalb
Rashti, 2018):

I
=2
i

.
b

TENSILE STRESS (MPa)

COMPRESSIVE STRESS (MPa)

—

) s ™ 0 0.0005 0001 0.0015
STRAIN STRAIN

Figure 3.4. Compression stress-strain properties Figure 3.5. Tension stress-strain properties

3.3.1. Numerical Simulation Approach

This portion provides information on the implemented FE model, including model
geometry, modeling methodology, and validation results. Using this modeling method, a
parametric investigation of the behavior of RC frames with solid masonry infill walls was
carried out after the accuracy of the numerical model was confirmed. Using the well-known
FEA application ABAQUS, the masonry-infilled RC frame reinforced with FRCM was
simulated in this study. Solid components were used to mimic RC frame members and concrete
masonry units (CMU). In both the horizontal and vertical directions, the CMU dimensions were
increased by the mortar joint's half thickness, resulting in expanded brick units (refer to Figure
2.2 in Chapter 2) that connect the separate CMUs and allow them to interact with one another.
Even though it uses expanded brick units, the simplified micro-model was found to provide the
required precision, and it is regarded as a more computer-efficient modeling approach than a
full micro-modeling approach where mortar joints and brick units are simulated separately, as

mentioned in Chapter 2.

Each part of the infilled frame is carefully modeled and explored in the parts that follow.
Although ABAQUS offers general material constitutive and interfacial behaviour models for
many different structural applications, the contribution of this study lies in the selection of

appropriate models and crucial material parameters, as well as the execution of an accurate and
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successful computational simulation of masonry infills surrounded by RC frame members with

Half Brick 200
. 200

FRCM as a strengthening material.

Full Brick

Fig 3.6. Bare frame dimensions

Figure 3.8. Diagonal length (D3) dimensions  Figure 3.9. Diagonal length (D6) dimensions

Blocks, mortar, and reinforcement—all made of cementitious mortar and basalt
fibers—are all meshed individually during the completely heterogeneous 3D process. For the
mortar, bricks, and reinforcement matrix, linear 8-node brick components are utilized (Figure.
3.6 - 3.9). As stated in (Scacco et al., 2020), a comprehensive application of FRCM
reinforcement should include the complete modeling of the basalt grid, considering both its
brittle behavior and the potential for fiber slippage inside the mortar. There are computational
challenges, which necessitate model simplification. Again, in accordance with (Lee & Fenves,
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1998), the mesh of the grid is modeled with a spacing of about 50 mm, with special attention

paid to placing the truss through the respective nodes of the brick components.

Table 3.3. Materials' mechanical characteristics for the numerical simulations

Concrete Steel
Young’s Modulus 23800 MPa  Young’s Modulus 210000 MPa
Poisson's ratio 0.21 Poisson's ratio 0.33
Compression strength 25 MPa  Grade Fe 500

Infills FRCM

Young's modulus 1900 MPa  Fabric density (ys) 420
Poisson's ratio 0.15 The cross-sectional area of fibers (Af) 45.3
Dilation Angle 10 Fabric tensile rupture strength (Fr) 105
Eccentricity 0.1 Ultimate strain at rupture (&fu) >2.0
foolfco 1.16 Tensile elastic modulus (Ey) 32

_ Average compressive strength of FRCM
Stiffness 0.66 43.1

matrix (f°¢j)

Viscosity Parameter 0.015 No. of tests (C109 ASTM Standard) 15

An ABAQUS input that addresses the mesh sensitivity issue specific to a stress-strain
input, the inclusion of reliable fracture energy, characterizes the inelastic behavior in tension
under the post-peak range. The section that follows provides a sensitivity analysis of various
fracture energy values applied to the unreinforced model. Parabolic softening is approximated
by the stress-strain criterion used in ABAQUS to explain the inelastic behavior in compression.

Vertical compression and horizontal cyclic force are two separate types of loads that
have been applied to the model. A force equal to 10% of the column's nominal axial load
carrying capability, that is 60 kN axial load was applied on the head of each column to replicate
the system's dead load. The joints between the beam and column were made stiff to prevent
stress concentration. To closely resemble the experimental loading, a prescribed deformation
load was also applied for the horizontal cyclic loading above each level. Cyclic loading was
applied to the structure at the top beam-column joint level, which imparts lateral forces in the

IP direction. The FEM analysis was conducted using the ABAQUS/Explicit software, with the
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analysis type selected as dynamic explicit. The loading strategy is a displacement-control
method used consistently for all specimens. The same loading process that is used in

experimental campaign is employed for numerical analysis, as depicted in Figure 3.10.

Table 3.4. Mechanical properties of the fibers for the numerical simulations

Fabric Type  yr (9/m?) Ar (mm?/m) Fru (KN/m)  &mu (%0) Er (GPa)

Glass 420 45.3 105 >2.0 32
Carbon 170 48.0 240 2.0 252
Basalt 250 38.9 60 1.8 89

3.3.2. Interface simulation between expanded bricks

The surface-based cohesive contact model has been chosen as the interaction model
between various blocks. The specification of the tensile strength and the softening behavior
may be used to simulate the fracture between blocks. The compression between blocks is
specified by the hard contact concept. Cohesive and friction models are the two types of shear
models (Bertolesi et al., 2016).
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wall joint interfaces in tension and shear

The general linear behavior is written in the form of an elastic stiffness matrix. The
relation between the elastic stiffness matrix K, nominal traction vector t, and corresponding

separation vector d, of the joint interfaces Figure 3.11 (Abdulla et al., 2017) is expressed as in
Eq. (5).
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tst =| Ksn Kgs  Kgt (5)

{tn} Knn Kns Knt
t=
tt Ktn KtS Ktt

Under the same boundary conditions, the components of the stiffness matrix K for joint
interfaces in a simplified micromodel (interfaces between enlarged masonry units) ought to be
identical to the stiffness of the original masonry joint interfaces (brick and mortar). The
elasticity moduli of the mortar and unit, as well as the thickness of the mortar Equation’s, are
used to define the equivalent stiffness for joint interfaces. (2), and (3) (Lourengo, 1996).

kn N hm(Eu_ Em) ' s hm(Gu_ Gm) (6)

3.3.3. Plastic response of the joint interfaces

The damage initiate criterion (Eq. 7), and the damage development criterion (Eg. 8),
comprise the surfaced-based cohesive contact model.

taN? | (ts t
{cg} +{§}+{é}:1 ")
_ (A =D)Ey, B20 _ _

t, = { £, Otherwise ts=1-D)t, t.=(1-D)t; (8)

The normal and two shear tractions are represented by the symbols tn ts t. The letters n,
s, and t stand in for the pertinent separations. The superscript zero indicates peak values. Pure
normal slip or pure shear separation with zero normal separation does not produce cohesive
forces in the normal direction because the traction-separation behaviour is decoupled in this
scenario. The Macaulay bracket in Eq. (7) shows that the compressive stresses are not taken

into account for the joints' typical direction fracture behaviour.
3.3.4. Loading and Meshing

In two steps, the numerical analysis was computed. The initial phase was applying the
first vertical axial load. In the second stage, the horizontal IP cyclic load was slowly delivered
while displacement was being controlled, keeping the imposed vertical compression stress
constant. To preserve the identical boundary conditions as in the experiment, the vertical and
OORP horizontal displacements and rotations around all axes were limited to the top of the wall.
A mesh sensitivity analysis has been used to determine the size of the mesh. A three-
dimensional element having dimensions of 50 x 50 x 50 mm has been used to simulate the RC
frame, which comprises one beam and two columns. A whole brick unit (400 mm length, 200
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mm height, and 150 mm thick) has been designed for research with 7 x 2 x 3 elements as
opposed to the half brick unit width scenario, where each unit had a model with 3 x 2 x 3
sections. The mesh size utilized in ABAQUS for the RC frame, half brick unit width, entire
masonry unit, and FRCM are shown in Figures 3.12 to 3.14.

(@)

Tet Mesh

(b)

Fig 3.12. Meshing of the bare Fig 3.13. Meshing of

Figure 3.14. Meshing of fiber
frame (@) half brick and (b) full brick

Depending on the method used to conduct the numerical analysis, the actions (load or
displacement) given to the model are either based on load control or displacement control. In
all scenarios, the acts must be performed progressively. The effects of large displacement non-
linear geometry were taken into account in all models. A broad non-linear static methodology
was then used to solve the Newton-Raphson method's solution, which iteratively solves
equilibrium in each increment. For the surface-based cohesive behaviour model to accurately
predict the breakdown of masonry joints without experiencing numerical convergence issues,
viscous regularization is necessary as a damage stabilizer. This is because masonry joints'
softening and stiffness deterioration also induce numerical instability.

3.4. RESULTS AND DISCUSSION

In this section, the findings of the numerical analysis from the current investigation
(Figure. 3.15b — 3.22b) before comparing them to the findings of the experimental (Figure.
3.15a — 3.22a) nonlinear structural cyclic analysis is quickly explained. In BF-1, a vertical
bending crack was started from the tensile side of the beam close to the joint region, which is

the potential hinge’s location, although no fractures could be seen in the columns. In infill wall
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IF-2, the upper part of the masonry wall system showed signs of stress creation; fractures had
developed in the mortar joints of the wall. The columns showed no signs of breakdown or the
formation of any plastic hinges, as could be seen in the bare frame. The loading joint underwent
some stresses; however, the FRCM did not exhibit any delamination failure in the RFG-D3-3
model. In contrast, RFG-D6-4's left half-top region underwent a tremendous number of loads
and deformations. Regarding RFC-D3-5, RFB-D3-7, and RFB-D6-8, both the left and right
bottom corners of the masonry and frame underwent minor cracks. In the case of RFC-D6-6,
cracks appeared on the left side of FRCM as well as in the bed joints. The hysteresis curves of
the experiments are shown in Figure. 3.23a to 3.30a, and those obtained in the numerical
analysis are presented in Figure. 3.23b to 3.30b. It can be seen that identical hysteresis graphs
are created from the ABAQUS model simulations in agreement with the experimental data.
One can see that the hysteresis curve for the BF-1 specifically matches the outcomes of the

numerical analysis hysteresis curves.

The hysteresis graph of the IF-2, as illustrated in Figure 3.24b, exhibits the pinching
effect. The experimental findings and the numerical analysis hysteresis curve correspond well.
As indicated in Table 3.5, the maximum deformation values and the maximum load-bearing
capacity are practically identical. The initial fracture in specimens RFB-D3-7 and RFC-D3-5
first manifested itself at a lateral drift of 0.5% (see Figure. 3.29a and 3.27a) at the left and the
right base masonry and frame interfaces. Neither the face of the FRCM nor the wall had any

visible fissures.

Cracks occurred in both the
corners of the beam-column
joints.

Figure 3.15a. Experimental BF-1 results Figure 3.15b. Numerical BF-1 results
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Figure 3.16b. Numerical 1F-2 results
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Figure 3.17b. Numerical RFG-D3-3 results
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Figure 3.18a. Experimental RFG-D6-4 results

Figure 3.18b. Numerical RFG-D6-4 results
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Cracks occurred in both left
and right bottom interfaces
of masonry and frame.

1N
| bsw N 0% |

Figure 3.19a. Experimental RFC-D3-5 results Figure 3.19b. Numerical RFC-D3-5 results
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Figure 3.20a. Experimental RFC-D6-6 results Figure 3.20b. Numerical RFC-D6-6 results
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Figure 3.21a. Experimental RFB-D3-7 results Figure 3.21b. Numerical RFB-D3-7 results
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Cracks occurred in both left

and right bottom interfaces
of masonry and frame.

oo~ T T T ogd

Figure 3.22a. Experimental RFB-D6-8 results Figure 3.22b. Numerical RFB-D6-8 results

The first fracture in specimen RFC-D6-6 started to appear with a lateral drift of 0.3%
on the left-hand side of FRCM. At a horizontal drift of 0.6%, a crack developed at the base of
the masonry and the frame connection. More fractures developed at the FRCM and in the bed
joints during the same drift (see Figure 3.26b). In the upper right section of the column, close
to the presumed hinge point, shear cracking was also visible. Gravity force was applied to this
frame before testing, and as a result, numerous pre-existing cracks worsened throughout the
test. At a lateral drift of 0.6%, the specimen RFB-D6-8's left, and right bottom masonry and
frame interfaces saw the emergence of the first fracture. The FRCM also experienced a few
mild diagonal fractures at the same time (see Figure 3.30b). The figures of the load-bearing
capacity determined from numerical analysis, apart from the bare frame, are marginally greater
than the outcomes of the experiments. The numerical and analytical values, however, are
invariably greater than the values found in the experimental findings when it comes to the
values of the largest lateral displacement. In general, ABAQUS overestimates the ultimate
lateral displacement and the maximum load-bearing capacity of the specimens by a maximum
of 5% when compared to the experimental data. Infilled frames, on the other hand, show an
inaccuracy of about 18.5%. This may be because the ABAQUS validation of the infill wall
behavior used idealized assumptions, such as the smoothness of the brick surface, the lack of

material flaws, and the total absence of mortar.

Once, the numerical outcomes were matched with the experimental results, analytical
equations were proposed for the same specimens to determine the load-carrying capacity
considering the geometry of the specimen, properties of the materials used such as bricks,

concrete, strengthening material FRCM elaborated in the following section.
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Figure 3.26b. Numerical RFG-D6-4 hysteresis curve

Lateral drift %

22 .15 -07 00 07 1.5 22 )

300 — — 551 2

Z 200 L 367 fr
< 100 184 S
3 s
£ 0 0 £
S -100 - o184 2
3 =
= -200 - 367 =
— Z
=300 551 3
40 30 20 -10 0 10 20 30 40 :5

Lateral displacement (mm)

300

200

Lateral Force (KN)
v

= =
=l = =

o
=
=

—RFC-D3-5 (Numerical)

=300

-40 -30 20 -10 0 10 20 30 40
Lateral Displacement (mm)

Figure 3.27a. Experi. RFC-D3-5 hysteresis curve

Figure 3.27b. Numerical RFC-D3-5 hysteresis curve
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3.5. EXPRESSION TO DETERMINE THE LOAD CARRYING CAPACITY

Figure 3.30b. Numerical RFB-D6-8 hysteresis curve

To develop empirical equations for estimating the load-carrying capacities of the

investigated test specimens, a systematic methodology involving experimental data and

numerical simulations is typically adopted. A detailed breakdown of the methodology based

on the study is as follows

A. Experimental Data Collection

Test specimens’ preparation - Construct two 2/5th scaled, single-bay single-story MIW

with RC frame test specimens. One specimen serves as an unreinforced specimen (URS), and

the other as a double reinforced specimen (DRS) retrofitted with AR-resistant glass fiber TRM.




Material properties - Document properties of materials used (e.g., burnt clay red
bricks, cement-sand mortar, concrete, steel reinforcement) to ensure accurate replication in
numerical models.

Quasi-static reversed cyclic lateral loading - Apply this loading to the specimens and
record the lateral load versus displacement data. Note differences in damage patterns, lateral
strength, stiffness, and deflection between URS and DRS.

B. Numerical Simulation

Model development in ABAQUS - Use the finite element software ABAQUS to create
a detailed numerical model of the RC frame with MIW.

Concrete damage plasticity (CDP) model - Employ this model to simulate the non-
linear behavior of masonry blocks and concrete under cyclic loading.

Simplified Micro-model approach - This approach allows for the modeling of the
interaction between the RC frame and infill wall, including TRM strengthening.

Model calibration and validation - Calibrate the numerical model using experimental
results to ensure accuracy. Validate by comparing numerical results with experimental data,
focusing on load-displacement hysteresis loops and excursion curves.

C. Parametric Study

Varying the parameters: Conducting a parametric study to explore the effects of:

e Type of TRM strengthening material.

e Pattern of TRM layers.

e Bonding scenarios between the RC frame and infill.

Simulate scenarios - Use the validated numerical model to simulate various scenarios,
recording changes in lateral load-carrying capacity and displacement.

D. Development of Empirical Equations

Data analysis - Analyzing the experimental and numerical results to identify key trends
and relationships. Focus on how variables such as TRM reinforcement, wall openings (if
present), and material properties influence load-carrying capacity.

Regression analysis - Performing statistical regression analysis on the collected data to
derive empirical relationships. Typically, the following steps are involved:

e Identify influencing factors - Determining the most significant factors affecting

load-carrying capacity (e.g., TRM layers, wall openings).

e Formulate equation structure - Choosing an appropriate form for the empirical

equation (e.g., linear, polynomial).
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e Fitthe model - Using regression techniques to fit the model to the experimental and
numerical data, minimizing error terms.

e Validate the equation - Comparing the predictions of the empirical equation against
independent data sets or additional experimental results to ensure reliability and
accuracy.

E. Equation Formulation
Empirical formulation - Based on the regression analysis, formulating the empirical
equations that can estimate the load-carrying capacities of MIW in RC frames. These equations
typically take the form:
P=1f(Xy, Xz, ..., Xn)
P=1f(Xy, Xz, ..., Xn)

where P is the load-carrying capacity and Xz1,Xz,...,Xn are the influencing factors (e.g.,
number of TRM layers, presence of openings, material properties).
F. Verification and Adjustment

Model refinement - Adjust the empirical equations as necessary based on further testing
and feedback. Ensure that they account for all significant factors and interactions observed in
the study.

Practical applicability - Ensure that the equations are practical and easy to use for
engineers in the field. Simplify terms and coefficients for straightforward application in design
and assessment.

The proposed empirical equations to determine the load-bearing capacity of the eight
2:3 scaled one-bay one-story reinforced concrete masonry (RCM) buildings including a bare
frame (BF), an RCFMI (IF), and six RCFM s that had been retrofitted with FRCM constructed

using three different fiber materials: carbon, aramid glass, and basalt.

The following expression represents the bare frame (BF-1) load-bearing capacity:

(As — Aw) X tyw X A X feg concrete (9)
7T X (Econc— Ebrick) X34

The following expression represents the infill frame (IF-2) load-bearing capacity:

Ag Xty X A X feg prick (10)
7 X (Econc— Ebrick) X34

The following expression represents the RFG-D3-3's load-bearing capacity:

1 XASXtWXAXfckbrickXAf X (D3) (11)

2m (Econc— Ebrick) X Ef X 3.4
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The following expression represents the RFG-D6-4's load-bearing capacity:

1 AthWXAXfckbrickXAf

L x X (D6 X £5,) (12)

2w (Econc— Ebrick) X Ef X 3.4

The following expression represents the RFC-D3-5's load-bearing capacity:

1 XAthWXAXfckbrickXAf X(D3 X13) (13)

2 (Econc— Ebrick) X Ef X 3.4

The following expression represents the RFC-D6-6's load-bearing capacity:

ERNY As X tw X AX feg prick X Af x (D6 x 13 x gfu) (14)

21 (ECOTlC_ Ebrick) X Ef X 3.4

The following expression represents the RFB-D3-7's load-bearing capacity:

1 ><As><tw><A><fckbrickXAf X(D3 X7) (15)

21 (ECOTlC_ Ebrick) X Ef X 3.4

The following expression represents the RFB-D6-8's load-bearing capacity:

S w f T
L s X bw X B X lekbrick X A7 (g X 7 X &) (16)

27T (ECOTI.C_ Ebrick) X Ef X 3.4

Where, A, = Area of the total specimen including (area of RC frame and area of infill
wall); t,, = thickness of infill wall; A = maximum drift (%); E.,,. = concrete elastic modulus;
Eprick = infills elastic modulus; fek brick = infills compressive strength; A; = cross-sectional area
of fibers; Ej = tensile elastic modulus of the fibers; D3 = FRCM bands with a cross-pattern
design that is 1/3 the width of the diagonal length; D6 = FRCM bands with a cross-pattern
design that is 1/6 the width of the diagonal length; &, = ultimate strain at rupture. Values are

given in Tables 3.3 and 3.4.

The constants used in the empirical equations are the co-relation factors to adjust the
units or dimensions of variables in the equation which are determined using linear regression
analysis. These factors ensure that the equation is consistent and provides results in the desired
units, which depends on the data provided by the manufacturer such as cross-sectional area
(4f), tensile elastic modulus of the fibers (Ef), and fabric tensile rupture strength (Fr). For
each test, backbone/envelope curves were plotted by interconnecting the highest excursion
points of each cycle (Figure 3.31) which are useful in understanding the behaviour of a test
specimen. It is easier to note the load carried by a specimen at a particular displacement to
observe its each step behaviour under lateral loads. According to the hysteresis graphs acquired

from the linear regression analysis conducted, the average value of the coefficient of
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determination (R?) is determined to be 0.894, which evaluates how well the numerical model

predicts the results.

Table 3.5. Experimental, numerical, and analytical results of all the specimens

Results Maximum Lateral Load (kN) Max. Lateral Displacement (mm) Maximum Drift (%)
Experiment Numerical Equation Experiment Numerical Experiment  Numerical
BF-1 58 54 54.131 40 45 25 2.65
IF-2 168 186 162.475 38 39 2 2.13
RFG-D3-3 206 213 208.36 23 25 1.25 1.36
RFG-D6-4 221 227 219.72 17 18 0.8 0.98
RFC-D3-5 236 244 236.46 15 17 0.8 0.93
RFC-D6-6 231 237 232.29 16 18 0.8 0.98
RFB-D3-7 290 295 295.96 12 16 0.8 0.87
RFB-D6-8 335 336 339.19 20 21 0.8 0.89
350 N.Ismail et.al. 'BF-1'
ABAQUS 'BF-1'
250 N.Ismail et.al. 'IF-2’
ABAQUS "IF-2'
150 ~N.Ismail et.al. 'RFG-D3-3'
z ABAQUS 'RFG-D3-3'
% 50 ~N.Ismail et.al. '"RFG-D6-4'
s ~ABAQUS 'RFG-D6-4'
= ~N.Ismail et.al. 'RFC-D3-5'
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-250 ABAQUS 'RFB-D3-7'
N.Ismail et. al. 'RFB-D6-8'
-350 ABAQUS 'RFB-D6-8'
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Figure 3.31. Maximum excursion curves for both experimental and numerical analyses

The variation in the values among the experimental values and the simulation values
occurs because of the non-consideration of the practical imperfections of the construction
materials in real situations. For instance, in the case of experimental testing, a few factors have
to be considered such as the transportation of the materials, different workers involved,
atmospheric conditions, material quality, construction quality, construction procedure, etc.

because of which some imperfections in the material or the construction arises. These
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imperfections are not involved in the numerical analyses where for example, the surfaces and

the edges of the bricks are perfectly straight without the imperfections as mentioned earlier.
3.6. Summary

In this Chapter, the finite element technique proposed in Section 3.2 was validated
against experimental observation from a major research program. Eight masonry infilled RC
frames were considered in the validation. The experimental data included infilled frames of 2/3
scale and covered cases of infill walls constructed using concrete masonry units (CMU)
strengthened with FRCM or TRM.

It was demonstrated that the developed finite element (FE) technique is capable of
capturing the entire lateral load-lateral displacement history of masonry infilled RC frames up
to failure with acceptable accuracy. In addition, the technique is capable of accurately
predicting the failure mechanisms of the infill wall: sliding shear, failure patterns, and minor
cracks on FRCM. Although ABAQUS offers general material constitutive and interfacial
behaviour models for many different structural applications, the contribution of this study lies
in identifying and the selection of appropriate models and crucial material parameters, as well
as the execution of an accurate and successful computational interaction properties of masonry
infills surrounded by RC frame members with FRCM as a strengthening material. Therefore,
the identified and the evaluated factors that have been discussed in this Chapter (Section 3.3

and Section 3.5) are considered for the studies conducted in the following Chapters.

Based on the observations and the learnings from this Chapter, an experimental
investigation is carried out (explained in Chapter 4) in which a 2/5™ scale non-ductile RC
frames with MIW without opening subjected to in-plane load. Various parameters considered
for the purpose were different types of masonry unit (for example, material properties and
compressive strength), different grades of concrete and steel. Because of space constraints and
the limited capacity of the servo-hydraulic actuator (200 kN) available in the laboratory, the
scale of the test specimen, compressive strength of the brick units, and grade of the concrete
used were all reduced. These experiments were carried out at Pilani, a town in Rajasthan, India,
a Moderate Risk Zone, using locally produced and accessible bricks with a compressive
strength of 10.92 MPa. (Intensity VII) (Zone, 2023). Hence, consideration is required to

safeguard these structures, as most of them are built using masonry units.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION OF NON-DUCTILE
REINFORCED CONCRETE (RC) FRAMES WITH MASONRY INFILL
WALL (MIW) WITHOUT OPENING

4.1. OUTLINE

This chapter illustrates the experimental study in which a 2/5" scale non-ductile
reinforced concrete (RC) frames with masonry infill wall (MIW) without opening was
subjected to quasi-static cyclic lateral loading that was controlled by sinusoidal displacement.
The specimen was rigidly anchored to the ground at the foundation level and was provided
customized out-of-plane resistance. The wall panel configurations are described in greater

detail in the following sections. Parameters considered for the test included:

(i) the thickness of the infill wall
(if) the RC frame without ductile detailing
(iii) the class of the brick

(iv) the infill wall without opening
4.1.1. Objectives

The main objectives of this Chapter are

a. Torecord the load-displacement (P-A) behaviour of the walls
b. To study the wall cracking patterns, measure their deformation profiles, and assess the

accuracy of idealized failure mechanisms.

The outline of this chapter is as follows: Section 4.2 details about test program and
methodology. Section 4.3 elaborates the test setup and instrumentation. Section 4.4 discusses
the experimental results along with the failure modes of the specimen. Section 4.5 provides the
validation study of the experimental investigation discussed in Section 4.4. Section 4.6
discusses the results and discussion. Section 4.7 summarizes the key observations and lessons

derived from the experimental program.
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The thesis concludes with appendices that give further support for the experimental
investigation. The loading frame design specifications for mounting the actuator in the

laboratory to conduct the experimental test are described in Appendix.
4.2. TEST PROGRAM AND METHODOLOGY
4.2.1. Configuration of the Non-Ductile RC Frame

Without considering the seismic detaining of the buildings, separate, one-story wall-
type masonry specimens having 1:2.5 scale (aspect ratio defined as the ratio of the wall length
up on the wall height that is 1.56) is created to replicate the features seen in the walls of the
ground floors of typical two-story Indian homes now in existence to examine its seismic
performance. In both the bed and head joints, mortar layer was maintained at a standard
thickness of 12 mm using 1:3 mortar (Portland cement and sand). Figures 4.1 and 4.2 display
the reinforcement details and construction of the test specimen, respectively. This aspect ratio
(lesser than the dimensions of the specimen tested by (N. Ismail et al., 2018a) in Chapter 3) of
the specimen is selected by considering the capacity of the actuator and the space available in

the laboratory.

To guarantee uniformity, inspection procedures were followed while the mortar was
being mixed. This involved batching the components in drums and making sure that all of the
sand was completely air-dried before blending. Based on the expertise of the construction
labourers, water was added to the cement and sand mixture within the mortar mixer to achieve
the required workability. The dimensions of the beam cross-section (Figure 4.3(a)) are 240 mm
x 185 mm, the cross-section of the column (Figure 4.3(b)) is 210 mm x 185 mm, and the
foundation beam cross-section (Figure 4.3(c)) are 400 mm x 275 mm. The height of the column
is 1200 mm. Two-legged stirrups with 8 mm diameter bars spaced at 120 mm center-to-center
distance are linked to four bars with a 12 mm diameter reinforcement and a 10 mm clear cover
on either side of the column. To meet the requirements for development length, the column's
inner face reinforcement and peripheral face reinforcement are each inserted into the
foundation to a depth of 500 mm and 165 mm on the inner and outer sides, respectively. The
foundation plinth beam has two bars of 12 mm diameter in the compression zone and three bars
of 16 mm diameter in the tension zone, with a 20 mm clear cover on both sides. To avoid
damage, the foundation beam was purposely over-reinforced. Stirrups with a diameter of 10

mm and center-to-center spacings of 170 mm throughout the span were tied around the bars.
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Figure 4.1. Test frame details (all dimensions in mm)
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Figure 4.3(a) Beam c.s.a Figure 4.3(b) Column c.s.a Figure 4.3(c) Foundation c.s.a

The concrete cover is 20 mm thick in the foundation beam and has a 10 mm thickness
in the beam and columns. The foundation's rings and the hoops in the beam and column are
separated by 170 mm and 120 mm, respectively. Burnt red clay bricks make up the infill wall;
the major bricks are 200 mm by 110 mm by 80 mm. The concrete and masonry's material
qualities were tested initially as a part of the experiments. The compressive strength of concrete
is tested using three 150 mm cubes and three cylinders tested split-tensile procedure. The grade

of concrete used was M20 whereas the cement grade was ordinary Portland cement (OPC 43).
4.2.2. Configuration of the Infill Wall

All brickwork used in this study, including the masonry panels and the small-scale
material test specimens, were constructed by qualified bricklayers to ensure the best possible
quality control. The burnt clay red masonry units were 228 x 114 x 80 mm? (L x B x H) in
dimension and had a nominal specified compressive strength of 10.92 MPa. Figure 4.5 depicts
the dimensions of the specimen (total span of 2.26 mm and total height of 1.44 mm) that offers
an aspect ratio of 1.56. The aspect ratio is the ratio of the length of the wall to the height of the
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wall. The surrounding frame consists of a beam and two columns on the sides. The area
between the columns was filled with a brick masonry wall that had a thickness of 114 mm. The
entire wall was built of stretcher-bond, half-overlapped brickwork, which is generally adopted
in Pilani, a town in Rajasthan, India. The half brick, also known as the half-bat, was made by

cutting one end precisely above the middle of the full-length brick.

71 mm gap
between the wall’s
face and the
column’s surface
on the backside.

Figure 4.4(a) Front face (F.F.) of the specimen Figure 4.4(b) Back face (B.F.) of the specimen
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Figure 4.5. Dimension details of the specimen Figure 4.6. Construction of the test specimen

To create a firm connection between the concrete and bricks, the inside of both of the
surrounding frame's columns were pierced and made rough throughout their height using a
trowel.
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Figure 4.7. Graphical representation of the test setup

Figure 4.8. Test setup in the laboratory
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As seen in Figure 4.4(a), the brick wall was positioned so that, on one side (front face
(F.F.)), its face aligns with the column’s surface and, on the other side (back face (B.F.), there
isa 71 mm gap. Finally, the specimen was wet cured for 21 days with wet burlap fabric, and
then exposed to ambient conditions for a further seven days while the curing process continued.

4.3. TEST SETUP AND INSTRUMENTATION

According to Figure 4.7, the experiment setup comprises a reaction frame, displacement
restrainers, two vertical jacks, a force transmission mechanism, and a horizontal servo-
hydraulic actuator. Two vertical jacks are used to apply a steady axial load of 100 kN (50 kN
each) to the frame columns. A low-friction plate system was used in the vertical jack's top
portion to enable the jacks to retain the same horizontal displacement as the specimen while

being loaded.
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Figure 4.9. Instrumentation details Figure 4.10. Applied loading protocol

On top of the specimen, a force transmission device (load cell) is installed. The
horizontal hydraulic servo actuator is coupled to the force transmission device to apply the
cyclic displacement load. A preload precedes the test. The frame columns are first subjected to
a continuous vertical force and then subjected to a cyclic horizontal displacement with an
amplitude of 0.5 mm to determine whether the loading devices are correctly attached, and the
acquisition tools are operating as intended. One of the primary techniques used in cyclic
loading testing is displacement loading that is used in this investigation. It is often used to
examine the seismic performance of various building elements, including infilled frames, shear
walls, beams, and columns. The test measures the horizontal displacement of the specimen and
the strain on the steel bars. Figure 4.9 shows where the linear variable differential transformer
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(LVDT) and strain gauges are situated to measure the displacements and the strains occurring
during the test. The two displacement gauges at the top and bottom measure the specimen’s
horizontal displacement and remove any potential vertical or horizontal displacement of the
ground beam during the loading process. The longitudinal bars and hoops at the ends of the
beams and columns are where the strain gauges are positioned. In Figure 4.10, the loading
protocol according to (ATC 24, 1992) is displayed.

4.4. EXPERIMENTAL RESULTS

The observed force-drift hysteretic data for both tests in Figs. 4.11 (a-b) show that the
specimen reacted elastically before breaking when the horizontal loading magnitude was less
than 50% of the ultimate load. The hysteretic loops of the specimen were slim and contained
diminutive loops. Figure 4.11(b) displays the failure condition of the specimen at the end of
testing. There is a very little amount of failure observed in the infill wall compared to the
surrounding RC frame. This type of failure is categorized as a frame failure which implies the
structural element RC frame is stronger than the non-structural component i.e. infill wall which
should not be the actual failure condition. This is because the structural elements are designed
to carry the loads whereas the non-structural elements are the ones which can carry only the

gravity loads (as discussed in Chapter 1).
4.4.1. Failure Mode

Failure occurred along the wall/frame horizontal interfaces between beam and infill
with shearing of the respective steel reinforcement at the loaded beam-column joint for the
specimen. When failure occurred along the bottom horizontal interface, failure was also
observed at the base of the columns and the adjacent corner of the wall with concrete pullout
in the region. Diagonal tension cracks formed at the loaded joints in the specimen, which was
first observed at a load 60 kN, whereas further diagonal cracking led to sudden crushing of the
joint. Local failure of the columns finally occurred. Some cracking in the infill was observed
at the bottom corner joint. The presence of axial compressive force in the columns of the frame
would have eliminated the horizontal cracks in the column and might have also delayed the
failure at the joints.

Hence, in the following experiments, the reinforcement configuration is modified by
implementing the ductile detailing and designing according to IS 13920:2016. Additionally,

the thickness of the infill wall is reduced by changing the orientation of the bricks during the
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construction itself. It is done by considering the smallest dimension of the brick is selected as
the total thickness of the masonry wall unlike in the present specimen in which the smallest
dimension of the brick was the height of one bricklayer. Furthermore, the compressive strength
of the bricks is reduced by selecting the second-class bricks according to the (IS 1077 : 1992 (
Reaffirmed 2002), 2007).

Figure 4.11(a) Diagonal tension cracks at the joint Figure 4.11(b) Failure at the end of the test

4.5. NUMERICAL WORK

This analysis chooses the same model for the numerical validation research described
in the earlier parts concerning the experimental campaign. The validation study is necessary to
shorten the experiment's duration, to save money and labour. The 28-day cure period can
potentially be eliminated. If the laboratory test is successfully validated, the software's settings
may be changed to provide a variety of outcomes by conveniently disregarding the components

listed above that are involved in the experimental testing.
4.5.1. Numerical Simulation Approach

Details on the constructed finite element model (FEM), including the model geometry,
modelling approach, and validation results, are presented in this part. In this work, the RC
frame with brick infills was modelled using the well-known FEM programme ABAQUS.
Masonry units and RC frame members were simulated using solid components. Expanded brick
units (EBUs) are that have had their dimensions increased by the mortar joint's half thickness
in horizontal and vertical directions to connect the separate bricks and allow them to interact

with one another. The simplified micro-model, albeit employing larger brick units, offered the
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necessary precision and is regarded as a more computing-efficient modelling technique than a
detailed micro-modelling approach where mortar joints and the brick units are modelled
independently. In the following sections, modeling of each component of the infilled frame is
thoroughly discussed. Although ABAQUS provides general material constitutive and
interfacial behaviour models for many different structural applications (Documentation, 2010),
it should be noted that this study's contribution lies in the selection of appropriate models and
critical material parameters, as well as the execution of a precise and successful computational

simulation of masonry infills surrounded by RC frame members.
4.5.2. Numerical Simulation

Bricks and concrete were modelled using an 8-noded three-dimensional element with
reduced integration (C3D8R). The bending impact of the rebars was not considered in this
modelling; hence, the stirrups were modelled as rectangular structures without bending
performance. The reinforcement was modelled using B31, a 3-dimensional beam with a linear
(first-degree) function. The concrete served as the master surface, while the brick served as the
slave surface, with the relationship between them being characterized by a tie constraint. It is
important to remember that the bricks were created as a simplified micro model, necessitating
separate construction of each. Concrete and rebar interaction was simulated using the

embedded area.

Table 4.1. Mechanical properties of all elements

Concrete Steel

Young’s Modulus 25000 MPa  Young’s Modulus 210000 MPa

Poisson's ratio 0.17 Poisson's ratio 0.33

Compression strength 20 MPa Grade Fe 500

Infills Concrete Damage Plasticity (CDP) Properties

Young's modulus 12500 MPa  Dilation Angle 10

Poisson's ratio 0.15 Eccentricity 0.1
foo/feo 1.16
Stiffness 0.66
Viscosity Parameter 0.015
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In addition, to replicate the strong foundation RC-beam plate used at the bottom of the
frame in the experiment, all the nodes at the bases of both columns were restricted using
coupling constraints to prevent translation and represented as a fixed connection. The vertical
load was applied in the first step and the horizontal cyclic load was applied as the displacement
controlled in the second step. To simulate the system's dead load, a force equal to 50 KN axial
load was applied to the top of each column which adds up to 100 kN overall. The joints between
the beam and column were made stiff to avoid stress concentration. To mimic the experimental
loading as closely as possible, the horizontal cyclic loading at each level likewise received the
required deformation load. The top beam-column joint level structure is subjected to cyclic
loading using lateral forces in the in-plane direction. The loading approach is a displacement-

control technique used uniformly on each specimen.

The horizontal in-plane cyclic load was incrementally applied under displacement
control in the second step. At the same time, the imposed vertical compression stress was
maintained constant, and the vertical and out-of-plane horizontal displacements and rotations
about all axes were restrained at the top of the wall to maintain the same boundary conditions
as in the experiment. It was assumed in the model that after the mortar joints crack, coulomb
friction defined through a friction coefficient of 0.4 controls the interaction between the bricks
itself and the brick infill and RC frame.

Figure 4.12. Dimensions of RC Figure 4.13. Assembly of the Figure 4.14. Meshing of full
frame model full model model
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The accuracy of this interaction is affected by the mesh density, which in turn affects
the capture of penetration or slippage between the surfaces required for interaction to take
place. The discrepancy can be reduced by using a finer mesh and assuming a much higher
contact stiffness or a smaller penetration tolerance value but all at the expense of a significant
increase in computing time. Note that the ultimate capacity compares well with the
experimental results, and it is deemed that the assumptions used in this study achieved a balance

of reasonable accuracy and computing efficiency.
4.6. RESULTS AND DISCUSSION

Results of the experimental campaign on masonry-infilled RC frames are presented
towards developing a new retrofitting strategy for newly constructed RC buildings. A reduced
scale model of a single bay, single-story RC frame was constructed and tested after being
infilled with masonry units. The structure responded to imposed drift demands of up to 0.7%
satisfactorily, developing rapidly increasing cracking in the beam-column joints and, most
importantly, exhibiting beam-column joint failure and it being separated due to weak bond
between the infill wall and the frame and displaying significant amount of deflection at the top
end. The phenomenon developed only along one of the frame's right side, causing the non-
symmetry observed in the base shear-inter storey drift loops. Shear cracking at the column-

beam zone and toe-crushing failure along the other corner of the infill wall was inferior.

Figure 4.15. Failure of specimen - Experimental ~ Figure 4.16. Failure of specimen - Numerical

First, the FE predicted damage during the in-plane loading stage is compared with the
experimental results as shown in Figure 4.11. It can be seen that the FE model accurately
predicted the in-plane cracking pattern of the MIW. Figure 4.15 depicts the specimen’'s damage
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conditions upon failure. Plastic hinges formed at the beam's ends and the column's bottom, and
the buckling of longitudinal steel bars at the bottom caused the specimen to collapse. At the
ultimate limit condition, the specimens with infill walls also sustained significant damage.
Further, it displays close-up images of the plastic hinges on the beam and column. he damages
behaviour and failure pattern for the infill wall were comparable. The topmost corner mortar
joint near the tie columns was first where horizontal fractures were noticed during the early
loading phase. Concrete that had been crushed and spalled was observed at the column'’s bottom
opposite corner. The infill wall is preserved except for the minor horizontal cracks in the
highest mortar joint. The loaded beam-column joint was where the longitudinal reinforcement
started the failure mode. The column's longitudinal support at that point started to fail and

damaged severely.

4.6.1. Strength and Displacement Ductility Ratio
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Figure 4.17. Hysteresis curve - Experimental Figure 4.18. Hysteresis curve - Numerical

Figures 4.17 and 4.18 show the specimens' lateral load-displacement hysteretic curves
of both the experiment and the validation model, respectively. The initial cracks were noticed
during the first cycle in the positive direction of loading, at a top displacement of around 6 mm;
only the infill experienced the bottom toe crushing cracks. The loaded beam-column joint had
joint failure mode during the pushing direction, with the concrete failure and the reinforcement
deformation. The second cycle of stress caused already cracked portions to widen and spread
throughout the infill's body, significantly reducing the frame's total lateral rigidity. As the load

increased, the frame separated from the wall and deflected, having a significant space between
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the two elements. In addition, throughout that cycle, the little shear cracks that had begun at

the tops of both columns became wider, notably at the top of the column on the right.

The specimen's post-peak behaviour was asymmetrical. In contrast to negative loading,
the descending branch of the hypothetical curve is substantially softer when positive loading is
present. According to the post-peak behaviour for the positive direction of loading, the beam
column joint gradually failed at the corners due to excessive compressive stresses. The post-
peak behaviour, however, for the opposite direction of loading, illustrates the shear failure at
the top of the right column at a drift ratio as low as 0.7%. The test was purposefully stopped
after the fifth cycle.

Regarding the numerical analysis conducted, the infill wall, the top portion of the
masonry system displayed some stress formation, and minor cracks have formed in the wall's
bottom corner near the frame, as shown in Figure 4.11. Figure 4.18 shows the corresponding
numerical hysteresis curve obtained in the ABAQUS for infill wall. The load recorded on the
compression (push) direction is comparatively more than the tension (pull) direction. This is
because the specimen deflected more in the push direction whereas in the pull direction, both
the deflection and the load are lesser. The maximum load-carrying capacity and the maximum

deformation values are almost congruent.
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Figure 4.19. Envelope curve

However, regarding the importance of the maximum lateral displacement, the
numerical analysis values are always more significant than those obtained in the experimental

results. Figure 4.19 shows the maximum envelope curves of both experimental and numerical
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results. Compared to the experimental results, Abaqus generally over-predicts the specimens'
maximum lateral displacement and loading bearing capacity by a full range of 5%. Overall,
Abaqus simulated results are in good comparison with experimental ones. For both loading
directions, the maximum force and corresponding displacements are shown in Table 4.2.

Table 4.2. Experimental and numerical results

Results u (mm) P (kN)
A
Push Pull Push Pull Mode of Failure
(%)
Specimen (+ve) (-ve) (+ve) (-ve)
Experimental Frame-infill separation,
' 2.23 29.49 -24.45 126.86 -72.85 o .
Analysis joint cracking
Numerical Frame-infill separation,
' 2.24 29.53 -28.53  130.27 -78.38 o .
Analysis joint cracking

Where P = maximum lateral load, u = maximum lateral displacement, A = maximum drift (%)
4.7. SUMMARY

The obtained results have prompted us to divide the experimental work into two
chapters, as the observed failure pattern of the specimen should not be the governing mode of
failure. The two prerequisites for converting masonry infills to a load bearing (structural)
element are: (i) enhancing the strength and deformation capacity of the masonry infill walls
themselves, and (ii) eliminating any adverse local effects in the frame members that might
cause their premature failure. Textile reinforced mortar (TRM), which increases the panel's
shear strength and deformation capacity, is better to achieve the first goal. RC frames must be
strengthened against shear failure brought on by insufficient transverse reinforcement to
prevent early loss of the RC frame components (the strategy's second criterion). Moreover, as
the degree of "monolithic™ of the infill-frame interface influences the objective of changing the
role of the infilling towards that of an essential structural element, extra attention is required to
the methods of attaining such connection. Therefore, the bonding between the masonry wall
and the surrounding RC frame should be resilient. The presence of an opening in an infill wall
modifies the behaviour of the whole structure under lateral loads that should be given

importance.
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Based on the observations from this Chapter, improvisations were made to the specimen
in the following Chapter (Chapter 5) considering the ductile reinforcement of the RC frame,
reduction of the compressive strength of the brick, thickness of the infill wall is decreased for
the overall behaviour of the masonry structure under lateral loading conditions. Regarding the
strengthening of the infills in the focus of the following experimental campaign, the correct

installation of the TRM and distinctive anchoring features are also taken into consideration.
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CHAPTER 5

EXPERIMENTAL INVESTIGATION OF DUCTILE REINFORCED
CONCRETE (RC) FRAMES WITH MASONRY INFILL WALL (MIW)
WITH OPENING

5.1. INTRODUCTION

This chapter illustrates the experimental study in which a set of two 2/5" scale ductile
reinforced concrete (RC) frames with masonry infill wall (MIW) with opening were subjected
to quasi-static reversed cyclic lateral loading that was controlled by sinusoidal displacement.
The specimen was rigidly anchored to the ground at the foundation level and was provided
customized out-of-plane resistance. Parameters considered for the test included the presence of
a door opening in the wall, the number of textile reinforced mortar (TRM) layers, and the
location of application of the fiber on the specimen. The wall panel configurations are described
in greater detail in the following sections.

5.1.1. Objectives

The objectives of this framework are

a. To record the cyclic load-displacement (P-A) behaviour of the walls, for:

b. To study the wall cracking patterns, measure their deformation profiles, and assess the
accuracy of idealized failure mechanisms used in the various numerical methods.

c. To contribute to the available pool of experimental data of reduced scale MIW with
openings and strengthening using TRM, which is surprisingly lacking in the available

literature.

The test study undertaken is believed to provide a significant contribution to the existing
pool of experimental work, by filling several research gaps identified through a review of
literature (specified in Chapter 2). In addition, from the observations in the previous Chapter
(Chapter 4), the ductility of the RC frame is implemented; thickness of the wall and the
compressive strength of the brick is reduced. Among the unique aspects of this study are the
opening in the wall along with the fibers as a strengthening material and also the location and
number of TRM layers on the MIW. In this study, vertical edges of the MIW system were not
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restrained against translation or rotation and therefore were considered as a vertical cantilever.
By contrast, the bottom of the specimen i.e. the foundation beam was made rigid and anchored
to the ground to avoid any translation and rotation that is commonly implemented in the
experimental procedure conducted in laboratories. Another significant aspect of the tests was
subjecting the test specimens to pre-compression, in order to simulate loads that are transferred
from the top stories. In addition, both the primary parameters considered in this study contained
a door opening in the wall, and furthermore, as most of the experimental studies encountered
in literature focused on the opening and strengthening of MIW using TRM separately, this
study combined these both factors centrally positioned opening with two layers of glass fiber

TRM layers on either surface of the wall.

The outline of this chapter is as follows: Section 5.2 elaborates the test program and
methodology including the material properties, wall configurations. The strengthening material
TRM is introduced in the Section 5.3 and its configuration, application procedure is discussed
in the Sections 5.4. The test setup and loading regime are explained in Sections 5.5 and 5.6,
respectively. Results of the experimental study are then presented in terms of the specimen’s
load-displacement behaviour, the observed damage and crack patterns, and a study of the
stiffness degradation and energy dissipation profiles is presented in Section 5.7. The chapter
concludes by summarizing the key observations and lessons derived from the experimental

program. Section 5.8 summarizes the key observations from this Chapter.

Supporting appendices are also provided about the work at the end of the thesis.
Appendix A reports details of the design of the loading frame to mount the actuator in the

laboratory to carry out the experimental test.
5.2. TEST PROGRAM AND METHODOLOGY
5.2.1. Materials

All brickwork used in this study, including the masonry panels and the small-scale
material test specimens, were constructed by qualified bricklayers under controlled laboratory
conditions at an ambient temperature between 30°C - 35°C to ensure the best possible quality
control. The burnt clay red masonry units were 230 x 110 x 78 mm?® (L x B x H) in dimension
and had a nominal specified compressive strength of 6.83 MPa. To minimize variability in the

material properties, all masonry was constructed using brick units originating from the same
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batch at manufacture. The compressive strength of three brick units that were randomly

selected from the batch was examined.

In both the bed and head joints, mortar layer was maintained at a standard thickness of
12 mm using 1:3 mortar (Portland cement and sand). Each batch of masonry mortar produced
three identical 50 mm? cubes, which were then tested for compression strength. The clay
content of the sand was determined to be 8.2%. Quality control measures were undertaken
during the mixing of the mortar to ensure consistency. This included bucket batching of the
ingredients and ensuring that all sand was air-dried before mixing. Water was added to the mix
of cement and sand inside the mortar mixer to provide the desired workability based on the
bricklayers' experience. All water additions were recorded. The average volumetric water
content of the mortar was 19.9%, with a coefficient of variation (CoV) of 0.13. Tests on small
masonry specimens were conducted following the guidelines given in the (ASTM, 2009), to
determine values of key material properties for use in subsequent numerical studies. Similarly,
each batch of provided concrete mixture was used to create a set of three identical concrete
cubes (150 x 150 x 150 mm?3) and cylinders, each measuring 150 mm in diameter and 300 mm
in height. Following 28 days, the compression strength of each concrete cube and cylinder was

evaluated.

Table 5.1. Experimentally determined material properties of steel rebars

Diameter  Yield Stress (MPa) Tensile Strength (MPa) Ultimate strain (%o)

8 mm 468.32 565.77 9.0
10 mm 510.36 623 9.33
12 mm 510.42 598.36 10.83
16 mm 551 653 23

Tensile strength tests were done on the steel bars utilized and the values are given in
Table 5.1. The 8 mm diameter deformed longitudinal bars had yield stress, tensile strength, and
ultimate strain values of 468.32 MPa, 565.77 MPa, and 9.0%, respectively. The comparable
results for the 10-mm diameter deformed bars were 510.364 MPa, 623 MPa, and 8.33% (three
specimens' average values). For the 12 mm diameter deformed bars, the equivalent findings
(average values from three specimens) were 10.83%, 598.36 MPa, and 510.42 MPa. The

137



equivalent results (average values from three specimens) were 551 MPa, 653 MPa, and 23%

for the 16-mm diameter deformed bars.
5.2.2. Test Specimen Preparation

Two 1:2.5 scale, one-story one-bay RC portal moment resisting frames were utilized as
a prototype building to replicate the characteristics seen in the ground floor walls of typical
existing two-story Indian houses. One specimen served as a conventional specimen (denoted
as URS, hereafter), and the other had an AR-resistant glass fiber TRM grid retrofitted into the
wall (denoted as DRS, hereafter). Test frames were assigned the URS and DRS codes, where
UR denotes an unretrofitted infill wall, S represents a specimen, and DR suggests an infill wall

with TRM reinforcement applied to both sides.
5.2.3. Frame Configurations

The surrounding RC frame was constructed with M20 grade concrete and Fe500D
grade steel bars implementing the ductile detailing and design according to the (BUREAU OF
INDIAN STANDARD, 2016). As a prototype construction, a typical moment-resisting single-
bay reinforced concrete portal frame was used to mimic the features present in current MIW
structures. Figure 5.4(a) depicts the geometry of the tested frames. The distance between the
peripheral faces of the columns was 2260 mm, while the overall story height was 1440 mm.
Customized moulds were prepared before initiating the construction of the beam, columns, and

foundation beam.

The reinforcement details adopted for the construction of the test specimen are shown
in Figure 5.1. The columns had a 185 x 210 mm rectangular cross-section (Figure 5.2(b)), with
the longer side parallel to the length of the wall specimen. In contrast, the beam had a width
that was 185 mm and a depth of 240 mm (Figure 5.2(a)). The beam and column cross-sections
are shown in Figs. 5.2(a) and 5.2(b), respectively. The beam is designed as a doubly reinforced
section, with a total of 3 bars with a 12 mm diameter in the bottom portion of the beam. The
compression zone comprises 2 bars of 12 mm diameter provided at the top with a clear cover
of 10 mm on all sides. Two-legged stirrups with 8 mm diameter bars and a 50 mm center-to-
center spacing are offered to withstand shear. 450 mm of the beam's top reinforcement bars are
embedded into columns on both sides, and 172 mm of the bottom reinforcement bars are bent

upward in the beam-column connection to provide development length.
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There is a 1200 mm clear spacing between the columns. Two-legged stirrups with 8

mm diameter bars spaced 50 mm from center-to-center are linked to four bars with a 12 mm

diameter reinforcement and a 10 mm clear cover on either side of the column. To meet the

requirements for development length, the column's inner face reinforcement and peripheral

face reinforcement are each inserted into the foundation to a depth of 500 mm and 165 mm on

the inner and outer sides, respectively. The foundation plinth beam has two bars of 12 mm

diameter in the compression zone and three bars of 16 mm diameter in the tension zone, with
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a 20 mm clear cover on both sides. It is intended as a doubly reinforced section and purposefully
made robust. Stirrups with a diameter of 10 mm and center spacings of 200 mm on both ends
and 170 mm in the midspan are tied around the bars. To avoid damage, the 275 x 400 mm?
foundation beam was purposely over-reinforced (Figure 5.2(c)).

5.2.4. Brick Panel Configurations and Construction

The walls had dimensions of 1840 x 1200 mm (L x H) with an aspect ratio (wall
length/wall height) of 1.56 and each contained a centrically positioned door opening with a
dimension of 460 x 840 mm. The thickness of the wall was 78 mm. A lintel beam (700 x 115
x 78 mm) was placed exactly above the opening in the wall to replicate the practical scenario
whose thickness was maintained equal to the wall’s thickness. All walls were constructed
entirely using half-overlap stretcher-bonded masonry. Brick masonry walls were built up
against side columns to fill both test frames.

107 mm gap between
the wall’s face and
the column’s surface
on the backside.

Figure 5.3(a) Front face (F.F.) of the test Figure 5.3(b) Back face (B.F.) of the test
specimen specimen

The minor gaps between the masonry infill and the beam were filled with the same
masonry mortar after the infill construction. There were 13 brick layers total along the height
of the wall, while there were 7.5 brick layers along the length of the wall. The half brick was
prepared in such a way that it was cut exactly at the midspan and one of its ends was placed
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exactly above the midpoint of the full-length brick. The inner portion of both the columns
present in the surrounding frame was pricked and made rough with the trowel throughout the
height to provide a grip between the concrete and the bricks. The brick wall was placed in such
a way that the face of the wall is in alignment with the surface of the column on one side (front
face (F.F.)), as shown in Figure 5.3(a), while a gap of 107 mm occurs on the other side of the
specimen (back face (B.F.)) as shown in Figure 5.3(b). The final test frames were exposed to
ambient conditions for a further seven days after being wet cured for seven days using wet
burlap cloth. The built-in masonry infills were subjected to curing for 21 days using a wet

burlap cloth and the curing continued for another 7 days without any cloth.

5.3.  APPLICATION OF TRM SYSTEM ON THE MASONRY WALL

The terms ‘fiber reinforced cementitious matrix (FRCM) or textile reinforced mortar
(TRM)’ refer to textile-based composite materials that are composed of cementitious mortar
and fabric meshes. Textile-reinforced composites are used in several industries, including
aerospace, construction, automotive, medical, and sports, because of their unique advantages
over traditional materials like metals and composites. Fiber-reinforced composite materials are
light, stiff, and robust. They have strong impact and fatigue resistance (Drahansky et al., 2016).
Fibre Reinforced Polymers (FRP), a conventional reinforcing material, did not fare well in
alkaline conditions, high temperatures, or fire loads. Organic epoxy resins were used to attach
it to a substrate. These shortcomings of FRP have been removed with the introduction of FRCM
composites which are comprised of open-mesh, high-strength textiles (such as carbon, glass,
or basalt) blended with cement- or lime-based inorganic mortars to create composite materials
that have several benefits over fiber-reinforced polymers (FRP) systems, such as tolerance to
high temperatures (Tetta & Bournas, 2016), (Raoof & Bournas, 2017), a reduction in costs,
suitability for use on saturated or wet surfaces, and compatibility with masonry or concrete
substrates. Other strengthening methods that were popular earlier have disadvantages, such as
the requirement of sophisticated methods for proper fixation with existing frames and
corrosion, which can occur in the steel bracing method and welded wire mesh (WWM)
techniques, respectively, which are made up of steel (Ratnesh Kumar, Yigendra Siingh, 2009).
The structural repointing procedure includes limitations such as being time-consuming (Jeffs,
n.d.). Considering all these limitations, TRM proved to be promising with its advantages and
also by overcoming the limitations of the strengthening techniques as discussed. The most
recent cutting-edge research indicates that TRM is useful for fortifying masonry and concrete

constructions.
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Five FRCM-enhanced RC frames with hollow-brick wall infill were investigated for
their in-plane behaviour (F. Wang, 2023) to look at the improvement in earthquake resistance
under cyclic loading. Ultimately, it was demonstrated that the mechanical and seismic
performance of RC frames filled with masonry could be significantly improved by using this
innovative integrated technique. (L. Koutas et al., 2014) concluded that the ultimate flexural or
shear capacity, stiffness, and performance of concrete members could be increased by

strengthening those with TRM.

Two crucial components of the TRM system are a moist fabric with a fiber-strand grid
pattern and an inorganic cementitious matrix in which the fiber is applied to the substrate in
layers of matrix and fabric reinforcement that are present in alternate layers, as seen in Figures.
5.4 (b)-(d) and Figure 5.5. The green line indicates the TRM layer applied on the masonry
wall’s surface shown in every top view of the experimental setup. Figure 5.4(a) displays the

elevation of the specimen along with the dimensions.

Figure 5.4(b) shows the application of the 1%t layer of the fiber (green line colour) on
the wall’s top surface, i.e. above the opening (spandrel region). Figures 5.4(c) and 5.4(d)
indicate the 2" and 3" layer of the fiber on the wall’s left and right surface, respectively, i.e.
to the left side of the opening and right side of the opening (pier region adjacent to the opening).
Grids for FRCM applications are often constructed using carbon fibers, individually treated
basalt fibers, and glass fibers that are resistant to alkalis. The application of TRM in concrete
and masonry projects has been documented on several occasions (L. N. Koutas et al., 2019).
These fabrics are warp-knitted fabrics, which are manufactured for applications in civil
engineering, which have the inlay yarns are spread throughout the textile in two orthogonal
directions, which are 0° straight yarns in the longitudinal direction and 90° straight yarns in the
transverse direction. The inlay yarns are sometimes placed diagonally and are also consecutive

yarns oriented at a 45° angle in the warp-knitted fabric (Gries et al., 2016).
5.4. STRENGTHENING OF SPECIMENS
5.4.1. Application of Fiber to the Specimen

Once the wall specimen is cured for 28 days, the application procedure of the textile
fiber is initiated. The specimen surface was physically cleaned with a wire brush to remove any
dust and mortar protrusions before the application of the TRM laminates. During this

preparation, special care was paid to cleaning the joints and clearing the wall surface of excess
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mortar and loose particles. The wall surface was then made wet by spraying a mild amount of
water to ensure the matrix got in good bondage with the wall. First, polymer-modified cement-
based mortar is taken into a container and made into a slurry with a predefined water-cement
ratio. Before application on the walls, the dry fabrics were cut to length (according to specimen
dimensions). The so-formed mixture was then applied to the cleaned and wet surface of the
specimen, and immediately the pre-cut textile fiber was applied to the mortar layer on the
surface of the masonry system. Before the application of the second TRM layer, another thin
coat of the prepared matrix was applied between the first and the second layers to about 5 — 7
mm, leaving the system to dry until the initial setting time of the fiber layer. The second TRM
layer was then placed on top of the first, and one more cementitious matrix was applied to
achieve a finished aesthetic look of the wall. The roller was driven continuously on the wet
textiles many times to reduce trapped air gaps. To guarantee that the TRM laminates had had
time to cure, all reinforced specimens were held for a minimum of five days prior to testing,
and all infilled frames were tested around 28 days following the completion of their

corresponding walls.
5.4.2. Strengthening Procedure

The test specimens underwent TRM strengthening after a 28-day curing period for the
infill masonry. The test panel surface was brought to a saturated surface dry state by
intermittently spraying water after both faces of the test frames were cleaned to eliminate dust
and wabbly brickwork particles (see Figure 5.6a). The fabric reinforcement was bonded using
a two-component (liquid and powder) pozzolanic reaction-based matrix that contained
synthetic polymers, fine-grained aggregates, and unique admixtures. To create a homogenous
matrix, paste, the dry component was put in a pan (see Figure 5.6¢). Next, the paste was added
gradually to the container while being stirred carefully. The test frame's surface was covered
with a homogeneous matrix layer that was between 5 and 7 mm thick using a flat metal trowel
(see Figure 5.6d). After being properly sized (refer to Figure 5.6b), the reinforcing fabric was
gently pressed into the wet matrix layer that had been previously positioned. Before applying
the second finishing layer of 5 — 7 mm thick matrix, the surface was trowel polished to obtain
consistent thickness (see Figure 5.6e). The prepared TRM layer was kept between 10 and 14
mm thick overall. A 200 mm overlap splicing was used. The reinforced test frames (see Figure

5.6f) were allowed to cure under ambient conditions for 28 days before testing.
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Figure 5.6(a) Preparing the Figure 5.6(b) Cutting of Figure 5.6(c) Mixing of

surface of the specimen fiber plaster

Figure 5.6(f) Specimen

Figure 5.6(d) Applying the plaster  Figure 5.6(e) Placing the

; after placing two layers of
1% layer 1% layer of TRM fiber

the TRM

The final test frames were covered with damp burlap cloth and allowed to cure for seven
days before being left outside for a further seven days. The tiny gaps between the masonry
infill and the beam were filled with the same masonry mortar after the infill was constructed.
The built-in masonry infills were dried for seven days using a damp burlap cloth and then

allowed to cure naturally for a further twenty-one days.
5.5. TEST SETUP AND INSTRUMENTATION

The ends of the foundation beam were fastened to the robust floor with the aid of high
strength; 24 mm diameter threaded steel rods. Two specifically made steel safety frames were
installed perpendicular to the loading direction to provide test frames with out-of-plane
restraint. Two customized heavy-duty steel rollers (placed between the beam and the beam top)
and a robust steel runner beam with stiffeners gave each column an axial force of 100 kN. A
load cell and a hydraulic jack were used throughout the experiment to apply a constant vertical
load.
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Lateral loading was provided by a 250 kN servo-hydraulic actuator mounted
horizontally on a 1000 kN strong steel reaction frame. The experimental setup is shown in
Figure 5.7, which displays the loading directions [compression = push (+ve) & tension = pull
(-ve)], applied by the servo-hydraulic actuator of 200 kN capacity to the masonry specimen.

The vertical (pre-compression) load of 100 kN was applied to the masonry system using
a hydraulic jack; specially designed structures suitably supported the system. The jack was
positioned on top of a steel beam, which transfers the load to the masonry system—precisely
placed above both columns through the roller support system. The actuator load is applied to
the specimen using an attachment system consisting of two 30 mm attachment plates on either
side of the beam attached with six 32 mm diameter threaded bars secured with nuts. A biaxial
hinge system connects the attachment system to the actuator load cell. Customized plate
supports are attached to both sides of the whole testing unit to prevent horizontal translation

when applying cyclic loading.

The actuator's integrated load cell recorded the applied lateral force, and the resulting
lateral displacement was measured by a linear variable differential transformer (LVDT)
connected to the top end of the test frame. The diagonal placement of the second and third
LVDTs allowed for the measurement of the wall's diagonal tension and compression,
respectively. Fourth LVDT was positioned near the opening in order to gauge its deflection.
Every LVDT was calibrated and linked to the data acquisition system using the appropriate
connection system. The isometric view of the test setup is shown in Figure 5.8, and the
instrumentation configuration utilized to test both test frames is shown in Figure 5.9. Tensile
strain in longitudinal steel bars was measured at potential hinge points using eight numbers of
5 mm long steel strain gauges. The notation SG-X for strain gauges represents the steel strain
gauge (SG) and the gauge number (X). Eight strain gauges were installed on the column's
primary reinforcement, four of which were positioned just below the beam and the other four

directly above the foundation beam.

The vertical load was applied to the masonry system using a hydraulic jack; specially
designed structures suitably supported the system. The jack was positioned on top of a steel
beam, which transfers the load to the masonry system—precisely placed above both columns
through the roller support system. The actuator load is applied to the specimen using an
attachment system consisting of two 30 mm attachment plates on either side of the beam

attached with six 32 mm diameter threaded bars secured with nuts. A biaxial hinge system
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connects the attachment system to the actuator load cell. Customized plate supports are attached
to both sides of the whole testing unit to prevent horizontal translation when applying cyclic

loading.
5.6. LOADING REGIME

A range of loading techniques, including those in (Comartin & Rojahn, 1996; Security
& Agency, 2005; STANDARD, 2003), have been used by researchers to evaluate the behaviour
of the infilled RC frame. The loading pattern created by ATC 24 (ATC 24, 1992) is one of the
most often used loading strategies for seismic testing of large structural systems in this study.
The load was applied to each specimen at a rate of 0.1 mm/s in a quasi-static loading pattern
of regulated displacements. The loading sequence comprised cycles in both the push and pull
directions with progressively greater displacement amplitudes. For each amplitude level, a
single loading cycle was used, and there was a 1 mm rise in displacement amplitude. The whole
test procedure was computerized and ended manually by pushing the piston back to zero when
the wall's maximum capacity was achieved. A significant load drop was seen in either direction
(push or pull). A total of twelve drift levels were applied to the test specimen; each level was
repeated only once. The lateral displacement-controlled loading that was put on the frame is

shown in Figure 5.10.
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Figure 5.9. Instrumentation details Figure 5.10. Applied loading protocol
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5.7. EXPERIMENTAL RESULTS

5.7.1. Experimental Phenomena and Load-Deformation Curves

The observed force-drift hysteretic data for both tests in Figures. 5.11 (a)-(b) show that

all specimens reacted elastically before breaking when the horizontal loading magnitude was

less than 50% of the ultimate load. The hysteretic loops on these specimens were thin and

contained a tiny region. An elastic-plastic force-drift reaction was commonly triggered, and

cracking began on the wall when the horizontal load approached approximately 60% of the

ultimate load. This cracking gradually worsened, generating a network of horizontal and

inclined cracks with incrementally increasing width as the load reached 80% - 90% of the

ultimate load. The reaction in the two loading directions was often symmetrical. Hence, the

force and associated displacements displayed in Table 5.2 represent the maximum for the two

loading directions. Cracking happened along the mortar bed and head joints rather than through

the masonry units, as would be expected when the mortar strength is much lower than the

strength of the brick units.
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Figure 5.11(a) Hysteresis curve for URS

specimen

Figure 5.11(b) Hysteresis curve for DRS

specimen

Figure 5.12 (a)-(b) and 5.13 (a)-(b) display the failure condition of URS and DRS
specimens, respectively, at the end of testing. The primary wall cracks were generally aligned

diagonally for both loading orientations; however, because the boundary components offered

more integrity, the wall without TRM had more cracks dispersed across a more significant

portion of the wall surface. There was a more intricate damage pattern, with diagonal cracking

usually seen on every pier.
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Figure 5.12(a) Initial cracks in URS specimen  Figure 5.12(b) Initial cracks in DRS specimen

Figure 5.13(a) Final cracks in URS specimen  Figure 5.13(b) Final cracks in DRS specimen

The first crack was usually seen to appear at the mortar joint at the corner of the lintel
beam on both sides in the case of the strengthened specimen. Previous investigations (Cavaleri
& Di, 2019) and (Doudoumis, 2007) have shown similar effects, which have been primarily
attributed to the poor strength of mortar and the stress concentration that occurs at the
specimen's corner. The initial fracture in the pier region partially caused the masonry infill to
weaken next to the opening; it only continued to be in touch with the spandrel region above the
lintel beam. Because the wall's brick units were built by altering their orientation, which
ultimately decreased the wall's overall thickness, the bottom masonry unit next to the opening
usually failed in diagonal cracking as the amount of the wall's cracking increased. During the
drift cycle of 0.3%, the masonry infill's loaded corners experienced mortar crushing, resulting
in the initial fracture in the conventional built-tested infilled frame (URS). A lateral load of
48.4 kN was observed at this limit situation. A step-type shear crack developed through the
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mortar bed and head joints alongside the infill diagonal close to the entry after a 0.5% lateral

drift on the otherwise intact masonry infill.

Along with micro-tension cracks and shear cracks initiated in the top region of the
columns, further diagonal fractures were seen to be progressing at a drift of 1.0%. The masonry
infill showed increased mortar crushing and cracking in the head and bed joints over 1.25 —
1.75% drift cycles. A shear slide was also seen at a bed joint in the spandrel section, one course
above the opening, with a lateral drift of 1.75 percent. A maximum fracture opening of 1.47
mm was observed in filled RC frames. The initial fracture in the DRS specimen occurred at the
0.5% lateral drift masonry and frame interfaces on the bottom left and right. The strengthening

portion did not appear to have any defects.
5.7.2. Energy Dissipation

Graphs of the hysteresis response with varying pinching extents that correlate to
varying energy dissipation levels are shown in Figure 5.16. The hysteresis loop pinching, which
indicates a decrease in energy dissipation was caused by horizontal deformations that happened
in tandem with the opening and closing of cracks in the infill. Shear friction from bed joint
sliding and reinforcement yielding consumed little energy (Demetrios, Kakaletsis &
Karayannis, 2009), (Murty & Jain, 2000). Specifically, the hysteresis loops of the URS and
DRS walls showed precise pinched forms. Reduced vertical compressive load, as is well
known, reduces the frictional resistance caused by shear sliding on mortar bed joints, which
lowers energy dissipation and narrows hysteresis loops. Previous research (Panagiotis G.
Asteris, 2023; Mondal & Jain, 2008) indicates that the RC frame contributes around 11% to
the lateral stiffness of infilled masonry without openings. The lateral stiffness of MIW

diminishes with more openings.
5.7.3. Hysteresis Behaviour

The corresponding lateral drift was obtained by dividing the lateral displacement by the
test frame height. The distance between the foundation beam's top and beam centerline was
measured to provide the test frame height for the drift calculation. The lateral drift and
comparable overturning moments around the column base are displayed on the secondary
vertical axis. The walls URS and DRS exhibited similar hysteresis loop geometries with minor

pinching due to the greater amplitude of vertical overburden loads and the enhanced lateral
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stiffness associated with the wall shape. As seen in Figure 5.15, envelope curves were created

for each test by converging the highest excursion points of each cycle.
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(Z. Chen et al., 2020)

In recent years, (Lutman et al., 2006; Magenes et al., 2008; T. Zimmermann, 2011)
have examined the reaction of masonry buildings using the equivalent viscous damping
coefficient (EVDC). The following equation (1) is used to compute the EVDC, which is
denoted by the symbol (eq:

Ceq = % % (1)

As seen in Figure 5.14, where S(OBE+ODF) is the total of the areas of the two triangles
OBE and ODF, which is the strain energy calculated using the equation (2), on the other hand,
S(ABC+CDA) is the area encircled by the hysteresis curve which denotes the energy
dissipation capacity derived from the hysteresis loops generated real-time during the
experiment. The elastic input energy effectively dissipates when EVDC ((eq) is high. This
suggests that energy dissipation benefits from high EVDC values.

S(OBE+ODF) = 0.5 * (P,. 1) )

where P, and u, indicate the maximum load and displacement during the i loading
cycle when the displacement equals x. The DRS specimen's ultimate lateral strength was
49.47% greater than the URS specimen’s strength. It is evident that the retrofitted frame has

narrow loops in the initial cycles, which enlarge in the following cycles due to separation
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starting at the bottom corner interfaces of the masonry infill and a few minute fractures in the
masonry and frame portions. Plots were created by deducting any slide recorded from the
applied displacement. The DRS specimen's hysteresis curves are displayed or acquired up to a
lateral drift of 0.80% to 1.05% to maintain the health and safety concerns due to the limited

capacity of the hydraulic actuator used to conduct the experiment.

When the residual strength decreased to around 60% of the peak strength, the infilled
RC frame without retrofit (URS) displayed a slightly brittle bi-linear behaviour, with the
ascending limb drifting up to 0.8% and the descending limb drifting up to 2.0%. As a result of
substantial energy loss and damage accumulation, the hysteretic loops (Figure 5.11(a)) were
much more comprehensive. The peak lateral force recorded for the URS and DRS specimens
were 89 kN and 148 kN, respectively. The lateral load-displacement hysteresis curves for the
TRM-reinforced test frames (DRS) are displayed in Figure 5.11(b).

5.7.4. Stiffness Degradation

Figure 5.17 depicts the stiffness degradation factor of specimen vs displacement to
show how stiffness deteriorates. The following equation (3) is the stiffness degradation
coefficient (Ks):

it P
Ks = ﬁz’}ux ©)
where P, and u, denote the maximum load and displacement during the i loading
cycle when the displacement equals x. The number of loading cycles in each loading cycle is

defined by n.

The stiffness degrades with the increase in displacement. Each specimen’s hysteretic
loops were used to calculate the stiffness values from peak to peak. Peak-to-peak stiffness at
each displacement level was calculated by squaring the slope of the line joining the maximum
load points in the load-displacement curve attained at each displacement level. As anticipated,
URS stiffness decreases noticeably with increasing lateral displacement. The URS specimen’s
rigidity has been shown to grow initially and steadily decrease from 5 mm to 10 mm. The URS
specimen's rigidity progressively reduced from 10 mm until the test's conclusion. Similar to
this, the DRS specimen's stiffness increased abruptly and then progressively reduced up to a

displacement of 15 mm.
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Figure 5.16. Energy dissipation — Experiment

Figure 5.17. Stiffness degradation — Experiment

Because testing on strengthened test frames terminated at drifts of 0.75 to 1.10%, the

stiffness diminution was inconsequential in contrast to the conventional structure. The test

results are summarized in Table 6.2 (Chapter 6) concerning energy dissipation, stiffness

deterioration, peak load, displacement at maximum load, and strengthening efficacy. The

strengthening efficiency of a strengthening material is defined as the ratio of the retrofitted

specimen’'s maximum load to the control specimen's capacity. The stiffness degradation

calculation involves dividing the peak load points of each loop by the relevant displacement

values. The hysteresis loops are also used to measure the specimen’s energy dissipation. The

area contained by each loop is determined, and each specimen's energy dissipation capacity is

plotted against the associated displacements. The displacement recorded at the upper corner of

the masonry unit serves as the in-plane displacement that characterizes the behaviour of both

specimens.
Table 5.2. Experimental results of URS and DRS
Umax (Mm) Pumax (KN) Ki KKi K E E/Ei  EDR  Mode
Results A
Push Pull  Push Pull P/Po KN/ KN/ of
Specimen (%) - KNm - % .
(+ve) (-ve) (+tve)  (-ve) mm mm Failure
Experi. URS 26 3434 3113 89  -81.5 - 30.06 - 431  2.52 - 481 SCM
Analysis  ppg 108 1425 -1324 1475 -144 166 5036 1.66 845 329 130 838 DC
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Pmax = maximum lateral load, Umax = maximum lateral displacement, A = maximum drift (%),
Ksi = initial stiffness, Kt = final stiffness, E = energy dissipation, EDR = equivalent damping
ratio, SCM = step cracking/diagonal failure mode of masonry wall, DC = distributed cracking
on the surface of the TRM matrix.

5.8. SUMMARY

A comprehensive experimental investigation was conducted to study the response of
ductile RC frames including MIW consisting of central door openings strengthened with TRM
was subjected to in-plane cyclic load. This study evaluated the effectiveness of TRM as a
strengthening material in contributing to the maximum load-carrying capacity and deflection-
resisting phenomena of the MIW. For this purpose, two separate specimens were constructed:
(1) RC frame with an infill wall with an opening without retrofitting (URS) and (2) RC frame
with an infill wall with an opening with retrofitting (DRS) on both sides of the wall. It was
found that significant differences in the damage patterns, resisting the deformation capacity,
lateral stiffness and strength, and energy dissipation capacity were observed in these two
specimens. The results showed that the URS produced 65.73% less lateral strength and stiffness
and a 58.88% increase in the maximum deflection compared to the DRS specimen. This
indicates that the presence of TRM significantly increased the infill wall system's lateral
stiffness and strength and decreased the frame's deflection when subjected to lateral forces. The
double layer of TRM is considered on both sides of the specimen after carrying out a parametric
study which is detailed in the following Chapter (Chapter 6). The parametric study carried out
using ABAQUS considers various TRM application patterns including the location and number
of TRM layers on the MIW.
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CHAPTER 6

NUMERICAL VALIDATION AND PARAMETRIC STUDY OF
TEXTILE REINFORCED MORTAR (TRM) STRENGTHENED
MASONRY INFILL WALL (MIW) WITH OPENINGS

6.1. OVERVIEW

In this chapter, the results of the finite element analysis (FEA) of the strengthened
masonry infill wall (MIW) models described in Chapter 5 are presented and discussed
including the cracking pattern and failure mechanism of the MIW, load-displacement response,
stiffness, and energy dissipation capacity of the MIW frames. Of particular interest is to find
out how effectively the method can deal with the specific aspects of the tested walls, such as
the behaviour of MIW with an opening, application of textile reinforced mortar (TRM) layers,

and to suggest improvements and refinements to the methods, if necessary.

This chapter is structured as follows: Section 6.2 provides the details of suitable
numerical models; and suitable constitutive models based on the concrete damage plasticity
(CDP) approach to characterize the nonlinear response of TRM, MIW, and reinforced concrete
(RC) frames. Section 6.3 provides the validation study of the experimental investigation
discussed in the previous Chapter (Chapter 5). Section 6.4 discusses the parametric study
conducted to determine the significance of the full-bond scenario between the RC frame infilled
with masonry and the TRM. Section 6.5 presents the results and discussion. Section 6.6
proposes empirical equations to determine the load-carrying capacity of the specimen. Finally,

Section 6.7 reports the cost analysis required to construct a test specimen for an experiment.
6.1.1. Objectives
The objectives of this framework are

a. Comparing the walls’ strength obtained in the experiments to the numerical predictions
carried out and validating the values of key hysteretic properties including stiffness and

energy dissipation capacities.
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b. To carry out a parametric study considering various factors that affect the performance
of MIW when subjected to lateral loads.

c. To prepare and report cost analysis and predictions which displays the cost required to
construct a test specimen (reduced scale and full scale) for an experiment that includes

the construction cost, transportation costs, workmanship, and miscellaneous costs.
6.2. NUMERICAL ANALYSIS

Experimental research provides accurate results but on the other side also has a few
disadvantages in the form of the economic aspect, space occupation to conduct tests, and time-
consuming setup of the test such as mounting the types of equipment like actuators, sensing
meters like strain gauges, linear variable differential transformer (LVDT), data acquisition
system, slow motion cameras to capture the crack propagation. Hence, to overcome these
limitations involved in conducting the experimental tests, the best-suited alternative is
numerical simulation or modeling, which becomes crucial for evaluating seismic behavior and
undertaking parametric studies. Numerical modeling encoded in computer programs has
become increasingly employed to predict the behavior of masonry-infilled frames as computing
capability has advanced over the previous two decades. A three-dimensional numerical model
was developed in order to replicate the nonlinear behaviour of the TRM-retrofitted masonry-
infilled RC frame that was discussed in the preceding sections. The ABAQUS finite element

(FE) software version 2022 was used for this investigation.
6.2.1. Numerical Simulation Approach

This section presents specifics on the implemented finite element (FE) model, such as
the model geometry, modeling strategy, and validation findings. This modeling approach was
used to carry out a parametric investigation of the behavior of RC frames with solid masonry
infill walls after the numerical model's accuracy was confirmed. This study used popular FEA
software ABAQUS to model the masonry-infilled RC frame strengthened with TRM. Solid
components were used to simulate the brick units and RC frame members. As mentioned
earlier, the detailed micro-modeling approach is too difficult to use, whereas the macro model
is unable to simulate the cracks occurring in the mortar joints. As a result, this research adopts
a comparatively homogenized model i.e., simplified micro-modeling in which the brick unit is
expanded on all the sides (known as an expanded brick unit or combination block) with half of

the mortar thickness on the side as shown in Fig 2.2 (Chapter 2) (Kouris et al., 2020). In other
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words, to connect the discrete masonry blocks and allow them to interact with one another,
their dimensions were raised by the mortar joint's half thickness in both the horizontal and

vertical directions.
6.2.2. Constitutive Model

The constitutive softening model concrete damage plasticity (CDP) previously
developed and available in the FEM application ABAQUS is utilized in the model. Since the
CDP can handle brittle and quasi-brittle materials, it is advantageous for masonry as well and
was also adopted to replicate concrete. Elasto-plastic trusses are then used to model the TRM
on the homogenized model to imitate the fiber mesh present in the cementitious matrix. It
should be noted that although ABAQUS offers general material constitutive and interfacial
behaviour models for a variety of structural applications, the contribution of this study lies in
the selection of appropriate models and important material parameters, and executing the
accurate and efficient computational simulation of masonry infills surrounded by RC frame
members with TRM as a strengthening material. By specifying the stress-strain relationship of
the material under the compression and tensile behaviour, the CDP model simulates the
nonlinear response of the entire structure during earthquake activity. (Documentation, 2010)
describes the concrete's constitutive relationship. The primary purpose of the concrete damaged
plasticity model is to offer a general capacity for the evaluation of concrete structures subjected
to cyclic and/or dynamic loads. Concrete has brittle behaviour at low confining pressures; the
major modes of failure are tension cracking and compression crushing. When the confining
pressure is sufficient to prevent fracture propagation, concrete loses its brittle nature. The
plastic-damage model in Abaqus is based on the models proposed by (Lubliner J, Oliver J,
1988) and detailed by (Lee & Fenves, 1998) The major features of the governing equations for
the concrete-damaged plasticity model are given in this section.

6.2.3. Concrete Damage Plasticity (CDP) Model

Before the concrete supporting external loads, the concrete had some "damage” in the
form of microscopic cracks and splits. Specifically, the emergence and evolution of cumulative
damages (micro-cracks, holes, and so forth) at different scales is what causes the failure
process. Consequently, the micro-cracks are primarily responsible for the nonlinear features of
stress-strain (Stauffer et al., 2006). Concrete stiffness deterioration is frequently linked to

plastic deformation, which exhibits slipping and deformation connected to the material flow
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mechanism in addition to the allowance of micro cracks and faults in the microscopical
mechanism. Consequently, the elastic-plastic damage constitutive model, which reflects two
different mechanisms, such as plastic deformation and elastic damage — should be the
appropriate constitutive relation (Nguyen & Korsunsky, 2008). It is usually believed that
concrete is a macroscopic and isotropic material such that its process of distortion and failure
pattern may be investigated, eliminating the inconvenience of analyzing the material's
microstructure. Concrete's CDP model in FE software (Jian Ying Wu, Jie Li, 2006) is
determined using the model as a basis by (Lubliner J, Oliver J, 1988). Using the isotropic
elastic-damage model in combination with the isotropic tensile or compressive plasticity
model, this model simulates the inelastic behaviour of concrete (Nguyen & Korsunsky, 2008).
It was predicated on the notion that there was identical damage in all directions, which holds
true for concrete subjected to whimsical loading pressures, such as cyclic loading. In addition,
the regaining of elastic stiffness during loading cyclically is taken into consideration, as well

as the deterioration of elastic stiffness brought on by compressive and tensile plastic strain.

In the elastic stage, the CDP model using the elastic model describes the mechanical
characteristics of materials. The relation between the CDP model's elastic modulus may be

explained as follows after reaching the damage stage:
E=(1-d)Eo 1)

where the initial elastic modulus is represented by Eo, the plastic-damage factor is
represented by d with dc or di in compression or tension and ranging from 0 to 1, where 0

denotes the model is undamaged and 1 denotes the strength of the solid material is vanished.
6.2.3.1. CDP Model under Uniaxial Cyclic Loading

The model employs wt and w, to manage the material's ability to regain rigidity during
the reverse loading action of uniaxial reciprocating loading (Lee & Fenves, 1998; O Omidi &
Lotfi, 2010; Omid Omidi & Lot, 2012). Figure 6.1 depicts the graphical representation of
concrete elastic modulus recovery shown under tension-compression stress transition. During
uniaxial cyclic loading (tension to compression, then back to tension), the elastic modulus
recovery in the CDP model is as follows: the loading factors for tension and compression are
described as wy = 0 (compression till tension) and w¢ = 1 (tension back to compression). The
tensile stress of concrete rises with axial tension. Concrete will fracture if stress reaches the

peak value (point A), and tensile stiffness will decrease if loading is applied to point B, where

160



the stiffness reduction factor d: may be written as shown in Equation (1). The effective stiffness
[(1 —d) Eo] slope, particularly, the trail BC will cause the curve to decrease if it is unloaded at
that point. If the loading component is present we = 0 (that the compression stiffness will not
recover with tension reparations), The concrete will be loaded on the CD path, subjected to
inverse axial pressure, and placed on the CMF path if the weighting factor (wc) is equal to 1. It
is dropped off and subjected to reverse tension at point F. If the stiffness recovery factor is 1,

it will be loaded on path GJ and trail GH if it is zero.

In Figure 6.2, oun and &un, respectively, designate the stress and strain of the unloading
point; ¢!, ¢t respectively, show the concrete's tensile plastic strain which is damaged and
undamaged; and e£*, e¢* respectively, denote the cracking strain and tensile plastic of the

concrete.

O

wi=1 % H =0 / -~
G- we ' 0 T
T T~ EY (1-d)(1-d)E, w0 &
~ fl?f

Figure 6.1. Concrete elastic modulus recovery shown under tension-compression stress transition
(Xiao et. al., 2017)

The finite element program will be given the tensile damage data in the format
d, — €£*. Using the following formula, the program will convert the cracking strain into plastic

strain automatically.

pl _ _ck __9t Ot
& T& “TT4 )

When the tensile unloading path traverses, as indicated by a negative plastic strain value
sfl or aminor cracking strain e£* | the finite element program signals errors that tensile damage

efl = £k won't arise. Regarding the compressive stress-strain curve, data that surpasses the

elastic part's range will be input into the finite element software in the format of o, — . As
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seen in Figure 6.3, the compressive cracking strain is calculated as the total strain minus the

elastic strain of the undamaged material.

Gt ‘ Oc ‘
GtO ————— Ocu ————

Eo Gco [T~

(€un ,0un) (€un ,Gun)
(1-dE | Eo
0Eq I (1-dc)E, :
|
Eq | ﬁ E, : '?;
ek ,ILSE,{ gf! ’ILSSIC
] -
el i &g e | gl

Figure 6.2. CDP model's tensile stress-strain ~ Figure 6.3. CDP model's compressive stress-

curve (Xiao et. al., 2017) strain curve (Xiao et. al., 2017)

In Figure 6.3, oun and eun, respectively, denote the stress and strain of the unloading

point; &, &L respectively, show the concrete's compressive plastic strain which is damaged

and undamaged; £, €? L respectively, indicate the cracking strain and plastic compression of

concrete.

The compression damage data will be input into the finite element program in a given
form of d. — €. Next, using the following formula, the program will convert the cracking

strain into plastic strain automatically.

el =el - S ®)

The finite element program will alert errors that compressive damage won't occur in
the event that the plastic strain value €' is negative or the cracking strain & is small,

indicating that the compressive unloading pathway merges & = gin,
6.3. VALIDATION OF THE EXPERIMENTAL STUDY
6.3.1. Material Properties

The numerical analysis, simulation approach, meshing of the solid parts, and the

interaction properties are directly used from the previous section. The majority of the material
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properties and other parameters that are employed in this study are derived from the above-

described experimental examination. Table 6.1 displays the material parameters utilized for the

TRM, infill, steel, and concrete.

Table 6.1. Mechanical properties of all elements

Concrete Steel
Young’s Modulus 25000 MPa  Young’s Modulus 210000 MPa
Poisson's ratio 0.17 Poisson's ratio 0.33
Compression Fe 500
strength 20 MPa Grade

Infills TRM

Young's modulus 14800 MPa  Tensile Strength (kN/m) [MD x CMD] 25 x 25
Poisson's ratio 0.15 Tensile Elongation (%) 3
Dilation Angle 10 Aperture Size (mm) 5x5
Eccentricity 0.1 Fabric density (g/m?) 420
fhol/feo 1.16 Cross-sectional area of fibers (mm?/m) 45.3
Stiffness 0.66 Tensile elastic modulus (GPa) 32
Viscosity Parameter 0.015

6.3.2. Interface Simulation between Expanded Bricks

The surface-based cohesive contact model has been chosen as the interaction model
between various blocks. The specification of the tensile strength and the softening behavior
may be used to simulate the fracture between blocks. The compression between blocks is
specified by the hard contact concept. Cohesive and friction models are the two types of shear
models. Three components make up the surfaced-based cohesive contact model: formula 3
defines the relation between the elastic stiffness matrix K, nominal traction vector t, and
corresponding separation vector d, of the joint interfaces; formula 4 defines the damage start

criterion; and formula 5 decrypts the damage evolution criterion (Abdulla et al., 2017).

tn Knn Kns Knt
=1tst =| Ken  Kss  Kgt (4)
Le Kin Kis Kgt
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(L) + {5+ {4 =1 ©)

{(1—D)t71, th 20
th =1 —

tn ) Otherwise ty=(01-D)t; t,=(1-D)t (6)

The symbols tn, ts, t: show both the shear and normal tractions. The letters n, s, and t
represent the pertinent separations. Peak values are indicated by the ‘o’ superscript. Pure
normal slip or pure shear separation with zero normal parting does not produce cohesive forces
in the normal direction because the traction-separation behaviour is decoupled in this scenario.
The Macaulay bracket in Eq. (7) shows that the compressive stresses are not considered for the
joints' typical direction fracture behaviour. Under the same boundary conditions, the stiffness
matrix K components for joint interfaces in a meso micromodel (interface between enlarged
masonry bricks) ought to be identical to the original brick-and-mortar masonry joint interface
stiffness. The elasticity moduli of the mortar and unit and the thickness of the mortar, equations
(7) and (8) are used to define the joint interfaces of the equivalent stiffness.

Ey Em
hm(Ey— Em) '

Gy Gm

fen = Mo (Gu— Grm)

ks = ()
The concrete-rebar interaction was simulated using the embedded area. In this
numerical model, the surface of the strengthening material was efficiently attached to the MIW
since the debonding of the TRM surface from the RC frame and the masonry was not taken
into consideration. As a result, tie constraints were used to control the surface interactions
between the fibers and the concrete, with the wall surface acting as the master surface and the
TRM fiber as the slave surface. In addition, the thickness of the mortar is included in the set 15
mm thickness of TRM. The RC frame and the brick were both seen as solid parts, and their
relationship was represented by a tie element in which the brick served as a slave surface and
the concrete as the master. Additionally, in order to replicate the strong foundation RC-beam
plate that was used at the bottom of the frame in the experiment, all of the nodes at the base of
both columns were restricted using coupling constraints to prevent any translation and
represented as fixed connections. Either load control or displacement control is the foundation
for the actions (load or displacement) that the numerical analysis techniques imposed on the

model. Both circumstances involve a progressive application of the actions.

The dimensions of the bare frame, modeling of the TRM fiber, assembly of the whole
masonry wall system, and the generated mesh in ABAQUS of the RC frame including the infill
wall are shown in Figure 6.4 to 6.7 respectively. As masonry joints soften and their stiffness
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deteriorates, viscous regularization is required as a damage stabilizer in the surface-based
cohesive behaviour model in order to simulate the complete failure of masonry joints without

encountering numerical convergence issues.

Figure 6.4. RC frame dimensions Figure 6.5. Modelling of TRM

Figure 6.6. Infill frame Figure 6.7. Meshing of the model

The effect of large displacement non-linear geometry was considered in all models. A
broad non-linear static process came after the Newton-Raphson algorithm solution, which
iteratively solves equilibrium in each increment. The numerical analysis was performed in two
stages: the horizontal cyclic force and the vertical compression. In order to reflect the system's
dead load, a vertical pre-compressive load of 100 kN was applied at the top of each column in
the first phase of the vertical compression process. Rigidness was added to both beam-column
connections to avoid stress concentration. A prescribed deformation load was also applied for
the horizontal cyclic loading at the top of each level in order to accurately duplicate the

experimental loading. The top beam-column joint level of the structure undergoes cyclic
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loading from the lateral forces applied in an in-plane direction. The second step involved
holding the imposed vertical compression load constant while gradually applying the horizontal
in-plane cyclic load under displacement control. This was done while restricting the vertical
and out-of-plane horizontal displacements and rotations about all axes at the top of the wall to
maintain the same boundary conditions as in the experiment. ABAQUS/Explicit was used to
do the FEM analysis, and the analysis type was set to dynamic explicit (Dassault Systemes,
2014a). The loading approach is a displacement-control technique that is used consistently on
every specimen. The loading technique utilized in the experimental campaign, as shown in

Figure 4.10 (Chapter 4), is the same as the one employed for numerical analysis.
6.3.3. Model Development in ABAQUS

In this numerical model, the surface of the strengthening material was efficiently
attached to the MIW since debonding of the TRM surface from the RC frame and the masonry
was not taken into consideration. As a result, tie constraints were used to control the surface
interactions between the fibers and the concrete, with the wall surface acting as the master
surface and the TRM fiber as the slave surface. In addition, the thickness of the mortar is
included in the set 15 mm thickness of TRM. The RC frame and the brick were both seen as
solid parts, and their relationship was represented by a tie element in which the brick served as
a slave surface and the concrete as the master. Additionally, in order to replicate the strong
foundation RC-beam plate that was used at the bottom of the frame in the experiment, all of
the nodes at the base of both columns were restricted using coupling constraints to prevent any
translation and represented as fixed connections. Either load control or displacement control is
the foundation for the actions (load or displacement) that the numerical analysis techniques

imposed on the model. Both circumstances involve a progressive application of the actions.

All models considered the impact of large displacement non-linear geometry. The
solution of the Newton-Raphson method, which solves equilibrium repeatedly with each
increment, was followed by a broad non-linear static process. The numerical analysis was
conducted in two phases: the vertical compression and the horizontal cyclic force. During the
first stage of the vertical compression process, a vertical pre-compressive load of 100 kKN was
applied at the top of each column to represent the dead load of the system. In order to prevent
stress concentration, rigidity was provided to both beam-column connections. To precisely
replicate the experimental loading, a specified deformation load was also applied for the

horizontal cyclic loading at the top of each level. The lateral loads applied in the in-plane
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direction cause cyclic loading at the top beam-column joint level of the structure. In the second
stage, the horizontal in-plane cyclic load was gradually applied under displacement control,
while the imposed vertical compression load remained constant. To preserve the same
boundary conditions as in the experiment, this was accomplished while limiting the rotations
around all axes and vertical and out-of-plane horizontal displacements at the top of the wall.
The FEM analysis was performed using ABAQUS/Explicit, with the analysis type set to
dynamic explicit (Dassault Systemes, 2014b). A displacement-control method that is
consistently applied to each specimen is the loading strategy.

According to Table 6.1, some of the properties of the masonry infill model in ABAQUS
have different dimensions compared to the experimental specimen. For example, as mentioned
earlier, masonry units modelled in ABAQUS are expanded brick units, which have the
dimensions increased to half the thickness of the mortar on all the sides, whereas in the
experimental procedure, the process of construction of the infill wall is same as the typical
house construction procedure followed in India. The purpose of the foundation beam in the
experimental campaign is to fix the test specimen to the rigid floor in the laboratory using
anchor rods as shown in Figure 5.7. During simulation process, since we are conducting finite
element analysis, due to the limitation of the number of nodes in ABAQUS software, the
foundation beam is not created, instead, the base of the superstructure is provided with encastre

support.

A regular squared mesh (Ho-Le, 1988) with the discretization was used. The mesh size
was established by a mesh sensitivity study. A 50 x 50 x 50 mm three-dimensional element
was used to represent the RC frame, which consists of two columns and one beam. In the half
brick unit width scenario, each unit had a model with 3 x 2 x 3 parts for the analysis, whereas
a complete masonry unit (230 mm long, 110 mm high, and 78 mm thick) was modelled with 7
X 2 x 3 elements for analysis. For the TRM meshing, a regular tetrahedron with a dimension of
50 mm was used. The dimensions of the bare frame, modelling of the TRM fiber, assembly of
the whole masonry wall system, and the generated mesh in ABAQUS of the RC frame
including infill wall are shown in Figure 6.4 to 6.7 respectively. As masonry joints soften and
their stiffness deteriorates, viscous regularization is required as a damage stabilizer in the
surface-based cohesive behaviour model in order to simulate the complete failure of masonry

joints without encountering numerical convergence issues.
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Table 6.2. Calibration of model parameters

Structural ) _ ) )
Parameters Experimental Campaign Numerical Analysis
Element
Cross-section 240 x 185 mm 240 x 185 mm
Beam Main bars 12 mm diameter Modelled as wire element
Reinforcement with same diameter as in
Stirrups 8 mm diameter .
experiment
Cross-section 210 x 185 mm
Main bars 12 mm diameter Modelled as wire element
Column
Reinforcement with same diameter as in
Stirrups 8 mm diameter ,
experiment
Cross-section 400 X 275 mm Instead of modelling the
Foundation _ Top—12mm & beam in ABAQUS base of
Main bars ] _ ]
Beam Reinforcement Bottom — 16 mm the specimen is provided
Stirrups 10 mm with fixed support
242 x 122 x 78 mm?®
Brick dimensions 230 x 110 x 78 mm?® (Expanded brick unit,
Infill Wall .
Section 2.4)
Mortar thickness 12 mm -
TRM matrix thickness 15 mm 15 mm

Strengthening

Material TRM Fabric Grid size 10 x 10 mm Grid size 10 x 10 mm
100 kN applied using )
. i . o 50 kN applied on top of
Loading Vertical loading hydraulic jack at the

midspan of the beam

each column

6.4. PARAMETRIC STUDY

This section elaborates the parameters considered in the study and their modelling

procedures as shown in Figure 6.8. The first specimen (excluding the bare frame (BF)) was

used as the unretrofitted (URS), without TRM. The parametric study was conducted to

determine the significance of the full-bond scenario between the RC frame infilled with
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masonry and the TRM considering: (1) the location of the strengthening fiber material on the

specimen and (2) the number of layers of the strengthening material.

a. BF Specimen with only the surrounding RC frame having neither MIW nor TRM

b. URS Specimen without any layers of strengthening material (TRM retrofitting)

¢ SRS-F1 Specimen with only one layer of strengthening material (TRM retrofitting) on the
front face of MIW

4 SRS-B1 Specimen with only one layer of strengthening material (TRM retrofitting) on the
back face of MIW

e SRS-F2 Specimen with two layers of strengthening material (TRM retrofitting) on the front
face of MIW

f  SRS-B2 Specimen with two layers of strengthening material (TRM retrofitting) on the back
face of MIW

g SRS- Specimen with only one layer of strengthening material (TRM retrofitting) each on

F1B1 both the back face and front face of MIW

Specimen with two layers of strengthening material (TRM retrofitting) on both the
back face and front face of MIW

h. DRS

Specimen URS and DRS are given different notations compared to the other specimen
names because experiment was conducted on these two specimens and the numerical modelling
was carried out which paving the way to the parametric study with different layers of TRM
implemented on different locations on the surface of MIW as discussed in this section.

A total of eight specimens were modelled in ABAQUS software. The notation of
specimens comprises a series of numbers and letters. The Letter U, S, or D, at the beginning of
the specimens’ notation denotes unretrofitted, single retrofitted and double retrofitted,
respectively; the numbers (1 or 2) indicate the number of layers of the textile fiber. The letter
UR denotes an unretrofitted infill wall, S represents a specimen, SR suggests an infill wall with
TRM reinforcement applied on single face of the specimen (either front face (F.F.) or back face
(B.F.)) and DR suggests an infill wall with TRM reinforcement applied to both faces of the
specimen. Moreover, the blue line represents the numeral of strengthening fiber layers (one or
two) and location (front side or back side) TRM layer. The coverage of surface area of TRM

fiber material on the masonry wall's back face is lesser than that on the front face. This disparity
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is due to the alignment of the brick wall along the plane of the column's face, in contrast to the

back side where a 107 mm gap bridges between the surfaces of the column and brick wall.

Top View ( Section X-X)

E_:]

Side View (Section Y-Y)

Front View

Front Face (F.F.) &, | Back Face (B.F)

URS BackFace (B.F)| [SRSBZ Back Face (B.F)
N e ——a s

Front Face (F.F.) Front Face (F.F.)|
SRSF1 Back Face (B.F.) SRS-F1B1 Back Face (B.F.)
sl ]| | 5|

Front Face (F.F.) Front Face (F.F.)|
SREBT Back Face (B.F)| [DRS Back Face [B.F)
U ] | s ]

Front Face (F.F.) Front Face (F.F.)
SRS Back Face (B.F)

e ——— R O M = Loading Direction
Reinforced Mortar
Front Face (F.F.)

Figure 6.8. Configurations of the strengthened specimens to summarize the various

parameters considered

In the case of SRS-F1, as can be seen in Figure 6.8, the TRM fiber layer is present on
the front face of the MIW which covers the front face of the beam and the adjacent columns of
the surrounding frame including their side faces. Whereas in the case of SRS-B1, the TRM
layer is present only on the back side of the MIW, which covers neither the bean nor the
column. SRS-F2 and SRS-B2 follow the same procedure of application and location of the
fiber as in SRS-F1 and SRS-B2 except with the increase in the number of layers of TRM,
respectively. As the number in the name of the configuration represents the number of layers
of TRM fibers, SRS-F2 and SRS-B2 contains two layers of fiber on the front and back faces of
the infill wall, respectively. With regard to SRS-F1B1, one layer of the TRM fibers is applied
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both on the front and back faces of MIW. Instead of one layer of TRM fiber as in the case of
SRS-F1B1, DRS specimen has two layers of TRM on both the faces of the MIW.

In order to understand the contribution of the TRM strengthened walls under in-plane
forces, a non-linear finite element (FE) model was adopted, obtained starting from the
geometry of the real specimens. A parametric study was performed in order to further
understand the efficiency of applied strengthening method on varying location and the number
of TRM layers on the MIW. The numerical models of 1:2.5 scaled frames having various TRM
layers were generated for this purpose. The generated models had identical properties except
for their varying number of fiber layers and the location on the surface of the infill walls. The
location of the fiber layers was decided based on the face of the infill walls, i.e., front face and
back face. All of the analyzed frame models had one-bay and one-storey. The same
column/beam cross-sectional dimensions and reinforcement layout were used as in the test
specimens in the experimental procedure. During the numerical procedure, the fibers were

modelled separately related to the faces of the application of the fiber as shown in Figures 6.8.
6.5. RESULTS & COMPARISON

This part of the thesis explains the numerical findings obtained from the current
investigation, followed by a comparison between the outcomes of both numerical and

experimental non-linear cyclic analysis.

The failure patterns of all the numerical models are shown in Figures. 6.11 - 6.18. The
load-bearing capacity values derived from the numerical outcomes are marginally more
significant than the experimental results. Nonetheless, the numerical analysis values are
consistently higher than those found in the experimental data regarding the values of the
maximum lateral displacement. Generally, ABAQUS over-predicts the specimens’ maximum
lateral displacement and maximum loading bearing capacity by a maximum of 10% allowance
compared to the actual experimental data. (This may be the result of idealizations created in
ABAQUS, such as the surface smoothness, the materials' lack of flaws, and the mortar
material's total absence to simulate the performance of the infill wall). Overall, ABAQUS
simulated findings compare favorably with experimental data, as shown by the maximum

excursion curves.

The hysteresis curves for strengthened specimens considered both in the numerical and

parametric study are plotted/obtained up to the maximum lateral displacement exhibited by the
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specimens shown in Figs. 6.19 - 6.26. As seen in Figures 6.9-6.10, envelope curves were

constructed for both experimental tests and for each model by converging the highest excursion

points of each cycle.

According to the obtained hysteresis graphs for all the numerical models, it can be

observed that the maximum load-bearing capacity of the URS specimen is 95.17 kN whereas

the maximum displacement is 31.98 mm. The maximum load-bearing capability of the DRS

specimen is 155.77 kN and the maximum displacement is 13.34 mm. It is obvious from these

values that the URS specimen outperformed the experimental values by 6.70% in terms of load-

carrying capacity whereas the DRS specimen showed a 3.59% increase in the same aspect.
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The URS specimen reduced the maximum deflection by 7.12% compared to the
experimental values while the DRS specimen showed a small spike of 6.59%. As can be seen,
according to the parametric study conducted, there was not much significant difference
between SRS-F2 (133.14 kN) and SRS-F1B1 (138.03 kN) in terms of load-carrying capacity.
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The load-carrying capacity of SRS-F1 (118.57 kN) is 28.97% more compared to SRS-B1
(88.56 kN). Regarding strengthening with two layers, SRS-F2 has produced a 30.67% increase
in the load-carrying capacity compared to SRS-B2. However, by comparing SRS-F1 (118.57
kN) and SRS-F2 (133.14 kN), the difference in the load-carrying capacity is 11.58%. With
regard to SRS-B1 and SRS-B2, the former displayed inferior results around 9.84% compared
to the latter in terms of load-carrying capacity while in terms of deflection, 15.91% more was
observed. Hence, from the parametric study conducted, it can be observed that strengthening
on the front face of the masonry wall proved to be more effective compared to the strengthening
on the back face because of the less surface area covered with the TRM fibers. Less surface
area of the masonry wall was covered on the backside because the alignment of the surface of
the surrounding RC column was not along with the surface of the infill wall with a difference
of 107 mm. whereas, on the front side, the wall’s surface was constructed in alignment with

that of the RC frame.
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6.5.1. Stiffness and Energy Dissipation

Figure 6.26. Hysteresis Curve of DRS

The first hysteretic loop's slope of the first linear loading limb (the displacement

equivalent to 1 mm displacement) was used to compute the initial stiffness (K;) of the tested

frames. The URS specimen’s rigidity has been shown to grow initially and steadily decrease

from 5 mm to 10 mm. The URS specimen’s rigidity progressively reduced from 10 mm until

the test's conclusion. Similar to this, the DRS specimen's stiffness increased abruptly and then

progressively reduced up to a displacement of 15 mm. Because testing on strengthened test

frames terminated at drifts of 0.75 to 1.10%, the stiffness diminution was inconsequential in

contrast to the conventional structure. The bracing action and the infill-frame composite

behaviour were identified as the causes of the higher initial stiffness of the infilled RC frame

(URS) and retrofitted frames.
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Abagqus typically over-predicts the maximum lateral displacement and the maximum
loading-bearing capacity of the specimens by a maximum of 5% when compared to the testing
data. (This may result from idealizations created in ABAQUS, such as the bricks' smoothness,
the materials' shortage of deficiencies, or the mortar material's total absence as a means of

simulating the behaviour of the masonry wall).
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Figures 6.27 — 6.30 display the stiffness degradation and energy dissipation curves
obtained in the numerical analysis. The stiffness decreases with an increase in the displacement.
The specimen’s hysteretic loops were used to calculate the stiffness values from peak to peak.
The load-displacement curve's maximum load points are connected at each displacement level
by a line whose slope is determined, and the peak—to—peak stiffness at each displacement level
is determined. The URS specimen’'s rigidity has been shown to grow initially, steadily decrease

from 5 mm to 10 mm, and then progressively reduced from 10 mm until the test's conclusion.

176



Similarly, the DRS specimen'’s stiffness increased abruptly. It then progressively reduces up to

a displacement of 15 mm.

The experimental results suggested strengthening technique significantly increased the
infill walls' capacity by up to 66% to support in-plane loads. The main damage pattern observed
in the TRM-enhanced test specimens was scattered cracking on the exterior of the TRM matrix,
with no signs of fiber rupture or TRM deboning. Every test frame with TRM reinforcement
exhibited this separation fracture. Altogether, it can be claimed that the seismic behaviour of
RC bounding frames with burnt red clay masonry walls that were seismically vulnerable was
successfully enhanced by greater than fifty percent in terms of carrying capacity by using TRM
as a strengthening material. The eventual increase in the lateral strength, the initiation of
cracking, and the final damage were significantly postponed due to the implementation of the
TRM. Hence, the force and the associated displacements are displayed in Table 6.3. Reduced
vertical compressive load, as is well known, reduces the resistance due to friction caused by
shear slipping on mortar bed joints, which lowers energy dissipation and narrows hysteresis
loops. Previous research (P G Asteris, 2003; Mondal & Jain, 2008) indicates that the RC
surrounding frame contributes around 11% to the infilled masonry's lateral stiffness without
openings. The lateral stiffness of infilled masonry diminishes with an increasing number of

openings.

6.6. EXPRESSION TO DETERMINE THE LOAD-CARRYING CAPACITY OF THE
SPECIMEN

Empirical equations are proposed to determine the load-carrying capacity of the eight
1:2.5 scaled one-bay one-story RC masonry test specimens including the retrofitted specimen
that had been modeled for the parametric study considering the location and number of layers
of the TRM fiber. The factors employed in the formula represent the engineering/experimental
constants derived with respect to the unretrofitted specimen (URS) which is constructed
without any retrofitting. Hence, the engineering constants will be increased according to the
number of layers applied on the surface area of the masonry wall specimen, which is also called

the scaling factor.

The following expression determines the load-carrying capacity of the URS specimen:

Ag —Ap) Xty X A X i
( S o) w fckbrlck X 1 1 (8)
7T X (Econc— Ebrick) X34
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The following expression determines the load-carrying capacity of the SRS-F1 specimen:

1 Ag —Ap) Xty X A X ick XA
= x (As 0) w fck brick f X 32 (9)
21T (Econc— Ebrick) X Efx3.4

The following expression determines the load-carrying capacity of the SRS-B1 specimen:

1 Ag — Ap) Xty XA X f ick X A
= x (As 0) w ck brick f % 24 (10)
21T (Econc— Ebrick) X Efx3.4

The following expression determines the load-carrying capacity of the SRS-F2 specimen:

1 Ag — Ap) Xty XA X f ick X A
1 X( s 0) w ck brick f X 38 (11)
21 (Econc— Ebrick) X Efx3.4

The following expression determines the load-carrying capacity of the SRS-B2 specimen:

1 Ag — Ap) Xty XA X f, ick X A
= % (As 0) w ck brick f X 26 (12)
2 (Econc— Ebrick) X Efx3.4

The following expression determines the load-carrying capacity of the SRS-F1B1 specimen:

1
— X
21 (Econc— Ebrick) % Efx3.4

(As — Ap) X tw X A X feg prick X Af % 3.6 (13)

The following expression determines the load-carrying capacity of the DRS specimen:

1 X(As—Ao)thXAXfckbrickXAf % 4.2 (14)
21 (Econc— Ebrick) % Efx3.4

Where, A = Area of specimen (area of RC frame and area of infill wall); A, = Area of opening
in infill wall; t,, = thickness of infill wall; A = maximum drift (%); Eon = COncrete elastic

modulus, Epyic, = infills elastic modulus, fek brick = infills compressive strength, Ar = cross-

sectional area of fibers, E; = tensile elastic modulus of fibers, values are given in Table 6.1.

According to the numerical data, the URS specimen outperformed the experimental
values by 6.69% in the push direction and 4.76% in the pull direction. The numerical results
for the DRS specimen showed a 3.59% increase in the pull direction and a 5.45% increase in
lateral force in the push direction. The URS specimen reduced the maximum deflection in the
push direction by 7.12% and the maximum deflection in the pull direction by 3.24% compared
to the experimental values. The numerical results for the DRS specimen showed a maximum

deflection in the push direction of 6.59% and an increase in the pull direction of 4.72%.
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Table 6.3. Experimental, numerical, and analytical results of all the models

Results Analytical
Prmax Umax ——M Ksi K/Ky E E/E:1 Fs F/F1 Rs R/R1
Pmax
Specimen (kN)  (mm) (kN) (KN/mm) (KN-mm) (kN) (kN)
BF 49.85  39.69 - 11.62 - - - 49.85 - - -
URS
i 89 34.34 30.06 - 2.52 - 89 - 270.37 -
(Experimental) 08.48
URS 95.17  31.98 32.06 1 2.42 1 95.17 1 285.55 1
SRS-F1 11857 2242 119.28 34.14 1.06 3.38 139 11857 125 32171 113
SRS-B1 99.56  31.14 89.46 33.49 1.04 3.22 133 9956 1.05 309.62 1.08
SRS-F2 138.03 17.75 141.65 45.24 141 3.62 149 138.03 145 34547 121
SRS-B2 104.73  26.55 96.91 42.46 1.32 3.43 142 10473 110 33426 117
SRS-F1B1 133.14 17.84 134.19 4477 1.39 351 145 13314 139 36298 1.27
DRS
. 14750 14.25 50.36 - 3.29 - 147.50 - 373.04 -
(Experimental) 156.56
DRS 155.77 13.34 52.36 1.63 3.84 159 15577 1.64 37848 1.33

Pmax = maximum lateral load, umax = maximum lateral displacement, Ksi = initial stiffness, E =

energy dissipation capacity, Fs = Shear Force, Rs = Shear Resistance

Nonetheless, the numerical analysis values are significantly higher than the values
found in the experimental data when it comes to the values of both maximum load and the
maximum lateral displacement. Analytically, it can be observed that the conventional specimen
(URS) was noted to be 10% more compared to experimental values in terms of load-carrying
capacity. In the case of the DRS specimen, a 6% difference was observed in terms of load-
carrying capacity. With regard to the shear force, the values are same as the maximum load
carrying capacity of the specimen, because the shear force is considered as the component of
the compression diagonal of the infill wall considering the push direction during applying the
cyclic load. In other words, the horizontal component of the force (resultant) in the compression
diagonal is considered as the shear force of the infill wall which is the counterforce, or the
reaction force of the lateral load applied on the test specimen. Hence, both the factors contain
the same values. Masonry shear strength (vme) can be calculated from (ASCE, 2000) which is
as follows.

0.75 (0.75V¢e+ };ﬂ)
For URM components, Vme = 1t

1.5
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Where,

vte = Standard in-situ bed joint shear tests can be used to establish the average bed joint shear
strength (Shapiro et al., 2000),

Pce = applied compressive force of gravity that is anticipated for a wall panel,

An = area of the wall panel's cross-section
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Figure 6.31. Load carrying capacity of the models determined using numerical models

According to the hysteresis graphs acquired from the linear regression analysis
conducted, the average value of the coefficient of determination (R?) is determined to be 0.965,
which evaluates how well the numerical model predicts the results. Figure 6.31 plots the load
carrying capacity of the MIW strengthened with TRM considering different parameters as
discussed earlier. The y-axis of the bar chart shows the value of the load-carrying capacity of
the particular specimen whereas the x-axis of the bar chart shows the name of the model along

with the legend attached to it. The values for the graph are taken from Table 6.3.
6.7. COST ANALYSIS

The major goal of this section is to evaluate the costs and benefits associated with using
TRM to strengthen the MIW for reducing the infill walls damage and prevention of the IP
failure. For this, it was assessed the effectiveness of the TRM to strengthening three 2/5" scale
masonry infill walls was assessed and explained in the previous Chapters. Based on the testing

campaigns and the specimens’ strengthening techniques, the results in terms of strength,
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deformation and energy dissipation capacity are already discussed in the preceding Chapters.
Based on these factors, the cost to conduct an experiment of these specimens is deeply

analyzed, estimation of the percentage of each component is computed.
6.7.1. Quantification of the Test Specimen

This section aims to quantify the costs of the MIW specimen adopted in the
experimental campaigns carried out. The global cost of each solution comprises the cost of the
material used, workmanship and the cost of the equipments used. Table 6.3 summarizes costs
of each construction material used for the construction of the specimen before first wave of
Covid-19 (February 2020) and after the second wave of Covid-19 (October 2021). This cost
considers all the materials used such as cement, sand, aggregates, steel rebars of different
diameters and brick units. The areas and volumes of each structural and non-structural
component are calculated and tabulated. The TRM was bought for once; hence, its cost is

independent of the Covid-19 timeline.

Table 6.4. Cost of construction materials before and after Covid-19

Market Amount (%)
Items Size/Grade/Type UNIT
February 2020 October 2021
Cement 43 OPC (kg) Per bag (50 kg) 360 400
Sand Crusher (kg) Per tractor 4200 4600
Aggregate 20 mm (kg) Per tractor 6700 7500
Bricks Class Il Per brick 6 7
Steel 16 mm (m) Per kg 43.5 59.75
Rebars 12 mm (m) Per kg 43 58.5
10 mm (m) Per kg 45 561
Steel
8 mm (m) Per kg 46 62
Links
6 mm (m) Per kg 48 62

The relative component costs were computed by performing the ratio between each
component cost with the global cost helping to understand the relevance of each one, which
are plotted in Figure 6.32. From this analysis, it is possible to observe that the cost of
construction materials used for a single specimen is approximately Rs. 24,000 excluding the

transportation costs, workmanship, and the miscellaneous costs (Table 6.5).
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Table 6.5. Cost estimation for construction materials

Cross-Section Clear Cover Main Rein _
Scale | Components Length (m) Stirrups (mm)
Width (m) | Depth (m) (mm) (mm)
Beam 0.185 0.24 1.84 10 12 @ 8-50c\c
Column 0.185 0.21 1.2 10 12 @ 8-50c\c
1:25 ot @ 10 - 170 c\c - midspan
-to
Plinth 0.275 0.4 2.6 20 P @ 10 - 200 c\c — both
16 - bot
ends
Beam 0.25 0.45 4.6 20 12 @8-50c\c
Column 0.25 0.4 3 20 12 @ 8-50c\c
111 ot @ 10 - 170 c\c - midspan
-to
Plinth 0.55 0.45 6.5 25 P @ 10 - 200 c\c — both
16 - bot
ends
QUANTITY (kg) or (m) TOTAL QUANTITY Amount ()
Size/
Reduced Reduced
Items Grade/ Full Scale Reduced Full Scale Full Scale
Type Scale (1:1) Scale (1:2.5) (1:1) Scale (1:1)
: cale (1:2. : :
(1:2.5) (1:2.5)
Cement OPC 43 205 kg 1200 kg 5 Bags 24 Bags 2000 9600
Fine Aggregate Crusher 341 kg 2000 kg 4 quintal 20 quintal 4600 9200
Coarse Aggregate 20 mm 618 kg 3620 kg 7 quintal 37 quintal 7500 15000
Bricks Class I 100 nos. 625 nos. 500 nos. 1000 nos. 3500 7000
Steel 16 mm 12m 30m 12 m (or) 19 kg | 30 m (or) 48 kg 1135.25 2868
Rebars 12 mm 50 m 90 m 50 m (or) 45 kg | 90 m (or) 81 kg 2632.5 47385
Steel 10 mm 24m 58 m 24 m (or) 15kg | 58 m (or) 36 kg 915 2196
Links 8 mm 46 m 96 m 46 m (or) 19 kg | 96 m (or) 39 kg 1178 2418
TOTAL 23,462 50,327

The costs are calculated based on the volumes of the beam, columns, and the foundation

beam. The dimensions are given in Table 6.4 based on which the cost per specimen is evaluated

and the total amount for all the materials is summed up and displayed at the end of the table.

Additional costs that include transportation, workmanship, and other costs, are given in Table

6.5, which vary depending on the region, distance, and load per trip.
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Table 6.6. Transportation, workmanship, and other costs

Transportation (depends on distance, location, and load)

Cement No. of bags Per load 100
Sand Quintal/cubic feet Per tractor 150
Aggregate Quintal/cubic feet Per tractor 150
Bricks No. of bricks Per tractor 200
Steel bars Distance Per tractor 200
TRM Distance Per km 720

Workmanship

Steel Tier Bar bending Per day 650
Mason Concrete Work Per day 650
Helper Concrete Work Per day 500

Drilling Work
Rent Per hour 50
Worker Per day 150

TRM
BRICKS 29
8%
TRM

Mortar
2%

© 16 mm rebars
AGGREGATE A

21%

Figure 6.32. Relative component costs
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6.7.2. Costs Quantification of MIW Strengthening Using TRM

This section aims quantifying the costs of the TRM solutions adopted for the two

experiments and the parametric study elaborated in Chapter 5 and Section 6.4, respectively.

Cost-benefit analysis is of full importance to understand if expensive strengthening TRM

solutions means better performance of the MIW under IP loadings. For this, the cost of each

strengthening solution was compared with respect to the factors considered in the parametric

study i.e., number of layers and location of the TRM strengthening fibers which are tabulated

in Table 6.5. Figure 6.33 plots the cost comparison of the MIW strengthened with TRM

considering cost of the construction materials, TRM, the mortar used for TRM and the

calculated total cost.

Table 6.7. Costs of Reduced Scale and Full-Scale Specimen Strengthened with TRM

QUANTITY (kg) or (m) | TOTAL QUANTITY Amount %)
Size/
Reduced
Items Grade/ Full Scale Reduced Full Scale Reduced Full Scale
Scale
Type (1:1) Scale (1:2.5) (1:1) Scale (1:2.5) (1:1)
(1:2.5)
TRM 50mx1m(LxB) 7 m? 21 m? 770 2310 1 roll =50 m? 5500
TRM mortar
Per bag (30 kg) 120 kg 600 4 Bags 36 Bags 3,300 30,341
(DRS)
AREA OF TRM ON COST OF Cost of TRM
Cost of TRM ) Total Cost (%)
THE SPECIMEN (m?) | MATERIALS ) mortar (%)
Specimen Reduced Full Reduced Full Reduced Full Reduced Full | Reduced Full
Scale Scale Scale Scale Scale Scale Scale | Scale | Scale Scale
(1:2.5) (1:1) (1:2.5) (1:1) (1:2.5) (1:1) (1:2.5) (1:1) (1:2.5) (1:1)
BF - - 19,962 43,327 - - - - 19,962 43,327
URS - - - - - - 23,462 50,327
SRS-F1 3.6 16.9 1682 7939 80,971 87,228
SRS-B1 2 15.4 937 7232 80,226 86,521
SRS-F2 7.2 33.7 23,462 50,327 3364 15878 82,653 95,167
5500 5500
SRS-B2 4 30.7 1875 14463 81,164 93,752
SRS-F1B1 5.6 32.2 2619 15171 81,908 94,460
DRS 11.2 64.36 5239 30341 | 84,528 | 1,09,630
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Figure 6.33. Cost comparison of MIW strengthened with TRM considering different parameters
6.8. SUMMARY

A numerical study was carried out to simulate the in-plane behaviour of eight 1:2.5
scaled one-storey one-bay masonry-infilled reinforced concrete (RC) frames retrofitted with
textile-reinforced mortar (TRM). The study used ABAQUS finite element analysis (FEA)
software and a three-dimensional (3-D) finite element method. Employing a ductile design and
details, the TRM-retrofitted structure encountered in-plane displacement-control cyclic loads
during the test. This study assesses how accurately a representative numerical model can
replicate the results of an experimental test. Parametric research was conducted following the
numerical model's validation. To develop a suitable numerical model, suitable constitutive
models based on the concrete damage plasticity (CDP) approach were used to characterize the
nonlinear response of TRM, masonry infill, steel, and concrete. The numerical model
demonstrated accurately the ability to simulate the in-plane (IP) behaviour of the modified RC
frame with infill walls, including its initial stiffness, deterioration, deformation-resisting
ability, and failure patterns. Furthermore, a parametric study was conducted to determine the
significance of the full-bond scenario between the RC frame infilled with masonry and the
TRM considering: (1) the location of the strengthening material on the specimen and (2) the

number of layers of the strengthening material. All retrofitted wall specimens showed a
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considerable improvement in the in-plane performance; some features of the wall's behaviour
were found to be strongly influenced by the parameters under examination. It can be observed
that the specimen with two layers of TRM on both sides of the infill wall (DRS) exhibit the
maximum lateral load carrying capacity and maximum deflection resisting characteristics
while the other retrofitted specimens controlled the deflection to some extent and significantly
enhancing the load carrying capacities of the masonry system. Finally, cost analysis and
predictions were reported which display the cost required to construct a test specimen for an
experiment with different scales of the specimen (reduced scale and full-scale) that includes

the construction cost, transportation costs, workmanship, and miscellaneous costs.
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CHAPTER 7

CONCLUSIONS AND FUTURE STUDY

7.1. CONCLUSIONS

Masonry infill walls (MIW) are important non-structural elements of modern multi-
storey frame buildings. The in-plane seismic vulnerability of such infill wall remains also in
the modern structures complying with the recent seismic codes, which can result in huge
economic losses besides safety threats to the people. The in-plane behaviour of infills during
the earthquake is still difficult to predict. Therefore, in this study, attention was given to

understanding the response of infill walls to earthquake-induced in-plane seismic forces.

Initially, this Chapter discusses the numerical simulation outcomes of the wall panel
model with the experimental results given by [N. Ismail et. al. 2018], followed by the results
of the experimental investigation discussed in the Chapter 4 and finally, the conclusions of the
parametric study conducted to determine the significance of the full-bond scenario between the
RC frame infilled with masonry and the textile reinforced mortar (TRM) are presented.

Furthermore, recommendations are also provided for the future scope of the study.

In this work, the IP performance of non-ductile RC frames with strengthened masonry
infills is demonstrated via a simulation of a numerical model that was employed in the
ABAQUS finite element analysis (FEA) program. This study explored the numerical
simulation of the wall panel model with the experimental data to create a straightforward strut
model for a complete structure and predict structural performance, including maximum
deflection and ultimate strength using the proposed empirical equations (section 4.7) for
evaluating the structural integrity of infilled frames. As mentioned in Table 3.5, the maximum
load-carrying capacity of the MIW frame systems is validated with both the numerical

simulation and the proposed analytical empirical equations.

Based on the results of the experimental analysis as mentioned in Section 4, analysis,
eight models—the bare frame (BF-1), the infill frame (IF-2), and the masonry infill frame
reinforced with carbon, basalt, and glass fiber FRCM bands spaced 1/3 and 1/6 the diagonal

length apart were employed for the numerical validation study. To simulate reinforced concrete
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(RC) frames reinforced with fiber reinforced cementitious matrix (FRCM) and filled with
masonry under in-plane (IP) cyclic loads, this work focuses on the constitutive model for
numerical modeling of all the structural system's components. Numerous constitutive models
that are based on continuum damage mechanics, elasticity, and plasticity theories may be found
in the literature. The obtained numerical results were then compared with the analytical
formulae and were convinced with the experimental data, for which numerous input parameters
were adjusted as necessary to provide an acceptable output. For each test, backbone curves
were plotted by interconnecting the highest excursion points of each cycle, as illustrated in
Figure 3.31.

e It is possible to estimate how infilled frame models would behave under hysteresis
using cyclic displacement control analysis.

e To evaluate the impact of each feature on the frame's IP response, numerical models
are created for the bare frame, the frame with a fully solid infill wall, and the frame
with an infill wall reinforced with FRCM.

e The experimental geometry was as closely matched as feasible in the FRCM-retrofitted
masonry infill RC frame models utilized in this investigation.

e In terms of load-displacement relationships, the computational calculations and
analytical results are quite close to the actual data (Table 5).

e The results of the trials were consistent with the failure patterns anticipated by the
numerical models. ABAQUS' predictions for the specimens’ maximum load-bearing
capacity and maximum lateral displacement are slightly inflated, but they may still be
used moving forward because they are roughly in a tie with the experimental outcomes.

e In terms of the crucial characteristics, such as load-carrying capacity, deformation
capacity, and cracking patterns, the results of the calculations and experiments of the
FRCM-strengthened masonry-infilled RC frame show outstanding consistency.

e Regarding the landmark and trajectory of the cracks, the fracture patterns of the FRCM

specimen exhibit satisfactory concurrence with the results of the experiment.

The creation of a multi-crack pattern and the inclusion of an effective load transmitting
mechanism at the bottom level in FRCM jacketing have shown beneficial in large shear

deformations through experimental and computational research.

An experimental program examined the in-plane behaviour of ductile reinforced

concrete frames with fabric-reinforced cementitious matrix and adhering burnt clay red brick
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infill. Two one-story, one-bay test frames were exposed to a constant vertical axial load of 100
kN and subjected to a quasi-static, cyclic in-plane loading history. Glass fiber was integrated

into the test frame. Among the significant discoveries are the following:

e The suggested strengthening technique significantly increased the infill walls' capacity
by up to 66% to support in-plane loads.

e The failure that began at the bottom masonry-frame contact in the TRM-reinforced test
frames indicated the early separation of the masonry from the surrounding frame.

e The main damage pattern observed in the TRM-enhanced test frames was distributed
cracking on the surface of the TRM matrix, with no signs of fiber slippage rupture or
TRM deboning. Every test frame with TRM reinforcement exhibited this separation
fracture, with a lateral drift of approximately 0.4 - 0.6%.

e TRM has generally been successful in improving the seismic performance of RC frames
with burnt clay red brick masonry infills that are seismically vulnerable. There was a
noticeable delay in the onset of cracking and damage, and the ultimate gain in lateral

strength was between 50 and 70 percent.

Altogether, it can be claimed that the seismic performance of RC frames with burnt red
clay masonry infills that were seismically vulnerable was successfully enhanced by more than
50% in terms of load-carrying capacity by using TRM as a strengthening material. The eventual
increase in the lateral strength, the initiation of cracking and the final damage were significantly

postponed due to the implementation of the TRM.

Using a finite element framework and the simplified micro-modelling technique, the
masonry structure is simulated at the infill component level. The numerical model
demonstrated accurately the ability to simulate the in-plane behaviour of the RC frame with
infill walls, including its initial stiffness, deterioration, deformation-resisting ability, and
failure patterns. Additionally, a parametric study was conducted to determine the significance
of the RC frame infilled with masonry and the TRM considering: (1) the location of the
strengthening fiber material on the specimen and (2) the number of layers of the strengthening
material. All modified walls showed a considerable improvement in in-plane performance, with
the parameters under examination having a major impact on certain elements of the wall's
behaviour. Empirical equations were developed analytically to assess the specimen's load-
carrying capability with opening which let the users/costumers select the configuration of the
TRM according to on their requirement and also depending on the seismic hazard of the
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particular area. It can be observed that the specimen with two layers of the TRM fiber on both
sides of the infill wall exhibit the maximum lateral load carrying capacity and maximum
deflection resisting characteristics while the other retrofitted specimens controlled the
deflection to some extent and significantly enhancing the load carrying capacities of the
masonry system. It can be observed that DRS strengthening pattern was the best retrofit option
in terms of boosting strength in contrast to singly retrofitting scheme. With regard to the single
retrofitting scheme, the strengthening of the front face of the specimen offered relatively best
results when compared to the retrofitting on the backside of the masonry wall. Among the

significant discoveries are the following:

e The suggested strengthening technique significantly increased the infill walls' capacity
by up to 66% to support in-plane loads.

e The parametric study suggests that the strengthening on the front face of the specimen
by applying one layer of TRM (SRS-F1) is contributing 28.97% more compared to the
strengthening on the back face of the masonry specimen (SRS-B1) which was less

effective about 32.56% increase in terms of the deflection resisting capacity.

e The parametric study suggests that the strengthening on the front face of the specimen
by applying two layers of TRM (SRS-F2) is contributing 33.26% more compared to the
strengthening on the back face of the masonry specimen (SRS-B2) which was less

effective about 39.73% in terms of the deflection resisting capacity.

e The parametric study suggests that the strengthening on the front face and back face of
the specimen by applying one layer of TRM (SRS-F1B1) is contributing 12.03% more
compared to the strengthening with two layers on both front face and back face of the
masonry specimen (DRS) which was less effective about 28.86% in terms of the

deflection resisting capacity

e TRM has generally been successful in improving the seismic performance of RC frames
with burnt clay red brick masonry infills that are seismically vulnerable. There was a
noticeable delay in the onset of cracking and damage, and the ultimate gain in lateral

strength was between 50 and 70 percent.

e The validation model displayed that the numerical model can precisely simulate the
behaviour and predict the capacity of retrofitted masonry-infilled RC frames.
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The difference in the experiment and numerical values was below 10% in terms of
maximum lateral load carrying capacity and maximum displacement values, proving

that the results of the simulated models agreed with the experimental results.

Altogether, it might be argued that RC frames' seismic performance with burnt red clay

masonry infills that were seismically vulnerable was successfully enhanced by greater than

fifty percent in terms of carrying capacity by using TRM as a strengthening material. The

eventual increase in the lateral strength, the initiation of cracking and the final damage were

significantly postponed due to the implementation of the TRM.

7.2. CONTRIBUTIONS OF RESEARCH CONDUCTED

This thesis contributes to three categories of the research and development of masonry
infilled RC frames, i.e., experimental work, numerical work, and analytical work.

The experiment is conducted on two 1:2.5 scale specimens to understand the cyclic
performance of MIW under lateral loading conditions.

Numerical simulation provides the validation of the experimental hysteresis behaviour.
Finally, cost analysis for reduced scale and full-scale models is provided to compare
the rates, which lets the users/customers select the configuration of the TRM according

to their requirements and also depending on the seismic hazard of the particular area.

7.3. LIMITATIONS OF RESEARCH CONDUCTED

Reduced scale specimens were taken into consideration in the research because of the
laboratory's space limitations and the servo-hydraulic actuator's (250 kN) restricted
capability.

In the numerical analysis, a simplified micro-model method was used because there
were only a few nodes accessible in the student edition of ABAQUS.

With respect to the analytical analysis, the suggested equations are empirical equations
as they are currently in the research and development stage and will eventually become

generalized equations through more study.
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7.4. SCOPE OF FUTURE WORK

Combined in-plane (IP)/out-of-plane (OOP) loads can be taken into consideration for

testing MIW, with/without openings and with/without strengthening.

e Investigation into different types of openings, such as both door and window in an MIW
can be considered for future research.

e The behavior of MIW on slope surfaces has a lot of scope to be explored for future
research.

e Since the empirical equations proposed are limited to the current research, further
research will be carried out to propose generalized equations to determine the load
carrying capacity of the MIW specimen which can be applied in practical scenarios.
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APPENDICES

Appendix 1: Design axial load carrying capacity of the column

a) Calculation gross c.s.a of column (Ag)

Size of column = 200 x 140 = 28000 mm?

b) Calculation of area of steel in col
Area of bar = (6) x /4 x D? = 678.24 mm?

c) Calculation area of concrete in column
w.k.t gross c.s.a = area of concrete in column and area of steel in concrete
Ag = Ac + Asc
Ac = Ag - Asc
A; = 28000 - 678.24 = 27321.76 mm?
d) Py=(0.4x20x27321.76) + (0.67 x 415 x 678.24) = 2374.32 kN
e) Load carrying capacity of column

For steel grade 500, concrete M20
P =(2.7005 p + 8) bD/1500 = 199.742 kN
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Appendix 2: Ductility of the unreinforced and reinforced frames

Ductility = failure displacement (Af )/yield displacement (Ay)
Af/Ay for URS = (80% of 89 kN) = 71.2 kN — (22.4/13.57) = 1.651

Af/Ay for DRS = (80% of 147.5 kN) = 118 kN — (14.25/4.8) = 2.97
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APPENDIX 3: DESIGN REPORT

DESIGN OF LOADING FRAME TO MOUNT THE
ACTUATOR

DESIGN REPORT
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f-[Z3 LOAD 2 LOADTYPE Live TITLE ACTUAT
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new validated structure.anl
File Edit View Help

& &

d

WARNING
RESULTS

- 5TAAD Qutput Viewer

K7
=

—

ALL UNITS ARE

STEEL DESIGN
STEEL TAKE OFF
STEEL DESIGN
STEEL TAKE OFF
COMNCRETE DESIGN

- KN METE (UNLESS OTHERWISE Noted)

Copy the selection and put it on the Clipboard

MEMBER TABLE RESULT/ CRITICAL COND/ RATICO/ LOADING/
FX MY MZ LOCATION
1 DRI SMAT (INDIZN SECTIONS)
PASS Is-7.1.2 0.011 2
1.84 T 0.25 22.50 0.00
2 D ISMC150 (INDIRN SECTICNS)
PASS IS-7.1.1({&n) 0.008 1
3.25 C 0.00 0.10 2.34
3 TB ISME350 (INDIRN SECTIONS)
PASS SHEARR-Y 0.00% 1
0.06 C 0.00 0.10 0.00
4 PRI SMAT (INDIZN SECTIONS)
DASS I3-7.1.2 0.011 2
1.84 T -0.25 22.50 0.00
5D ISMCL50 (INDIZN SECTIONS)
DASS IS-7.1.1(&n) 0.008 1
3.25 C 0.00 -0.10 2.34
£ TB ISWESOO (INDIZN SECTIONS)
DASS Is-7.1.2 0.436 2
141.55 T -156.07 0.00 0.00
7 TE ISWES00 (INDIRN SECTIONS)
PASS Is-7.1.2 0D.429 2
142.65 T -153.62 0.00 0.00
8 DRI SMAT (INDIZN SECTIONS)
PASS Is-7.1.2 0.280 2
155.06 T 0.00 116.07 0.00
9 TB ISME350 (INDIRN SECTICNS)
PASS Is-7.1.2 D.142 2
0.45 T 16.00 2.57 1.73
—————————————————————————————————— PAGE 3 Ends Here >————————————————-———————————
STRAD SPACE —-- PAGE WO

Steel Design Output

a) All members are passing under
the given loading conditions.
b) C stands for Compression
T stands for Tension
Fx = Axial Force
My = Moment in y-direction

Mz = Moment in z-direction

Contd...

Total Page: 12 |CAP [NUM

NP




new validated structure.anl
File Edit View Help

& &

J

WARNING
RESULTS

- STAAD Output Viewer

k?
S E|

STEEL DESIGMN
STEEL TAKE OFF
STEEL DESIGN
STEEL TAKE OFF
CONCRETE DESIGMN

ALL UNITS ARE - EN METE (UNLESS OTHERWISE Noted)

MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/S LOADING/
FE MY MZ LOCATION
10 TB ISMB350 (INDIAN SECTICNS)
PASS T9-7.1.2 0.142 2
0.45 T 16.00 2.57 .00
11 aT TSHB200 (INDIZN SECTICONS)
PASS IS-7.1.1(B) 0.819 2
505.14 o 0.00 -6.35 1.66
12 PRI SMAT (INDIZN SECTICNS)
PASS TS-7.1.1(&) 0.004
0.00 T 0.00 0.10 75
13 DRI SMAT (INDIZN SECTICONS)
PASS IS-7.1.1(&) 0.005
0.00 T 0.00 0.14 48
14 PRI SMAT (INDIZN SECTICNS)
PASS TS-7.1.1(&) 0.004
0.00 T 0.00 0.10 75
15 PRI SMAT (INDIAN SECTIONS)
DASS IS-7.1.1(&) 0.005
0.00 T 0.00 0.14 48

ke ke ke ke ke e ke ke ke ke ke ke

END OF TABULATED

63. PARAMETEER 2
&4. CODE INDIAN

65. STEEL MEMBER TAEE OFF ALL

ez

EESULT OF DESIGN

e de ke ke ke ke ke ke e ke ke ke ke ke

Steel Design Output

a) All members are passing under
the given loading conditions.
b) C stands for Compression
T stands for Tension
Fx = Axial Force
My = Moment in y-direction

Mz = Moment in z-direction

Total Page: 12 |CAP |NUM

L
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new validated structure.anl - 5TAAD Output Viewer

File Edit View Help

& &

WARNING
RESULTS

d

K?
=l

STEEL DESIGN
STEEL TAKE OFF
STEEL DESIGM
STEEL TAKE OFF
COMCRETE DESIGNM

72. START CONCRETE DESIGN
73. CODE INDIZN
74. FC 20000 MEME 1 4
75. DESIGN COLUMN 1 4
———————————————————————————————— < PAGE 8 Ends Here > ——————————————————————————

STLLD SPLCE —— PAGE HNO. S
oL UMM N C. 1 ODE S IGHN EESUTULTS
M20 Fe4l5 (Main) F=41l5 (Sec.)

LENGTH: 1665.0 mm CROSS SECTION: 300.0 mm X 500.0 mm COVER: 40.0 mm

¥+ GUIDING LOAD CASE: 2 END JOINT: 1 TENSICON COLUMN

REQD. STEEL ARER H 1200.00 Sg.mm.

REQD. CCNCERETE ARER: 143800.00 Sg.mm.

MATN REINFORCEMENT : Prowide 12 - 12 dia. (0.9%0%, 1357.17 Sg.mm.)
(Equally distributed)

TIE REINFORCEMENT : Provide 8 mm dia. rectangular ties @ 190 mm </c

SECTION CAPACITY BASED ON REINFCORCEMENT REQUIRED (ENS-MET)

Puz : 1712.70 Muzl : 89.42 Muyl : 45.04
INTERACTION RATIC: 0.26 (as per Cl. 359.6, I3456:2000)

SECTICN CAPACITY BASED CN REINFCRCEMENT PROVIDED (ENS-MET)
WORST LOAD CASE: 2
END JOINT: 1 Puz : 1760.20 Muz : 101.15% Muy : 54.594 IR: 0.23

Concrete Design

Output

Contd...

Total Page: 12 |CAP |NUM

ND



new validated structure.anl - 5TAAD Output Viewer

- X
File Edit View Help
& #HEEW
==l -
WARNING COLUMN N O. 4 DESIGN RESULTS
RESULTS
STEEL DESIGM M20 Fe4lS5 (Main) FedlS (Sec.)
STEEL TAKE OFF
STEEL DESIGN LENGTH: 1665.0 mm CROSS SECTICN: 300.0 mm X 500.0 mm COVER: 40.0 mm
STEEL TAKE OFF
CONCRETE DESIGN *+ GUIDING LOAD CASE: 2 END JOINT: 5 TENSICN COLUMN
———————————————————————————————— < PAGE 9% Ends Here »>———————————————————————————
STAAD SPACE —— PAGE NOC. 10
REQD. STEEL ARER H 1200.00 Sg.mm.
EEQD. CCNCRETE AREA: 148800.00 Sg.mm.
MATHN REINFORCEMENT : Prowide 12 - 12 dia. (0.950%, 1357.17 Sg.mm.) .
Euatty aiscrivaced Concrete Design
TIE REINFORCEMENT : Provide 8 mm dia. rectangular ties @ 190 mm </c
SECTIOCN CAPACITY BASED ON REINFORCEMENT REQUIRED (ENS-MET) Output
Puz : 1712.70 Muzl : 89.42 Muyl : 45.04
INTERACTION RATIC: 0.26 (as per Cl. 359.6, I3456:2000)
SECTICN CAPACITY BASED ON REINFORCEMENT PRECVIDED (ENS—-MET)
WORST LOAD CASE: 2
END JOINT: 5 Puz : 1760.20 Muz 101.15% Muy : 54.594 IR: 0.23
wwwwwwwwwwwwwwwwwwwwEND OF COLU}{N DESIGN RESULTS\I’WW*W\I’WW\kwwwww*’\l‘w*\kw
7&. COMNCRETE TAEE
77. END CONCRETE DESIGHN
™. = |y === < PAGE 10 Ends Hers >——————————————————————————— ~

Total Page:

12 |CAP |[NUM

Np




new validated structure.anl - STAAD Output Viewer

File Edit View Help

& &

WARNING
RESULTS

4

A?
1=l

STEEL DESIGN
STEEL TAKE OFF
STEEL DESIGN
STEEL TAKE OFF
COMCRETE DESIGN

STEEL TAKE-OFF
FROFILE

o ISMC150

TE ISMB350

TE ISWE300

ST ISHB200

FPRISMATIC STEEL

4.67
6.592
3.33
1.66
3.58

LENGTH (METE)

TCOTATL VOLUME CF PRISMATIC STEEL SECTICHNS

MEMBER

2 D
3 TB
5 D
& TB
7 TB
8

El TB
10 TB
11 ST
12
13
14
15

FROFILE

ISMC150
ISME350
ISMC150
ISWESO0OD
ISWBS00
FRI SMAT
ISMB350
ISME350
ISHB200O
FRI SMAT
FRI SMAT
FRI SMAT
FRI SMAT

LE

MNGTH

(METE)

2.34
3.46
2.34
1.66
1.66
1.50
1.732
1.73
1.66
0.75
0.48
0.75
0.48

WEIGHT (KN )

1.528
12.987
11.281

0.e0e6
10.035

0.13 CUBIC METE

WEIGHT
(KN )

0.764
£.493
0.764
5.641
5.641
8.145
3.247
3.247
0.e0e6
0.57€6
0.3659
0.57€6
0.3659

Steel Take-Off Output

(Weight of Total
Steel Structure)

Total Page:

12

CAP |NUM

ND
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new validated structure.anl - STAAD Output Viewer

- X
File Edit View Help
S #ElEW
==l INTERACTION BATIO: 0.26 (as per Cl. 39.6, IS456:2000) A
WARNING
RESULTS SECTION CAPACITY BASED CON REINFORCEMENT PROVIDED (ENS-MET)
STEELDESIGW ||  —TTTTTT T T T T TS T T T T T T T T T T T T T T T T T T T T T T T s T T T T e e e e
STEEL TAKE OFF WORST LOAD CASE: 2
STEEL DESIGN END JOINT: 5 Puz : 1760.20 Muz : 101.19 Muy : 54.94 IR: 0.23
COMCRETE DESIGM
wwwwwwwwwwwwwwwwwwwwEND OF COLUMMN DESIGN RESULTSwwwwwwwwwwwwwwwwwwww
7&. CONCRETE TLEE
77. END CONCRETE DESIGN
———————————————————————————————— < PARGE 10 Ends Here »>———————————————————————————
STAAD SPACE —— FAGE NO. 11
e CONCERETE TLFEE OFF B e e e
(FOBR BEZAMS, COLUMNS AND PLATES DESIGNED ABOVE)
EEINFORCING STEEL QUANTITY REPRESENTS REINFCORCING STEEL IN BEAMS AND COLUMNS DESIGNED ABCVE.
REINFORCING STEEL IN PLATES IS NOT INCLUDED IN THE REPCRTED QUANTITY.
TOTATL VOLUME OF CONCRETE = 0.5 CU.METER
in ) Steel Take-Off Output
(in mm) (in New) ee a e- u pu
8 87
.
(Weight of Total
dkdk TOTAL= 435
78. FINISH t St t
Concrete Structure
Teo I R e V
Total Page: 12 |CAP |NUM

Np
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