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ABSTRACT

Earthquakes are natural hazards under which disasters are mainly caused by damage to or
collapse of buildings and other man-made structures. The unreinforced masonry (URM) buildings
have proved to be the most vulnerable to earthquake forces and have suffered maximum damage
during the past earthquakes worldwide. Unreinforced masonry is an old age traditional method
used for most of the low to medium rise buildings in many countries, including India. In most
cases, neither seismic loads are considered while designing nor earthquake resistant features are
incorporated in masonry buildings leading to their excessive damage during earthquakes.
Understanding the failure mechanism of these buildings subjected to seismic loads will help in
improving their performance. Thus, the various failure mechanism of different masonry buildings

subjected to seismic loads has been presented herein.

To improve the seismic performance of masonry buildings, a number of techniques have
been adopted to strengthen the existing masonry buildings. A review of the existing strengthening
technology used for strengthening masonry has been comprehensively discussed in this thesis. In
addition, a detailed review of existing codal recommendations and guidelines have also been
presented. Numerical modeling which serves as a powerful tool has also been reviewed with

respect to masonry modeling.

The procedure adopted for the strengthening of URM recommended in Indian standard
code of practice 1S 13935: 2009, using welded wire mesh (WWM) and coarse cement sand mortar
has been adopted and presented in detail for all considered test specimens. The conventional
masonry panels were constructed and tested to obtain the material properties and to develop a non-
linear material model for finite element (FE) modeling. Concrete Damaged Plasticity (CDP)
constitutive model has been used in this study to simulate the non-linear behavior of masonry.
Experiments have been conducted to evaluate the in-plane and out-of-plane behavior of both
reinforced and unreinforced masonry panels. Two half-scale masonry models have also been tested
on shake table whose sequential construction details are also presented herein. The experimental
results of URM and reinforced masonry (RM) panels, as well as the two half-scale masonry

models, have been compared with numerical simulations.

In the first phase, masonry panels of size 500 mm x 500 mm x 230 mm have been tested
for diagonal compression as per ASTM E519 to study the in-plane behavior of URM panels. The
URM specimens were strengthened using WWM (1 inch, 1.5 inch, and 2 inch spacing) and 1:3
coarse sand mortar as per IS 13935: 2009. The behavior of both strengthened and URM panels



have been compared in terms of strength, stiffness and ductility. The incorporation of WWM
reinforcement on URM masonry panels resulted in an average increase of strength ranging from
1.88, 2.35 and 2.42 times more compared to control specimen of 1:4 mortar masonry samples. In
case of 1:6 mortar masonry samples increase in strength varied from 11.51, 12.24, 13.00 times the
controlled specimen in 1 inch, 1.5 inch and 2 inch spacing WWM respectively. The numerical
results simulated with CDP model were compared with the experimental findings in terms of

damage pattern and shear stress-strain plots.

In the second phase, the URM panels were investigated for out-of-plane behavior as per
ASTM E518. Masonry panels of size 1000 mm x 500 mm x 230 mm were tested under four-point
loading condition to study the out-of-plane behavior of both URM and RM panels. The
enhancement in flexural strength of RM specimen compared to URM specimen was investigated
in terms of load carrying capacity, displacement, and ductility. The flexural load carrying capacity
of masonry has significantly increased at an order of four in case of strengthened specimen
compared to that of conventional URM panels. The experimental test results were numerically

validated in terms of load-deflection plots and damage pattern.

In the third phase, two half-scale masonry models, one URM and the other strengthened
with 1.5 inch spacing WWM and 1:3 coarse sand mortar has been evaluated using shake table test
facility in the Department of Earthquake Engineering, 1IT Roorkee. Initially, free vibration test
was carried out on both the models to compute the time period and natural frequency of the URM
and RM models. The models have been tested on a shake table for a series of artificially generated
acceleration time history compatible with Indian standard response spectra for seismic zone V on
hard soil. These ground motions were applied at the base of the model and response has been
recorded at the base and at the top of these models. The URM model experienced extensive damage
confirming that URM buildings are highly unsafe during the earthquake and require retrofitting/
strengthening. Acceleration at the top of the models was observed and recorded during testing.
The RM model was able to withstand three times more intense load (ground motion) compared to
the URM model without any sign of distress. The modes of failure were observed and roof
acceleration was recorded. The experimental results were validated numerically using finite
element analyses. The results obtained from the numerical simulation were found to be in good
agreement with the damage pattern and peak ground acceleration obtained from the experimental
results. The RM model performed well during the dynamic testing confirming that the adopted

technique can be effectively used for strengthening/ retrofitting of existing masonry structures.
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CHAPTER -1

INTRODUCTION

1.1 GENERAL

Masonry structures were built during ancient times when no appropriate theory and good
engineering knowledge were available. People usually built their houses according to the
traditions and experience in vogue at that time. So, many buildings which still exist do not satisfy
the present codal guidelines for earthquake resistant construction. The recent worldwide

earthquakes have also made the people more conscious about the safety of life and property.

The mechanical behaviour of masonry is complex and its form, type of units and quality
of mortar varies world-wide. This variation makes the design and retrofitting of masonry
buildings a more challenging task. Despite wide spread use of masonry world-wide, a thorough
understanding of behavior of masonry is still lacking and it is considered as a non-engineered
material. Recently, there has been renewed research interest, particularly in estimating the
seismic vulnerability of masonry buildings and a number of projects have been undertaken
worldwide on estimating seismic vulnerability/ response of masonry structures. As a result,

masonry is gradually being recognized as a reliable construction material even for seismic areas.

The strengthening of existing masonry structures in earthquake prone areas seems to be
a serious issue to be dealt with. Many strengthening techniques are being used in practice while
many more are being developed. A most effective economical easy to use technique is still a
target for many researchers. Strengthening using fibre reinforced polymers (FRP), ferrocement,
bamboo, rubber tyres, twisted steel bars, steel reinforcement, etc. have successively been used in

practice, but their behaviour in in-plane and out-of-plane action are yet to be explored in detail.

In this study, an attempt has been made to study the in-plane and out-of-plane behaviour
of URM (Unreinforced Masonry) strengthened with WWM (Welded Wire Mesh) with various
spacing and coarse sand (which is proposed in IS 13935: 2009), both numerically and
experimentally. The behavior is studied in terms of damage pattern, strength, load carrying
capacity and ductility. The results of URM and RM (Reinforced Masonry) were compared to
understand the effectiveness of the retrofitting technique used. The dynamic behavior of URM

and RM was also studied, both numerically and experimentally.
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Two types of modeling approaches, namely micro-modeling and macro-modeling, are
being used to simulate the seismic behavior of masonry buildings. Finite Element Method (FEM)
and Distinct Element Method (DEM) are the most common techniques used for the former
approach, whereas Pier Analysis Method (PAM) and Equivalent Frame Method (EFM) are used
in macro modeling. The micro modeling approach is computationally demanding and has the
potential of simulating the detailed behavior and failure pattern. Whereas, the macro modeling

approach is more suitable to simulate the global behavior.

The research effort has been made to develop mathematical models for different failure
modes of masonry subjected to seismic loads. Magenes et al. (1997), Abrams et al. (1997, 2001),
Priestly et al. (2007) and several other researchers have studied the behavior of masonry based
on the numerical and experimental evaluation. Based on these studies the typical modes of failure
in masonry piers are rocking (flexure), diagonal shear, and sliding shear. Rocking has been
considered as a more desirable mode of failure as it has large deformation capacity without losing
much strength and energy dissipation capacity in successive cycles. The sliding mode of failure
also has good deformation capacity. In this mode of failure, frictional forces continue to resist
lateral forces after the formation of cracks, if the vertical load is present. On the other hand, the
diagonal shear mode is not a desirable mode of failure, since very little ductility is experienced

in this mode of failure.

More than half of the Indian houses are made up of unreinforced masonry and their
performance in the past earthquakes (Bihar-Nepal, 1988; Uttarkashi, 1991; Killari, 1993;
Jabalpur, 1997; Chamoli, 1999; Bhuj, 2001; Sumatra, 2004; Kashmir, 2005; Sikkim, 2006 and
2011; Nepal-India, 2015) have created a necessity to review the capability of existing structures
for future earthquakes (Jagadish et al. (2003), Hashmi et al. (2008), Jain (2016)), and to find a
suitable strengthening technique to strengthen or to retrofit masonry structures. Due to low cost

and less skilled labour, masonry buildings are still very much popular in use in many countries.

Strengthening of existing masonry structures in earthquake prone areas seems to be a
serious issue to be dealt with. So far various strengthening techniques are being used in practice
and more new methodologies are being developed. Strengthening of masonry buildings using
fiber reinforced polymers (FRP), ferrocement, bamboo, twisted steel bars, steel reinforcement
etc. have successively been used in practice. There is a number of research carried out on
strengthening/ retrofitting of masonry structures both in India and abroad. Strengthening of
masonry using FRP, polymeric meshes, textile reinforcement and reinforcing steel wires have

been reported by many researchers including D’ Ambrisi et al. (2013), Mohammad, et al. (2012),
2



Papanicolaou et al. (2011), El Gawady et al. (2004), Kiang et al. (2004), Ayman et al. (2007),
Khaled et al. (2010), Papanicolaou et al. (2008), Saleem et al. (2016) etc. Application of
ferrocement on masonry structures to improve the behavior of URM has been commonly used
for retrofitting existing URM buildings in India and South Asian countries as recommended by
IS 13935: 2009. The behavior of masonry building after retrofitting using ferrocement is not
clearly understood and it requires extensive investigation. In the present study, experimental and
numerical investigations have been performed on both URM and RM specimens to quantify
enhancement in strength and ductility. The efficiency of this technique has been demonstrated

by conducting shake table tests on half-scale models.

1.2 MERITS AND LIMITATIONS OF BRICK MASONRY

Brick masonry can be classified as a homogenous material, brittle in nature, bonded
together with cement mortar. Due to the layered configuration of brick masonry, it can
accommodate minor disturbances which may result due to differential settlement of foundation
etc. It has a good resistance to weathering and is highly durable. It can be easily built with
available semi-skilled workers and the materials are available at a relatively low cost. Repairing
of brick masonry can be easily done by replacing the damaged portions with new bricks. Masonry
behaves fairy well under normal gravity loading. But in the event of an extreme loading like an
earthquake, brick masonry attains partial to total collapse resulting in large scale loss of lives and

property. The failure may be attributed to the following reasons:

i.  Due to its brittle nature and high self-weight, masonry undergoes sudden brittle failure
without much prior warning and hence the occupants do not have enough time to run to
safety.

ii.  Bricks available in the developing countries have a varying crushing strength depending
upon the quality of locally available brick earth/ soil.

iii.  The failure of masonry is mainly against horizontal forces resulting in flexure due to out-
of-plane bending and shear due to in-plane bending. As masonry cannot resist tensile
stresses induced by these forces, there will be a sudden collapse. Cracks develop along
the bed joint in flexure due to out-of-plane forces acting normal to the wall. Diagonal
cracks occur due to in-plane forces acting in the plane of the wall.

The types of failures observed in masonry structures globally during the past earthquakes

have been summarized in the following section.



1.3 COMMON FAILURE MECHANISM OF UNREINFORCED MASONRY BUILDING
1.3.1 Out-of-plane Failure

The structural wall perpendicular to seismic motion is subjected to out-of-plane bending
which results in development of vertical cracks at the corner and in the middle of the wall (Figure
1.1). Unreinforced masonry buildings are most vulnerable to out-of-plane flexural failure. The
causes of the out-of-plane failure of the wall are the inadequate anchorage of the masonry wall
into the roof diaphragm and limited tensile strength of the masonry and mortar. The resulting
flexural stress apparently exceeds the tensile strength of the masonry leading to its rupture

followed by collapse.

Out-of-plane wall movement is characterized by the partial collapse of the exterior wall,
wythe separation or peeling of the outer wythe or veneer units, and crack formation at lintel and
top of slender piers near the opening (Figure 1.1). These types of failures are almost non-existent

in the lower storey.

(b)

Figure 1. 1 : (a) Out-of-plane failure of Zila Panchayat building at Bhuj (Dubey, 2011) (b)
Out-of-plane failure of a long unsupported masonry wall at Engineering College, Morbi
(Dubey, 2011)

1.3.2 In-plane Failure

The structural wall parallel to seismic motion is subjected to in-plane bending which
results in development of horizontal and diagonal cracks in the wall. Excessive bending or shear

may produce in-plane failure of the walls as illustrated in Figure 1.2. For unreinforced masonry
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walls, shear in-plane failure is more common, as expressed by double-diagonal (X) shear
cracking, Figure 1.2. This cracking pattern is common in cyclic loading. The cracks indicate that
the plane of principal tensile stress in the walls remains incapable of withstanding repeated load
reversals thus leading to total collapse. As the ground motion takes place for a short duration the
walls are subjected to only one or two significant loading reversals and do not collapse totally.
By the time the shear cracks become unduly severe, the gravity load carrying capacity of the wall

is not jeopardized.

Diagonal tension “X” cracks occurs mainly in short piers, and rocking (cracks top and
bottom) in slender piers. These cracks were worst at the lower storey as depicted in Figure 1.2

during Bhuj earthquake.

(a) (b)
Figure 1. 2 : (a) In-plane failure of the wall of District court building at Bhuj (Dubey, 2011) (b)
Diagonal cracks in short pier in Zila Panchayat building at Bhuj (Dubey, 2011).

1.3.3 Combined In-plane and Out-of-plane Failure

Earthquake forces are bi-directional in nature, but each URM element behaves
independently in both in-plane and out-of-plane direction. As in-plane shear cracking occurs,
some triangular wedges are produced whose out-of-plane strength is significantly weaker than
that of the original un-cracked wall panel. Pounding against adjacent structure can also accelerate

this combined failure mode (Figure 1.3).



(a) (b)

Figure 1. 3 : (@) Combined in-plane and out-of-plane failure of a two-storeyed house in Anjar
(Dubey, 2011). (b) Improper placement of lintel band causing severe damage to the primary
school building in Kukma (Dubey, 2011)

1.3.4 Diaphragm Failure

The failure of the diaphragm due to seismic excitations is a rare phenomenon. Damage to
the diaphragm never impairs its gravity load carrying capacity. Lack of tension anchorage
produces a non-bending cantilever action of the entire wall about its base resulting from the
pushing of the diaphragm, against the wall. The in-plane rotation of the diaphragm’s end induces
damage at the corner of the wall. The absence of a good shear transfer between diaphragms and
reaction wall also accounts for damage at the corners of the walls. The diaphragm failure is
illustrated in Figure 1.4.

(a) (b)

Figure 1. 4 : (a) Total collapse of Bhachau railway station building (Dubey, 2011) (b) Two
storeyed houses in Bhachau collapsed because of roof failure (Dubey, 2011)

1.3.5 Pounding

When adjacent roof levels of two buildings and vertical brickwork faces flush with one
another, the pounding action causes structural distress due to out-of-plane vibrations (Figure 1.5).
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Figure 1. 5 : Pounding

1.3.6 Failure of Connection & Non-structural Components

Seismic inertia forces originate in all elements of a building and are delivered through
structural connections to horizontal diaphragms. The diaphragms distribute these forces to
vertical elements which in turn transfers these forces to the foundation. An adequate connection
between the diaphragm and the vertical elements is essential for the satisfactory performance of
any structure. The connection must be capable of transferring the in-plane shear stress from the
diaphragm to the vertical elements and must be capable of providing support to out-of-plane

forces on the vertical elements.

The non-structural components in masonry buildings may include parapet walls, partition
walls, water tanks, canopies, projections, staircase etc. These non-structural elements behave, if
unrestrained, as cantilevers extending beyond the roof line located at the top of the building.
These components may be subjected to greater amplification of the ground motion, and hence
prone to failure.

1.4 CODAL RECOMMENDATIONS/ GUIDELINES

In the United States, after the 1933 Long Beach earthquake, use of reinforced masonry
was promoted and ACI published a code on concrete masonry in 1979 (ACI 531). New Zealand
also developed codal provisions for earthquake resistant design of masonry (NZS 4230 1990).
This code was later revised in 2004 entitled “Design of Reinforced Concrete Masonry Structures”
(NZS 4230 2004). In 1997, FEMA 273 outlined the procedure for performance evaluation of
buildings including masonry buildings. The guidelines have been further improved in FEMA 356
(2000) and ASCE-41 (2007). The European committee for standardization has developed
Eurocode 6 (1996) for the design of masonry buildings and Eurocode 8 (2004) for the design of



structures for earthquake resistance. Recently, The Masonry Society (TMS) and American
Concrete Institute (ACI) have developed a new code called Masonry Standard Joint Committee
(MSJC, 2013). This code deals with design and retrofit aspects of masonry buildings. However,
the emphasis in this code has been on reinforced masonry. The National Building Code of Canada
(NBCC, 2010) and the masonry design standard CSA S304.1-04 have been practiced in Canada

for seismic design provisions of unreinforced and reinforced masonry structures.

The Indian standard on masonry design, IS 1905 was first published in 1960 and was
revised in 1969 and 1980. The recent revision was made in 1987 and is supported by a separate
handbook, SP 20: 1991. IS 1905 deals with the properties and specifications of masonry and
constituent materials and provides guidelines for the design of URM walls and columns under
different actions. The Earthquake Resistant Design and Construction of Buildings - Code of
Practice, IS 4326: 2013 deals with standard provisions for the seismic safety of load bearing and
non-load bearing URM walls. Indian standard 1S 13828: 1993 provides Guidelines for Improving
Earthquake Resistance of Low Strength Masonry Buildings and IS 13935: 2009 has exclusive
provisions for Seismic Evaluation Repair and Strengthening of Masonry Buildings. This code

presents various techniques and materials for seismic strengthening of masonry.

1.5 OBJECTIVES

The present study has been conducted with the following objectives

1. To study the in-plane and out-of-plane behavior of URM and RM panels experimentally
and to simulate the results numerically.

2. To investigate the effectiveness of various sizes of welded wire mesh, used to strengthen
the unreinforced masonry panels, in both in-plane and out-of-plane action.

3. To study the behavior of URM and RM building models tested on the shake table
subjected to artificial time history compatible with IS code response spectra for seismic
zone V on hard soil.

4. To carry out a numerical study for URM and RM building models and validate the
experimental results obtained from shake table test.

1.6 SCOPE AND METHODOLOGY

The main aim of the proposed research is to study the in-plane and out-of-plane behavior
of URM and RM model, the effectiveness of strengthening technique and development of

numerical models using Abaqus/CAE to simulate the seismic behavior of URM and RM. As a
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first step, masonry panels have been constructed in a conventional manner and these were tested
to obtain the properties required to develop a non-linear material model for FE modeling. Non-
linear FE analyses using Concrete Damaged Plasticity (CDP) constitutive model have been
performed to simulate the in-plane and out-of-plane behavior of masonry which were tested
experimentally. Though the CDP model was developed for simulating the behavior of concrete,
it has been demonstrated by many researchers that CDP model could be applicable to masonry
and other brittle materials as well. The URM specimens were strengthened using welded wire
mesh (1 inch, 1.5 inch, and 2 inch spacing) and coarse sand mortar as per IS 13935: 20009.
Experimental and numerical validation of RM panels strengthened with WWM of various
spacing and coarse sand mortar has also been carried out to study the difference in behavior of
URM and RM panels.

The effectiveness of the proposed retrofitting technique has also been studied by
performing dynamic tests on two half-scale masonry models, one URM and other RM model
strengthened with proposed retrofitting method. The tests were conducted on the shake table
testing facility. The models were given artificial ground motion compatible with IS 1893 (Part
1): 2002 response spectrum in seismic zone V on hard soil.

1.7 ORGANIZATION OF THESIS

The thesis is organized into the following chapters

Chapter 1 briefly describes the seismic behavior of URM buildings with different failure
modes observed during past earthquakes. A brief overview of different national codes on
masonry buildings is also presented. The chapter introduces different techniques and associated
challenges in numerical modeling of masonry structures. This chapter also describes the need,
objectives, scope and methodology of the present study.

Chapter 2 reviews the various strengthening technique used to improve the in-plane
behavior of URM wall and modeling of masonry buildings, advantage and disadvantages of
different modeling techniques for simulating the global seismic response of URM buildings. The
URM and RM specimens strengthened using WWM and 1:3 coarse sand mortar, has been tested
experimentally as per ASTM E519/ E519M-10 to investigate the effect of strengthening on the
in-plane behavior of masonry in terms of failure mode, strength and ductility. The tests were

simulated using FE modeling and compared with the experimental test results.



Chapter 3 reviews the various strengthening technique used to enhance the out-of-plane
behavior of URM wall. The experimental study on URM and RM specimens strengthened using
WWM and 1:3 coarse sand mortar has been carried out to investigate the effectiveness of
strengthening on the out-of-plane behavior of masonry in terms of failure mode, strength and
ductility. The numerical simulation was carried out using FE modeling and the results were

compared with the experimental findings.

Chapter 4 presents the dynamic testing of URM model and retrofitted building model on
the shake table test facility. The pattern of cracking, identification of weaker zones, and modes
of failure with increasing intensity of shaking, has been presented and conclusions are drawn
with respect to the effectiveness of the used strengthening technique. The experimental work has
been validated numerically with FE modeling using Abaqus/CAE.

Chapter 5 presents the major conclusions of the present study and scope for the future

work.
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CHAPTER -2

IN-PLANE BEHAVIOR OF UNREINFORCED AND
REINFORCED MASONRY PANELS

2.1 INTRODUCTION

Unreinforced masonry (URM) structures are the most common and oldest form of
building construction technique existing in the world. In most of the developed and developing
countries masonry is still being widely used in practice due to its low cost and easy construction
technique. URM constructions are unquestionably recognized as most vulnerable to earthquake
forces. Most of the existing old URM buildings tend to pose greater risk during an earthquake,
as compared to earthquake resistant buildings, because of their inability to dissipate energy
during an earthquake. In most cases, masonry structures are constructed without any
consideration for seismic loading resulting in huge loss of life as experienced in the past
earthquakes in the last three decades (Uttarkashi 1991, Killari 1993, Bhuj 2001 and Kashmir
2005; Sikkim, 2006 and 2011; Nepal-India, 2015). During an earthquake, buildings experience
seismic loading both in-plane and out-of-plane. However, their relative magnitude depends on

the type of diaphragm i.e., how the wall is connected to the roof.

The recent earthquakes have created a necessity to review the capability of existing
structures during an earthquake, and to find a suitable strengthening technique to strengthen a
newly constructed masonry structure or to retrofit an existing old structure. Various rehabilitation
and retrofitting techniques are available to enhance the seismic performance of URM buildings.
These techniques include the application of fiber reinforced polymers (FRP), ferrocement
overlay (surface coating), shotcrete overlay, centre core technique, grout injection, application
of steel elements, bed joint reinforcement, post-tensioning etc. A review of various rehabilitation
and retrofitting methods and their advantages and disadvantages may be found in the literature
as reported by many researchers (D’ Ambrisi et al. (2013), Ashraf et al. (2012), Papanicolaou et
al. (2011), Hamid et al. (1998), Kadam et al. (2015), Lourenco et al. (2000), El Gawady et al.
(2004)). These well-established techniques need to be verified for local materials and building
system commonly used in practice. Among all available options, ferrocement overlay is a
technique which is easy in application, rapid in construction and very low in cost, especially in

developing countries with no heavy machinery and high-level skilled workers. In this technique,
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steel welded wire mesh (WWM) is connected or anchored to the surface of masonry through
bolts/ screws/ steel rods subsequently covered with plaster coating.

Strengthening of masonry using FRP, steel cord, steel grid, polymer grid etc. has been
widely in practice. In this study, an attempt has been made to strengthen URM using WWM and
1:3 coarse sand mortar. Ferrocement is a commonly used strengthening system. This is a
cementitious composite layer laminated with metallic mesh and has advantages such as a high
tensile strength-to-weight ratio and superior cracking behavior (Tan et al. (2004), Mosallam et
al. (2007), Kadam et al. (2015), Bajpai et al. (2003), Bencardino et al. (2004), Galal et al. (2010),
Papanicolaou et al. (2008)).

Kadam et al. (2015) has previously used ferrocement as a strengthening material in URM
using different reinforcement percentage and various anchoring technique and found that WWM
along with micro concrete increases the in-plane shear capacity of masonry effectively. Prawel
et al. (1988) showed that ferrocement overlays increased the efficiency of diagonal tensile
strength, stiffness and deformation capacity of masonry panels. Kabir et al. (1999) have studied
the strength enhancement in brick masonry columns by encasing with precast ferrocement. Based
on their investigations, the cracking and failure stresses of the column with precast ferrocement
jackets have substantially been increased compared to control specimens while exhibiting much
ductile response. Ferrocement is found to be an effective system in the out-of-plane strengthening

of unreinforced two-way masonry walls.

Very few studies are available in the strengthening of masonry with ferrocement, but a
considerable number of researches have been carried out in reinforced concrete structures with
ferrocement. It is evident from the literature that ferrocement is an effective material for
strengthening both masonry and concrete (Prawel et al. (1988), Kabir et al. (1999), Ong et al.
(1992)). It is found to be most effective and economical, easy to use and like FRP reinforcement

it does not require the application of epoxy.

External application of overlays, such as ECC (Engineered Cementitious Composites)
(Lin et al. 2010) and steel reinforced grout (Borri et al. 2011) has also been explored as a retrofit
solution for masonry walls. ECC is a type of strain-hardening cement-synthetic fibre composite
that is directly sprayed onto URM walls. Strain hardening property is imparted in ECC through
the formation of micro-cracks. The study of Lin et al. (2010) showed that use of ECC is effective
in resisting in-plane stresses. In steel reinforced grout (SRG), high strength steel cords are

embedded in a cementitious matrix to form a composite. The technique was effective in
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enhancing the strength of masonry wallettes but it needs further research about the size of steel
cords and bond of cords with the cementitious matrix and masonry.

Textile reinforced mortar is another promising technique for masonry retrofit which
combines the advantages of both conventional and modern techniques (Papanicolaou et al. 2011).
In this technique, textile grid of fibres is bonded to the surface of masonry using specially
developed mortars. The grid form of the fibres has similarity with WWM and results in good
bond with the masonry. The technique is currently under development to identify the optimum

amount of fibres and composition of mortar.

2.2 RESEARCH SIGNIFICANCE

In the present study, experimental investigation of the in-plane behavior of masonry
strengthened with various sizes of WWM available in local market and various mortar ratios has
been studied as per the seismic retrofit technique presented in Indian standard 1S 13935: 2009.
The in-plane behavior of both URM and strengthened masonry was studied based on diagonal
compression test according to ASTM E519/ E519M-10. The relative increase in strength,

ductility, and stiffness has been estimated.

2.3 EXPERIMENTAL PROGRAM
2.3.1 Material Properties

Tests were performed to characterize the mechanical properties of the material used in
this investigation. Two different type of mortar mixes H2 (1:4) and M2 (1:6) widely used in
practice in the country has been chosen for this study. As per IS 4326: 2013, M2 mortar mix is
permitted only for building category C in seismic zone Il and Ill. This mortar is not permitted
for use in seismic zone IV and V. However, use of this mortar is prevalent even in higher seismic
zones. The test samples were constructed using brick size of 230 mm x 110 mm x 70 mm. The
masonry test samples of set 1, 3, 4, 5 was constructed using 10 mm thick 1:4 mortar and sample
set 2, 6, 7, 8 was constructed using 1:6 mortar as per conventional site construction practice with
the help of a local mason. English bond with alternate header and stretcher was used to construct
the masonry samples. Mechanical properties of the materials were studied as per ASTM
standards. Compressive strength test of mortar cube was carried out as per ASTM C109/ C109M.
The compressive strength of brick was tested in accordance with ASTM C67-11 and compressive
strength of masonry was tested in accordance with ASTM C1314-11. The tensile strength of
WWM was studied in accordance with ASTM A370-11. The test results are represented in Tables

2.1and 2.2.
13



Table 2. 1 : Mechanical properties of masonry

Mortar mix fo [MPa] fc [MPa] fm [MPa]
1:4 10 2.50 3.95
1:6 10 1.45 2.17

Jfo= Compressive strength of brick; fe= Compressive strength of mortar; fn= Compressive
strength of masonry

Table 2. 2 : Mechanical properties of WWM reinforcement

WWM Diameter of Elastic modulus Ultimate Ultimate tensile
spacing wire (mm) [MPa] deformation [%] strength [MPa]
linch 2.07 14905 14.76 873
1.5inch 2.45 26750 7.89 936
2 inch 3.20 32790 8.50 1005

2.3.2 Mixing, Casting and Curing of Masonry Specimens

The in-plane shear behavior of URM panels of two types of mortar mixes (1:4, 1:6) and
masonry panels strengthened with WWM (1 inch, 1.5 inch, 2 inch spacing) and 1:3 coarse sand
mortar. The descriptions of test samples are given in Table 2.1. Eight unreinforced specimens
and twenty four reinforced specimens were tested under in-plane shear. Different cement sand
mortar ratio (1:4; 1:6) which is most commonly used in India has been chosen for this study.
WWM of various sizes 1 inch, 1.5 inch, 2 inch spacing which is commonly available in the local
market was chosen as reinforcement to strengthen URM. The WWM was reinforced in-between
rich 1:3 coarse sand mortar. Anchorage was provided between WWM and the masonry with the

help of 4 mm diameter mild steel rod as per IS 13935: 2009 recommendations.

S00 —a0
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Figure 2. 1 : Unreinforced specimen size details
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Figure 2. 2 : Specimen reinforcement and size details

The experimental program consisted of 8 sets of specimens out of which two sets were
URM and 6 sets were of reinforced masonry specimen. All specimens were of two wythe
thickness, as in practice all load bearing walls are constructed with two wythe thickness. The
specimen size and details are given in Figures 2.1 and 2.2. All the test samples were constructed
and cured as per site condition. The test samples to be strengthened were strengthened after 28

days of curing period.

Table 2. 3 : Specimen details

Set Specimen Mortar ratio Strengthening

Set-1 UDSS-1 1:4 URM panel
UDSS-2
UDSS-3

Set-2 UDSS-4 1:6 URM panel
UDSS-5
UDSS-6

Set-3 RDSS-7 1:4 URM panel strengthened with 1 inch
RDSS-8 spacing WWM and 1:3 coarse sand
RDSS-9 mortar

Set-4 RDSS-10 1:4 URM panel strengthened with 1.5
RDSS-11 inch spacing WWM and 1:3 coarse
RDSS-12 sand mortar

Set-5 RDSS-13 1:4 URM panel strengthened with 2 inch
RDSS-14 spacing WWM and 1:3 coarse sand
RDSS-15 mortar

Set-6 RDSS-16 1:6 URM panel strengthened with 1 inch
RDSS-17 spacing WWM and 1:3 coarse sand
RDSS-18 mortar

Set-7 RDSS-19 1:6 URM panel strengthened with 1.5
RDSS-20 inch spacing WWM and 1:3 coarse
RDSS-21 sand mortar

Set-8 RDSS-22 1:6 URM panel strengthened with 2 inch
RDSS-23 spacing WWM and 1:3 coarse sand
RDSS-24 mortar
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2.4 STRENGTHENING PROCEDURE

The test samples were strengthened as per IS 13935: 2009. Drill holes of 8 mm diameter
were bored at an interval of 300 mm on the test samples for inserting 4 mm diameter mild steel
rod for anchorage in the later stage of strengthening. These 4 mm rods pass through the bored
holes and transfer the shear at the WWM masonry interface through dowel action. The samples
to be strengthened were initially watered and cleaned with the help of a steel wire brush to remove
dirt if any. Then a layer of cement grout slurry was applied with the help of a paint brush to
provide better bond between the mortar and the masonry surface. Care was taken to close the
drill holes with the help of wooden or steel rods to avoid its blockage during application of
mortar. A layer of 10 mm thick 1:3 coarse sand mortar was applied above the cement slurry
surface to level the uneven masonry surface as well as to provide better grip for the WWM and
second layer of mortar. The mortar surface was roughened with the help of a steel wire brush
ensuring better grip. The WWM was placed and anchored with the help of a 4 mm diameter mild
steel rod, the rods were bent over the WWM on the two sides in opposite direction, the drill hole
was grouted with the help of a high-pressure grout pump, to hold the rod in position. A layer of
cement grout was applied above the WWM, over which a 10 mm thick layer of 1:3 coarse sand
mortar was further applied and the surface was levelled. The sequential process of strengthening
is shown in Figure 2.3. The strengthened panels were cured under normal site condition for
another 28 days.

Figure 2. 3 : (a)-(b) Stages of strengthening unreinforced specimen with WWM (contd.)
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Figure 2. 3 : Stages of strengthening unreinforced specimen with WWM

2.5 INSTRUMENTATION AND TEST SETUP

ASTM E519/ E519M-10 standard guidelines were used to investigate the in-plane
diagonal shear strength of unreinforced and reinforced specimens. The diagonal compression
load was applied on the diagonally opposite corners of the panels using a 250 ton capacity
INSTRON closed loop UTM. The experimental test setup can be seen in Figure 2.4.
Displacement controlled compression loading was applied to the test samples with the help of
two steel shoes placed at the top and bottom of the specimen. The rate of loading was set such

that the test is completed within 2 minutes

Figure 2. 4 : Test set up and arrangement of instruments on control specimen and on
strengthened specimen

The specimens were transported and placed in position with the help of a hand operated
crane. Two linear variable differential transducers (LVDT) were used to measure the
displacement in both vertical and horizontal direction. The LVDTs were fixed on the test samples
with the help of screw and clamp as shown in Figure 2.4 above. The LVDTs were connected to
a data acquisition system facilitating synchronized measurement of load and deflection.
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2.6 ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

The global response of masonry is generally defined in terms of stress and strain. The
shear stress can be obtained from the experimentally measured diagonal force taken by the

masonry sample using the formula

_0.707p
St(L+H)

where,

t = the thickness of the panel

L = length of the panel

H = height of the panel

P = diagonal force measured experimentally

The shear strain is calculated using the formula,

_ AV+AH
g

where,

AV = diagonal shortening along the axis of applied force

AH = diagonal elongation measured perpendicular to the axis of applied force

g = gauge length, which is normally kept same for both the directions

The stress v/s strain graph plotted for selected samples can be seen in Figures 2.8 to 2.13

2.6.1 Test Observations and Failure Modes

A summary of experimental observation regarding crack pattern and failure modes of
reinforced and unreinforced panels subjected to diagonal compression is discussed in the

following section.

The unreinforced specimen showed a typical brittle failure (Figure 2.5). It showed cracks
only in the mortar joints, whereas the reinforced specimen showed a ductile failure. The

experimental observation showed that the reinforcement on both sides of the panel worked
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effectively along with the anchorage provided. Cracks initiated in the diagonal region, indicating
more stress concentration in that region, further the cracks either propagated towards the corner
i.e., along the sides, propagation of cracked varied in each case (Figures 2.6 and 2.7). Spalling of
external mortar cover was observed with increase in load. In case of all specimens (set 3, 4, 5, 6,
7, 8) wider cracks were seen along the thickness of the wall indicating complete failure of mortar
joints, the bricks did not slide off indicating good anchorage due to the external reinforcement
provided. Though the external mortar layer failed and debonding of mesh was observed in set 5,
the mesh did not come off due to the anchorage provided. The mesh layer did not detach even
after the masonry sample has completely failed, depicting a composite behavior. FEMA 356 says
that if the reinforcement provided on either side of a masonry wall is connected through

reinforcement (anchorage), it acts as a single composite material.

| ]jj " UDSS3 '

Figure 2. 5 : URM specimen after testing

Figure 2. 6 : (a)-(b) High strength mortar retrofitted panel with 1 inch, 1.5 inch and 2 inch
spacing WWM (contd.)
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Figure 2. 6 : High strength mortar (1:4) retrofitted panel with 1 inch, 1.5 inch and 2 inch
spacing WWM

Figure 2. 7 : Low strength mortar (1:6) retrofitted panel with 1 inch, 1.5 inch and 2 inch
spacing WWM
20



2.6.2 Influence on Strengthening

The average shear capacity of set 1 and set 2 specimens were 0.54 MPa and 0.07 MPa
respectively, and that of sets 3, 4, 5, 6, 7 and 8 were 1.02 MPa, 1.27 MPa, 1.3 MPa, 0.80 MPa,
0.85 MPa, and 0.91 MPa respectively. The reinforced specimens showed a significant increase
in strength compared to unreinforced specimens. The set 3, 4, 5 specimens were able to take more
stress compared to other reinforced specimen (set 6, 7, 8). This was due to the high mechanical
property of mortar used in set 3, 4, 5 but set 6, 7, 8 was able to withstand more stress compared
to its control specimen i.e., set 2. Figures 2.5 to 2.7 show the failure modes of selected reinforced

and unreinforced specimens. The effectiveness of reinforcement is clearer from this.

Figures 2.8 to 2.13 show the shear stress-strain curve obtained based on the experimental
test data. It can be seen that the reinforced samples showed a linear elastic response initially and
then gradually softened as the failure initiated.
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Figure 2. 8 : Specimen reinforced with 1 inch spacing WWM and coarse sand mortar 1:3
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Figure 2. 9 : Specimen reinforced with 1.5 inch spacing WWM and coarse sand mortar 1:3
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Figure 2. 10 : Specimen reinforced with 2 inch spacing WWM and coarse sand mortar 1:3
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Figure 2. 11 : Specimen reinforced with 1 inch spacing WWM and coarse sand mortar 1:3
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Figure 2. 12 : Specimen reinforced with 1.5 inch spacing WWM and coarse sand mortar 1:3
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Figure 2. 13 : Specimen reinforced with 2 inch spacing WWM and coarse sand mortar 1:3

2.6.2.1 Bilinear idealization

Since masonry is highly nonlinear, in order to investigate the behavior of the masonry
samples, the actual behavior is idealized with the help of a bilinear curve (Marcari et al. (2007)).
Bi-linearization of curves is widely recommended by all codal provisions worldwide (Marcari et
al. (2007)) to assess existing masonry structure by non-linear static procedure. In this study, the
ultimate strength and ductility is evaluated for seismic design and assessment of masonry
structures. The bilinear idealization has been obtained by ensuring that the areas below the actual
and bilinear idealized curve were equal, and in agreement with the findings of Marcari et al.
(2007) and Borri et al. (2011). For all the reinforced panels, an equivalent bilinear curve was

defined with reference to Figure 2.14. The calculations are given in Table 2.4.
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Table 2. 4 : Experimental results of shear-compression tests

SHEAR STRESS (MPa)

Bilinearization

e

0.7Tmax| d
1t

Experimental Curve

Figure 2. 14 : Bilinear curve

2 3
SHEAR STRAIN %

Specimen Ph Pv WWM Prmax Trax /T dy du u Mean
(%) (%) spacing [kN]  [MPa] =dy/dy m
[Inch]
UDSS-1 1050 0.64 - - P -
UDSS-2 0 0 -- 121.0 0.74 -- -- -- -- .
UDSS-3 370 022 -- =- -- --
UDSS-4 115  0.07 - - - -
UDSS-5 0 0 -- 111 0.06 - -- - - N
UDSS-6* = - o - . -
RDSS-7 2769 128 238 220 448 203
RDSS-8  0.10 0.10 1 1849 086 160 036 154 427 >
RDSS-9 1918 089 1.65 019 217 1142
RDSS-10 2745 149 277 019 223 1173
RDSS-11 012 0.2 15 5676. 125" 232 .70d9 = 238 d25p - 1128
RDSS-12 2274 106 197 018 173 961
RDSS-13 292.0 147 274 017 222 13.05
RDSS-14 011 0.1 2 3150 130 242 022 o074 333 2
RDSS-15 2780 113 210 022 440 200
RDSS-16 1394 065 928 037 01 3.7
RDSS-17  0.10 0.10 1 1493 0.69 997 023 1.02 443 4.18
RDSS-18 2298 107 152 038 168 442
RDSS-19 1841 086 122 042 11 2.62
RDSS-20 011 0.1 15 180.4 0.84 120 019 1.18  6.05 4.48
RDSS-21 1860 0.86 124 017 081 476
RDSS-22 1754 082 117 017 1.05  6.17
RDSS-23  0.12 0.2 2 2186 102 145 010 178 1780 04
RDSS-24 1896 0.88 126 039 1.76 45

Pn=Horizontal reinforcement ratio; P,=Vertical reinforcement ratio; pmax= Maximum applied load; tmax= Maximum

shear stress; dy= Yield drift; d,= Ultimate drift corresponding to 0.8t; u= Ductility specimen damaged before testing
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2.6.3 Test Discussion

This experimental investigation was aimed at to find an alternate solution for

strengthening the existing masonry structure using a cost effective economic material, which can

be easily used in practice without any practical difficulty. The test was meant to study the effect

of mortar type H2 and M2 (1:4 and 1:6) which are most commonly used in practice and then on

reinforced masonry panel with same arrangement of reinforcement technique but with different

sizes of reinforcement (1 inch, 1.5 inch, 2 inch spacing) which is commonly available in local

market. The influence of various types of reinforcement has been studied. Based on the

observations, following are the summary of test results.

The unreinforced masonry when reinforced, has a significant effect on strength and
ductility due to the reinforcing/ confining action of the reinforcement. The low strength
masonry (1:6) showed good result compared to high strength masonry (1:4) when
provided with reinforcement. The WWM reinforcement showed an average increase in
strength ranging from 1.88, 2.35 and 2.42 times more compared to control specimen in
case of 1:4 mortar masonry samples and 11.51, 12.24, 13.00 times more in case of 1:6
mortar masonry samples.

When samples provided with the same percentage of reinforcement was compared it was
observed that set 6 and 7 took more load compared to set 1 and 2 but less than set 3 and
4, as expected, set 5 took more load compared to set 8.

The influence of reinforcement on high strength mortar sample is less compared to that
of low strength mortar sample. It can be clearly observed from Figures 2.8 to 2.13 and
Table 2.4.

The ductility increased with increase in the size of mesh spacing in case of both high and
low strength mortar masonry samples. The low strength masonry samples were lesser
ductile compared to high strength masonry sample but much higher compared to their

control specimens.

2.7 THE DIFFERENT MODELING APPROACHES FOR MASONRY

2.7.1 Modeling with FEM

The presence of vertical and horizontal mortar joints causes the masonry to be

anisotropic. Basically, two different approaches have been adopted to model such anisotropy:

The ‘micro model’, or ‘two-material approach’

25



ii.  The ‘macro model’ or ‘equivalent-material approach’

In the two-material model, the discretization follows the actual geometry of both the
blocks and mortar joints, adopting different constitutive models for the two components.
Particular attention must be paid to the modeling of joints since the sliding at a joint level often
starts up the crack propagation. Although this approach may appear very straightforward, its
major disadvantage comes from the extremely large number of elements to be generated as the
structure increases in size and complexity. This renders unlikely the use of micro models for the
global analysis of entire buildings, also considering the fact that the actual distribution of blocks
and joints might be impossible to detect unless aggressive research is performed. The macro
model assumes that the masonry structure is a homogeneous continuum to be discretized with a
finite element mesh which does not copy the wall organism but obeys the method’s own criteria.
The single element will thus have a constitutive model which must be capable of reproducing an
average behavior. This assumption bypasses the physical characteristics of the problem.
Nevertheless, the equivalent material models have proven to be able to grasp certain aspects of
the global behavior without the number of parameters and the computing effort needed in the

micro model.

2.7.2 Modeling with Interface Elements

In this approach, the blocks are modeled using conventional continuum elements, linear
or non-linear, while mortar joints are simulated by interface elements, the ‘joint elements’, and

are made up of two rows of superimposed nodes (Figure 2.16), with friction constitutive law.

The introduction of the joint is easy to implement in a software program, since the nodal
unknowns are the same for continuum and joint elements, though for the latter the stress tensor
must be expressed in terms of nodal displacements instead of deformation components. Two

major concerns balance the apparent simplicity of this approach (Giordano et al. 2002)

e Block mesh and joint mesh must be connected together so that they have to be
compatible, which is possible only if interface joints are identically located. This
compatibility is very difficult to ensure when complex block arrangements are to be

handled, like in 3D structures.

e The joint element is intrinsically able to model the contact only in the small displacement
field. When large motion is to be dealt, it is not possible to provide easy remeshing in
order to update existing contacts and/ or to create new ones.
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Figure 2. 15 : Modeling strategies for masonry: (a) Masonry sample; (b) Detailed micro
modeling (discrete crack); (c) Simplified micro-modeling (discrete crack);and (d) Micro
modeling (smeared crack) (Lourenco et al. 1997)
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Figure 2. 16 : Degeneration of continuum element into ‘joint’ element (Giordano 2002)

2.7.3 Modeling with DEM

The above-mentioned limitations are overcome by the DEM. In this approach, the
structure is considered as an assembly of distinct blocks, rigid or deformable, interacting through

unilateral elasto-plastic contact elements which follow a Coulomb slip criterion for simulating

contact forces. The method is based on a formulation in large displacement (for the joints) and

small deformations (for the blocks), and can correctly simulate collapse mechanisms due to

sliding, rotations and impact. The contacts are not fixed, like in the FEMDE, so that during the

analyses blocks can lose existing contacts and make new ones. Once every single block has been

modeled both geometrically and mechanically, and the volume and surface forces are known, the
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time history of the block’s displacements is determined by explicitly solving the differential
equations of motion. The main advantage of this approach is the possibility of following the
displacements and determining the collapse mechanism of structures made up of virtually any
number of blocks (Giordano et al. 2002). On the contrary, it must be considered that the finite
elements used for the internal mesh of the blocks, when deformable, show poor performance, so
the method is not accurate for the study of stress states within the blocks. For this purpose, other

models are more suitable.

2.8 NON-LINEAR MATERIAL MODEL

The seismic response is a cyclic process on all type of materials. The earthquake load has
a lot of influence on the material behavior. Masonry is a brittle material with very low tensile
strength. In uni-axial compression or tension test, modulus of elasticity is constant (strain is
directly proportional to stress) up to yield point i.e., the material is under elastic condition. The
non-linear material properties help in understanding the material behavior beyond the elastic
range. Dynamic behavior of masonry depends on the non-linear material properties. In this
present study CDP constitutive model is used for masonry, mortar and concrete. The material
property of all material (brick masonry, high strength mortar, concrete, WWM) involved this
study has been elaborated in the following section. Modeling of masonry is a complex task due

to heterogeneous and anisotropic nature of the material.

2.9 CONCRETE DAMAGE PLASTICITY (CDP)

The CDP model can be implemented on both Abaqus/Standard and Abaqus/Explicit. The
CDP model is used for the analysis of concrete and other quasi-brittle material.

This constitutive theory can capture the irreversible effects of damage that occur in
concrete under low confining pressure. To describe this behavior the following feature is

considered:

o Different yield strengths in tension and compression (with the initial yield stress in
compression is a factor of 10 or more higher than the initial yield stress in tension)

e Softening behavior in tension as opposed to initial hardening followed by softening in
compression

o Different degradation of the elastic stiffness in tension and compression

e Stiffness recovery effects during cyclic loading and

e Rate sensitivity, especially an increase in the peak strength with strain rate
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The main ingredients concrete damaged plasticity models are summarized below:

Strain rate decomposition: The rate independent model is governed by additive strain

rate decomposition,
§ = gel 4¢Pl

where, strain rate total is represented by & and the superscripts ‘e/’ and ‘pl’ refer to the elastic

and plastic of the strain rate respectively.

Stress-strain relations: The Stress-strain relations are governed by scalar damaged

elasticity:
o =D®%(e—eP) = (1 —d)DE (e — ePH)

where, D& is the initial undamaged elastic stiffness of the material D¢ = (1 — d)D¢ is
the degraded elastic stiffness and d is the scalar stiffness degradation variable (un-damaged
material d = 0, fully damaged material d = 1). Damage associated with the failure mechanisms
of the concrete therefore results in a reduction in the elastic stiffness. Hence in concrete damage
plasticity theory the stiffness degradation in isotropic and characterized by a single degradation
variable d. The effective stress is defined as:

7%f = D¢ (e — €Ph)
The Cauchy stress is related to the effective stress through the scalar degradation relation:
c=(1—-d)a

For any given cross section of the material, the factor (1-d) represents the ratio of the
effective load carrying area to the overall section area. In the absence of damage d=0 the effective
stress & is equivalent to the Cauchy stress. When damage occurs, the effective stress is more
representative then the Cauchy stress because it is the effective stress area that is resisting the
external load. Thus, the plasticity problems are formulated in terms of effective stress. The

degradation variable is governed by a set of hardening variables £?!, and the effective stress.

2.10 DAMAGE AND STIFFNESS DEGRADATION

The hardening variables &,”* and £.' is based on the uni-axial loading conditions and

then on the multi-axial condition
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Uni-axial conditions

Under uni-axial condition, it means that the stress curves have the form
1 *~pl
o; —at(ef,sf,e ﬁ-)

Oc = O'c(ggl' ~g)l’0 fl)

where, the subscript ‘t” and ‘¢’ refer to tension and compression, respectively &; Pl and & sz

are equivalent plastic strain rates, &' = f éPldtand &' = f &PL dt are the equivalent plastic

strain, 6 is the temperature, and f;, (i = 1,2, ....) are the other predefined field variable.

Under uni-axial loading conditions, the effective plastic strain rates are given as

Pt = £PL In uni-axial tension and

P! = &PL In uni-axial compression

Let o, be as positive quantities representing the magnitude of the uni-axial compression

stress thus o, = 044

As shown in Figure 2.17 when the specimen is unloaded from any point on the strain
softening branch of the stress-strain curves, the unloading response is observed to be weakened:
the elastic stiffness of the material appears to be damaged (or degraded). The degradation of the
elastic stiffness is significantly different between tension and compression tests but both the cases
show considerable effect with the increase in plastic strain. The degraded response of concrete is
characterized by two independent uni-axial damage variables, d. and d; which are assumed to

be functions of the plastic strains, temperature, and field variables:
d, = di(7,6,£),(0<d, < 1)

d. =c(&8,6,£),(0<d. < 1)
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Figure 2. 17 : Response of concrete to uni-axial loading in tension (Abaqus 2013)

e

Figure 2. 18 : Response of concrete to uni-axial loading in compression (Abaqus 2013)

The uni-axial degradation variables are increasing functions of the equivalent plastic
strains. The values ranging from zero (undamaged material) to one (fully damaged material).

If E, is the initial (undamaged) elastic stiffness of the material, the stress-strain relations

under uni-axial tension and compression loading are:
= (1-d,)E P!
or = (1 —d)Ey(e; — &)

Oc = 1- dc)EO(gc - ggl)
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Under uni-axial loading, cracks propagate in a direction transverse to the stress. The
formation and propagation of cracks, therefore, causes a reduction in available load-carrying
area, which in turn leads to increase in the effective stress. The effect is less pronounced under
compressive loading since cracks run parallel to the loading direction; however, after a
significant amount of crushing, the effective load-carrying area is also significantly reduced.

Thus the effective uni-axial cohesion stresses, a; and &, are given as

N Ot

=t = F (g — ¥
O-t (1 | dt) O(Et et )

~pl
O¢ =EO(EC—65)

—(1=4d,)

2.11 MATERIAL PROPERTIES OF MASONRY

In the present study, the basic material properties used for concrete damaged plasticity
Modeling of masonry, have been taken from the actual laboratory tests conducted, whereas
values of some of the constants which cannot be obtained from direct measurements have been
referred from literature. The average values of compression strength of masonry prism for 1:4
and 1:6 mortar is 3.95 MPa and 2.17 MPa respectively. The density of masonry is considered
according to IS 875 (Part 1): 1987. The breaking load on specimens has been utilized to compute
the tensile strength (f;) as per the procedure recommended in ASTM (ASTM 2010b). Being brittle
material, the failure in bending test was too sudden and post peak stress-strain measurement is

not reliable.

Therefore, to simulate the behavior of masonry in tension, the model suggested by Chen
et al. (2008) has been used. For tensile stress-strain relationship was obtained from the following
relationship

_{Etee<et}
- K. fi € > &

where,

_ 3 - —
K, = [1 +(a=2) ] exp (—C; ) = 2 (1 + CDexp(=Cy),

E:is the elastic modulus in tension that for simplicity is assumed to be equal to Eq is compression.
_ It

& ==
t Et1

is the strain corresponding to the tensile strength. A small value of strain &, = 0.0003

and C1=3, C» =6.93 is used in the analysis
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Under compression, the stress-strain curve for masonry was found to be linear for upto
one-third of compressive strength of masonry (fm) after which cracks began to form in the bricks
introducing the nonlinearity (Kaushik et al. 2007)

Figure 2.19 shows the non-linear behavior of masonry under compression. The post yield
tension behavior of masonry (Jankowiak et al. 2005) has been obtained from the assumed (Chen
et al. 2008) stress-strain curve for the masonry in tension. Van der Pluijm (1992) found that the
masonry behaved nearly linear right upto the peak tensile stress and then showed tension
softening.

The compression damage and tension damage of masonry have been calculated based on
numerical procedure available in the literature (Jankowiak and Lodygowski 2005, Yu et. al.
2010). In this procedure, the damage parameter is governed by stress to strength ratio in the
considered (compression or tension) action. Using this procedure, the relation between damage
and crushing/ cracking strain can be established as shown in Figures 2.19 to 2.23.
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Figure 2. 19 : Compression behavior of 1:4 masonry in non-linear range
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Figure 2. 21 : Tension behavior of 1:4 masonry in non-linear range
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Figure 2. 22 : Tension damage of 1:4 masonry
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Figure 2. 25 : Tension behavior of 1:6 masonry in non-linear range
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Figure 2. 26 : Tension damage of 1.6 masonry

As shown above, the basic parameters related to the material properties have been
obtained directly from the experimental tests. Whereas, some of the parameters required in the
modeling have been referred from the literature, as standard test procedures for obtaining these
are not available. Other required material properties (Poisson’s ratio=0.2, dilation angle = 30°,
flow potential eccentricity = 0.1, ratio of initial equibiaxial compressive yield stress to initial uni-
axial compressive yield stress = 1.16, ratio of second stress invariant = 0.667, viscosity parameter

= 0.0) were taken from literature (Rai et al. 2011, Daniel 2012, Sousa et al. 2013, Choudhury et
al. 2015, Kadam et al. 2015)

2.11.1 Material Properties of Coarse Sand Mortar

The same method used for obtaining CDP model of concrete has been used to derive the
model for mortar.
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Figure 2. 27 : Compression behavior of coarse sand mortar in non-linear range expressed as a
function of crushing
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Figure 2. 30 : Tension damage of coarse sand mortar
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2.11.2 Welded Wire Mesh (WWM)

The WWM has been tested in the laboratory and the stress-strain plot is shown in Figure
2.31-2.33. It is observed from the curve that the WWM wire material has very low ductility and
fails in an almost brittle manner. The Poison’s ratio of 0.3 and density of 7850 kg/m? (same as
for steel, specified in IS 875 (Part 1): 1987 and Pillai and Menon 2010) has been used for the
WWM.
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Figure 2. 31 : Stress-strain curve for 1 inch spacing WWM
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Figure 2. 32 : Stress-strain curve for 1.5 inch spacing WWM
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Figure 2. 33 : Stress-strain curve for 2 inch spacing WWM

2.12 FINITE ELEMENT MODELING OF STRENGTHENED MASONRY

Finite element simulation of the in-plane tests on strengthened and un-strengthened
masonry has been carried out. The three constituent materials, masonry, mortar and WWM were
modeled in different layers and interaction between them was considered assuming perfect bond.
It was modeled using the “tie constraint” available in Abaqus/CAE as shown in Figure 2.34. This
tie constraint ensures nodal connectivity by ensuring equal displacements of all connected nodes

under the influence of externally applied load/displacement.

Figure 2. 34 : Diagonal compression test specimens with tie constraint used for simulating
interaction between different materials
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2.13 SIMULATION OF DIAGONAL COMPRESSION TEST ON RETROFITTED
MASONRY PANEL

As discussed earlier, the three constituent materials used in strengthened specimens were
modeled separately. Masonry was modeled using solid 8-noded linear hexahedral elements
(C3D8). The two layers of the mortar used to cover the WWM reinforcement on the two sides of
masonry panels were also modeled using 8-noded linear hexahedral elements (C3D8) as shown
in Figure 2.36. The WWM reinforcement was modeled using 2-noded linear truss element
(T3D2) (Rai and Goel 1996) as shown in Figure 2.35. This reinforcement was embedded inside
mortar (Lee et al. 2008). The reinforcement was considered on two sides of masonry and the
mortar was applied/ modeled as discussed in the strengthening procedure in Figure 2.3. Figure
2.36 depicts the FE meshing of composite of strengthened masonry panel.

Figure 2. 35 : Linear 2-noded truss element (T3D2) Figure 2. 36 : Meshing of
used for modeling of WWM in simulation of diagonal composite masonry-WWM- coarse
shear test of strengthened masonry panel sand panel

Figure 2.37 depicts the loading and support conditions in modeling of strengthened
masonry panel subjected to diagonal compression test. The numerical results of both high
strength and low strength mortar strengthened panels in terms of distribution of minimum
(tensile) principal stress and the corresponding global deformation has been shown in Figure 2.38
as the maximum compression load. In the experimental study, failure initiated in the form of
diagonal cracks which were distributed within middle one third of the horizontal diagonal of the
panels. These diagonal cracks developed into major cracks at the later stage and local crushing
of masonry along the mortar took place near the loading and support shoes. Similar behavior was
observed in this simulation and corresponding tension damage for both these specimens is shown
in Figure 2.39.
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Figure 2. 37 : Modeling of loading and support condition in case of strengthened masonry

panels
1:4 1:6
Figure 2. 38 : Minimum principal stress and deformation of 1:4 and 1:6 strengthened masonry
panel

Figure 2. 39 : Tension damage of 1:4 strengthened masonry panel
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Figure 2. 40 : Numerical and experimental shear stress vs shear strain curves for 1:4
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Figure 2. 42 : Numerical and experimental shear stress vs shear strain curves for
unreinforced masonry panel

The numerically simulated shear stress-shear strain curves are compared with the
experimental test results in Figures 2.40 and 2.41. The study showed that the numerical results
are closely agreeing with the trend of experimental results. It is also noted that contours of tension

damage, predicted numerically resemble with the crack pattern observed during the tests.

2.14 SUMMARY

In this study, the in-plane behavior of both URM and reinforced masonry is evaluated
and studied according to ASTM guidelines, under displacement control loading. The test
specimens were constructed using bricks and the dimensions of the specimens were chosen as
per ASTM guidelines. The behavior of the test specimens was studied in terms of failure modes

and shear stress vs shear strain plots.

The experimental behavior was simulated using finite element analysis. CDP model has
been used to model the non-linear inelastic behavior of masonry, as it was successfully used in
earlier studies by other researchers. The simulation has been used to evaluate shear stress-shear
strain and load deflection curves under in-plane tests. The findings of this study are summarised

as follows.

e The behavior of URM specimens in diagonal shear test has been observed as combination
of diagonal failure and sliding shear failure modes. These URM specimens failed in a
sudden brittle manner, by the formation of cracks along the loaded diagonal.

e The proposed reinforcement technique confines the masonry well intact between the
WWNM layers along with thin mortar layer. The shear strength of strengthened specimen
has found to increase at an order of 4 when compared to URM specimens.

e The ductility ratio of URM specimen after strengthening increased up to 2 to 5 times.
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The relative increase in shear strength due to strengthening, observed in the present study,
which was much higher compared to the other procedures used in earlier studies available
in the literature. This is mainly due to the much lower shear strength of the original URM.
The WWM reinforced samples showed significant increase in shear strength and
ductility. Compared to unreinforced masonry specimen.

It was observed that non-linear finite element simulation using CDP model could predict
the behavior of URM specimens under in-plane shear loading quite reasonably up to the
peak load but could not predict the post peak behavior. The predicted strength was also
found to be quite close to the experimental results.

The shear stress-strain curves obtained numerically using finite element simulation,

matched reasonably well with the experimental results.
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CHAPTER -3

OUT-OF-PLANE BEHAVIOR OF UNREINFORCED AND
REINFORCED MASONRY PANELS

3.1 INTRODUCTION

URM is the oldest building technique which is still commonly used in many developing
countries either as load bearing structure or as infill in RCC structures. URM, which is less
ductile, are subjected to severe damage during an earthquake. The earthquake damage history
suggests that the most life loss has been due to collapse of masonry structures. Most of the
historical monuments and most official government buildings are made of masonry which is at
high risk during the earthquake and is in high demand to be preserved (D’ Ambrisi et al. 2013).
Recently grouting, FRP, RC jacket, ferrocement techniques are commonly used in restoration/
strengthening of masonry buildings (Ashraf et al. 2012, Papanicolaou et al. 2011, Kadam et al.
2015)

In the past, it was observed that most of the masonry structure failed in out-of-plane
action. During an earthquake, URM buildings experience seismic loading in both in-plane and
out-of-plane. However, their relative magnitude depends on the type of diaphragm i.e., how the
wall is connected to the roof. The structural wall perpendicular to seismic motion is subjected to
out-of-plane bending which results in out-of-plane failure featuring vertical cracks at the corner
and in the middle of the wall (Lourengo et al. 2000, Tomazevic 1996). Unreinforced masonry
buildings are most vulnerable to out-of-plane failure. The causes of the out-of-plane failure of
the wall are inadequate anchorage of the masonry wall into the roof diaphragm and limited tensile
strength of the masonry and mortar. The resulting flexural stress apparently exceeds the tensile
strength of the masonry leading to its rupture followed by collapse. Out-of-plane wall movement
is characterized by the partial collapse of the exterior wall, by wythe separation or peeling off of
the outer wythe or veneer units, and by cracks at lintel and top of slender piers near the opening.
These types of failure were almost non-existent in lower storeys. It’s found that the slenderer the
wall the more it’s prone to out-of-plane failure. Out-of-plane action can be resisted by
intermediate support wall or buttress but it is not a proper solution. In case of a building which
IS to be newly constructed, seismic band can be provided at the lintel level in the wall to reduce

the height, but there are limitations in case of existing structures. Nearly one third of the world
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population is still living in masonry structure. The most crucial thing is that, in the past, the
masonry buildings were constructed without any consideration of earthquake resistance. Though
the codal provisions provide guidelines for earthquake resistant features, it has not been followed

due to the ignorance of people or the additional cost involved.

In the past lot of studies has been carried out to study the out-of-plane behavior of
masonry strengthened using various materials, a few of which has been selected and are discussed
here. Kadam et al. (2015) have tested 6 URM panels and 12 panels strengthened with WWM and
micro concrete under flexure. The results show that the URM panels exhibit sudden brittle failure
whilst strengthened panels failed in a ductile fashion and exhibited a significant increase in the
flexural strength. Bajpai et al. (2003) investigated the behavior of masonry beams strengthened
using the (Near Surface Mounted) NSM technique. They named the beams with two layers of
bricks as narrow beams and those with more than two layers as wide beams. FRP bars were
inserted in pre-cut grooves between these layers. The technique was shown to be effective on
both types of beams. Significant increase in flexural capacity and ductility of strengthened
masonry is the common outcome of most of the experimental studies carried out using FRP as
strengthening material (Bajpai et al. 2003, ElI Gawady et al. 2004, Bencardino et al. 2004, Khaled
et al. 2010 Papanicolaou et al. 2008, Kadam et al. 2014)

Usage of polymeric grid is commonly used in practice for strengthening these days, the
WWM is a commonly available material and is economical and easy to apply compared to other
grid, and it is widely being used to strengthen existing masonry structures. (Papanicolaou et al.
2008, Kadam et al. 2014)

3.2 RESEARCH SIGNIFICANCE

In the present study, strengthening technique recommended by IS 13935: 2009 for
masonry structures using WWM has been experimentally investigated. The guidelines of IS code
has been followed in this study and the behavior of reinforced masonry strengthened with WWM
(of various sizes 1 inch, 1.5 inch, 2 inch spacing) and mortar. Out-of-plane behavior of
unreinforced masonry has also been evaluated experimentally. Both high (1:4) and low strength
mortar (1:6) was chosen as both these types of mortars are commonly used in construction
practice in India. The out-of-plane behavior of both URM and strengthened masonry was studied
based on flexure test according to ASTM E518-10. The relative increase in strength, ductility,

and stiffness has been estimated.
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3.3 EXPERIMENTAL PROGRAM

This experimental program consisted of 8 sets of specimens out of which 2 sets were
URM and 6 sets of reinforced masonry (RM) specimen. The details of the specimen are given in
Table 3.1. All specimens were of two wythe thickness as in practice all load bearing walls are
constructed with two wythe thickness. The URM specimens were 1000 mm long, 500 mm wide
and 230 mm thick. All the test samples were constructed and cured as per site condition. The test
samples were strengthened after its curing.

3.4 STRENGTHENING PROCEDURE

The test samples were strengthened as per IS 13935: 2009. Drill holes of 8 mm diameter
were made at an interval of 300 mm on the test samples for inserting 4 mm diameter mild steel
rod for anchorage in the later stage of strengthening. These 4 mm rods passing through the holes
transferred the shear at the WWM masonry interface through dowel action. The samples to be
strengthened were initially watered and cleaned with the help of a steel wire brush to remove dirt
if any. Then a layer of cement grout slurry was applied with the help of a paint brush to provide
better bond between the mortar and the masonry surface. Care was taken to close the drill holes
with the help of wooden or steel rods to avoid its blockage during application of mortar. A layer
of 10 mm thick 1:3 coarse sand mortar was applied above the cement slurry surface to level the
uneven masonry surface as well as to provide better grip for the WWM and second layer of
mortar, the mortar surface was roughened with the help of a steel wire brush. The WWM was
placed and anchored with the help of a 4 mm diameter mild steel rod, the rods were bent over the
WWM on the two sides in opposite direction, the hole was grouted with the help of a high
pressure grout pump, to hold the rod in position. A layer of cement grout (1:3 coarse sand mortar)
was applied above the WWM, and the surface was levelled. The sequential process of
strengthening is shown in Figure 3.1. The strengthened panels were cured under normal site
condition for another 28 days.
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Figure 3. 1 : Stages strengthening unreinforced specimen with WWM

Table 3. 1 : Specimen details

Set Specimen Mortar ratio Strengthening

Set-1 URMFST-1 1:4 URM panel
URMFST -2
URMFST -3
URMFST -4

Set-2 URMFST -5 1:6 URM panel
URMFST -6
URMEST -7
URMFST -8

Set-3 RMFST-9 1:4 URM panel strengthened with 1 inch
RMFST-10 spacing WWM and 1:3 coarse sand
RMFST-11 mortar
RMFST-12

Set-4 RMFST-13 1:4 URM panel strengthened with 1.5
RMFST-14 inch spacing WWM and 1:3 coarse
RMFST-15 sand mortar
RMFST-16
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Set-5 RMFST-17 1:4 URM panel strengthened with 2 inch
RMFST-18 spacing WWM and 1:3 coarse sand
RMFST-19 mortar
RMFST-20

Set-6 RMFST-21 1:6 URM panel strengthened with 1 inch
RMFST-22 spacing WWM and 1:3 coarse sand
RMFST-23 mortar
RMFST-24

Set-7 RMFST-25 1:6 URM panel strengthened with 1.5
RMFST-26 inch spacing WWM and 1:3 coarse
RMFST-27 sand mortar
RMFST-28

Set-8 RMFST-29 1:6 URM panel strengthened with 2 inch
RMFST-30 spacing WWM and 1:3 coarse sand
RMFST-31 mortar
RMFST-32

3.5 INSTRUMENTATION AND TEST SETUP

Testing of both RM and URM samples were carried out as per ASTM E518-10 standard
guidelines to study their out-of-plane behavior. The specimens were tested under four-point
loading condition as shown in Figure 3.2. The experimental test setup can be seen in Figure 3.2.
As masonry is very brittle, much care was taken while transporting the samples from casting yard
until it was placed on the machine for testing. Load controlled loading was applied such that the
test completes approximately in 2-3 minutes. Four linear variable displacement transducers
(LVDT) were used to measure the displacement, two at the mid span in either direction and two
at 100 mm from the support in both directions to measure the deflection at that point. The
instrumentation setup can be clearly seen in Figure 3.2. The LVDT was connected to the inbuilt

data acquisition system.
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Figure 3. 2 : Test set up
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3.6 TEST OBSERVATION AND FAILURE MODES

The failure pattern and test observations are summarised in Table 3.4. In case of set 1 and
2 specimens, a typical bed joint failure parallel to the mortar joint was observed. In most of the
reinforced masonry specimen, i.e., set 3-8 diagonal shear failure was predominant in most except
in a few specimens (RMFST-21, 23, 24). In the set 3 and 6 i.e., in specimen reinforced with 1
inch spacing WWM, rupture of reinforcement was observed in tension zone. In set 4 and 7 the
failure initiated as shear crack (Table 3.4) failure of reinforcement (WWM) was not experienced,
breaking noise was heard during testing, reinforcement yielded and failure of anchorage was also
observed in few cases (RMFST-10). Slight debonding was observed in samples reinforced with
1.5 inch spacing WWM. In set 5 and 10, shear crack was observed, except RMFST-19. In no
other cases, reinforcement failure was observed. Though failure initiated near loading point, it
ended up near support resulting in slight debonding, which was not permitted by the provided

anchorage.

The observed strength of strengthened panels was independent of the grade of mortar
used in masonry, as the contribution of masonry in bending tension was negligible and being
under reinforced sections, the bending strength was governed by tension reinforcement. Hence
there was not much remarkable variation as such in the strength gained by strengthened masonry
specimens as the grade of mortar used for strengthening was same in all specimens.

3.6.1 Strength, Stiffness and Deformation Characteristics

The performances of both the reinforced and URM samples were assessed through the
load-deflection curves Figures 3.4 to 3.9; the ultimate load capacity, stiffness and ductility were
also assessed. The load-deflection curves shown in Figures 3.4 to 3.9 and results are summarized
in Tables 3.2 and 3.3. The yield load Py was the applied load at which the yield starts and Py,
ultimate load. The ductility indexes can be defined as,

Deflection ductility, pa = Au /Ay
Energy ductility, ug= Eu/Ey

where,

Auw= mid span deflection at ultimate load

Ay= mid span deflection at tension steel yielding

Eu= area under the load-deflection diagram at ultimate load
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Ey= area under the load-deflection diagram up to yielding of tension steel

The secant stiffness is given by the ratio of ultimate measured load to the deflection
corresponding to peak. The energy dissipation is usually defined as the area under the load-
deflection curve. The energy capacity values were calculated up to the Pumax on the load-
deflection curve. The ductility of structural members is considered one of the most critical
parameters for evaluating its performance. Based on the load-deflection response of the samples,
ductility can be measured in terms of deflection ductility, energy ductility or the energy
absorption capacity of the sample. Ductility characterizes the deformation capacity of members
(structures) after yielding, or their ability to dissipate energy. In general, ductility is a structural
property which is governed by fracture of the structural member.

In this study, the ductility, stiffness, strength is compared to the low strength mortar
sample (1:6) and high strength masonry samples (1:4) strengthened with various reinforcement
ratios. With reference to Figures 3.4 to 3.9 and Tables 3.2 and 3.3, it is observed that the
reinforced low strength mortar specimen behaved in more ductile manner as compared to
strengthened high strength mortar specimen. The performance of 1.5 inch spacing reinforced
specimen was much better (in terms of ductility) as compared to specimen reinforced with 1 inch
and 2 inch spacing WWM. From the graph, it is observed that all the strengthened flexure
specimen behaves in a non-linear manner and the post peak behavior showed gradual strain
softening in the case of high strength mortar specimen and steep slope was observed in case of

low strength mortar specimen.

The flexural load carrying capacity of masonry has significantly increased in the order of
4 in case of strengthened specimen compared to that of conventional masonry. This shows the

effectiveness of the strengthening technique which can be clearly seen in Table 3.2.

The effect of strengthening in case of moment capacity is given in Table 3.2. It is observed
that the moment carrying capacity has increased in the order of 2 compared to conventional
masonry. It is observed that the strengthening technique adopted has enhanced the ductility and
strength of masonry but however, it is much lower than that of RC beam. This was due to lower

ductility of WWM compared to reinforcing steel used in conventional RC structure

The initial stiffness of both reinforced high strength mortar specimen and low strength
mortar specimen were same except in 2 inch spacing WWM reinforced specimen. The secant
stiffness, i.e., stiffness after achieving yield point, was more in case of reinforced high strength
mortar specimens compared to that of low strength mortar specimens.
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Further investigations are required to study the strain distribution in WWM and masonry
and to exactly understand the failure mechanism of strengthened masonry panels.

Table 3. 2 : Test results

Specimen Pv Ph Prmax Avg. Amax Avg. R R/R, Avg.
(%) (%) Prmax Amax R/R,
URMFST-1 0 0 5 4 0.7 0.47 0.54
URMEFEST -2 0 0 0.3 0.33
URMEFST -3 0 0 4 0.4 0.44
URMFST -4" 0 0 - - - - - - -
URMEFST -5 0 0 2.5 2.2 14 0.86 0.28
URMEFST -6 0 0 1.6 9 0.18
URMEST -7 0 0 2.5 3 0.28
URMEFST -8* 0 0 - - - - - - -
RMFST-9 010 010 73.25 78.54 3.62 6.59 9.93 22.57 24.20
RMFST-10 010 0.10 73.14 6.19 9.91 22.54
RMFST-11 010 010 78.6 9.39 10.65 24.22
RMFST-12 0.10 0.10 89.2 7.16 12.09 27.47
RMFST-13 012 013 89 83.66 4.69 8.59 12.06 27.41 25.77
RMFST-14 012 013 86 12.73 11.65 26.49
RMFEST-15 012 013 76 8.3 10.30 23.42
RMFST-162 0.12 0.13 i I ¥ 1 i | i
RMFST-17 012 011 58 65 4.69 5.64 7.87 17.89 22.27
RMFST-18* 012 011 94 - - - - - -
RMFST-19 0.12 011 68 6.37 9.22 20.96
RMFST-20 012 011 69 5.88 9.35 21.27
RMFST-21 0.10 0.10 77 74.3 3.943 5.62 10.44 41.76 37.30
RMFST-22 010 010 91 8.47 12.33 49.33
RMFST-23* 010 010 52 - - - - - -
RMFST-24 010 010 55 4.46 7.46 29.86
RMFST-25 012 013 51 62.25 8.5 9.24 6.92 27.70 33.78
RMFST-26 012 013 75 10.03 10.17 40.68
RMFST-27 012 013 63 8.03 8.54 34.19
RMFST-28 012 013 60 10.4 8.14 32.57
RMFST-29 012 011 31 40 2.84 9.04 4.22 16.89 21.75
RMFST-30 012 011 54 3.96 7.33 29.32
RMFST-31 012 011 35 2.24 4.76 19.05
RMFST-32* 0.12 0.11 i i i i i i i

Damaged specimen, irrelevant data*
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Table 3. 3 : Stiffness and ductility

Specimen Yield Ultimate Ductility Stiffness Eu Ey Energy
factor ductility
Py Ay Pu Ay Av/Ay Initial  Secant Me=EW/Ey
(kN) (mm) (kN)  (mm)

RMFST-9 72 3.2 63.5 5.1 1.60 22.71 1248 254 121 2.09
RMFST-10 71 4.4 73.1  6.19 1.39 1598 1181 280 153 1.83
RMFST-11 68 3.7 73.7 107 2.89 16.75 6.88 606 109 5.59
RMFST-12 82 6.3 85 7.2 1.13 12.8 11.78 322 234 1.37
RMFST-13 85 4.4 81.1 515 1.17 1943 1575 232 171 1.35
RMFST-14 58 5 826 132 2.65 11.6 6.22 799 174 4.59
RMFST-15 44 2.6 675 10.2 3.84 16.79 6.61 545 63 8.65
RMFST-16* = = : - - = - - - -
RMFST-17 55 4.4 49.1 6.2 14 12.6 7.39 216 119 1.81
RMFST-18* - = = - - = = - - -
RMFST-19 66 5.9 59.5  8.08 1.36 11.14 7.36 344 204 1.68
RMFST-20 60 4.4 644 6.61 1.48 13.51 9.75 287 144 1.99
RMFST-21 74 3.0 69.9 49 1.59 2405 1426 263 127 2.07
RMFST-22 81 5.4 846 109 2.01 15 7.67 691 280 2.47
RMFST-23* - -- - - - - - - - -
RMFST-24 54 4.2 46.8 6.19 1.47 12.9 7.55 213 108 1.97
RMFST-25 46 2.6 41.7 134 5.17 17.6 3.09 587 59 9.94
RMFST-26 64 41 66.7 11.2 2.75 15.6 5.91 622 139 4.47
RMFST-27 55 4.1 53 10.0 2.46 13.6 5.25 464 138 3.36
RMFST-28 54 3.8 58.4 947 2.49 14.2 6.17 459 109 421
RMFST-29 30 1.8 247 416 2.25 16.4 5.95 95 29 3.27
RMFST-30 51 Aeid 473 6.34 3.62 29.1 7.46 280 70 4
RMFST-31 34 2.1 27.1 3.6 1.65 15.6 7.56 87 40 2.17
RMFST-32* - . - - - - - - - -

Damaged specimen, irrelevant data *
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Table 3. 4 : Test observations and failure pattern

Specimen Failure pattern 7 Remarks/observation

URMFST-1 v" Cracking (Debonding)
along the bed joint

URMFST -2 v' Cracking (Debonding)
along the bed joint

URMFST -3 v" Cracking (Debonding)
along the bed joint

URMFST -4* E i

URMFST -5 v" Cracking (Debonding)

along the bed joint
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URMEST -6

URMFST -7

URMFST -8

RMFST-9

RMFST-10

57

v" Cracking (Debonding)

v

along the bed joint

Cracking (Debonding)
along the bed joint

v' Cracking (Debonding)

»

AN

along the bed joint

Shear failure
No reinforcement failure

Reinforcement ruptured
Shear failure
Anchorage failure was
observed




RMFST-11

RMFST-12

RMFST-13

RMFST-14

RMFST-15

58

AN

AN

AN

s

Reinforcement failure in
tension zone

Ductile shear failure
Cracks were observed in
compression zone

Flexure failure at centre
Reinforcement failed in
tension

Brittle shear failure
No reinforcement
damage

Mortar joint failure

Failure was experienced
at both loading point
Shear failure

Cracks in compression
zone

Spalling of mortar was
observed in tension zone

slight debonding was
observed
poor workmanship




RMFST-16

RMFST-17

RMFST-18

RMFST-19

RMFST-20

59

AN

NN

AN

AN

shear crack
crack in tensiom zone

both shear and parallel
head joint failure was
observed

No crack in comp zone
Cracks in tension zone

No crack in compression
zone

Cracks were observed in
tension zone

Complete failure was not
experienced till 95 kN
Shear crack

Tension failure
Reinf failed only in
tension zone

Shear failure

Shear brittle failure

No crack in compression
zone

No reinforcement failure




RMFST-21

RMFST-22

RMFST-23

RMFST-24

RMFST-25

60

AN

¥ 8

Head joint cum toothed
failure
No reinforcement failure

Shear failure

Reinf rupture completely
in tension zone

Cracks in compression
zone

Thoothed shear failure
Cracks in comp zone
Brick failure was
observed

Thoothed shear failure

Crack in compression
zone

Debonding in tension
zone

Failure of anchorage
Weld failed at few
location inWWM

No failure of mesh reinf




RMFST-26

RMFST-27

RMFST-28

RMEST-29

RMFST-30
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ANANEN

AN

AN

N

g

AN

Shear failure

Reinf yielded

Crack in compression
zone

Mesh weld failed
Anchorage failed

Shear crack
Debonding in tension
zone

Cracks in compression
zone

Shear failure near both
loading point

Reinf yielded

Crack in both tension and
comp zone

Shear crack
No crack in comp zone

Shear crack
Debonding in tension
zone

Cracks in compression
zone




v’ Shear crack

v" No Cracks in
compression zone

v’ Failure near support

RMFEST-31

~
&

-3

$o

Specimen damaged béfore tetng *
20 -

16 - —— URMFST 5
—=<= URMFST 6
------ URMFST 7
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ON B~ O

0 5 10 15
Deflection (mm)

Figure 3. 3 : Load-deflection behavior of low strength URM sample
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Figure 3. 4 : Load-deflection behavior of high strength masonry reinforced with 1 inch
spacing WWM and 1:3 mortar
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Figure 3. 5 : Load-deflection behavior of high strength masonry reinforced with 1.5 inch
spacing WWM and 1:3 mortar

100

90

80

70
g 60 — -RMFST 17
g 0 — — RMFST 18
S 44 Lo RMFST 19

30 ——URMFST

20

10 1,

0 ¥ : : .

0 5 10 15

Deflection (mm)

Figure 3.6: Load-deflection behavior of high strength masonry reinforced with 2 inch spacing
WWM and 1:3 mortar
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Figure 3. 7 : Load-deflection behavior of low strength masonry reinforced with 1 inch

spacing WWM and 1:3 mortar
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Figure 3. 8 : Load-deflection behavior of low strength masonry reinforced with 1.5 inch

spacing WWM and 1:3 mortar
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Figure 3. 9 : Load-deflection behavior of low strength masonry reinforced with 2 inch spacing
WWM and 1:3 mortar

3.7 SIMULATION OF FLEXURE TEST ON RETROFITTED PANELS

The same micro modeling technique as discussed in the previous chapter for the diagonal
compression test has been used to simulate the flexural behavior of strengthened masonry panels.
The masonry and coarse sand mortar have been modeled using 8-noded linear hexahedral
elements (C3D8) as shown in Figure 3.10, and the reinforcement grid has been modeled as 2-
noded, linear truss elements (T2D2) as shown in Figure 3.11. Figure 3.12 depicts the mesh of
composite strengthened panels and Figure 3.13 shows the loading and support conditions in

modeling of strengthened panels subjected to flexure test.

Figure 3. 10 : Solid 8-noded brick elements used for modeling of coarse sand mortar in
flexure test simulation of strengthened panels
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L.

Figure 3. 11 : Linear 2-noded truss elements used for modeling of WWM

,j,,

Figure 3. 12 : Meshing of composite masonry WWM-coarse sand panel in flexure test
simulation of strengthened panels

L

.

Figure 3. 13 : Modeling of loading and support conditions in flexure test simulation of
strengthened panels

The numerical results of strengthened panels are shown in Figures 3.14 and 3.15, in terms

of distribution of minimum principal stress and corresponding global deformation at the

maximum flexure load. The tension damage for both the cases is shown in Figures 3.16 and 3.17.

It has been noted that the pattern of tension damage in the numerical simulation resembles with
the crack initiation and propagation in the experimental testing of the panels.
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Figure 3. 14 : Minimum principal stress and deformation of strengthened masonry panel (1:4
masonry)

Figure 3. 15 : Minimum principal stress and deformation of strengthened masonry panel (1:6
masonry)

Figure 3. 16 : Tension damage of strengthened panel (1:4 masonry)
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Figure 3. 17 : Tension damage of strengthened panel (1:6 masonry)

The numerical and experimental load-deflection curves for the flexure test on the
strengthened panels are compared in Figures 3.20 to 3.25. It was observed that the strength of
strengthened masonry panel is governed by reinforcement. The final failure took place due to
rupture of wire mesh. The load-deflection curves show that the numerical results are closely

agreeing with the trend of experimental results.
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Figure 3. 18 : Numerical and experimental load-deflection curves for 1:4 masonry panel
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Figure 3. 19 : Numerical and experimental load-deflection curves for 1:6 masonry panel
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Figure 3. 20 : Numerical and experimental load-deflection curves for 1 inch spacing 1:4
strengthened masonry panel
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Figure 3. 21 : Numerical and experimental load-deflection curves for 1.5 inch spacing 1:4
strengthened masonry panel
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Figure 3. 22 : Numerical and experimental load-deflection curves for 2 inch spacing 1:4
strengthened masonry panel

70



100 -

------ RMFST 21
= = RMFST 22
= RMFST 24
Analytical

Load (kN)

0 L] L] L}
0 5 10 15

Deflection (mm)

Figure 3. 23 : Numerical and experimental load-deflection curves for 1 inch spacing 1:6
strengthened masonry panel

100
90
80
70
60
50
40
30
20
10

= -RMFST 25
"'~ ===RMFST26
------ RMFST 27
Analytical

Load (kN)

0 5 10 15
Deflection (mm)

Figure 3. 24 : Numerical and experimental load-deflection curves for 1.5 inch spacing 1:6
strengthened masonry panel
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Figure 3. 25 : Numerical and experimental load-deflection curves for 2 inch spacing 1:6
strengthened masonry panel

3.8 SUMMARY

A study on the efficacy of the adopted strengthening technique at component level has
been presented in this chapter. The out-of-plane behavior of the URM panels strengthened with
ferrocement has been compared with the behavior of URM panels. The specimens have been
tested under out-of-plane bending action according to ASTM E518-10 procedure and relative

increase in strength and ductility has been estimated.

The behavior of the strengthened and unstrengthened specimen has been simulated using
finite element analyses. Concrete damaged plasticity model has been utilized to model the non-
linear plastic behavior of masonry and concrete as it was successfully used in earlier studies by

other researchers. The major conclusions are summarised as follows.

e The WWM mortar strengthening technique is easy to use, and it can be used for both
existing structure which has to be strengthened and for structure which is to be newly
constructed, anchorage can be provided at a certain interval for better performance.

e The reinforced flexural specimens were able to show better performance compared to
URM specimens without any end anchorage.

e Incase of set 4 and 6 specimens, slight debonding was observed, though it was taken care
by the 4 mm diameter anchorage, it was not adequate enough to prevent debonding. The

specimens would have performed better if some end anchorage was provided. The test
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results show that WWM mortar strengthening technique can effectively be used in URM
for better performance.

The ductility of strengthened specimen increased up to 3 times of that of URM specimen.
The out-of-plane flexural capacity of strengthened specimen increased at an order of 4
when compared to that of URM specimen.

In case of strengthened specimen subjected to out-of-plane loading, the failure initiated
in the form of flexural cracks near mid span, which were restrained by the WWM
reinforcement, resulting in a relatively ductile failure i.e., the initial failure pattern was
much influenced by the masonry strength, but the final failure was influenced by the
reinforcement provided.

At large displacements, there was crushing of mortar and masonry in compression zone
and final failure occurred due to rupture of wires.

The results of finite element analyses were in good agreement with the experimental
results in predicting the load carrying capacity and damage pattern of strengthened and
URM panels.
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CHAPTER -4

DYNAMIC TESTING AND SIMULATION OF HALF-SCALE
URM AND RM MODELS

4.1 INTRODUCTION

In the previous chapters, the behavior of masonry with and without reinforcement has
been studied, though the reinforced masonry shows an enhanced behavior in static testing, it is
equally important to study the dynamic behavior of masonry as well. So far, many tests have
been conducted on half-scale masonry models with various reinforcing/ strengthening
techniques. Based on the availability of test facilities, the models have been tested either on the
shock table testing facility and/ or shake table testing facility.

Almost half of the Indian houses are made up of unreinforced masonry and their
performance in the past earthquakes (Bihar, 1988; Uttarkashi, 1991; Killari, 1993; Jabalpur,
1997; Chamoli, 1999; Bhuj, 2001; Sumatra, 2004; Kashmir, 2005; Sikkim, 2006; Sikkim, 2011)
have created a necessity to review the capability of existing structures during future earthquake,
and to find a suitable strengthening technique to strengthen either newly constructed masonry
structures or to retrofit existing structures. Due to low cost and less skilled labour, masonry
buildings are still in use. There is a number of research carried out on strengthening/ retrofitting

of masonry structures both in India and across the globe.

Strengthening using FRP, polymeric meshes, textile reinforcement and reinforcing steel
wires (D’ Ambrisi et al. (2013), Ashraf et al. (2012), Papanicolaou et al. (2011), EIGawady et al.
(2004), Tan et al. (2004), Mosallam et al. (2007), Galal et al. (2010), Papanicolaou et al. (2008),
Saleem et al. (2016), Shermi et al. (2017)) have been reported by many researchers.

Small scale and full-scale brick masonry and stone masonry structures have been tested
on shake table testing facility in the past including both reinforced masonry and unreinforced
masonry (Koutromanos et al. (2012), Lourenco et al. (2013), Saleem et al. (2016), Stavridis et
al. (2016), Candeias et al. (2017)). These tests were conducted to evaluate the performance of
masonry to study the influence of opening, wall aspect ratio, different types of the diaphragm,
reinforcement etc. Nevertheless, no shake table test has been carried out to evaluate the seismic

behavior of masonry strengthened with WWM and coarse sand mortar externally.
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In this present study, an attempt has been made to compare the behavior of conventional
unreinforced masonry and masonry strengthened with WWM and coarse sand mortar by
subjecting both the models to a series of ground motions separately. The strengthened model was

subjected to more intense ground motion as compared to unstrengthened model.

4.2 EXPERIMENTAL PROGRAM

In order to contribute in enhancing the knowledge about strengthening technique studied
in the previous chapters, an experimental dynamic testing was carried out on half-scale masonry
models subjected to acceleration time history similar to Indian standard code response spectra
for seismic zone V on hard soil. The masonry model was constructed as per the common

construction practice followed in the state of Uttarakhand, India.

4.3 CONSTRUCTION OF MASONRY MODEL
4.3.1 Unreinforced Masonry Model

A half-scale 2.25 m x 2.25 m unreinforced masonry model (URM) with 2.0 m height was
built on a steel platform. This was later bolted to the shake table before testing. Figures 4.1 and
4.2 show the plan and section of the masonry model. Bricks of size 115 mm x 57 mm x 35 mm
were used for making the model. A mortar mix of 1:4 (cement : sand) was used for constructing
these models. Both the models were of a single room size, constructed as per the common
construction practice followed in the state of Uttarakhand, India. Normally in case of load bearing
structures, one full-scale brick wall having thickness of 230 mm is constructed. For half-scale
models to be tested on the shake table facility, thickness of the wall was kept as 115 mm. The
same mason was used for constructing the half-scale models throughout so that quality of
masonry is not varied due to workmanship. Companion mortar cubes were cast every time, a
mortar mix was prepared, to check the quality of mortar. The north and south wall have a standard
door opening of size 1.50 m x 0.75 m. The east wall has a window opening of size 0.75 m x 0.75

m, while the west wall was a solid wall without any opening.
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Figure 4.1 : Plan
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Figure 4. 2 : Window side section and front door section
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The platform for the construction of models was made up of flat steel plate. For providing

grip between the foundation and the model, shear keys were provided with the help of angle iron
(25 mm x 25 mm x 3 mm) at the outer and inner periphery. Further, a steel strip (25 mm wide
and 3 mm thick) was welded at the center of the outer and inner periphery on the plate. A 75 mm
thick foundation was laid with 1:2:4 concrete mix representing the fixed base of the model. This
arrangement was done for holding the foundation of the model from shearing/ sliding from the
platform during testing. This was equivalent to a rigid foundation constructed in actual practice.
In the absence of the shear keys, the model may slip or slide because of the flat steel platform.
Proper precautions were taken to weld the shear keys to the platform. The surface of the



foundation was roughened to ensure better grip between foundation and brick work. Before
laying the bricks, a layer of thick grout was applied above the foundation surface and then the
brick work was laid on top of 75 mm thick foundation. The sequence of construction was similar
to that of the conventional construction procedures followed in the northern part of India. Cut
lintel beams were provided above the door and window openings. The roof slab was cast at the
end. The construction procedure of the unreinforced masonry model can be seen in Figures 4.3

to 4.9. The model was cured for 28 days from the date of casting of slab.

Figure 4. 4 : Casting of foundation

Figure 4. 5 : Laying of bricks above Figure 4. 6 : URM model up to roof
foundation
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Figure 4. 8 : Front facing URM building Figure 4. 9 : Fully completed model N-E
model

4.3.2 Reinforced Masonry Model

The traditional building constructed as per the above-mentioned procedure (section 4.3.1)
is a common construction practice in many parts of India. These structures are highly damaged
during earthquake hence it is necessary to retrofit the structures with suitable material. So far,
many retrofitting techniques (FRP confinement, reinforcing with steel rod, shotcrete, bamboo
reinforcement, reinforcing with steel strip) are in practice.

The retrofitted model has the same dimension of the unreinforced masonry building. The
detailed section of the retrofitted model is shown in Figure 4.10.
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Figure 4. 10 : Retrofitted window side section and door side section of RM model

The main cause of failure of masonry building is loss of integral box action due to
cracking of corners resulting in separation of walls. Therefore, the most important step in
retrofitting of masonry building is to ensure integral box action. The integral box action can be
ensured by providing vertical and horizontal band along the door and window openings, vertical
and horizontal bands are constructed using WWM with rich cement mortar of 1:3 (cement: coarse
sand) as per IS 13935: 2009 was provided on both sides of the wall. 4 mm diameter steel rod was
used to connect the two layers of WWM. These steel rods transfer the shear between the WWM
mortar layer and the masonry through dowel action. The spacing of steel rod is provided as per
IS 13935: 2009.

The construction of reinforced masonry model is similar to that of reinforced model, other
than the additional anchoring of the WWM to the foundation base. Along with the shear key,
steel sheets were also welded to the base plate to ensure proper anchorage of WWM to the

foundation.

The retrofitting /strengthening work was carried out as per Indian standard code of
practice IS 13935: 2009 after the complete construction and curing of the conventional model.
The model was cleaned with the help of a steel wire brush to remove dirt if any. Then a layer of
cement slurry was applied with the help of a paint brush to provide better bond between the
mortar and the masonry surface. A layer of 10 mm thick 1:3 coarse sand mortar was applied
above the cement slurry surface to level the uneven masonry surface as well as to provide better
grip for the WWM and second layer of mortar. The mortar surface was roughened with the help
of a steel wire brush to ensure better grip. The WWM was placed and anchored with the help of

a4 mm diameter mild steel wire. The wires were bent over the WWM on the two sides in opposite
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direction as shown in Figure 4.12. These 4 mm wires transfer the shear at the WWM masonry
interface through dowel action. A layer of cement slurry was spread above the WWM and 10
mm thick 1:3 coarse sand mortar was applied above the WWM and the surfaces were levelled.
The strengthening process can be seen in Figures 4.11 and 4.12. The strengthened model was

cured under normal site condition for another 28 days.

Figure 4. 11 : RM model construction process
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Figure 4. 12 : Model strengthening process
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Figure 4. 13 : RM model after completion
4.4 TESTING PROCEDURE

The models were shifted to the shake table with the help of a 20 ton capacity mechanically
operated crane. The model was bolted to the shake table with the help of bolts. The required test
setup was made. Initially, a free vibration test was carried out for the model to find the natural

frequency of the structure.

4.4.1 Free Vibration Test

Free vibration test was conducted to determine the frequency of the model. For acquiring
the free vibration data two ranger seismometer were placed on the roof of the models (Figure
4.14), one in the longitudinal direction (E-W) and other in the transverse direction (N-S). The
models were excited with mild impact by a hammer. The data were recorded with the help of a

data acquisition system.

Figure 4. 14 : Free vibration setup for URM model and RM model
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Figure 4. 15 : Free vibration data of URM model
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Figure 4. 16 : Free vibration data of RM model

4.5 ANALYSIS OF FREE VIBRATION DATA

After free vibration testing, vibration records were downloaded and processed. The
natural frequency of the model was computed from the recorded data. The time period of URM
and RM model is obtained as 0.056 sec and 0.050 sec respectively.
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From the above-mentioned data, it is concluded that the time history acceleration having
frequency content in this range should be used during the dynamic testing of the model with the

help of shake table testing facility.

4.6 SHAKE TABLE TESTING
4.6.1 Shake Table Specification

The masonry model will be tested on a digitally controlled shake table facility, capable
of reproducing specified real earthquake accelerogram or simulated synthetic accelerogram
compatible with a specified design for testing structures, available in the Department of
Earthquake Engineering, Indian Institute of Technology Roorkee. The driving mechanism of the
table is of servo-hydraulic type with hydraulic power supply of 750 Ipm. The running current is
400 amp. The size of the shake table is 3.5 m x 3.5 m with geometry truncated pyramidal welded
plate structures. This table can give motion in a plane containing vertical and one horizontal
direction. The table is driven by three actuators, two vertical and one horizontal. A square grid
pattern of bushes of special alloy steel is provided at 400 mm c/c on the top plate of the shake
table platform for mounting model on the table. The shake table can support a pay load of 200
KN. The zero-period acceleration (ZPA) can be up to 3 g depending on payload. The fundamental
frequency is 49.5 Hz. The table is controlled by monitoring the desired acceleration in a closed
loop system by the computer, the input motion to the shake table can be given either that of an
earlier recorded real earthquake or it can be an artificial earthquake motion compatible to a given

response spectra. Other types of excitations that may be given are sine wave and sine sweep.

The specification of the actuators of the shake table is as follows:

Characteristics Horizontal actuator Vertical actuator
Static Thrust (KN) 250 125

Dynamic Thrust (kN) 200 100

Stroke (mm) 300 300

Velocity (mm/sec) 1200 1500

Oil flow at maximum velocity (L/min) 750 400

The URM model was subjected to two-time history accelerations similar to that of

artificial time history record compatible to IS code zone V hard soil spectra.
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4.6.2 Sensors and Data Acquisition

The data acquisition consists of 128 voltage channels. The sensors used were single
channel force-balanced accelerometers having natural frequency of about 100 Hz and damping
of 70%. Accelerometers provide voltage output, which is proportional to acceleration of points
where these are mounted. This analog acceleration time history is then fed to data acquisition
system. The data acquisition system first conditions the analog signal to its requirement through
amplifier and anti-aliasing filter and then this conditioned analog signal is fed to ADC where
digitization at prescribed sampling rate takes place. The digital data is then stored in hard disks

of the computer.

In order to obtain complete data about the excitation of the models, they were
instrumented with two accelerometers and Linear Variable Displacement Transducers (LVDT).
Accelerometers were mounted on the roof of the model at two different locations (in the centre
of the roof in the middle and other at the base plate). The LVDT will be fixed diagonally near
the corner of openings to measure the local displacement and crack openings. The entire

instrumentation setup can be seen in Figure 4.14.

4.6.3 Input Acceleration

The URM model was subjected to two different horizontal ground motions similar to that
of artificial time history record compatible with IS code seismic zone V hard soil spectra (Figure

4.19). Whereas, the RM model was subjected to four different horizontal ground motion records.

SI. No. Unreinforced Model Reinforced Model

1 DBE DBE
2 2 DBE 2 DBE
3 - 3 DBE
4 - 4 DBE
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4.7 BEHAVIOR OF URM MODEL

4.7.1 First Shake

The global behavior of the unreinforced masonry model was analysed in terms of
deformation and damage patterns for all the seismic inputs. Time history acceleration similar to
IS code spectra for DBE specified under input section was applied to the base of the model. Care
was taken at the time of testing by holding the roof with the help of a crane to avoid damage to
the table in case the model collapse at the time of testing.

Minor cracks were observed after the first shake to the URM model, which can be seen
in Figure 4.18. It was observed that the given ground motion was not intense enough to create
any severe damage to the model. The maximum roof acceleration observed at the top in the
direction of the applied motion (X direction) was 0.61 g. The plot of the acceleration time history
at the roof in X direction can be seen in Figure 4.21.

i

Figure 4. 20 : Failure pattern after first shake
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Figure 4. 21 : Acceleration at roof level in X direction of URM model - DBE
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4.7.2 Second Shake

The second ground motion applied to the URM model was equivalent MCE. It was
observed that the minor cracks formed in the first shake started to widen further. Severe cracks
in the form of shift/ displacements in the walls at different locations in URM model (Figure 4.20)
were also observed. In north facing wall, a shift of 7 cm was observed at the lintel level (Figure
4.22). Further, this wall also displaced by 4.8 cm at the right top corner and by 8.1 cm shift in
first brick layer just below the roof level. In the west facing wall cracks were observed at the
corners of the window opening. A shift of 3.5 cm was observed in the brick layer below roof at
the right top corner of the wall. In the south facing wall with a door opening, displacement of the
wall of about 10 cm was observed at the left and right lintel corners with a 5.0 cm wide crack. In
the east facing wall (solid wall), a 7 cm shift was observed at the fourth brick layer below roof.
The maximum roof acceleration observed at the top in the direction of the applied motion (X
direction) was 0.91 g. The plot of the horizontal component of acceleration time history at the
roof level in URM model is shown in Figure 4.23 in the direction of the applied motion (X
direction). Further shake was not applied to the model since it would result in collapse leading to

damage of the shake table.

Figure 4. 22 : Failure pattern after second shake
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Figure 4. 23: Acceleration at roof level in the X direction in URM model - MCE
4.8 BEHAVIOR OF RM MODEL

4.8.1 First Shake

During the first shake, the maximum roof acceleration observed at the roof in the X
direction was 0.60 g. From the recorded acceleration data, the velocity and displacements at the
roof were computed with the help of Seismosignal software. The maximum velocity observed at
the roof level in X directions was 18.61 cm/s. The maximum roof displacement in the X direction
was 9.11 cm. The horizontal component of acceleration time history at the roof (X direction) is
plotted and can be seen in Figure 4.24.
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Figure 4. 24: Acceleration at roof level in the X direction in RM model - DBE
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4.8.2 Second Shake

During the second shake, the maximum roof acceleration observed at the top in X
direction was 0.77 g. The maximum roof velocity and displacement computed at the roof level
in X direction were 26.89 cm/s and 9.42 cm respectively. Figure 4.25 shows the acceleration time

history recorded at the roof in the X direction.
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Figure 4. 25 : Acceleration at roof level in the X direction in RM model - 2 DBE
4.8.3 Third Shake

During the third shake, the maximum roof acceleration observed at the roof in the X
direction was 0.79 g. The maximum roof velocity observed in X direction was 17.20 cm/s and
maximum roof displacement in X direction was 17 cm. Figure 4.26 shows the plot of acceleration

time history at the roof in the X direction.
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Figure 4. 26 : Acceleration at roof level in the X direction in RM model — 3 DBE
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4.8.4 Fourth Shake

During the fourth shake, the maximum roof acceleration observed at the roof in the X
direction was 0.80 g. The maximum roof velocity observed at the roof level in the X direction
was 26.05 cm/s. The maximum roof displacement in the X direction was 10.19 cm. The plotted

graph of acceleration time history at the roof in the X direction can be seen in Figure 4.27.

1.5 1
1 4

o
ol

50

o
o

Acceleration (g)
o

1

=

ol ]
L

Time (s)

Figure 4. 27 : Acceleration at roof level in the X direction in RM model — 4 DBE
4.9 CLASSIFICATION OF DAMAGE

The extent of the damage depends upon intensity and duration of the ground motion, the
nature of the supporting soil, construction material, type of construction, quality of construction,
frequency of vibration and damping in the structure. The grade of damage, its severity and the
damage descriptions are based on the experience in the past earthquake. The grades of damage
range from 1 to 5 according to Tomazevic (1999). The category of damage is clearly elaborated

in Table 4.1.

Table 4. 1 : Categories of damage

Grade of Severity of Damage description
damage damage
1 Slight non- Thin cracks in plaster, falling of plaster in bits
structural damage
2 Slight structural ~ Small cracks in walls, fall of fairly large pieces of plaster,
damage pantiles slip off, cracks in chimneys, parts of chimney fall
down
3 Heavy damage Large and deep cracks in walls, fall of chimneys
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4 Destruction Gaps in walls, parts of buildings may collapse, separate
parts of buildings lose their cohesion, and inner walls
collapse

5 Total damage Total collapse of buildings

4.9.1 Structural Failure Mechanism

The conventional building model considered in the present study may be treated as a
typical box system in which the walls parallel to loading direction are called in-plane walls or
shear walls, whereas the walls perpendicular to the loading direction are termed as out-of-plane
walls or cross walls. The in-plane walls develop a shear resisting mechanism while the out-of-
plane walls develop a flexure one. The in-plane walls provide lateral resistance by means of
membrane action. They resist inertia force due to their own mass as well as that of the roof, and
they also resist the forces transmitted by out-of-plane walls during shaking. Bending moment
induced in the in-plane walls during shaking is maximum at its extreme ends producing vertical
cracks at the corners. The diagonal cracks in the in-plane walls leading to shear failure are due
to the principal tensile stresses developed in the walls because of vertical and lateral loads. Due
to the window and door opening, the unsupported length of the shear wall is reduced accordingly
its shear strength is also reduced. The shear forces become critical in the in-plane walls with
openings and the failure occurs in the form of diagonal cracks.

In URM model, cracks initiated at the plinth level propagated towards top of the model.
During the second shake, the URM model was severely damaged causing widespread gaps in
walls and the model was almost on the verge of collapse. In case of RM model, no cracks were
observed because of the presence of sill band, lintel band and vertical band (in form of WWM)
due to the additional tensile and bending strength developed in the model. Thus, the failure of
conventional brick masonry can be greatly minimized by incorporating the adequate earthquake

resistant features.

4.10 SIMULATION OF DYNAMIC TESTING OF URM AND STRENGTHENED
MASONRY BUILDING MODELS

4.10.1 Material Properties of Concrete

The compressive stress-strain curve for concrete, as proposed by Desai and Krishnan
(1964) has been adopted in the present study. The parameters of this stress-strain curve have been

presented numerically by Hu et al. (2004) and the same has been used.
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For concrete in tension, the following stress-strain relationship used by Vecchio (1990)
has been adopted. As per his relationship, the concrete follows a linear relationship prior to

cracking, given as
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After cracking, concrete in tension is made to reflect tension stiffening effects through

the following relation

fer
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Here f.; and &.; are the average principal tensile stress and strain of the concrete. The

fo1 =

limiting tensile strain of concrete has been considered as 0.0001 (Pillai and Menon 2010). The
flexural; tensile strength of concrete (fcr) was estimated based on IS 456: 2000. The tension stress-

strain curve for concrete, constructed using these relationships is considered in the present study.

The basic modeling parameters related to the material properties have been obtained
directly from the experimental tests conducted. Other parameters like (dilation angle = 38°, flow
potential eccentricity = 0.1, ratio of initial equibiaxial compressive yield stress to initial uni-axial
compressive yield stress = 1.16, ratio of second stress invariant = 0.667, viscosity parameter =

0.0) were taken from Jankowiak and Lodygowski (2005).
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The post yield compression and tension behavior of concrete are shown in Figure 4.28
and 4.29 respectively (Jankowiak and Lodygowski 2005). The compression and tension damage
curves for concrete have been obtained using the same procedure as discussed in the previous

section.
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Figure 4. 28 : Compression behavior of concrete in non-linear range expressed as a function of
crushing

0.005

o
o
o
SN
Il

0.003 +

o
o
o
N
Il

0.001

Crushing Strain (mm/mm)

0 0.1 0.2 0.3 0.4 0.5
Damage Parameter

Figure 4. 29 : Compression damage of concrete
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Figure 4. 30 : Tension behavior of concrete in non-linear range expressed as a function of
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Figure 4. 31 : Tension damage of concrete

4.10.2 Material Properties of Steel Reinforcement

The stress-strain graph for Fe250 given in (Pillai, 2010) is used to calculate the plastic

strain (Abaqus manual 2013) (Figure 4.32) and is further used in the analysis.
The Poisson’s ratio of 0.3 is used in this analysis (Pillai 2010)
The density of the steel is 7850 kg/m? (IS 875 (Part 1): 1987)

Modulus of elasticity of steel is 2x10'* N/m? (IS 456: 2000)
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Figure 4. 32 : Stress-plastic strain curve for steel

4.11 MODELING OF URM MODEL

The structure is modeled using a finite element software Abaqus/CAE. The walls were
modeled using solid 8-nodes linear hexahedral elements (C3D8), commonly known as “brick
element”. The lintel and the roof were modeled using the same brick element (C3D8) (Figure.
4.33). The reinforcement in roof and lintel were modeled as 2-node, linear truss element (T3D2)
and were embedded inside concrete. The connections between the structural members were

modeled as tie constraint.

vlTbx

4

Figure 4. 33 : Finite element model of URM model with mesh
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4.11.1 Modeling of Strengthened Masonry Model

The structure is modeled using a finite element software Abaqus/CAE. The masonry,
concrete slab, coarse sand mortar was modeled using solid 8-nodes linear hexahedral elements
(C3D8), commonly known as “brick element” (Figure 4.34). The reinforcement in the roof was
modeled as 2-node, linear truss element (T3D2) and was embedded inside concrete. The lintel
and corner mesh WWM reinforcement was modeled using the same T3D2 element and were

embedded on the wall surface. The connections between the structural members were modeled
as tie constraint.

W e e e e e

Figure 4. 34 : Finite element model of strengthened masonry model with mesh

A non-linear explicit analysis was carried out in Abaqus/CAE to simulate the behavior of
both the half-scale masonry models numerically. The behavior of the numerical model was
almost similar to that of experimental observation. The time versus acceleration graph obtained
from the numerical model is given in Figures 4.35, 4.36, 4.38 to 4.41. The acceleration obtained
numerically was almost matching with the experimental results. The damage pattern at various
loading stages of URM and RM model can be seen in Figures 4.37 and 4.42.
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Figure 4. 35 : Numerical acceleration at roof level in the X direction in URM model - DBE
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Figure 4. 36 : Numerical acceleration at roof level in the X direction in URM model - MCE
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(a) Damage after first shock in west wall

(b) Damage after first shock in north wall

(c) Damage after second shock in west wall
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(d) Damage after second shock in north wall

Figure 4. 37 : (a)-(d) Damage in URM model after shake loading
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Figure 4. 38 : Numerical acceleration at roof level in the X direction in RM model - DBE
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Figure 4. 39 : Numerical acceleration at roof level in the X direction in RM model - 2 DBE
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Figure 4. 40 : Numerical acceleration at roof level in the X direction in RM model — 3 DBE
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Figure 4. 41 : Numerical acceleration at roof level in the X direction in RM model — 4 DBE
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Figure 4. 42 : No damage in strengthened model after shake loading

4.12 SUMMARY

URM and RM models were constructed on a steel base plate and the tests were performed
on the shake table. During the time of testing, behavior and response of both the models subjected
to dynamic loading were examined. The URM model was constructed as per conventional
procedure while the RM model was constructed as per the IS code provisions for seismic zone
V. The earthquake resistant features included reinforcement in the form of WWM at sill level,

lintel level, and at all the four corners and near the openings.

Total of two ground motions was applied to the URM model. Third shaking was not given
to avoid the collapse of the model, which could have damaged the components/ parts of the shake
table. In RM model, a total of four ground motions was applied with increasing intensity. Tri-
axial accelerometers were used to record the base motion of the table and the roof motion of the

models.

Minor cracks were observed in the URM model after the first shake and the cracks
widened further during the second shake, resulting in severe damage to the model leading to the
verge of its collapse. The inertia force transferred from the roof to the shear walls on northern
and southern side led to the development of cracks originating near the openings. Though the in-
plane shear walls offer greater resistance because of their larger depths, unreinforced masonry

shear walls developed horizontal cracks at its base and around the window and door openings.

The RM model was subjected to intense ground motions as compared to URM model.
The earthquake resistant features provided in the strengthened model in the form of sill band,
lintel band and vertical corner band in all the four walls contributed in transferring the out-of-
plane inertia force to the shear walls. The walls have been effectively tied together by placing
vertical reinforcements to avoid the separation of vertical joints at the corners during shaking.

North and south shear walls can resist lateral forces due to their own mass and those transmitted
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to it from the roof. Further, the roof was properly anchored to the walls with the help of vertical
reinforcement at all the four corners and near the openings starting from the foundation level, for
exhibiting diaphragm action. All these earthquake resistant features incorporated in the
strengthened model have not created any damage in the model even after the fourth shaking
(higher than MCE). The following conclusions were arrived from the above experimental and

numerical studies.

e The URM model was designed for gravity loads can resist only mild earthquakes while
under moderate earthquakes, the brick masonry cracks which may lead to total collapse
of the masonry building.

e Earthquake resistant features for brick masonry building are recommended in the Indian
standard codes to enhance the seismic performance of the buildings.

e The proposed technique in this chapter can be implemented even to existing masonry
structures without creating much damage to the structure.

e The experimental results concluded that the implementation of the proposed technique
enhances the performance of the masonry structure during an earthquake.

e The numerical analysis using Abaqus, predicted the damage levels in both the building
models with reasonable accuracy at all the shaking levels, justifying its application for
estimating the seismic performance of URM and retrofitted buildings.

e The displacement and acceleration measured at the top level of the numerical model were

quite close to those obtained experimentally, for both URM and strengthened models.
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CHAPTER -5

CONCLUSIONS AND SCOPE FOR FUTURE WORK

5.1 GENERAL

In this thesis, the efficacy of a retrofit methodology recommended in Indian standard code
of practice for the strengthening of URM buildings has been evaluated both experimentally and
numerically. Initially, 12 unreinforced masonry (URM) and 36 reinforced masonry (RM) panels
were tested for both in-plane and out-of-plane loading and their behavior was observed for two
types H2 and M2 (1:4 and 1:6) of mortar. Further, the experimental results of conventional URM
panels were used to obtain material properties required to numerically simulate the non-linear
material behavior of masonry. Seismic behavior of two half-scale masonry models was
experimentally examined by shake table test for artificially generated acceleration time histories
compatible with Indian standard response spectra for seismic zone V on hard soil. A finite
element based micro-modeling approach using Concrete Damaged Plasticity (CDP) constitutive
model has been used for both URM and RM panels for evaluating their performance in terms of
damage pattern, shear stress-strain and load-deflection plots in case of both in-plane and out-of-
plane loading. Similarly, half-scale masonry models were also numerically simulated and their
behavior was compared with the shake table test results. Major findings of the foregoing study
are discussed in the following sections.

5.2 URM PANELS

Material properties of masonry constituents i.e., brick and mortar and that of masonry
prism under compression have been estimated using relevant ASTM standards. URM panels have
been tested to study the in-plane and out-of-plane behavior as per ASTM (2010a, 2010b)
guidelines. Finite element analysis, with CDP constitutive model, has been carried out to
numerically simulate these experimental results. Summary of the experimental results and

numerical study on the behavior of URM panels are given below:

e The behavior of URM specimens in diagonal shear test has been studied. During the
testing, it was observed that the failure of the URM specimens was a combination of
diagonal and sliding shear failure. These URM panels failed in a brittle manner.
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e In the flexure tests, the failure of URM specimens was also sudden and brittle. After the
development of first crack closer to the loading points, the specimens were not able to

sustain any further load.

e It was found that non-linear finite element simulation using CDP constitutive model,
could predict the behavior of URM panels under in-plane shear and out-of-plane bending.
The numerically simulated results were found to be in good agreement with the

experimental results in both the tests.

5.3 RM PANELS

WWNM of three different spacing (1 inch, 1.5 inch and 2 inch) and coarse sand mortar has
been used for strengthening of URM panels and were tested in both in-plane and out-of-plane
action. To study the efficacy of the adopted strengthening (WWM) technique, the strengthened
panels have been tested under diagonal compression and flexure according to ASTM standards.
The effect of strengthening on the in-plane behavior of URM panels including failure modes,
shear strength, maximum drift capacity and ductility have been investigated from experimental
results. Similarly, the effect of strengthening on out-of-plane behavior has also been studied in
terms of relative increase in strength and ductility. Finite element analyses have been carried out
for in-plane and out-of-plane behavior of RM panels using CDP constitutive model to simulate
the inelastic behavior of masonry and coarse sand mortar. The experimental and numerical results
have been compared. Observations from the experimental and numerical studies on RM panels

are as follows:

e The unreinforced masonry panels, when reinforced with WWM, have shown significant
improvement in its shear strength and ductility because of the confining action of the
strengthening technique adopted.

e An increase in ductility of about 5, 12 and 11 times was observed for RM panels
strengthened with 1 inch, 1.5 inch and 2 inch spacing WWM respectively compared to
URM panels with 1:4 mortar under diagonal shear compression.

e Further, an increase in ductility of about 4, 5 and 10 times was observed for RM panels
strengthened with 1 inch, 1.5 inch and 2 inch spacing WWM respectively compared to
URM panels with 1:6 mortar under diagonal shear compression.

e The RM panels showed better overall performance compared to URM panels when

subjected to four point loading in out-of-plane action.
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e The strengthened flexure specimen showed an increase in ductility of 1.7, 2.5 and 1.4
times in case of 1:4 RM panel with 1 inch, 1.5 inch and 2 inch spacing WWM respectively
when compared with 1:4 URM panels.

e Anincrease in ductility of 1.6, 3.2 and 2.5 times was observed in case of 1:6 RM panel
with 1 inch, 1.5 inch and 2 inch spacing WWM individually when compared to 1:4 URM
panels.

¢ In case of flexure strengthened specimen, the initial failure pattern was much influenced
by the masonry strength, but the final failure was influenced by the reinforcement
provided.

e The test results build up the confidence in verifying the fact that WWM in combination
with coarse sand mortar can significantly improve the performance of URM and can
suitably be implemented in earthquake prone areas.

e It was found that non-linear finite element simulation using CDP constitutive model,
could predict the behavior of strengthened panels under both in-plane and out-of-plane
action reasonably well. The predicted strengths were also found to be in close agreement

with experimental results.

5.4 DYNAMIC TESTING AND SIMULATION OF BUILDING MODELS

Two half-scale models, one traditionally built and the other strengthened with WWM and
mortar have been tested for a series of artificially generated acceleration time history on the shake
table test facility available at the Department of Earthquake Engineering, 11T Roorkee. These
input ground motions were applied at the base of the model and the response in terms of
acceleration has been recorded both at the base and at the top of both the models. The crack
pattern, weaker zones, modes of failure and damages at different locations were identified with
increasing intensity of shaking and conclusions were drawn with respect to the effectiveness of
the strengthening technique adopted. The acceleration at top of the model obtained numerically

was compared with the experimental observation. The major observations are as follows:

e Minor cracks were observed in the URM model after the first shake and the cracks
widened further during the second shake, resulting in severe damage to the model. The
inertia force transferred from the roof to the shear walls on northern and southern side led
to the development of cracks originating near the openings. Though the in-plane shear
walls offered great resistance because of their larger depths, unreinforced masonry shear
walls developed horizontal cracks at its base and around the window and door openings.
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The RM model was subjected to the ground motions of increasing intensity. The
earthquake resistant features provided in the strengthened model, in the form of seismic
band at lintel level, vertical corner steel band at all the four corners of the model and jamb
steel (vertical) near openings of two doors and a window, contributed in transferring the
out-of-plane inertia force to the shear walls. The walls have been effectively tied together
by placing reinforcements at appropriate locations as recommended in the code to avoid
separation of vertical joints and any further damage during dynamic loading. North and
south shear walls were capable of resisting horizontal forces due to their own mass and
those transmitted to it from the roof. The roof was properly anchored to the walls with
the help of vertical reinforcement in all the corners and near the opening to ensure
appropriate diaphragm action. All these earthquake resistant features incorporated in the
strengthened model enhanced the safety of RM model and no damage was observed even
after the model was subjected to ground motion three times intense as was imparted to
the URM model.

The URM is most vulnerable to inertia forces leading to its damage/ collapse during
earthquakes. The proposed technique can be implemented to any existing masonry
structures without causing any structural damage to it and improve its seismic
performance.

It was found that non-linear finite element simulation using CDP constitutive model,
could predict the behavior, of both URM and RM half-scale models tested on the shake
table, reasonably well. The numerically simulated damage pattern and mode of failure

were found to be in good agreement with the experimental results.

5.5 SCOPE FOR FUTURE WORK

The retrofit procedure recommended in IS 13935: 2009 and adopted in this study has

been applied on both sides of the wall of a half-scale single story masonry building. Further, this
study can be extended to full-scale and multi-storied masonry building (up to G+3) as well to
evaluate their performance. In the present study, experiments have been conducted on half-scale
models for uni-directional excitation. This can further be extended on prototype masonry
buildings subjected to all three components of ground motion which would be the more realistic.

The scope of this study includes estimation of efficacy and developing numerical models

for WWM, which can be extended to other strengthening materials including fibre reinforced

polymer and engineered cementitious composites. This will require extensive experimental

108



investigations. The durability issues associated with the galvanised WWM should also be
explored. Extensive experimental studies under bi-directional seismic excitation will be another

challenging area to develop models for combined in-plane and out-of-plane action.

Fragility curve for masonry can also be developed by carrying out extensive experimental
and numerical work by studying all the possible failure mechanism (in-plane, out-of-plane,

combined in-plane and out-of-plane).
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