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Resumo

A vulnerabilidade sismica de edificios de betdo armado preenchidos com paredes de alvenaria
tem vindo a ser constatada durante sismos recentes no sul da Europa, causando um numero
elevado de mortos e elevados custos de reabilitacdo ou reconstrucao, e justifica a necessidade de
estudos detalhados acerca do comportamento sismico de porticos de betdo armado preenchidos
com alvenaria construidos em paises do sul da Europa desde 1960. Apesar de existirem varios
trabalhos em paredes de enchimento, ndo existe muita investigagdo em paredes de enchimento
tradicionais do sul da Europa.

Assim, os principais objetivos desta tese consistem em: (1) conseguir uma compreensdo do
comportamento ciclico no plano e fora do plano de paredes de enchimento tradicionais
construidas nas tltimas décadas em Portugal; (2) analisar o desempenho de diferentes técnicas de
refor¢o com o objetivo de melhorar o comportamento sismico das paredes de enchimento; (3)
analisar os principais parametros que influenciam o comportamento de porticos de betdo armado
preenchidos com paredes de enchimento a agdes no plano. No sentido de atingir os objetivos
propostos, foi definido um plano de trabalhos baseado em analise experimental e numérico. O
programa experimental foi composto por trés fases, nomeadamente: (1) ensaios estaticos ciclicos
no plano; (2) ensaios ciclicos para fora do plano; (3) validacdo experimental de diferentes técnicas
de reforco (argamassa de reboco reforcada e conectores metalicos). Para este efeito foram
dimensionados porticos de betdo armados com paredes de enchimento a escala reduzida com base
num protétipo seleccionado, considerado representativo da construg@o tradicional nas ltimas
décadas.

Foram ensaiados cinco porticos sujeitos a acdes no plano, nomeadamente um portico simples, um
poértico com parede de enchimento até a rotura, e trés porticos preenchidos sujeitos a diferentes
niveis de deformacao lateral (drift de 0.3%, 0.5% e 1%) com o objetivo de impor diferentes niveis
de dano e avaliar o seu efeito no comportamento das paredes de alvenaria sujeitas a agcdes fora do
plano. Seis poérticos preenchidos foram ensaiados a agdes para fora do plano para caracterizar a
influéncia da qualidade da mao-de-obra, a presenga de aberturas e o dano no plano induzido
previamente. Os ensaios para fora do plano foram realizados em controlo de deslocamento e a
forga foi aplicada através de um airbag. O desempenho do reforgo através de argamassa reforgcada
e a ligacdo dos panos das paredes duplas através de ligadores metélicos também foi avaliado
experimentalmente. Para o reboco armado foram seleccionadas duas malhas de reforgo a base de
fibras de vidro, sendo uma comercial e outra desenvolvida no departamento de Engenharia Téxtil
da Universidade do Minho. Com base nos resultados experimentais foi possivel concluir que a
presencga das paredes de enchimento altera significativamente a rigidez e a resisténcia quando se
compara o comportamento do podrtico simples e preenchido. A mao-de-obra tem um papel
importante no comportamento das paredes a agdes no plano e fora do plano. Verifica-se também
que as paredes de enchimento com mais dano prévio apresentam uma resisténcia e rigidez mais
baixa. O reboco armado melhora consideravelmente o comportamento no plano mas a sua
eficiéncia para acOes para fora do plano é muito moderada.

O trabalho numérico incluiu a modelacao de porticos preenchidos para agdes no plano através de
elementos finitos € com base num programa de calculo comercial. Apods a calibragdo com base
em resultados experimentais disponiveis na literatura, foi efetuada uma analise paramétrica com
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enfoque na avaliagdo da influéncia da distribui¢do aleatoria de aberturas no comportamento no
plano. Concluiu-se que as paredes de enchimento com uma distribui¢do de aberturas aleatoria
podem ser representadas por bielas equivalentes com uma espessura que tenha em consideragao
a presenga de aberturas. Foi feita ainda a calibragdo de um modelo numérico para a anélise de
paredes de enchimento a agdes para fora do plano.



Abstract

Seismic vulnerability of masonry infilled frames observed during past earthquakes in south
Europe, caused death of thousands of people and left huge repair or reconstruction costs, justifies
the need of deep study of the seismic behavior of masonry infilled frames constructed in South
European Countries since 1960s. In spite of several works have been carried out on masonry
infills, there is no much investigation on south European traditional infills.

Therefore, the main goals of this thesis are related to (1) better understanding of the cyclic in-
plane and out-of-plane behavior of traditional brick infills built in the past decades as enclosures
in reinforced concrete (rc) buildings; (2) analysis of different strengthening solutions aiming at
enhancing their in-plane and out-of-plane behavior; (3) systematic analysis of the main
parameters influencing the in-plane behavior of rc frames with brick infills. To accomplish the
defined objectives, extensive experimental and numerical analysis were carried out. The
experimental campaign was composed of three phases, namely; (1) static cyclic in-plane testing;
(2) out-of plane testing; (3) experimental validation of different strengthening solutions (textile
reinforced mortar technique and steel ties). Reduced scale rc frames with brick infills were
designed based on a selected prototype representative of construction tradition of rc buildings in
the last decades.

Five reduced scale specimens were tested under in-plane loading, namely one bare frame, one rc
frame with brick infill tested until failure and more three specimens subjected to different lateral
drifts (0.3%, 0.5% and 1%) to impose distinct levels of damage and to investigate the effect of
this damage in their out-of-plane response. Six specimens were tested in the out-of-plane direction
to characterize the influence of workmanship, presence of central opening and of existence of
prior in-plane damage on the out-of-plane response. The out-of-plane testing was performed under
displacement control method by using an airbag. The performance of the textile reinforced mortar
applied on the surfaces of the brick infills and of the connection of the leaves of the traditional
double leaf walls were also evaluated experimentally. For the textile reinforced mortar technique
two different types of meshes were used, namely a commercial textile mesh and a textile mesh
that was developed at the university in collaboration with the textile department. It was concluded
that presence of infill inside the bare frame could significantly enhance the in-plane stiffness and
resistance of bare frame. The workmanship played an important role in the in-plane and out-of-
plane behaviour of rc frames with brick infills. It is also found that specimens with higher in-
plane damage presented lower out-of-plane stiffness and resistance. It was also concluded that
TRM technique could enhance the in-plane behaviour of infilled frames but its efficiency on the
out-of-plane was very moderate.

Numerical modelling of one-bay and one-storey masonry-infilled reinforced concrete frames was
performed using commercial software. After the calibration based on experimental results
available in literature, a parametric study was carried out focusing on the evaluation of the
influence of random distribution of openings in the in-plane behaviour of the infilled frames. It
was also concluded that infill panels with any type of opening can be replaced by an equivalent
diagonal strut, whose width can be calculated according to the proposed formula, taking into
account different types of openings and relative positioning within the masonry infill.
Additionally, the calibration of a numerical model for describing the out-of-plane behaviour was
also carried out.
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1 Introduction

Masonry infills have been widely used in the building construction as enclosure walls in the
reinforced concrete (rc) or steel structures for many decades due to their good thermal and
acoustic insulation properties and also reasonable fire resistance. Even nowadays masonry infills
are typically employed in most modern buildings in the form of partition walls and enclosures
in reinforced concrete frames. Generally they are assumed as non-structural elements and are
not considered in the design process of the buildings. Although the infill panels are assumed as
non-structural elements, their damage or collapse is not desirable, given the consequences in terms
of human life losses and repair or reconstruction costs.

The research conducted on the infill walls highlighted the development of strong interaction
between the infills and their bounding frame during cyclic actions [1-3]. This interaction could be
positive or negative. When it is positive, the presence of infill improves the global behavior of the
rc infilled frames. The negative interaction is related mainly to the formation of soft-storey
mechanism or short column effect which can lead to the global or local collapse of the structure.
The soft-storey mechanism is generally associated to the irregular distribution of the masonry
infills in the height of the structure, whereas the short column mechanism can be the result of the
geometric irregularity along the height of the masonry infill. The formation of the short column
phenomenon happens when masonry infills leave a short portion of the column clear, leading to
the shear collapse of the columns.

Additionally, different researchers found that some parameters such as mechanical properties
of the materials, aspect ratio, boundary conditions, presence of reinforcement and
presence of openings affect the behavior of masonry infill walls under the in-plane and out-of-
plane loading [4-15]. These studies helped to understand the mechanical behavior of the masonry
infilled frames to better act in the mitigation of seismic effects.

There are huge number of field evidences on the vulnerability of infills during seismic actions,
namely based on what has been observed after the occurrence of important earthquakes; Mexico
City earthquake in 1985 [16], Kocaeli (Turkey) earthquake in 1999 [17] Bhuj earthquake in 2001
[18], L’Aquila earthquake in 2009 [19]. These earthquakes caused the death of hundreds of
people, affected the lives of millions and left enormous repair or reconstruction costs. With this
respect it is important to underline that appropriate retrofitting techniques should be provided to
enhance the behavior of these composite structures.

Different methods, conventional techniques (ferrocement, shotcrete and etc.) or innovative
materials (using FRP) have been proposed for in-plane and out-of-plane strengthening of infilled
frames. Some disadvantages of conventional techniques such as space reduction, addition of
heavy mass and consequently changing the dynamic properties of the building as well as corrosion
of the steel are some common problems that have resulted in the use of composite materials for
strengthening [20, 21]. With this respect, composite materials such as fiber reinforced polymers
(FRPs) have been receiving large attention from the research community to be used as a
strengthening technique on strengthening of infilled frames [22-31]. Some drawbacks of FRPs
such as poor behavior of epoxy resins at high temperatures, relatively high cost of epoxy, non-
applicability of FRPs on wet surfaces or at low temperatures and incompatibility of epoxy resins
with some substrate materials such as clay [32] resulted in replacing the organic binders with
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inorganic ones such as cement based mortars. The smeared fibers can also be replaced by
reinforcing meshes such as textile meshes with different continuous fibers. This new technique
(since 1980s) is called as textile reinforced mortar technique (TRM) and has been studied by few
researchers [33-36].

Therefore, the main factors that justify the present work consist of: (1) the wide use of brick
masonry infills in rc buildings as an enclosure and partition walls in Portugal (cavity or double
leaf walls), being this scenario very common in different Mediterranean countries; (2) the seismic
hazard in some zones and consequently the seismic vulnerability of the masonry infills lead to
moderate to high seismic risk of the rc building with masonry infills; (3) the poor construction
quality used in the construction of masonry infills taking into account that they are considered as
non-structural elements and are not considered in the design process of the buildings. Besides the
poor material and poor workmanship, absence of fasteners connecting the brick leaves of the
infills to the rc columns is an important issue in the vulnerability of the masonry infills to out-of-
plane loading induced by earthquakes.

1.1 Objectives and methodology

As mentioned before, recent earthquakes highlighted the vulnerability of brick masonry infills
and revealed remarkable deficiencies in these kind of structures during earthquakes. Therefore,
as a primary step it is important to better understand the seismic behavior of brick infills under
in-plane and out-of-plane loading and in particular the brick infills that are typical of the
construction typology of South European Countries since 1960s. The objectives of this research
program are: (1) experimental characterization of the in-plane and out-of-plane behavior of rc
frames with typical brick infills; (2) experimental investigation of the influence of different
parameters such as construction quality and presence of openings on the in-plane and out-of-plane
response of masonry infills; (3) analysis of the influence of previous in-plane damage on the out-
of-plane behavior of brick masonry infill walls; ( 4) assessment of different strengthening
techniques in the enhancement of the in-plane and out-of-plane response of the infilled frames,
namely textile reinforced mortar (TRM) technique applied as a rendering layer and steel ties
connecting the leaves of the cavity wall; (5) numerical analysis of infilled frames and analysis of
different parameters focusing on the influence of the presence and distribution of openings in the
in-plane behavior of the rc frames with brick infills.

To accomplish the objectives of the thesis, the work carried out is concentrated on extensive
experimental characterization of materials and composite structure composed of one-bay one-
story brick masonry infilled rc frames under in-plane and out of plane loading. For this, reduced
scale specimens were designed based on a database composed of rc buildings constructed in the
past decades that are representative of the construction in Portugal. Besides, the experimental
work included the specimens strengthened with textile reinforced mortar to be tested under in-
plane and out-of-plane loading. For this, a commercial mesh and a mesh developed in the textile
department of Civil Engineering department were adopted. Additionally, it was also decided to
connect the leaves of the typical double leaf infills through steel ties to assess their out-of-plane
behavior.
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Finally, a numerical analysis based on finite element modeling was carried out to assess the
influence of different parameters like the properties of materials and height to length ratio on the
in-plane response of the brick infills. Additionally, a proposal was provided to calculate the
stiffness and strength of brick infill with a random distribution of openings.

1.2 Thesis Outline

Besides the introductory chapter, in which the framework and the definition of objectives and
methodology are presented, this PhD thesis is composed of more 7 chapters, where the
presentation and discussion of the work on the experimental and numerical research are provided.

Chapter 2 provides an overview about the experimental and numerical studies carried out on the
in-plane and out-of-plane behavior of infilled frames. An overview of different strengthening
techniques investigated by different researchers is also presented. Chapter 2 concludes with a
review of various numerical modelling approaches of masonry infilled frames.

Chapter 3 describes the prototype of the masonry infilled frame along with designing the half-
scale models to be tested in the in-plane and out-of-plane directions. Additionally, the description
of the details of the experimental setup and procedures of the in-plane static cyclic tests is carried
out. The in-plane testing is focused on double leaf brick infills, which are characteristic of
masonry infills of rc buildings constructed in the past decades in Portugal and other Mediterranean
countries. The in-plane tests are carried out until the collapse of the brick infills and until different
lateral drifts in some specimens aiming at imposing distinct levels of in-plane damage. All the
results are presented and discussed in this chapter.

Chapter 4 deals with the out-of-plane testing of masonry infilled frames. For this, a novel
experimental setup based on airbags to apply a uniform out-of-plane loading is developed.
Besides the test setup, the procedure, instrumentation and loading protocol are described. In the
out-of-plane testing campaign different parameters are considered aiming at evaluation of their
influence on the out-of-plane response, namely: (1) workmanship used in the construction of the
masonry infills. For this, two different masons are used in the construction of the brick infills; (2)
presence of opening in the out-of-plane response of brick infills; (3) prior in-plane damage
corresponding to distinct levels of lateral drift imposed in the in-plane cyclic tests. All results are
presented and discussed and a comparative analysis among the specimens is carried out to better
understand the influence of different parameters under analysis.

Chapter 5 assesses the performance of the textile reinforced mortar as a strengthening technique
of the masonry infills under in-plane and out-of-plane loading. One textile mesh is designed and
manufactured in the textile department of Minho University, being compared with an equivalent
commercial textile mesh. The details of the application of the strengthened rendering, as well as
all experimental results are presented and discussed. A comparison between strengthened and
unstrengthened brick infills are presented. The effect of connecting the leaves of the brick infills
through commerecial ties on the out-of-plane response of infilled frames is also investigated in this
chapter. The connection of brick leaves is viewed as a strengthening technique as it is known that
this procedure could enhance the out-of-plane response of double leaf infilled frames and
consequently reduce its seismic vulnerability.

Chapter 6 is focused on mechanical characterization of the materials and assemblages of masonry
that are representative of the brick infills tested in this thesis. Besides compressive tests of bricks
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and mortars, results of experimental tests like uniaxial and diagonal compression, flexural in the
direction parallel and perpendicular to bed joints carried out in brick assemblages are presented
and discussed. Additionally, initial shear test is carried out to obtain the main shear resisting
parameters of the unit-mortar interfaces. Based on these tests it is possible to obtain the main
mechanical properties of materials and brick masonry assemblages (compressive strength, elastic
modulus, shear resistance, shear modulus and flexural strength of brick infills).

Chapter 7 deals with the numerical analysis of the masonry infilled frames under in-plane loading.
A finite element model is built and calibrated based on experimental results available in literature.
The masonry and concrete are modeled as isotropic and homogeneous materials, being connected
together with interface elements. The concrete and masonry are modeled with four-noded
elements and their nonlinear behavior are modeled through a Total Strain Crack Model by
considering stress-strain curves with exponential and parabolic constitutive laws for tension and
compression regimes respectively. For the interface between rc frame and brick infill, a tension-
shear-compression cap model is considered to describe different resisting mechanisms that can
be mobilized at the levels of the interface. After this, a numerical parametric analysis is carried
out to investigate the influence of the material properties and geometry of the infills in the in-
plane response of brick infill. Additionally, a particular study is carried out to assess the influence
of the presence of openings and their random distribution in the stiffness and strength of brick
infills. This Chapter is concluded with the calibration of a finite element model of a brick infill
tested in this thesis under out-of-plane loading.

Finally, Chapter 8 presents the main conclusions on the research carried out towards investigation
of in-plane and out-of-plane response of infilled frames and also development of strengthening
technique based on TRM method. Additionally, some future works are also recommended.
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2 Literature Review

Based on past earthquakes, it has been observed that reinforced concrete rc buildings with brick
masonry infills presented structural deficiencies, which should be associated to the negative
interaction between reinforced concrete frames and masonry infill walls. The negative interaction
can be associated to the irregularity of masonry infill in the plane and also in the elevation which
results in asymmetric distribution of stiffness, promoting collapse mechanisms associated to soft
story. The negative effect of the masonry infill on the rc columns associated to localized shear
effects results from the geometric discontinuity of masonry infills (for instance the presence of
openings very close to the columns) or from the shear damage of masonry infills. Besides, it is
also important to focus on the non-structural masonry infills, which have been exhibited a clear
vulnerability under seismic actions, both in the in-plane and out-of-plane directions. The in-plane
damage includes diagonal cracking and crushing of the top and bottom corners, sliding of the
bricks within the infill. The out-of-plane damage of masonry infill develops through its horizontal,
vertical or diagonal cracking and often through its vertical rotation as a cantilever due to the
inefficient connection of the infill to the RC frame.

These observations have motivated past research on masonry infilled frames to understand the
mechanical behavior of the composite structures (masonry infills within RC frames) under
seismic action to better act in the mitigation of the seismic effects. With this respect it is important
to underline the retrofitting techniques that have been applied in order to improve the seismic
performance of masonry infill walls.

This section presents an overview of the main scientific investigations on the in-plane and out-of-
plane behavior of masonry infilled RC frames, namely at the level of in-plane and out-of-plane
resisting mechanisms, failure modes, empirical formulation to predict the stiffness and resistance.
Besides, an overview of the materials and techniques used to strengthen masonry infill walls is
also provided.

2.1 In-Plane behavior of masonry infilled frames

Past earthquakes such as Mexico City earthquake in 1985 [16], Kocaeli (Turkey) earthquake in
1999 [17] Bhuj earthquake in 2001 [18], L’Aquila earthquake in 2009 [19] have confirmed that
masonry infills can affect the global and local behavior of the reinforced concrete (rc) or steel
frames. This influence can be positive or negative. When it is positive it means that the presence
of masonry infills increases the strength and stiffness of the structure to resist the lateral loads due
to earthquakes. As mentioned before, the negative influence mainly relates to the formation of
soft story and short column phenomena, which can result in the global or local failure of the
structure. As it is shown in the Figure 2.1, the formation of the short column phenomenon happens
when masonry infills leave a short portion of the column clear, leading to the shear collapse of
the columns. The soft story phenomenon can be observed when the distribution of the infill walls
along the height of the structure is irregular.

Aiming at understanding the mechanical behavior of masonry infilled frames different researchers
have focused on the in-plane behavior by performing experimental investigations and numerical
analysis. An overview of the main issues related to experimental and numerical investigations are
provided in the following sections.
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b)

Figure 2.1 Negative effects of infill panel in structure; a)soft story mechanism [37], b)short column
mechanism [38]

2.1.1 Insight into experimental investigations

In-plane interaction of infill panel with its surrounding frame was studied by different researchers,
either considering reinforced concrete (RC) [1-3, 39-42] or steel [10, 13, 43, 44] as structural
frames. As common output of the different experimental researches, it is concluded that in the
low levels of in-plane loading , the infilled frame acts as a monolithic load resisting system and
when the lateral load increases, the infill tends to partially separate from its bounding frame and
a compression strut mechanism develops. This assumption for the infill walls behaving as a
compression strut seems to be reasonable and has been supported in several experimental
researches [45, 46]. Figure 2.2 shows the separation of the masonry infill from its surrounding
frame and also the representation of the compression strut model. The dashed line is a
compressive strut that develops when the direction of lateral load is in the opposite direction.

The lateral resistance of the infilled frame is not just equal to the sum of the lateral resistances of
the infill and the surrounding frame, because the interaction between them alters their independent
load resisting mechanisms [2]. A common conclusion among the studies is that the added infills
significantly improve the lateral strength and initial stiffness of the bare frame and also change its
dynamic properties [39] [47], which results in a relevant change in the seismic demand of the
structure. Another contribution of the masonry infill within the frame is the enhancement of the
energy dissipation capacity during earthquake due to the cracking of the masonry infill, being
possible to increase the damping ratio from 4-6% to 12%, according to what is pointed out in [47].

T

- Diagonal
¢ Strut

.,

(b)
Figure 2.2 Details on the response of masonry infilled frames under in-plane loading; a)separation of the
walls from the structural frame; b)equivalent strut model
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On the basis of experimental observations, five main failure mechanisms could be investigated as
probable failure modes in the infilled frames as it is shown in the Figure 2.3 [2]. Those failure
modes depend on the relative strength and stiffness of the bounding frame with respect to those
of the infill, the geometric configuration of the frame, as well as the loading condition. In the
flexural failure mode the infilled frame is rocking on one of its toes and horizontal cracking form
at the base of the structure. Diagonal cracking of the specimen could be observed by formation of
stair-step cracks passing through the mortar joints across the compressed part of the infill which
is due to the shear failure of the infill. Horizontal slip and mid-height crack failure patterns usually
take place in the infill having weak mortar joints and are described as shear failure of infill bed
joints. Finally the corner crushing is related to the crushing of masonry in at least one of its
corners. This failure mode is related to the formation of high compressive stress at the corners.

Different studies have been carried out to find out the parameters influencing the in-plane
behavior of masonry infilled frames [6, 7]. These parameters can be classified into three different
categories: a) geometry and mechanical properties of the infill; b) geometry and mechanical
properties of the surrounding frame; c) characteristics of the infill-frame interface.

The specimens with strong infills seem to exhibit a better performance than those with weak infills
in terms of lateral strength, initial stiffness and energy dissipation capacity [7]. Additionally, it is
observed that the mechanical properties of the RC frame, such as compressive strength of the
concrete, ratio of longitudinal and transversal reinforcement along with its cross section and
element’s moment of inertia have significant effect in the behavior of the masonry infilled frame.
According to [6], the lateral strength of the system increased nearly 100% when the reinforcement
ratio increased from 1.1% to 2.2%. On the other hand, the increase of lateral strength by increasing
the reinforcement ratio from 2.2% to 3.4% was moderate [6].

Possible failure Lateral load direclion e—————————p

mechanisms : N N
B1 ci c7 1
A Flexural
B Midheight crack - -
. K N N\ ]
C Diagonal crac B2 c2 C8
D Horizontal slip E2
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I ——— E3
Al -
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= B4 RRGT==
N E4
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Figure 2.3 Failure mechanisms of masonry infilled frames [2]
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The characteristics of the interface between masonry infill and its surrounding frame can also
affect the behavior of the masonry infilled frames. With this respect, the unintentional gap
between the infill and surrounding frame, which is generally due to the shrinkage in the masonry,
is one of the factors that can affect the behavior and the levels of this influence depend on the
thickness of the gap. When the width of the gap is very small, the behavior of the infilled frame
is slightly affected in the initial stage being reflected by an initial slackness in the force-
displacement diagram [48]. By increasing the lateral load, the gap closes and the interface can
transfer the shear and normal stresses. On the contrary, when there is a large gap between infill
and the frame, the compressive strut develops only partially and the behavior of the structure
changes considerably [13, 14]. Another important aspect of the interface between masonry and rc
frames is the presence of shear connectors along the interface of the infill and its surrounding
frame. It was observed from the experimental results that shear connectors along the whole
perimeter of the interface enhance the behavior of the structure by increasing the strength and
stiffness [49]. If the shear connectors are only used in the corners they contribute only for the
enhancement of the stiffness [50]. On the other hand, the presence of the shear connectors can
have a negative effect on the behavior of the structure by providing premature collapse of the
infill in areas near the shear studs, where stress concentration develops. The effective way to
prevent this brittle fracture mode is to place the shear studs inside a reinforced confining cage
[15], see Figure 2.4.

Figure 2.4 Shear connectors inside confining cage [15]

A parameter that has been deserving interest from the scientific community is the influence of
openings and of their position in the in-plane behavior of infilled frames [7, 9, 10, 12, 13, 51]. A
detailed review of research studies on masonry infilled frames with openings was provided by
Surendran et al. [52]. Generally, the presence of openings in the wall decreases the lateral strength
and stiffness of the solid infilled frame and changes its cracking pattern [11]. However, the
reduction of the lateral resistance of the infill frame is not proportional to the reduction of the area
of the infill. According to [53], 50% reduction in the infill area leads to a decrease of lateral
strength of the infilled frame in a range between 20-28%. The effect of different positions of the
openings on the in-plane behavior of infilled frames was studied by Mallick and Garg [9], where
recommendations for the position of the openings were provided. It is recommended that the door
opening can best be located in the center of the lower half of the panel and the window opening
in the mid-height region of the left or right half of the panel as near to the vertical edge of the
panel as possible. Based on the experimental results found by Dawe et al [13], it was concluded
that moving the position of the opening towards the loading side results in the decrease on the
ultimate load. Kakaletsis [51] also concluded that the movement of the opening towards the center
of the span results in further decrease of the lateral strength, stiffness and ductility. Asteris [54]

and Giannakes et al [55] proposed stiffness reduction factors of infilled frames for percentage of
11
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openings less than 49%. This reduction factor depends on the percentage of opening area. In the
research of Mosalam et al. [10] carried out on four two-bay, one-storey specimens it was
concluded that the presence of openings in the infills reduces the stiffness by about 40%, for a
lateral load below the cracking load level. Tasnimi et al. [12] tested six large-scale, single-storey
and single-bay infilled frames, with central openings of different dimensions and concluded that
the presence of openings causes a reduction in stiffness and lateral strength in relation to the solid
infilled frame.

2.1.2 Empirical formulas to predict stiffness and strength

In this section an overview of different empirical formulations for the estimation of the initial
stiffness and lateral strength of one bay and one storey masonry infilled rc frames is presented.
These formulations are based on different experimental and numerical studies. The quantitative
prediction of the strength and stiffness, gives a preliminary idea about the mechanical properties
of the composite structures in the in-plane loading.

The first proposal for prediction of main mechanical properties of masonry infilled frames in the
in-plane direction was provided by Holmes [56] by predicting the lateral strength by taking into
account the crushing of the infill as failure mechanism, and thus determining the lateral resistance:

_ 24E,1.&;dcosO  tdf/cosO

= +
3 -
h? [l + (]cj cot 9:‘ Eq. 2-1
[b

In which Ef is the modulus of elasticity of the frame, I, and I, are the inertia moment of columns

and beams respectively, & is the maximum strain of masonry, d is the diagonal length of the frame,
h is the height of the frame, ¢ is the thickness of the infill, #is the angle of diagonal to horizontal
and f; is the diagonal compressive strength of masonry infill.

According to this author [56, 57], the lateral stiffness of the infilled frame can be estimated based
on the following equation:

B 24E 1, i}

= J’—_
38- Eq 2-2
h? l:l + (ICJ cot 9:‘ '
I,

Stafford Smith [58] has proposed an equation that predicts the lateral stiffness of the infilled frame

by taking into account the strain energies of the windward column, the compressive strut and of
the rc frame as:

g A+B+C Eq. 2-3
C(A+B)
A:htan(ZH), B d oo @Ik +21.L) Eq. 2-4
AE, wtE, (cos26) 12E 1, (61,h +1,L)

Here, A is the strain energy from tension in the windward column, B is the strain energy from

compression in the equivalent strut and C is the strain energy from bending of the rc frame. In the

equations 2-4, / is the height of the column (inches), €1is the angle that diagonal of the masonry

infill makes with horizontal direction (degrees), A. is the cross-sectional area of the column
12
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(inch?), Eris the elastic modulus of frame (ksi), d is the diagonal length of the infill panel (inches),
w is the width of the equivalent strut (inches), t is the thickness of the infill panel (inches), E; is
the elastic modulus of the infill panel (ksi), I is the moment of inertia of the beam (inch?), L. is
the moment of inertia of the column (inch*) and L is the length of the beam (inches).

This author also proposed a dimensionless parameter , 45, that expresses the relative stiffness of
the infill panel in relation to the frame [59, 60], according to eq. 2-5 (the schematic of the
dimensions is shown in the Figure 2.5):

A, = hy E tsin(20) Eq.2-5
4E I h,

In which E;is the elastic modulus of the infill panel.

Figure 2.5 Schematic of the masonry infilled rc frame

Mainstone [61] has provided an equation to calculate the initial stiffness of the infilled frames
based on the width of the equivalent diagonal strut (wer):

w, =0.1754,h) N0 + L, 2, :h4/%’;(2hé) Eq. 2-6

K = M cos’ 9 Eq. 2-7
NC+h?
In the equation presented by Bazan and Meli [62], a dimensionless parameter, 5, was introduced,
which contrary to the Stafford’s second equation evaluates the relative stiffness of the rc frame in
relation to the infill panel:

ﬂ — Ec Ac Eq 2-8
G4,
Where, E,. is the modulus of elasticity of the rc column, A, is the gross area of the rc¢ column, G;

is the shear modulus of the infill and 4; is area of the masonry panel in the horizontal plane.

For predicting the lateral strength of the infilled frame, Bashandy [63] has modified the equation
represented by Holmes [56] as:

13
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Here, My, and M, are the plastic moments of the beams and the columns respectively. 4 is the

area of the diagonal strut obtained by using the graphs pointed out by Stafford Smith [59]. The

first term on the right-hand side of the Eq. 2-9 represents the load carried by the frame and the

second term represents the load that carried by the infill.

A decade after the pioneering work of the Holmes [56] for predicting the in-plane strength of the
infilled frames, Mainstone and Weeks [64] proposed equation Eq. 2-11for taking into account the
end crushing of the infill in the corners:

H =0.56(Ah) """ f! htcot()

In which A is the area of the diagonal strut. It is stressed that in this case the lateral strength is

Eq.2-11

only related to the resistance of the masonry infill and the resistance of the rc frame is not
considered. On the other hand, Stafford Smith and Coull [65] proposed an equation for predicting
the in-plane strength of the infilled frames by taking into account not only the behavior of infill
but also its surrounding frame:

4E_Ih,

T
H=flt—4
I 2 Et

Based on the series of large-scale tests on the infilled frames, a simplified method for determining

Eq.2-12

the corner crushing strength of the infilled frames was proposed by Flanagan et al [66] as follows:

H=K,,tf! Eq.2-13
In which K, is an empirical constant. If the gross area is used for calculating compressive strength
(), then the gross area will be used in Eq. 2-13and if the net area is used for f”; then the net
thickness will be used for calculating the maximum lateral strength. Table 2-1 provides values for
the empirical constant K, for each type of infill and surrounding frame.

Table 2-1 Statistical summary of corner crushing results

Specimen Characteristics Statistical Results of Ku
Number of Coefficient of
Infill F M
nfill masonry type rame tests ean (mm) variation (%)
Clay tile Steel 18 246 23.5
Brick (with outlier removed) Steel 12(11) 191(201) 17.1(4.6)
Concrete Steel 19 259 17.3
Concrete Concrete 10 257 233
Clay tile anfi concrete Steel and Concrete 47 253 20.7
combined
All All 58 243 21.2
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The determination of the maximum strength of the masonry infilled rc frame was made also by
Zarnic et al [67] as follows:

H:O.SISL%]FC’(IJM/Cf +1j, C, :1.925% Fq.2-14

1 i
Where f.; is the cracking strength of the infill obtained from diagonal compressive tests.

Lourenco et al [68] have proposed a model that takes into account multiple failure mechanisms
by replacing the infill by means of strut-tie model, see Figure 2.6.

The capacity of the tie is associated to the horizontal shear crack collapse mechanism of
the masonry infill, and is computed using Eq. 2-15 and Eq. 2-17. The capacity of the strut
represents the crushing of the masonry, and can be computed using Eq. 2-18, Eq. 2-19 and
Eq. 2-20.

St

ok = Eq. 2-15
f;luck 2ta.n]/ q
tan;/:aﬁﬁ Eq.2-16
2 1
1= J;;l cos’ @ Eq. 2-17
fbiax,*at fbiax,*at
H == H, == H=MinlH H Eq.2-18
1 2 s 2 2'[8,1’10 > Zn[ 1° 2]
piox 1+3.65tand 210
c = c Eq. 2-
(1+ tan 6)° 1
. /.
o =10.7—-=—=1|f Eq. 2-20
z ( 200/ 1

Here, f; is the masonry tensile strength, / is the length of the infill wall, ¢ is the thickness of the
infill wall, £ is the equivalent tensile strength along the direction of the tie, £, is the shear strength
of the units, b is the height of the masonry unit, « is the length of the masonry unit, €1s the angle
of the strut from horizontal line, « is the contact length between the frame and the panel, H is the
maximum horizontal force, f;" is the effective stress and f; is the uniaxial compressive strength of
masonry. The contact length between frame and infill panel can be calculated using Eq. 2-21
proposed by Stafford Smith et al [60]:

= Eq. 2-21
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Figure 2.6 Design model for masonry infilled frame subjected for in-plane loading; a)composite
frame-panel b)proposed strut-tie model c)equivalent tensile strength for a typical diagonal step crack
[68]

2.1.3 Numerical investigation

From the numerical point of view two approaches are proposed for analyzing the infilled frames,
namely micro modelling and macro modelling. In the micro modelling approach more accurate
representation of infill walls’ behavior can be obtained, being often used to take into account local
effects in detail. This method is useful for local analysis and also for understanding the interaction
between rc frame and masonry infills but it is impractical for global analysis due to need for
calibrating a large number of parameters and also making enormous calculations. Macro
modelling approach is a simplified method intending to describe the role of the masonry infills in
the global seismic behavior of rc buildings with masonry infills. In this approach the masonry
infill walls are represented by diagonal struts.

2.1.3.1 Macro modelling approach

As a consequence of the experimental results observed in masonry infills under lateral in-plane
loading, the masonry infills have been represented numerically through diagonal struts. In this
respect, bi-diagonal equivalent-strut model is a widely used method for analyzing the infill
behavior within rc or steel frame structures. Polyakov as reported in [46, 53] carried out
experimental tests on masonry infills and proposed that the effect of infill panels due to lateral
loads is equivalent to a diagonal strut, as it is shown in Figure 2.7. The diagonal strut should be
represented by an adequate width so that its linear elastic, mainly related to the stiffness, and
nonlinear behavior are adequately reproduced. First, the width of one-third of the diagonal length
of the panel was proposed for the diagonal strut [56]. However, other equations along with special
charts have been proposed for calculating the width of the equivalent diagonal strut [69-80]. In

16



Strategies for seismic strengthening of masonry infilled rc frames

the mentioned models, it is assumed that the diagonal strut is active when it is in compression.
Another strut model was proposed in [81] by using tension-compression truss elements with half
of the equivalent strut’s width for diagonal strut in each direction.
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Figure 2.7 Equivalent bi-diagonal strut model

The single diagonal strut model is simple and capable of representing the global behavior of the
masonry infill. It cannot predict local effects in the rc frame resulting from interaction between
infill and frame. This means that the bending moment and shear forces in the rc frame are not
realistic and the location of potential plastic hinges cannot be adequately predicted. For these
reasons, modifications on the strut models were done by different researchers [82-85] to overcome
the limitations associated to single diagonal strut. The modifications are associated to the increase
on the number of diagonal struts representing the masonry infill walls, according to what can be
observed from Figure 2.8.
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Figure 2.8 Modification on the equivalent bi-diagonal strut model [82-85]

As reported in [6], other complex strut models are proposed for dynamic analysis of the masonry
infilled rc frames, in which shear and axial stiffness of the masonry infill is taken into account
through diagonal and vertical struts that are connected to the frame as pin-joined connections [86].
Those struts are uniformly distributed in the panel which represent the shear and axial stiffness of
masonry infill. In order to take into account the partial separation of the infill from its bounding
frame, the contact length is calculated and those ineffective struts are removed. The effect of
openings and also the partial separation between infill and frame are also taken into account in
this model. The same procedure was used in this study by removing the struts crossing the opening
areas [86].

The models presented before in this section for macro modelling are not capable of describing the
horizontal shear slide in the infill walls. To overcome this issue “Knee Braced Frame” model was
proposed by Fiorato et al [53]. The struts could capture the bending moments and also shear forces
induced in the central zones of the columns. It is also possible to consider the friction mechanism
developing along the cracks, which controls the strength of the system. Furthermore, another
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model was proposed to represent the horizontal shear sliding in the infill walls as shown in
Figure 2.9 [87].

Friction

/117177,

Figure 2.9 Proposed strut model to take into account horizontal sliding

In order to implement nonlinear dynamic or cyclic analysis, the material model of the masonry
infill should be described through the force-displacement relationship assigned to the diagonal
strut representing its hysteretic behavior. Different models have been proposed to numerically
describe the masonry infills with an equivalent diagonal strut model. According to the force-
displacement hysteresis diagrams shown in Figure 2.10, the unloading stiffness is always equal
to the initial stiffness and the stiffness degradation is taken into account in the reloading branch.
The comparison between analytical and experimental results carried out in [45] shows poor
agreement between them by using the mentioned material model.
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Figure 2.10 Proposed hysteretic force-deformation relationship for the strut [45]

To take into account the gap between the masonry infill and its surrounding frame, the hysteretic
model shown in Figure 2.11 was proposed. This material model also takes into account the

strength degradation [88].
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Figure 2.11 Proposed hysteretic behavior for non-integral systems [88]
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Another hysteresis law proposed in the literature is shown in Figure 2.12. In this model the
strength degradation starts after the strength of the strut has been reached [89].
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Figure 2.12 Proposed hysteretic behavior for the strut [89]

All of three methods mentioned here, take into account the strength degradation and are similar
to each other but the energy dissipation obtained from methods differ from each other. In the
conventional bi-diagonal equivalent-strut model, the diagonal struts are assumed to be uncoupled
while in reality the infill is composed of only one element, which can lead to the inaccurate results.
The proposed models which take into account the coupling of the diagonal struts are discussed in
[90-92]. As it is shown in the Figure 2.13, in this case, the masonry infill is assumed as four
support strut elements with rigid linear behavior and a central element in which the nonlinear
hysteretic behavior is concentrated on it. [90]. The non-linear behavior of the central element is
characterized by a multi-linear envelop curve, see Figure 2.14.
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Figure 2.14 Nonlinear behavior of the central element [90]
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To take into account the coupling between the struts, Puglisi et al [91, 92] introduced the concept
of plastic concentrator that links the two struts and allows for a transfer of effects between them,
see Figure 2.15. The experimental results demonstrated that the results of this technique do not
match the results of the experiments.

Plastic
Concentrator

Figure 2.15 Proposed strut model for taking into account the coupling behavior [91, 92]

Various strut and tie models (SAT) were proposed for simple numerical modelling of the infilled
frames [93], see Figure 2.16. The choice of the geometric details of the SAT model for infilled
rc frames is somewhat arbitrary and can be adjusted based on the experience of the designer and
on the balance between the practicality and the accuracy of the model. In general, the material
properties of each horizontal strut or tie are obtained from the shear capacity of the interface
between the mortar joint and the masonry units. Likewise, the material properties of the vertical
struts and ties are obtained from the behavior of the masonry prisms in compression and tension.
Similarly, the material properties of the diagonal struts and ties can be estimated from the diagonal
compression and tension behavior of masonry assemblies. The area of each strut and tie can be
chosen by a trial and error procedure such that the assembly has the same strength and stiffness
as predicted by experiments or by FE analyses. The benefits and limitations of each model is
discussed in [93] and it is concluded that when carefully calibrated, such simple models lead to
acceptable results in the in-plane direction.
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Figure 2.16 various strut and tie models proposed by Hashemi et al [93]

2.1.3.2  Micro modelling approach

As mentioned before, the micro-modelling approach is followed when detailed analysis of the
masonry infilled rc frames is required. Each component of masonry infilled frame has to be
modeled with different elements in the finite element method and with different material models.
The surrounding frame can be modeled with beam or continuum elements, masonry infill can be
modeled as continuum elements and infill/frame interface can be modeled with interface
elements. For modelling the masonry infills it is recommended to take into account the masonry
nonlinearity to have accurate response. Although using finite element method needs more time
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and more computational efforts to prepare the input data, the exact and local response of the
structure can be achieved like cracking, crushing and contact interaction [46].

The masonry panel can be modeled following three distinct alternatives [94]: (a) in the first
approach, which is called “detailed micro modelling approach”, the masonry is modeled as a set
of three different elements, namely masonry units, mortar and interface between unit and mortar
with different material properties assigned to them [94, 95], see Figure 2.17b. In this approach,
the mechanical behavior of the masonry unit and mortar is needed. Debonding, slip and separation
can be observed by using interface elements between masonry and units; (b) with simplified
micro-modelling approach, the masonry is modeled as a set of two different elements, namely
masonry units and interface elements [96, 97]. Masonry units are considered as continuum
elements, whereas the mortar joints are considered as interface elements. These interface elements
not only represent the behavior of masonry unit/mortar interface but also the elastic and plastic
deformations of mortar itself. Bricks are expanded in two directions with the thickness of a joint
to keep the dimensions of the model intact. This is therefore called as “expanded brick model”,
see Figure 2.17c¢; (c) as it is shown in Figure 2.17d, in the third approach, the masonry itself is
considered as an homogeneous material [98]. The proper failure criterion should be taken into
account by considering the exact material properties to have accurate responses.

a) b) c) d)
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Figure 2.17 Different details that can be adopted in micro modelling approach: a)masonry wall;
b)detailed micro-model; ¢)simplified micro-model; d)finite element macro-model

The modelling of the surrounding frame in the micro-modelling approach can be done using beam
elements [99] or continuum elements [2, 84, 100]. In the case of using continuum elements for rc
frames, the reinforcing bars must be modeled as additional elements and this needs more effort,
whereas in the case of using beam elements, the effect of reinforcing bar is considered implicitly
in the element. Interface elements represent the interaction between panel and its surrounding
frame and also the discontinuity between them. The behavior of the interface can be modelled by
using tie-link [101, 102] or interface elements [84, 100]. More accurate description of the panel
and frame is achieved by using interface elements.

2.2 Out-of-plane behavior of masonry infilled frames

The vulnerability of masonry infills within concrete frames under out-of-plane loading
induced by earthquakes has been observed in several past earthquakes through severe damage and
often total collapse [19]. Although the infill panels are assumed as non-structural elements, their
damage or collapse is not desirable, given the consequences in terms of human life losses and
repair or reconstruction costs. In addition, this type of damage can limit the immediate occupancy
after the earthquake event. Aforementioned earthquakes such as L’Aquila earthquake [19],
highlight the damages developed in the infill walls in relation to the minor cracks observed in the
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structure. In these cases, it was observed that no immediate occupancy was possible due to the
generalized damage developed in the masonry infills. As it is observed in Figure 2.18, the ground
motion was not strong enough to cause structural damage but due to improper anchorage and
interaction of the infill walls with surrounding frame, the exterior walls tore away and the concrete
beam and columns were exposed. Out-of-plane failure of the infills such as rocking failure can be
observed in partition walls and also in cavity walls when there is no proper transversal connection
between the leaves as it is shown in Figure 2.19.

Figure 2.19 Detachment of the leaves in multi leaf walls [19]

The literature review about out-of-plane behavior of infilled frames is carried out in two levels:
(a) experimental investigations which briefly describe the main experimental results available in
literature; (b) numerical investigations which focuses on the results of the numerical analysis
performed on these kind of structures.

2.2.1 Experimental investigation

In spite of out-of-plane behavior of masonry infilled frames have been less studied than masonry
infill under in-plane loading, some studies on the out-of-plane behavior of masonry infilled rc
frames can be found in literature [30, 103-106]. From experimental analysis, it has been observed
that the masonry infill panel surrounded by rc or steel frame can resist significant out-of-plane
loads due to formation of arching mechanism [106]. The development of the arching mechanism
in the masonry infill is dependent on its confinement by the surrounding frame. When there is no
confinement, the out-of-plane resistance is controlled by the rocking resistance along its base as
is shown in Figure 2.20.

According to FEMA 356 [107] the formation of arching mechanism is ensured when all the
following conditions are satisfied simultaneously: (a) the panel is in full contact with the
surrounding frame components; (b) the product of the elastic modulus, £, of the surrounding
frame times its moment of inertia, [, of the most flexible frame component exceeds a value of

24.82x10° N.mm?; (c) the frame components have sufficient strength to resist thrusts from
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arching of an infill panel; (d) the height (/i) to thickness (%) ratio of the masonry infill wall is
less than or equal to 25. Arching mechanism within the infill may form in horizontal, vertical or
in both horizontal and vertical directions. When only horizontal or vertical arching mechanism
develops, it means that the masonry infill has no proper confinement in its upper or bottom
interfaces or in the vertical interfaces respectively, see Figure 2.21. When all the interfaces
between infill and frame provide confinement to the infill, both horizontal and vertical arching
mechanism develops leading to the typical cracking pattern shown in Figure 2.22.

Figure 2.20 Rocking at base due to insufficient confinement of masonry infill wall

An experimental campaign on 21 full scale concrete block walls under out-of-plane loading was
carried out by [105] to investigate the influence of different boundary conditions and vertical pre-
compression load on their out-of-plane behavior. The out-of-plane load was applied
monotonically by increasing the pressure inside an airbag. Tests were performed with simple
support conditions on all four boundaries, on the bottom and two sides, on only two sides and on
only top and bottom of the wall. It was concluded that the failure mode of each masonry panel
was totally compatible with the concept of the yield line theory that is usually used in the slabs.
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Figure 2.21 a)Vertical and b)horizontal arching mechanism
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Figure 2.22 Formation of two way arching mechanism
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The effect of different boundary conditions on the out-of-plane behavior of the infilled frames
was also investigated by other researchers [30, 103, 108]. Different connecting conditions at the
top interface between the infill and the frame were considered: (1) joint completely filled with
mortar; (2) joint partially filled with mortar; (3) joint with a horizontal gap of 3 mm due to
shrinkage of the fresh mortar and (4) masonry infill with unsupported top. No significant
differences in the behavior of the infills with complete and partially filled top joint have been
found. In case of the gap with 3 mm thickness in the upper mortar joint a clearly modified behavior
of the specimen was recorded. The presence of an initial gap in the top joints increases the relative
displacement in the gap causing tilting of the infill panel. Infill panel with unsupported top
behaved as cantilever beam. It was also concluded that the presence of opening does not alter the
specimen’s dynamic behavior.

The experimental program carried out by Dawe and Seah [104] included 9 full scale masonry
infilled steel frames subjected to uniformly distributed lateral pressure applied in small
increments. The influence of boundary conditions, joint reinforcement, panel thickness and
presence of openings was investigated. From the experimental results, it was concluded that infill
compressive strength, panel dimension, boundary conditions and rigidity of the surrounding
frame have a significant effect on the ultimate load. For instance it was concluded that the infill
having four supports at its boundaries without any slippage at them, represents higher out-of-
plane resistance. It was also concluded that the ultimate load increases parabolically with
increasing panel thickness, but decrease with increasing panel length and height. On the other
hand, the presence of a central opening with about 20% of the infill area did not affect the ultimate
strength but reduced postcracking deformation ability. An extensive parametric study was
conducted and empirical equations for the prediction of the out-of-plane resistance, corresponding
to different boundary conditions, were represented in Table 2-2.

Table 2-2 Equations proposed for out-of-plane resistance of masonry infills

Proposed equation Boundaries Conditions
panel supported

. three sid 1 25
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ult m and free at the o\ ¢ c

top

o =

1 25
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1

on four sides
b

) 25
B=—\EI I* +GJ (L <50
. b

In which g, is the ultimate load in (kPa), f.is the compressive strength of the infill (MPa), ¢ is
the thickness of the panel (mm), L is the length of panel (mm), H is the panel height (mm), £ and
G areYoung’s and shear modulus of the frame members respectively (MPa), /. and [, are the
moment of inertia of the columns and beams respectively (mm*) and J; and J, are tortional
stiffness of the columns and beams, respectively (mm?).

A series of experiments were performed by Angel et al [109] focusing on the out-of-plane
resistance of masonry infill walls. The panels varied from uncracked specimens, cracked
specimens and repaired specimens, to specimens tested with loads applied in both the in-plane
and the out-of-plane directions. The tests were performed monotonically by means of airbag in
pressure control until the maximum allowable capacity of the system was reached. It was
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concluded that the in-plane cracking reduces the out-of-plane capacity of the slender panels by a
factor as high as 2 and the out-of-plane capacity of the panels are totally dependent on its
slenderness ratio and compressive strength. It was also concluded that the repairing techniques
increased the out-of-plane capacity of damaged infills by a factor as high as 5. Analytical
equations were proposed for out-of-plane strength of the infill taking into account the effect of
prior in-plane damage. It seems that the proposed equation is based on the formation of two-way
arching mechanism.

2, RR,A

q:(hij e Eq.2-22
t

In which f7; is the compressive strength of the infill, 4; is the height of the infill, # is the thickness
of the panel, R; is the reduction factor for prior in-plane loading and R; is the reduction factor for
accounting non rigid bounding frame.

(1 08+[}; j{ 0. 015+(}; j{ 0.00049+ 0. 00001{}; HH%AC Eq.2-23

In which A is the maximum in-plane drift and 4., is the in-plane drift at cracking.

R, = 0.357 + (2.49 x 1071*EI) < 1.0 Eq. 2-24
In the above equation, EI is the flexural stiffness of the smallest member of the confining frame
at the panel edge with no continuity (N.mm?).The authors suggest that a value of R, be calculated
for both vertical and horizontal arching, and the largest value be adopted. This is because the
panel will arch as long as there is confinement in one direction, even if there is no confinement in
the other direction.

For the typical value of the height to thickness ratio, ranging from 10 to 40, the equation for the
parameter of A is:

A = 0.154¢~00%85¢ Eq.2-25
Dynamic tests on 8 half-scale bare and infilled frames with increasing levels of ground motion
were carried out by Bashandy et al [63]. From the results, it was concluded that both out-of-plane
resistance and stiffness of the panel are affected by the compressive strength of the masonry. For
the prediction of the out-of-plane resistance, the authors proposed the following equation

qzhfL M, [(1=h)+h In(2)]+ M, ( jln Eq. 2-26

i h/
The terms x,, and x,, are the maximum out-of-plane deflection for vertical and horizontal strips
(mm), E; is the modulus of elasticity of the infill (MPa) and f; is its compressive strength of
masonry (MPa).

The moment M,, (N.mm/mm) is given by:
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A summary of large and reduced scale unreinforced masonry infill testing program is presented
in [110]. Some of the tests were performed statically and some of them were performed
dynamically by using a shaking table. In the large-scale panels tested with an airbag it was
concluded that out-of-plane strength of the infill is many times greater than the predicted values
that do not take into account the influence of arching mechanism.

In the sequential tests performed by Calvi et al. [111], the out-of-plane strength of the infill was
obatined as a function of prior in-plane damage. Out-of-plane forces were applied monotonically
in a four point loading configuration. The effect of putting light reinforcement in the mortar joints
or internal plaster were investigated to improve the response of the infilled frame in terms of out-
of-plane strength.

An extensive experimental test was performed by Pereira et al [3], which also compared their
results related to the out-of-plane resistance with analytical methods available in the literature and
also recommendation of standards. It was concluded that that the analytical equation of Angel et
al [109] is the most suitable equation, being modified to:

cmw h
g=- R1R21{0.77cf(7j+o.34cf}

()

Eq. 2-29

o S

= Eq. 2-30
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Here, femw 1s the compressive strength of masonry, 4, [ and ¢, are the height, length and thickness
of the infill wall, R;, R; and A are defined in [109] as mentioned before, f;;' the flexural strength
in the direction parallel to the bed joints and ;.01 is the flexural strength in the direction parallel
to the bed joints of the wall to be taken as a reference, i.e. the unreinforced solution.

The out-of-plane strength of an infill panel in pounds per square foot (qin) calculated according to
standard FEMA 356 [107] is determined using the following equation;

:MX144

qin
(hmf j Eq. 2-31
tinf

In which f, is the lower bound of masonry compressive strength and Ay is a slenderness

parameter provided in FEMA 356. It is worthy to note that the lower bound material properties
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shall be based on mean values from test data minus one standard deviation. The values of the
parameter A, depend on the masonry infill wall slenderness, see Table 2-3.

It is also mentioned that in the case of formation of arching mechanism, the mid-height deflection
of the infill panel, 4;,, divided by the infill height, /.5 shall be determined in accordance with:

0.00Z(hi“fJ
Ainf — tinf

Eq. 2-32
hinf h. 2
1+ [1-0.002 ¢
tinf
Table 2-3 Values of 4, with respect to height to thickness ratio (interpolation shall be used
h,‘nj/ tinf 5 10 15 25
Ay 0.129 0.060 0.034 0.013

2.2.2 Numerical investigation

As mentioned before, the numerical analysis of infilled frames is commonly carried out through
two different modelling approaches, namely macro and micro modelling approach. It should be
stressed that the out-of-plane numerical modelling of masonry infilled rc frames in terms of macro
modelling approach is not so advanced, when compared with in-plane numerical analysis.

With respect to macro modelling approach, a 3D strut and tie model (3D SAT), see Figure 2.23,
was proposed by Hashemi and Mosalam [93] to directly couple the in-plane and the out-of-plane
internal forces by introducing a normal-to-the-wall degree-of-freedom at the center of the infill
wall, which can be assigned mass and out-of-plane forces.

The model consists of eight compression-only struts, arranged as shown, connected with a
tension-only tie at the center point of the infill panel. The nature of the compressive stress-strain
relationship is indicated in Figure 2.23. From zero to peak stress the relationship is parabolic,
whereas the post-peak relationship is linear, down to a constant residual resistance. As discussed
in [112], the proposed 3D SAT model may be problematic under certain conditions. For instance
the model could become unstable under combinations of high in-plane displacements and high
out-of-plane loads.

To deal with these kind of problems, a new model with fiber discretization was developed by
Kadysiewsky et al [112]. As it is shown in Figure 2.24, for each infill panel, representing a single
bay in a single story, the model consists of one diagonal member. That member is composed of
two beam-column elements, joined at the midpoint node. This node is given a lumped mass in the
out-of-plane direction.
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Figure 2.23 Strut and tie model proposed by Hashemi and Mosalam [93]
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Figure 2.24 Proposed infill model using beam-column elements with fiber discretization

Besides the problems related to the proposed model discussed in [112], it was concluded that for
pure out-of-plane deflections, the model provides acceptable results in terms of natural frequency
and support reactions where it is originally attached to the surrounding structure.

For numerical analysis of infilled frames in out-of-plane direction using micro modelling
approach, few studies are available in literature [93, 113]. In this case each component of the
masonry infilled rc frames is modelled separately. Masonry infill could be modelled similar to
micro modelling approach in the in-plane direction. To do this, three different modelling
approaches of detailed, expanded and homogeneous types could be used. The modelling of the
surrounding frame in the micro-modelling approach can be done using beam elements or
continuum elements. The behavior of the interface can be modelled by using tie-link or interface
elements.

2.3 Retrofitting techniques of masonry infilled frames

The high seismic vulnerability of the masonry infilled frame structures observed during the last
decades has promoted research on the techniques and materials to strengthen the masonry infill
walls and thus to improve their seismic performance. With this respect, conventional techniques
or innovative materials for in-plane and out-of-plane strengthening has been presented. The
conventional techniques such as jacketing, ferrocement, shotcrete and repointing needs
evacuation of the buildings and also have some disadvantages like space reduction, addition of
heavy mass and corrosion. The strengthening can also change the behavior of the structure by
changing its fundamental period of the structure as well as the center of mass and stiffness. The
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advantages and disadvantages of the conventional technique are deeply discussed in [20, 21]. For
instance, using shotcrete and ferrocement techniques enhances the out-of-plane stability of the
infilled frame. In the in-plane direction, the advantages of ferrocement technique could be
summarized as low cost, low technology and limited added mass while its disadvantages are space
reduction, limited efficiency in terms of enhancing stiffness and strength and energy dissipation
capacity. Although by using shotcrete technique, very significant enhancement in the strength and
energy dissipation capacity of the specimen could be obtained, it is a space reduction technique
which adds heavy mass to the structure that totally changes its dynamic behavior.

In terms of advanced strengthening techniques, composite materials have been receiving large
attention from the research community and they have been already applied in real context. In this
section, a brief overview of past research carried out in the scope of strengthening of masonry
infills with composite materials and the presentation of an alternative material that has been under
development at University of Minho are provided.

2.3.1 Composite Materials

As it is shown in the Figure 2.25, fiber reinforced polymers (FRP’s) consist of three different
components, namely reinforcement, matrix and reinforcement-matrix interface. Reinforcement is
a discontinuous part that is responsible for the strength and stiffness characteristics of the FRP.
Matrix is the continuous component which protects the reinforcement and finally the interface is
attributed to the chemical interaction between reinforcement and matrix. The reinforced polymer
materials based on carbon fibers (CFRP), glass fibers (GFRP) and aramid fibers (AFRP) are many
times stronger than the steel and their stress-strain behavior is linear elastic until the failure and
typically exhibit brittle failure.

The fiber reinforced polymers (FRP’s) are a class of advanced composite polymers that have been
widely used in space industries and due to its exclusive characteristics like lightweight, corrosion
resistance, good mechanical properties and easiness of installation is one of the most common
materials in the field of civil engineering [114]. With this regard, different researchers
investigated the effect of using FRPs on the in-plane [22-25, 28] and out-of-plane [29, 31]
behavior of masonry infilled frames.

Interface

Reinforcement

Matrix

Figure 2.25 Constituents of FRP

The effect of different FRP configuration on the in-plane behavior of infilled frames were
investigated by Yuksel et al and Ozkaynak et al [26, 28], see Figure 2.26. It is observed that all
the FRP retrofitting configurations increase the strength of the system by a factor of 14-69%,
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stiffness by a factor of 2.86-4.03 times and energy dissipation capacity by a factor of 0.5 to 1.5
times when compared with un-retrofitted system. By comparing the different configurations it is
also observed that cross diamond-braced frame exhibited considerable increase in strength and
energy dissipation capacity and lower amount of damage among other configurations [28].

Cross-braced Diamond-braced Off-diagonal-braced | Cross diamond-braced

Figure 2.26 Different FRP configuration techniques studied in [28]

In the experimental study carried out by Ozkaynak et al [26], twelve 1/3-scaled rc frames were
built and tested under in-plane loading configuration: (a) bare frame; (b) masonry infilled control
specimens without reinforcement; (¢) masonry infilled frames with cross-braced strengthening;
(d) masonry infilled frames with cross diamond braced strengthening. Two testing techniques,
namely quasi-static (QS) and pseudo-dynamic (PsD) tests were considered. A significant
enhancement of the seismic performance was achieved with the cross-braced and cross diamond-
braced strengthening configurations in terms of inter-storey drift, lateral load capacity, energy
dissipation capacity, stiffness and the observed damages. It was also observed that the force-
displacement diagrams obtained in pseudo-dynamic and quasi-static loading fits together with
negligible differences. On the other hand, the cumulative energy dissipation in quasi-static tests
was found to be lesser than the one obtained from pseudo-dynamic test due to the great number
of reverse cycles used in this loading type. Besides, it was observed that pseudo dynamic tests
caused more damage than quasi-static tests.

Valluzi et al [27] conducted an in-plane experimental study on brick masonry panels retrofitted
with different configurations of FRP laminates. The specimens were subjected to diagonal
compression tests and it was concluded that one-side retrofitting of the panels provide limited
effectiveness and the diagonal configuration is more efficient in terms of shear capacity than the
grid set up. It was also seen that less stiff FRP’s system seem to be more effective in terms of
strength and stiftness.

In the study carried out by Altin et al [22], ten specimens of masonry infilled non-ductile rc frames
retrofitted by CFRP laminates in diagonal configuration were tested under in-plane cyclic loading.
It was observed that the specimens receiving CFRP strips in diagonal configuration showed higher
lateral strength and stiffness. It was also found that the lateral strengths of specimens with CFRP
strips on both sides of the infill wall increased by 2.18 and 2.61 times when compared to the
values obtained in specimens with CFRP strips on one side only. The increase in lateral stiffness
for the same specimens was 4 and 6 times in relation to the reference specimen. The specimens
with CFRP strips installed on the interior side have the same strength and stiffness as the
specimens with CFRP on exterior side. Therefore, if it is desired to use FRP sheets in only one
side, there is no difference to install the FRP sheet on interior or exterior side. Another
contribution of this study is that when the width of the CFRP increases, the increase in strength
and stiffness can be limited.
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Few researchers investigated the out-of-plane behavior of infilled frames even if this type of
failure has been often observed during past earthquakes. In the research conducted by Yi-Hsuan
Tu et al [30], four full scale single-storey infilled frame were tested dynamically on a shaking
table. The test results revealed that the masonry panel could sustain considerable out-of-plane
loads. It was also concluded that the out-of-plane capacity of the structure can be improved if
their boundaries could properly strengthened. Another important factor is the thickness of the
panel or its slenderness. The panels with double leaf exhibited much higher strength and stiffness
than the specimen with one leaf panel.

In the research carried out by Wei Wen Chen et al [29] four infilled frames were tested by applying
the out-of-plane load to the top beam. The effect of pre-laid (laying brick wall first and then
constructing rc frame) and post-laid technique were investigated to study how the shrinkage affect
the behavior of infilled frames. The shrinkage leads to small gap between the masonry wall and
its surrounding frame. This shrinkage gap is often observed when the surrounding frame is
constructed first and to prevent this the masonry wall is sometimes constructed first. The
experiments state that the out-of-plane behavior of the pre-laid (laying brick walls first and then
constructing rc frames) and post-laid specimens is similar in terms of force-displacement diagram.
The CFRP retrofitted specimens exhibited higher out-of-plane strength (on average, 1.8 times)
than un-retrofitted specimens.

Besides the strengthening of masonry walls inside the rc frames, some other research works
focused on the experimental assessment of the flexural strength of masonry after strengthening.
An example is the work carried out on masonry panels retrofitted through Near Surface Mounted
technique (NSM) based on bending tests [31]. With this technique, mortar bed joints were cut,
FRP strips were laid horizontally and finally the grooves were filled with mortar. It was concluded
that the NSM technique enhances the load carrying and displacement capacity of the masonry.
The effective parameter in the use of this technique is the presence of vertical loading which
increases the FRP confinement efficiency. The test revealed that the introducing compressive load
increases the maximum strength of the specimens by improving the FRP confinement efficiency.

FRC (Fiber Reinforced Composite) is a type of composite that seems to improve some drawbacks
of concrete such as brittleness and low tensile strength. This product is obtained by randomly
adding a small quantity of short fibers into a cementitious matrix and improves many of its
properties such as compressive strength, split tensile strength, flexural strength, shear strength,
impact, fatigue, deformation capacity, load bearing capacity after cracking, and toughness
properties. The degree of improvement depends upon many factors such as size, type, aspect ratio,
and volume fraction of fibers [115].

The in-plane strength and initial stiffness of hollow-brick masonry infill panels that are
strengthened with this type of mortars is about 2 and 3 times of un-strengthened structure
respectively. Because this strengthening technique is recently developed, it needs further study to
investigate its effect on in-plane and out-of-plane behavior of the masonry infill frames [115].

2.4 Textile reinforced mortar (TRM) technique

In spite of many advantages associated with use of FRPs, this retrofitting technique is not
problem-free. Some of its drawbacks are related to the poor behavior of epoxy resins at high
temperatures, relatively high cost of epoxy, non-applicability of FRPs on wet surfaces or at low
temperatures and incompatibility of epoxy resins with some substrate materials such as clay.
Specific properties of clay such as porosity and roughness, which affects the epoxy-brick bond

behavior could inhibit the use of FRP [32].
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One possible solution to the above mentioned problems can be the replacement of organic binders
with inorganic ones such as cement based mortars. The smeared fibers can be replaced by
reinforcing meshes such as textile meshes with different continuous fibers. This results in the
textile reinforced mortar technique (TRM).

This technique is relatively new (it was started to be used in early 1980s) and has been studied by
few researchers [32, 116-118].

From the experimental work carried out by [32] on twelve brick masonry wallets subjected to
cyclic out-of-plane loading aiming at investigating the effectiveness of TRM versus FRP and
NSM technique it was concluded that the TRM technique leads to higher strength and
displacement at failure than FRP. It was also pointed out that NSM technique is less effective in
strength but more effective in deformability than FRP and TRM techniques. The authors believe
that TRM technique could be a promising solution in seismic retrofitting of structures. The
experimental work carried out by Papanicolaou et al [118] on different masonry wallets subjected
to in-plane and out-of-plane cyclic loading also revealed that TRM enhances the in-plane and out-
of-plane behavior of masonry. For out-of-plane loading, the TRM is more effective than FRP in
terms of lateral strength and displacement at failure. For the case of in-plane loading, TRM
(compared with FRP) results in reduced effectiveness for strength (but not more than 30%).
Nevertheless, in terms of deformation capacity (being of crucial importance in seismic retrofitting
of unreinforced masonry walls) TRM is more effective than FRP.

The effect of a new application method in TRM technique was studied in [116] by testing nineteen
samples of masonry strengthened with TRM. In the new technique (TRSM) the mortar is
projected to the masonry surface to save the application time. Three point bending tests have been
performed on the specimens to compare the flexural strength between cases with manually applied
mortar (TRM) and sprayed application (TRSM) of the mortar layer. It was concluded that the
strengthening mortar has considerable influence on the failure mode. The results show that the
productivity of the TRM technique in terms of load bearing capacity and ductility could be
increased by spraying the mortar (using TRSM).

The effectiveness of Textile Reinforced Mortar (TRM) as a mean of increasing the flexural
capacity of reinforced concrete beams was investigated by performing four point bending tests
[117]. A total number of six rc beams were tested and it was concluded that TRM-based
strengthening system is slightly less effective in terms of enhancing the flexural strength of rc
beams but more effective in terms of deflection ductility. It is also indicated that using polymer-
modified cementitious mortar provides better bond between textile sheets and concrete substrate
than cementitious mortar.

Martins et al [35] proposed and innovative strengthening technique of TRM on infills by making
some bending tests on masonry wallets. The strengthening material is designated as braided
composite rod (BCR) and it results from a braiding process. In Figure 2.27 the representative
scheme of the original transversal section of a BCR can be observed, having 16 multifilaments of
polyester and a core filled with multifilaments of reinforcing fibers. In order to fill the voids
between the materials and to give stability and homogeneity to the composite, a resin matrix is
applied.
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Figure 2.27 cross section of a braided mesh [35]

Different typologies of braided structures were investigated by pull-out tests and finally it was
concluded that braided structure with 15 multifilaments of polyester with 11 Tex and one braided
element with a simple structure consisted of 8 braided polyester yarns produce at the maximum
speed of the production equipment (1.07m/min) could be assumed as optimum material which
provides enhanced bond adherence between polyester rods and the rendering mortar.

Then, fifteen wallets of masonry were tested under four-point bending tests; namely three wallets
as reference specimen, three specimens retrofitted by commercial glass fibers, three specimen
retrofitted by commercial carbon fibers, three specimens retrofitted by optimum developed BCR
meshes of carbon and three specimens retrofitted by optimum developed BCR meshes of glass
fiber. It was concluded that retrofitted specimens provide enhanced behavior in terms of
increasing the flexural cracking load and maximum resistance to bending. It was also concluded
that the specimens strengthened with manufactured reinforcing meshes of glass fibers with BCRs
exhibits higher resistance to bending than other retrofitted specimens. It should be also mentioned
that the specimen retrofitted with manufactured meshes of braided composite materials with a
core of glass fibers present remarkably better post-peak behavior than the other retrofitted
specimen.

Finally the authors recommended that the meshes produced with glass fibers are advantageous in
terms of their mechanical behavior and can be custom-designed.

In a recent study carried out by Da Porto et al [33] the effectiveness of different strengthening
solutions for light masonry infills were investigated by testing eight full-scale one-bay one-storey
clay masonry infilled frames. In this context the solutions were considered as: 1) special lime-
based plaster with geo-polymer binder, 2) bidirectional composite meshes applied with inorganic
materials (TRM), 3) TRM improved by anchorage of the mesh to the rc frame. The specimens
were subjected to the combined in-plane/out-of-plane loading. Cyclic in-plane loading until
lateral drift of 1.2% was applied to the specimens and then they were subjected to the out-of-plane
loading to be collapsed. It was concluded that application of special plasters or TRM
strengthening systems does not significantly change the initial stiffness or maximum in-plane
resistance of the reference frame. The main contribution could be related to reducing the damage
in the infill. It was also concluded that using TRM strengthening systems further improve the out-
of-plane behavior of infill walls. The specimens strengthened with TRM had out-of-plane
capacity on average 3.5 times higher than that of the reference specimen and 30% higher than that
of specimens made with the same plasters but without any mesh.
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Chapter 3- Experimental assessment of the in-plane behavior of masonry infilled rc frames

3  Experimental assessment of the in-plane behavior of masonry
infilled reinforced concrete frames

3.1 Introduction

Following the objectives defined for this thesis related to the characterization of the in-plane and
out-of-plane behavior of brick masonry infills in reinforced concrete rc frame buildings, which
are typical of Portuguese residential construction until the 20th century, an extensive experimental
program was designed based on in-plane and out-of-plane static tests. The experimental
characterization is intended to assess the main seismic vulnerability issues of masonry infill walls
in rc frames. Both the brick masonry and rc frame used in the experimental campaign were defined
based on an extensive research carried out on typical residential rc buildings built from 1960 until
1990s.

The experimental program on the in-plane static cyclic tests is composed of five brick masonry
infilled rc frames built at reduced scale, taking into account the facilities available at the laboratory
of University of Minho. The design of the reduced scale specimens was based on Cauchy’s
similitude law and the loading pattern complies with FEMA-461 guidelines [119]. Details about
the prototype walls, the design of the reduced scale specimens, tests setups and loading pattern
are represented in this Chapter. Furthermore, the experimental response of the specimens in terms
of force-displacement diagram, stiffness degradation curve, energy dissipation capacity, crack
pattern and deformation characteristics are also represented here.

3.2 Characterization of Prototype

Aiming at characterizing the typical rc buildings of South European countries since 1960s, an
extensive research was carried out in [120]. About 80 buildings were analyzed to identify the
cross section of beams and columns, the reinforcing schemes of those elements, the geometry of
the brick masonry walls and finally the number and typology of the openings within the walls and
also their position. Some statistical information regarding the year of construction, number of
stories, concrete and reinforcement type and cross-section of beams and columns are shown in
Figure 3.1. It can be observed that the investigated buildings were constructed in different periods
of time in the last decades, and the higher number of infilled frames was constructed during 1980
to 1984. The majority of the buildings have between 6 and 8 floors. In medium rise buildings, the
columns and beams frequently have the cross-sections of 30x30 ¢cm? and 30x50 cm?, respectively.
In general, masonry infills were built as double leaf walls with external and internal leaf of 15 cm
and 11 cm respectively and with 4 cm gap between the leaves to increase its thermal and acoustic
efficiency. The exterior leaf of the masonry infill was constructed with horizontal perforated
ceramic bricks of 30x20x15 cm® (length x height x thickness) and the internal leaf was built with
horizontal perforated bricks with 30x20x11 ¢cm? (length x height x thickness). The typology of
the openings and their distribution within the masonry infill walls are shown in Figure 3.2. It is
observed that the majority of the masonry infills have central openings (window and doors) but it
is possible to find several arrangements of openings, even if they are less representative.
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This study was important to define the geometry of the reinforced concrete rc frame and also the
typology of the masonry infill to be considered in the experimental models, given that the aim of
the experimental campaign is to characterize the behavior of rc frames with typical masonry infill
that can be found in existing buildings.
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Figure 3.1 Statistical information about geometry and mechanical properties of typical South European
masonry infilled frames a)year of construction b)number of storey c)type of concrete d)cross-section of
columns e)width of beams f)height of beams [120]

A view of the prototype of the masonry infilled rc frame and also the construction details of the
columns and beams can be observed in Figure 3.3 to Figure 3.5. This prototype was used to define
the experimental model used in the experimental campaign carried out at laboratory.
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Figure 3.5 Cross-section of the infills in the prototype

3.3 Design of reduced-scale specimens

As mentioned before, due to some limitations in the laboratory of Structures at University of
Minho, it was decided to test reduced scale specimens of masonry infilled rc frames. The base of
design was the prototype shown in Figure 3.3 with the characteristics of rc buildings from last
decades of past century. For the design of reduced scale specimens, an allowable stress design
approach was followed. A scale factor of 0.54 was selected to overcome the limitation in the
laboratory facilities and also to perform the scaling of all elements, including the dimensions of
the bricks. In the first step, the sections of the rc columns and beams of the rc frame prototype
were analyzed based on ACI 318-08 [121] guidelines in order to obtain the maximum resisting
forces and flexural moments in the columns and beams. Then Cauchy’s similitude law (Table 3-1)
was applied to the maximum allowable forces and flexural moments of real scale sections
obtained in the first step to calculate the maximum allowable forces and bending moments of
reduced scale cross sections. Finally, cross-sections and reinforcement of the reduced scale
structural elements were designed based on the same allowable stress design approach. An
overview of the reinforcement schemes of the rc frame and of the cross section of the columns
and beams can be seen in Figure 3.6 and Figure 3.7. For the masonry infills, horizontally
perforated bricks of 240 mm x 115 mm x 60 mm and of 240mm x 115 mm x 80mm were used.
The selection of these commercial units was carried out by taking into account that the double
leaf masonry walls in the prototype is composed of the brick units of 300mmx200mmx110mm
for the internal leaf and brick units of 300mmx200mmx150mm for the external leaf. To keep the
same brick’s height to length ratio of 0.67 in the reduced scale specimens, the length of the
reduced scale units was reduced to 175 mm. Additionally, based on the information of the
manufacturer, it was ensured that the compressive strength of the reduced scale masonry units
was close to the compressive strength of the full scale brick units. Figure 3.8 shows the
dimensions of the bricks used in the reduced scale specimens, as well as the cross section of the
reduced scale double leaf brick masonry infill walls.
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Table 3-1 Relation between different parameters of prototype and model based on Cauchy’s Similitude
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Figure 3.8 Brick units and cross section of reduced scale masonry infill: a) bricks of 80mm thickness
used in exterior leaf ; b) bricks of 60mm thickness used in interior leaf of the infill; ¢) cross-section of the
infill in reduced scale specimens

3.4 Characterization of reduced-scale specimens

The experimental characterization of the in-plane behavior of masonry infill walls in rc frames
was carried out based on static in-plane tests performed on five reduced scale specimens. Three
specimens were subjected to different lateral drifts to impose a certain level of damage and then
they were tested again under out-of-plane loading. The latter tests aimed at assessing the influence
of prior in-plane damage on the out-of-plane behavior of masonry infill walls. A summary of the
specimens tested under in-plane cyclic loading is presented in Table 3-2. In the labeling process
of the specimens, the first section refers to the type of the infilled frame, e.g. “BF” for bare frame,
and “SIF” for solid infilled frame. The second section refers to the type of the loading. For
example, “I” refers to in-plane loading, “O” to out-of-plane loading and “lO” to sequential in-
plane and out-of-plane loading. The parenthesis after this section refers to the level of the in-plane
drift that was applied to the specimens. For instance, 10(0.3%) means that a prior in-plane drift
of 0.3% was applied to the specimen before out-of-plane loading. The third section refers to the
number of the leaves in the infill, namely 2L refers to double leaf infill and 1L refers to one leaf
infill. The parentheses indicate the presence of connection between the leaves. If there is not any
connection between them it is written as “NC”. Given that two different groups of masons built
the masonry infills to investigate the effect of workmanship on the behavior of the specimens, the
last section refers to the group of the mason: “A” refers to group A and “B” refers to group B.
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Table 3-2 Designation of the specimens for in-plane static cyclic loading

Number of Group of
Name Type of specimen | Type of loading leaves during M P
. ason
construction
BF-I Bare frame In-plane -
SIF-I2L(NC)-A | Solidinfilled frame | In-plane | Dovubleleafwith j
no connection
Prior In-plane .
SIF-10(0.3%)-2L(NC)-B | Solid infilled frame | drift of 0.3% D;(;‘Efnfeacii‘zgh B
then out-of-plane
Prior In-plane .
SIF-10(0.5%)-2L(NC)-B | Solid infilled frame | drift of 0.5% D;(;‘Efnfeacii‘zgh B
then out-of-plane
Prior In-plane .
SIF-IO(1%)-2L(NC)-B | Solid infilled frame | drift of 1% then | DOUPle leaf with B
(1%)-2L(NC)
out-o f—plane no connection

3.5 Construction of the specimens

The construction of the specimens for experimental characterization was divided in two phases,
namely the casting of the rc frames and the construction of the brick masonry infill walls. In order
to make the casting of the rc frames easier, it was decided to put the wooden molds in the
horizontal position, see Figure 3.9. The reinforcement was mounted separately and then placed
inside the wooden mold, see Figure 3.9. One of the major problems related to the design of rc
frames in South Europe and specially in Portugal during the last century is the lack of rules for
seismic design until 1980s, which resulted in the absence of stirrups in the extremities of columns
intersecting with beams. This feature could be observed in the construction of the reduced scale
specimens, which is representative of rc frame that comply with 1970s common construction, see
Figure 3.10. As there is little space between the longitudinal reinforcement of the beams in the
reduced scale specimens, a concrete of class B20 (according to the previous Portuguese code for
reinforced concrete structures) with a maximum aggregate of 9mm was ordered from a company
that provides fresh concrete. This decision was taken to ensure uniform concrete in the specimen,
even in the places where little space exists between the reinforcements. The casting of concrete
for all the specimens was made at the same time to have similar concrete. Compaction of the
concrete was performed by vibrators to expel the entrapped air inside it, see Figure 3.11

Figure 3.9 Wooden molds and reinforcement inside them
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When the casting of concrete and vibration process of each specimen was completed, the surface
was rectified to have smooth surfaces in all elements of the rc frame. The specimens were cured
and demolded in the construction place. About 45 days after the construction of the specimens,
they were carefully transported to the storage area at the University of Minho. The specimens
were placed on top of each other by putting wooden spacers between them and transported
horizontally to avoid their cracking during the transportation. At the storage area, the rc frames
were mounted in the vertical direction, adequately supported to avoid any out-of-plane instability,
see Figure 3.12 a.

a)

"\

Figure 3.12 a)Transportation of the frames to the storage area and and b) construction of the infills
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The construction of the masonry infills was carried out in the storage area and after finishing the
construction process they were covered to be protected from the rain, see Figure 3.12b. After 28
days of curing time for masonry infills, the rc fames with brick masonry infills were carefully
transported to the testing place by means of a crane to avoid any cracking.

3.6 Experimental setup and instrumentation

The test setup designed for the static cyclic in-plane testing of the rc frames with masonry infills
is shown in Figure 3.13. The rc frame with masonry infill was placed on two steel beams
(HEA300) that were firmly attached to the strong floor to avoid their sliding and uplifting.
Additionally, the sliding of the rc frame was prevented by bolting an L-shape steel profile of
L200*200*20 to each side of the steel beam. In turn, the uplifting was additionally prevented by
bolting two tubular steel profiles to the steel beams. The tubular steel profile was made by welding
two UNP140 steel profiles. The out-of-plane movement of the enclosure frame was restrained by
putting an L-shaped steel profile of L100*100*10 at each side of the upper concrete beam that
was bolted to the top steel frame, as shown in Figure 3.14. Three rollers were placed on upper L-
shaped profiles to completely minimize or even eliminate the friction between them and the upper
reinforced concrete beam during in-plane loading.

Two vertical jacks were placed on the top of the columns to apply the vertical load of 160 KN,
corresponding to 40% of the column’s axial force capacity. Each jack was pinned to the lower
steel beam by means of four vertical rods (diameter of 16 mm), two at each side.

Hydraulic Jack

PL 16016020

]

Rod @16

UNP 140

Figure 3.13 Test setup for in-plane cyclic loading

A hydraulic actuator with a capacity of 250kN was attached to the reaction wall and connected at
mid height of the top concrete beam of the rc frame. Two steel plates (400x300x30mm?) were
mounted on the left and right side of top rc beam in which the right steel plate was connected to
the horizontal actuator by means of a hinge. These plates are connected by two 2950 steel rods
confining the top rc beam and enabling the application of reversed cyclic loading.
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Figure 3.14 Out-of-plane support of the upper beam in the in-plane testing

The instrumentation adopted for the measurement of the most relevant displacements during the
static cyclic in-plane testing is shown in Figure 3.15. Twenty two linear variable differential
transformers (LVDT) were used to record the key displacements. From these LVDTS, four
LVDTs were mounted on the masonry infill to measure the diagonal deformation of both leaves
(L1,L2,L21 and L22). Two LVDTs were placed on the reinforced concrete frame to measure the
diagonal deformation of the surrounding frame (L19 and L20). Eight LVDTs were used to
measure the relative displacement of the infill with respect to the surrounding frame in the corners
(L3,L4,L5,L6,L7,L8, L9 and L10). LVDTs L11 and L12 measured the sliding and uplifting of
the infilled frame with respect to the steel profile. Four LVDTs of L13, L14, L15 and L16
measured the sliding and uplifting of the steel profiles with respect to the strong floor. These
measurements were taken to control de reliability of the test setup. The LVDTs L17 and L18
measured the horizontal displacement of the upper beam of the reinforced concrete frame.
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Figure 3.15 Instrumentatlon for in-plane loading; a) external leaf b) internal leaf

The shear deformation of the masonry infill can be calculated based on the diagonal displacements
measured by the diagonal LVDTs placed along the corners of masonry infill, see Figure 3.16.
The average shear distortion can be calculated using Eq. 3-1:

_(Ad, -Ad,)L, Eq. 3-1
2L,L
Where Ad; and Ad: are the length change of diagonals AD (measured through L1 for external leaf,
L21 for internal leaf and L19 for rc frame) and BC (measured through L2 for external leaf, L.22
for internal leaf and L20 for rc frame) respectively. The length L, is the initial length of the

diagonals (AD and BC), L; is the initial horizontal length between points A and B and L, is the
initial vertical length between A and C, see Figure 3.16.
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Figure 3.16 Measurement of average shear distortion of infill with measurements of LVDTs

3.7 Loading Protocol

The in-plane static cyclic tests were performed in displacement control method by imposing
different pre-defined levels of displacements through an LVDT connected to the horizontal
hydraulic actuator. The loading protocol adopted for in-plane quasi static cyclic testing, which is
in accordance with the guidelines provided by FEMA 461[119], is shown in Figure 3.17.
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Figure 3.17 Displacement protocol for in-plane testing

The loading protocol includes sixteen different sinusoidal steps, starting from a displacement of
0.5mm, representing 0.03% drift, calculated as the ratio between the top lateral displacement and
the height at which the horizontal load is applied from the base of the frame. The maximum lateral
displacement in the protocol is 66.68mm, corresponding to a lateral drift of 3.5% drift. Each step
was repeated two times, except the first step that was repeated six times. The displacement
amplitude a;+; of step i+/ is 1.4 times the amplitude a; of step i:

a4, = l4a; Eq.3-2
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3.8 Experimental results

The analysis of results of the in-plane static cyclic tests carried out on the rc frames with masonry
infills is carried out individually for each specimen considering different response indicators,
namely the lateral load-displacement diagrams, stiffness degradation curve, cracking patterns,
energy dissipation capacity and deformation characteristics. In the next sections, the presentation
and discussion of results is provided.

3.8.1 Specimen BF-I

3.8.1.1 Lateral load-displacement response

The lateral force-displacement diagram of the bare frame is shown in Figure 3.18. The positive
direction is considered to be the direction in which the hydraulic actuator pushes the specimen
whereas the negative direction is the direction in which the actuator pulls the specimen through
two plates that were connected with two thick steel rods (see also Figure 3.13). It is clear that the
specimen shows symmetric behavior in the positive and negative direction.

Force (kN)

-80 80

Lateral Displacement (mm)

Figure 3.18 Lateral force-displacement diagram of the bare frame

The first small cracking developed in the bare frame was observed at the lateral displacement of
2.67mm, corresponding to the lateral drift of 0.14% in the negative direction leading to a decrease
of the initial stiffness. In the positive direction, the first cracking leading to a decrease in the initial
stiffness was recorded to a lateral displacement of 3.74mm corresponding to the lateral drift of
0.2%.

After the lateral force of 51.24kN recorded for a lateral displacement of 28.13mm (corresponding
to lateral drift of 1.48%) in positive direction, the force-displacement diagram exhibited a plateau,
meaning that increasing the lateral displacement results in a very small increase in the lateral
resisting force. The specimen reached the peak load of 53.91kN at the lateral displacement of
53.82mm, corresponding to lateral drift of 2.82%. After the peak resistance is attained, the
increase in the lateral displacement led to a decrease of the lateral force in which at lateral
displacement of 66.68mm the lateral force reached 49.50kN. In the negative direction, the same
plateau was observed in the force-lateral diagram after the lateral displacement of 28.13 mm,
corresponding to the lateral drift of 1.48% and to the lateral force of 49.38kN. By imposing further
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displacement to the rc frame, the specimen reached the peak load of 51.38kN at the lateral
displacement of 39.32mm corresponding to the lateral drift of 2.06%. Similar to the positive
direction, after the peak point, the increase in the displacement does not lead to significant change
in the lateral force until a lateral displacement of 66.68mm, corresponding to lateral drift of 3.5%.

The monotonic force-displacement curve of the specimen at two successive cycles is shown in
Figure 3.19. Until the lateral drift of 0.5%, both curves are completely overlapped, but after this
displacement a very slight strength degradation occurred, being considered as negligible. Only
after a lateral drift of 2.5% a visible strength degradation developed between the first and second
cycles, which should be associated to a more important damage accumulation.

Based on the monotonic force-displacement diagram of the specimen, it is possible to derive the
key parameters characterizing the in-plane behavior, namely the initial stiffness, lateral strength
and the displacement corresponding to the lateral strength, see Table 3-3. The initial stiffness is
defined as the secant stiffness of the specimen at the cracking initiation, see Eq. 3-3.

H
K =—< Eq. 3-3
©" 4 q

cr
In which H. and d.. are the lateral force and deformation of the specimen at first cracking

respectively. The lateral strength of the specimen (H,.x) is defined as the maximum force obtained

in the force-displacement diagram and dmm. represents the displacement corresponding to the
maximum force attained during the cyclic test.
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Figure 3.19 Strength degradation of the specimen in two successive cycles

As shown in Table 3-3, although cracking of the specimen in the negative direction initiated
earlier than positive direction, the secant stiffness calculated for both directions are similar.

Table 3-3 Key parameters characterizing the in-plane behavior of the rc bare frame

Positive direction Negative direction
HL‘F dcr Ke Hmax deax HL’I’ dcr Ke Hmax deax
N) | (mm) | (kN'mm) | (kN) | (mm) | (kN) | (mm) | (kN/mm) | (kN) | (mm)
19.2 3.7 5.1 53.9 53.8 -12.2 -2.7 4.6 -51.4 -39.3
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The average shear distortion of the bare frame is shown in Figure 3.20. For low levels of imposed
lateral displacement, the shear distortion of the frame increased linearly until the first cracking of
the frame in positive and negative directions. The average shear distortion of the frame at
initiation of cracking in positive direction was 0.0021 and in negative direction reached -0.0016.
As it is shown in Figure 3.20, after the cracking of the bare frame, the average shear distortion
increased rapidly and at failure point of the specimen reached the value of 0.037 in positive
direction and of -0.037 in negative direction.

-0.05 -0.04 -0.03 0.04 0.05

Lateral force (kN)

-60
Average shear distortion (rad)

Figure 3.20 Average shear distortion of the bare frame

3.8.1.2  Stiffness Degradation

The stiffness degradation curve representing the stiffness of the rc frame at each lateral drift is
shown in Figure 3.21. The stiffness at each lateral drift is defined as the secant stiffness
representing the slope of the line connecting the origin to the point corresponding to the maximum
force obtained in the first cycle of monotonic force-displacement diagram. It is observed that
stiffness degradation curve presents a similar trend in the positive and negative directions. It is
also clear that the stiffness degradation level for low drifts is higher. The stiffness degradation
until lateral drift of 1% in the positive and negative directions is about 57% and 51% respectively
in relation to the initial stiffness.

e Bare Frame

Lateral Stiffness (kN/mm)
w

1

0
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Drift (%)

Figure 3.21 Stiffness degradation in bare frame
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3.8.1.3  Crack pattern

The cracking pattern developed in the bare frame corresponding to distinct lateral drifts is shown
in Figure 3.22 and Figure 3.23. As already mentioned, the first cracking of the specimen develops
at the lateral drift of 0.14% in the negative direction at the top left connection between the column
and the beam. Similar crack opens in the opposite corner at the lateral drift of 0.2% in the positive
direction. By imposing further displacements, the existing cracks extend and some new cracks
develop in the bottom connection between the beam and column. In the negative direction, the
new cracks in the bottom connection develop at lateral drift of 0.54%, whereas in the positive
direction the cracking starts at the lateral drift of 0.75%. By applying more lateral displacements,
new cracks propagate in a considerable length of the columns at the top and bottom edges. By
further increasing the lateral displacements, plastic hinges form in the top and bottom part of the
columns where the concentration of the cracks is higher, see Figure 3.23. The final cracking
patterns of the bare frame shows that all the cracks are only concentrated in the columns. This
behavior should be associated to the design criteria used before the 1980s, when no specific
seismic design was used for the rc building. It can be concluded that based on the experimental
results, the concept of weak column-strong beam characterized this prototype of rc frame built
before 1980s.
a) b)

267 mm (0.14 %) P 2.67 mm (0.14 %) N

c) d)

3.74mm (0.2%) P 3.74mm (0.2%) N

e)
10.25 mm (0.54 %) P 10.25 mm (0.54 %) N

L ] L il

Figure 3.22 Crack propagation in the specimen at lateral drift of a)0.14% in positive direction b)0.14%
in negative direction ¢)0.2% in positive direction d)0.2% in negative direction €)0.54% in positive
direction £)0.54% in negative direction
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Figure 3.23 Crack propagation in the specimen at lateral drift of a)0.75% in positive direction b)0.75%
in negative direction c)1.48% in positive direction d)1.48% in negative direction €)3.5% in positive
direction )3.5% in negative direction
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3.8.1.4 Energy dissipation

The energy dissipation at each cycle is usually determined by calculating the area inside the
hysteretic force-displacement loop corresponding to that cycle. The evolution of energy
dissipation of the bare frame at each cycle is shown in Figure 3.24. It is clear that the energy
dissipated at small lateral drifts is negligible. It is also observed that the energy dissipation at
larger lateral drifts is higher than the one recorded for smaller drifts. This is related to the
accumulation of damage at larger lateral drifts which is the main cause for energy dissipation.
The energy dissipated at lateral drift of 2.07% is more than the double of the energy dissipated at
lateral drift of 1.5%.

Based on the energy dissipated at each cycle, it is possible to calculate the total energy dissipated
until each lateral drift. The cumulative energy dissipation of the bare frame increases
exponentially, as shown in Figure 3.25. It is observed that the total energy dissipated during cyclic
loading until lateral drifts of 2.8% and 3.5% is 9084 kN.mm and 15635 kN.mm respectively.
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Figure 3.24 Energy dissipated at each cycle for bare frame
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Figure 3.25 Cumulative energy dissipation of bare frame

3.8.2 Specimen SIF-I-2L(NC)-A

3.8.2.1 Lateral load-displacement response

The lateral force-displacement diagram of the specimen SIF-I-2L(NC)-A recorded during in-
plane cyclic loading is shown in Figure 3.26. As mentioned before, the positive direction is
considered to be the direction in which the hydraulic actuator pushes the specimen, whereas the
negative direction is the direction in which the actuator pulls the specimen. It is evident that the
specimen exhibits slightly different behavior in positive and negative directions. In the positive
direction, the stiffness of the specimen started to decrease at the lateral displacement of 2.67mm
(0.14% lateral drift) corresponding to the lateral force of 89.04kN due to cracking of the infill in
the central region. The specimen reached the peak load of 133.94kN at the displacement of
10.3mm corresponding to the lateral drift of 0.54%. After the peak load, the lateral force decreased
gradually to reach the residual strength of 94.84kN at displacement of 47.63mm (2.5% drift).

In the negative direction, the rc frame with masonry infill exhibits a linear elastic behavior until
the first cracking in the central region of the wall. The cracking resulted in the decrease of the
initial stiffness of the specimen at displacement of 1.84mm (lateral drift of 0.1%), corresponding
to the lateral force of 52.27kN. The specimen reached peak load of 103.56kN at displacement of
10.3mm (lateral drift of 0.54 %). By applying increasing lateral displacements, large number of
cracks formed in the specimen at the lateral drift of 2.5% and the test was stopped due to the
severe damage in the specimen. It is evident that after the maximum force, the successive
increments in the lateral displacement resulted in the gradual reduction of the lateral strength until
it reached the value of 86.69kN at the displacement of 47.63 (2.5% drift).

52



Strategies for seismic strengthening of masonry infilled rc frames

150

50

Lateral Force (kN)

-150
Displacement (mm)

Figure 3.26 In-Plane force-displacement diagram of specimen SIF-I-2L(NC)-A

The strength degradation of the specimen during two successive cycles in each step is shown in
Figure 3.27. It is observed that at the first levels of loading in both directions (until 0.4% lateral
drift) it is negligible. It is increased when considerable cracks developed in the specimen (at lateral
drift of 0.54%). Maximum strength degradation of 26% in positive direction is achieved at the
lateral drift of 0.75%. In the negative direction the maximum strength degradation of 29%
occurred at lateral drift of 0.75%. It seems that the presence of the masonry infill in the frame is
the main cause of the strength degradation as strength degradation in the bare frame is negligible,
being related to the higher damage that is developed in the masonry infill.

Looking at the monotonic force-displacement diagram of the specimen SIF-I-2L(NC)-A, it is
feasible to obtain the key parameters related to its in-plane behavior. The initial stiffness related
to the secant stiffness at the first cracking point, the maximum force attained during the in-plane
loading and the displacement corresponding to the maximum force were calculated and presented
in Table 3-4. It is observed that the presence of the brick infill inside the bare frame could
significantly change the in-plane response of the bare frame by increasing its initial stiffness by
5.5 and 5 times in the positive and negative directions respectively. The enhancement in the lateral
strength is calculated as 1.5 and 1 times in the positive and negative directions respectively.
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Figure 3.27 Strength degradation of the specimen in two successive cycles of each step in positive and
negative direction
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Table 3-4 Key parameters related to the in-plane behavior of SIF-I-2L(NC)-A

Positive direction Negative direction
Hcr dcr Ke Hmax deax Hcr dcr Ke Hmax deax
kN) | mm) | kNmm) | kN) | (mm) | (kN) | (mm) | (kN/mm) | (kN) | (mm)
89.0 2.7 33.4 133.9 10.3 -52.3 -1.9 27.4 -103.6 | -10.3

3.8.2.2 Stiffness Degradation

The secant stiffness of the specimen calculated in the first cycle of the force-displacement diagram
at each level of lateral drift is shown in Figure 3.28. This curve represents the stiffness degradation
during the in-plane loading. It is observed that the stiffness degradation curves exhibit similar
path in the positive and negative directions. It is also observed that the stiffness of the specimen
is reduced considerably at first levels of loading, which is related to the propagation of cracks in
the infill. The amount of degradation until lateral drift of 1% in the positive and negative
directions was about 83%.
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Figure 3.28 Stiffness degradation curve for specimen SIF-I-2L(NC)-A

3.8.2.3 Crack patterns

As the specimen under analysis has a double leaf brick masonry infill, the cracking patterns of
the external leaf with thickness of 8cm are shown in Figure 3.29 and Figure 3.30. The first crack,
occurring at the mortar bed joints, started when the lateral load was applied in the negative
direction at the lateral drift of 0.1%. In the positive direction, the cracking initiated at a
displacement of 2.67mm corresponding to lateral drift of 0.14%. At this stage, the upper left
corner of the infill started to separate from its bounding frame. The separation of the right top
corner of the infill from the rc frame also occurred at the same lateral drift in the negative
direction. By increasing the lateral displacement, the cracks propagate in the diagonal direction
as stair step cracks passing through mortar joints, see Figure 3.29¢ and d. The first flexural cracks
in the reinforced concrete frame formed at the lateral drift of 0.27% in the left column when the
force was applied in the negative direction. At lateral drift of 0.38% the cracks in the infill
continued to propagate in diagonal direction and masonry infill totally separated from its
bounding frame, see Figure 3.29¢g and h. Crack pattern recorded at the maximum lateral force is
shown in Figure 3.30a and b. The first crushing of the bricks was observed at the lateral drift of
0.75%, progressing by increasing the lateral displacement. At the lateral drift of 2.5%, the
crushing of the bricks, mainly at the top row of the masonry infill was observed due to the severe
compressive stress concentration, see in Figure 3.30c¢ to in Figure 3.30f.
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a)

P0.1% (1.91mm)
c)

P0.14% (2.67mm)

It was not possible to monitor the crack propagation in the internal leaf of the specimen (with a

thickness of 6cm) during in-plane cyclic test but it was observed that at lateral drift of 1%, it
started to bulge in out-of-plane direction and at lateral drift of 2.5% it was totally collapsed due

to excessive bulging as it is shown in Figure 3.31.
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Figure 3.29 Crack propagation in the specimen at lateral drift of a)0.1% in positive direction b)0.1% in
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Figure 3.30 Crack propagation in the specimen at lateral drift of a)0.54% in positive direction b)0.54%
in negative direction ¢)0.75% in positive direction d)0.75% in negative direction €)2.5% in positive
direction £)2.5% in negative direction
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3.8.2.4 Energy dissipation

The energy dissipation of the specimen during in-plane loading at each cycle is shown in
Figure 3.32. It is observed that at early stages of loading, the dissipation of energy is negligible.
For higher displacements, the dissipation of energy is increased due to the propagation of cracks
in the masonry infill. It is also observed that the dissipation of energy at lateral drift of 0.5% is
1150kN.mm which is 7.6 times of energy dissipation obtained in the bare frame at the same lateral
drift.

The total dissipation of energy for this specimen until each cycle is shown in Figure 3.33. It is
observed that the total energy dissipated until lateral drifts of 0.54%, 1.05% and 2.07% is 1793
kN.mm, 3269 kN.mm and 6341 kN.mm respectively which is 5.7, 3.2 and 1.5 times of total
energy dissipation recorded in the bare frame for the same lateral drifts. It is clear that energy
dissipation rate of the bare frame is more than infilled frame at higher lateral drifts.
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Figure 3.32 Energy dissipated at each cycle for specimen SIF-I-2L(NC)-A
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Figure 3.33 Cumulative energy dissipation of SIF-I-2L(NC)-A

3.8.2.5 Deformation Characteristics

The in-plane testing of the infilled frame was performed until the lateral drift of 2.5% both in the
positive and negative directions but due to crushing of the masonry infill and falling of the
LVDTs, it was not possible to measure the diagonal length changes of the infill and frame after
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1.5% lateral drift. The lateral force versus average shear distortion of the rc frame is shown in
Figure 3.34, whereas the relation between the lateral force and average shear distortion of the
external and internal leaf of the masonry infill are shown in Figure 3.35 and Figure 3.36
respectively. The nonlinearity in the shear distortion of the reinforced concrete frame in the
positive direction started at lateral force of 89kN corresponding to the lateral drift of 0.14% due
to the formation of the first cracks in the infill. In the negative direction, the shear distortion
increased rapidly at lateral drift of 0.14%. At peak lateral force in the positive direction, the
average shear distortion of the frame reached 0.004 (rad), whereas in the peak lateral force of the
negative direction it reached the value of 0.00594 (rad). Finally, at maximum lateral drift of 1.5%,
the average shear distortion reached 0.0125 (rad) in the positive direction and 0.013 (rad) in the
negative direction.
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Figure 3.34 Relation between lateral force and average shear distortion of the reinforced concrete frame
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Figure 3.35 Relation between lateral force and average shear distortion of the external leaf

The shear distortion of the external leaf of the infill wall started at lateral drift of 0.14% resulting
from minor cracking in the masonry infill and its separation from the RC frame. The shear
distortion reached the value of 0.0044 (rad) at lateral drift of 0.54% recorded for the maximum
lateral force in the positive direction. The value of the shear distortion corresponding to the peak
load in the negative direction was 0.0072 (rad), being associated to the lateral drift of 0.54%. At
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the lateral drift of 1.5% the average shear distortion of the infill in the positive direction was
0.0156 (rad) and in the negative direction was 0.0146 (rad). For the internal leaf of the masonry
infill the trend is similar to the external leaf.

In average, the shear distortion in the internal leaf started at lateral drift of 0.14% in the positive
and negative directions. At the peak lateral force, the average shear distortion in the positive
direction was 0.0043 (rad), corresponding to lateral drift of 0.54%, and was 0.0062 (rad) in the
negative direction. Finally, at the lateral drift of 1.5%, the average shear distortion reached the
value of 0.016 (rad) and 0.012 (rad) in the positive and negative directions, respectively.
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Figure 3.36 Relation between lateral force and average shear distortion of the internal leaf

The relative displacement (separation) of the masonry infill from its bounding frame with respect
to the lateral displacement and lateral force applied to the specimen is shown in Figure 3.37. The
results obtained in LVDTs L9 and L10 indicate that the first separation of the infill from rc frame
occurs at upper left corner at lateral displacement of 2.67 mm, corresponding to lateral drift of
0.14% when lateral load is applied in the positive direction. Based on the displacements measured
in LVDTs L7 and L8, it is possible to conclude that the separation of the brick infill from the rc
frame at the upper right corner occurs at displacement of 2.67mm, corresponding to a lateral drift
of 0.14%, see Figure 3.37¢ and f. By applying further displacement to the specimen, the infill
separates in its lower part at lateral displacement of 5.23mm corresponding to lateral drift of
0.27% in the positive and negative directions. In the present test the separation of the lower part
of the infill happens after the separation of the upper part. The weight of the infill can be an
important issue on the later separation of the bottom part of the infill.
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3.8.3 Specimen SIF-10(0.3%)-2L(NC)-B

3.8.3.1 Lateral load-displacement response

In addition to the in-plane static test carried out until failure, three additional in-plane cyclic tests
were carried out on the same typologies by imposing lateral displacement until specific lateral
drifts to simulate the effect of different previous in-plane damages on their out-of-plane behavior.
In this section the results of the in plane testing of rc frame with masonry infill tested until a lateral
drift of 0.3% are presented and discussed.

The force-displacement diagram describing the in-plane response of the specimen is shown in
Figure 3.38. At the first levels of loading the infilled frame behaved monolithically to resist the
lateral load. This behavior continued until the opening of the first crack at mid span of the wall,
with its separation in the upper right and bottom left corners from the rc frame at lateral drift of
0.05%, corresponding to the lateral force of -64kN in the negative direction. Towards positive
direction, reduction of the stiffness initiated at lateral drift of 0.07% corresponding to lateral force
of 105.29kN. After this point, the lateral displacement was increased until lateral drift of 0.3%
was achieved. The maximum force in the positive and negative directions at lateral drift of 0.3%
reached 165.42kN and -133.79kN respectively.
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Figure 3.38 Lateral force-displacement diagram of SIF-10(0.3%)-2L(NC)-B

The force-displacement diagram representing the monotonic envelop of the cyclic hysteresis
loops defined at two successive cycles is shown in Figure 3.39. It is observed that a very slight
strength degradation occurred after the initiation of cracking, achieving very moderate values at
the lateral drift of 0.3% (7.3% and 5.6% at the maximum force in the negative and positive
directions respectively). This is in line with the previous results of the in-plane testing of the rc
frame with brick infill, taking into consideration that a very low lateral drift is experienced by this
specimen. Given that the maximum lateral drift considered for this specimen was only 0.3%, it
was not possible to obtain the complete behavior and the corresponding key parameters of the
brick masonry infill enclosed in the rc frame. Only the secant stiffness was calculated at the crack
initiation point and compared with that of the infill tested until failure (Table 3-5). Therefore, the
crack initiation occurred at lateral displacements, d.,, of 1.35mm (drift of 0.07%) in the positive
direction and of 0.9 mm (drift of 0.05%) in the negative direction. The cracking initiation load,
H,,, was 105.3kN and 63.6kN in the positive and negative directions respectively. In terms of
secant stiffness, values of 78.0 kN/mm and 70.7 kN/mm were found in the positive and negative
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directions respectively. By comparing these values with the secant stiffness obtained in SIF-I-
2L(NC)-A (33.4kN/mm in the positive direction and 27.4 kN/mm in the negative direction) it can
be easily concluded that the workmanship could significantly affect the in-plane behavior of the
infilled frames.
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Figure 3.39 Monotonic force-displacement diagram of two successive cycles

As small amount of displacement was applied on this specimen in the in-plane direction, small
deformations formed within the structure. For this reason, it was decided not to present the
diagrams of local deformation of the interface between the brick infill and the rc frame.

Table 3-5 Key parameters related to the in-plane behavior of SIF(0.3%)-I-2L(NC)-B in positive and
negative directions

Positive direction Negative direction
Hcr dcr Ke Hmax deax Hcr dcr Ke Hma_x deax
(kN) | (mm) | (kN/mm) | (kN) | (mm) | (kN) | (mm) | (kN/mm) | (kN) | (mm)
105.3 1.35 78.0 - - -63.6 -0.9 70.7 - -

3.8.3.2 Stiffness degradation

This specimen was tested until small lateral drift of 0.3% in the in-plane direction. The stiffness
degradation curve representing the stiffness of the specimen at each lateral drift is shown in
Figure 3.40. Similar to what was observed in the specimens tested before, considerable decrease
in the stiffness of the specimen was happened in the first levels of loading. For instance 63% and
67% decrease in the stiffness of the specimen until lateral drift of 0.3% was observed in the
positive and negative directions respectively.
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Figure 3.40 Stiffness degradation curve for specimen SIF(0.3%)-1-2L(NC)-B
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3.8.3.3 Crack patterns

The crack patterns observed in the specimen at different levels of loading are shown in Figure 3.41
and Figure 3.42. The first cracking of the infill occurred at its central region by formation of some
cracks along the unit-mortar interfaces at lateral drift of 0.05% corresponding to lateral force of
64kN, when the loading was applied in the negative direction. At this lateral drift, the infill
separated from its bounding frame at upper right and bottom left corners. When the load was
applied in the positive direction the crack initiation took place at lateral drift of 0.07%, combining
the cracking of infill at the center part and its separation from the rc frame (Figure 3.41c). By
increasing the lateral displacement, cracks propagated along the compressed diagonal
alternatively when the lateral load was applied in the positive and negative directions. For instance
at the lateral drift of 0.11%, the diagonal cracks propagated towards the corners, as can be seen
in Figure 3.41e and f. The diagonal cracks were almost completely formed, connecting the top
and bottom corners, at the lateral drift of 0.3% in both positive and negative directions, see
Figure 3.42c and d.
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Figure 3.41 Crack propagation in the specimen at lateral drift of a)0.05% in positive direction b)0.05%
in negative direction ¢)0.07% in positive direction d)0.07% in negative direction €)0.11% in positive
direction )0.11% in negative direction
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Figure 3.42 Crack propagation in the specimen at lateral drift of a)0.16% in positive direction b)0.16%
in negative direction ¢)0.3% in positive direction d)0.3% in negative direction

3.8.3.4 Energy dissipation

Dissipation of energy due to in-plane testing of the specimen at each cycle was calculated based
on the area of each hysteretic loop of that cycle and shown in Figure 3.43. It is clear that the
energy dissipated by formation of cracks and in this specimen, it is observed that the amount of
the energy dissipation increased after lateral drift of 0.1% when significant cracking was formed.
The total energy dissipation of the specimen is also shown in Figure 3.44. It is observed that the
total energy dissipated at the end of the test (at lateral drift of 0.3%) is 1888kN.mm.
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Figure 3.43 Energy dissipation at each cycle for specimen SIF(0.3%)-I-2L(NC)-B

64



Strategies for seismic strengthening of masonry infilled rc frames

2000

1600

1200

—@— SIF(0.3%)-I-2L(NC)-B

Cumulative energy dissipation
(kN.mm)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Drift (%)

Figure 3.44 Cumulative energy dissipation of specimen SIF(0.3%)-1-2L(NC)-B

3.8.4 Specimen SIF-IO(0.5%)-2L(NC)-B

3.8.4.1 Lateral load-displacement response

The lateral Load-displacement diagram obtained for the specimen subjected to a maximum lateral
drift of 0.5% is shown in Figure 3.45. The linear elastic behavior was observed until a lateral
displacement of 1.35mm corresponding to lateral drift of 0.07% both in the positive and negative
directions. The lateral load corresponding to crack initiation was 113.51kN in positive direction
and -104.37kN in the negative direction. Applying increasing displacements resulted in pre-peak
nonlinear behavior until the peak lateral load was achieved. In the positive direction, the
maximum force was 175.17kN, obtained at lateral drift of 0.38% (7.3mm), whereas in the
negative direction, the maximum force of -168.43kN was recorded at lateral drift of 0.27%
(5.2mm). After the peak lateral load was attained, noticeable reduction in the lateral force was
observed in the negative direction, being calculated as 20%. In the positive direction, the decrease
was only about 4.3%.

200
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-200

Displacement (mm)

Figure 3.45 In-Plane force-displacement diagram of the specimen SIF-10(0.5%)-2L(NC)-B

The monotonic envelop of the hysteretic force-displacement diagram at two successive cycles is
shown in Figure 3.46. No strength degradation is observed until the first cracking of the specimen
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at lateral drift of 0.07% in the positive and negative directions. It seems that crack propagation in
the infill is the main cause of the strength degradation. In the positive direction, a maximum
strength degradation of 12% was observed at the lateral drift of 0.38%, corresponding to the
maximum lateral force of 175.17kN. The maximum strength degradation of 30% was observed
at lateral drift of 0.27% in the negative direction.
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Figure 3.46 Monotonic envelop of the force-displacement diagram at two successive cycles

The key parameters characterizing the in-plane response of the specimen were derived and shown
in Table 3-6. The initial stiffness of the specimen was calculated based on the secant stiffness at
crack initiation point. From Figure 3.45, it is clear that the specimen could achieve the maximum
lateral resistance both in the positive and negative directions. At positive direction the specimen
reached the maximum force of 175.17kN at lateral drift of 0.38% and in negative direction it
reached the maximum force of 168.43kN at lateral drift of 0.27%.

Table 3-6 Key parameters related to the in-plane behavior of SIF(0.5%)-I-2L(NC)-B

Positive direction Negative direction
Hr der K. Hnax dtmax Hr der K. Hax dHmax
kN) | (mm) | (kN/mm) | (kN) | (mm) | (KN) | (mm) | (kN/mm) | (kN) | (mm)
113.5 1.35 84.1 175.2 7.32 -104.4 | -1.35 77.3 -168.4 | -5.23

By comparing the secant stiffness obtained in this specimen with the stiffness of the specimen
tested until failure and with the specimen tested until a lateral drift of 0.3%, it is clear that the
secant stiffness is reasonably close to the secant stiffness observed in the specimen tested until
0.3% drift but is considerably higher than the stiffness recorded in the specimen tested until
failure. It is observed that the initial stiffness of the specimen constructed with mason B increased
about 1.5 and 1.8 times in positive and negative directions respectively with respect to the
specimen that was constructed with mason A. The increase in the lateral strength is also calculated
and it is found that increase of about 31% and 62% in positive and negative directions were
recorded respectively. Based on these results, it can be concluded that the construction quality
can take a major role on the in-plane response of masonry infills.
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3.8.4.2 Stiffness degradation

The stiffness degradation curve obtained for this specimen is shown in Figure 3.47. It is clear that
the trend of variation of the stiffness is very similar to the one recorded in the previous specimens.
In addition, the amount of stiffness degradation at the first levels of loading in both positive and
negative directions is very considerable, which is in accordance with what was observed in
specimens tested until failure and tested until the lateral drift of 0.3%. The stiffness degradation
recorded until lateral drift of 0.5% was about 79% and 82% for positive and negative directions
respectively.
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Figure 3.47 Stiffness degradation curve of specimen SIF(0.5%)-1-2L(NC)-B

3.8.43 Crack patterns

The crack propagation in the specimen under study is shown in Figure 3.48 and Figure 3.49. The
cracking of the specimen leading to the decrease in the initial stiffness was observed at lateral
drift of 0.07% corresponding to the lateral force of 113.51kN in positive direction. At this lateral
drift some diagonal cracks were formed in the center part of the infill along with its separation
from rc frame in upper left corner, see Figure 3.48a. In the negative direction, the crack initiated
at the central part of the specimen at the same lateral drift of 0.07%, corresponding to lateral force
of -104.37kN. Additionally, the separation of the upper right corner of the wall from the rc frame
was also recorded. The crack propagation follows the same trend described previously for the
other specimens. By increasing lateral displacements, the length of the diagonal crack increased
and developed towards the top and right corners, see Figure 3.48c to f. The first cracking in the
rc frame was observed at lateral drift of 0.2% corresponding to lateral force of 162.90kN in
negative direction. The crack developed at an angle of 45° located in the upper left connection of
the column and the top beam, see Figure 3.48h. In the positive direction, the same type of cracking
developed at lateral drift of 0.27% corresponding to lateral force of 169.75kN, see Figure 3.49a.
At the same lateral drift of 0.27% in the negative direction, shear cracks along unit-mortar
interfaces were observed, see Figure 3.49b. In this case, the bricks of the fifth row from top slid
over the bricks of the sixth row, leading to the development of horizontal crack along the mortar
joints. Shear sliding of the infill was also observed at lateral drift of 0.38% in the positive
direction, see Figure 3.49¢c. The increase of the lateral displacement resulted in the development
of a considerable diagonal cracks with the trend to reach the corners, see Figure 3.49¢ and f.
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Figure 3.48 Crack propagation in the specimen at lateral drift of a)0.05% in positive direction b)0.05%
in negative direction ¢)0.1% in positive direction d)0.1% in negative direction €)0.0.14% in positive
direction )0.14% in negative direction g)0.2% in positive direction h)0.2% in negative direction

68



Strategies for seismic strengthening of masonry infilled rc frames

a) b)
P0.27% (5.23mm) NO.27% (5.23mm)
I I I I I | I A I A | L1
[ T ¢ L0 T 0 T =71 1 1 1 T 1T 0 T T 1 1
| N | I N
I S I [ N N e
T T T "IT" I ] I

| 1L ]
Figure 3.49 Crack propagation in the specimen at lateral drift of a)0.27% in positive direction b)0.27%

in negative direction c¢)0.38% in positive direction d)0.38% in negative direction €)0.5% in positive
direction £)0.5% in negative direction

3.8.4.4 Energy dissipation

The energy dissipation calculated for this specimen under in-plane cyclic testing at each cycle is
shown in Figure 3.50. It is observed that the amount of energy dissipation increased considerably
at lateral drift of 0.07%, which is due to the formation of diagonal cracks in the specimen.

By comparing the total energy dissipation of this specimen with the one obtained in specimen
SIF(0.3%)-I-2L(NC)-B, it is clear that the total amount of dissipated energy is higher in this
specimen, as more damage was induced by increasing the lateral drift, see Figure 3.51. However,
it is seen that the total energy dissipated at the cycle corresponding to lateral drift of 0.3% in the
specimen SIF(0.3%)-I-2L(NC)-B is 1888kN.mm, whereas in the present specimen the amount of
dissipation of energy is calculated as 3010kN.mm at the cycle corresponding to lateral drift of
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0.27%. This could be related to the high amount of damage that is observed in the specimen
SIF(0.5%)-1-2L(NC)-B at lateral drift of 0.27%.
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Figure 3.50 Energy dissipation at each cycle for specimen SIF(0.5%)-I-2L(NC)-B
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Figure 3.51 Cumulative energy dissipation of specimen SIF(0.5%)-1-2L(NC)-B

3.8.4.5 Deformation Characteristics

The average shear distortions of the infill and frame are shown in Figure 3.52 and Figure 3.53. It
is observed that the average shear distortion of the infill presents larger values at lateral drift of
0.2% corresponding to lateral load of 166.96kN and 162.90kN in positive and negative directions
respectively due to heavy cracking of the external and internal leaf. The plateau branch is also
initiated at lateral drift of 0.2%, where large diagonal cracks developed in the infill. The average
shear distortion of the external and internal leaves are the same in the negative direction but in
positive direction the external leaf exhibits higher shear distortion than the internal leaf, which
can be related to the higher damage observed in the external leaf.
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Figure 3.52 Average shear distortion of a) external leaf (8cm thickness) and b) internal leaf (6 cm
thickness)

As it is shown in Figure 3.53, the average shear distortion of the rc frame starts to increase rapidly
at lateral drift of 0.07% corresponding to the lateral load of 113.51kN and -104.35kN in the
positive and negative directions respectively. At this lateral drift, the cracking of the infill and
also its separation from rc frame is initiated. The rc frame exhibits higher shear distortion in the
positive direction than in the negative direction. The higher shear distortion of the rc¢ frame in
comparison with the masonry infill is directly associated to the separation of the infill from the rc
frame and to consequent development of the shear strut connecting the upper and bottom corners.

200

150

100

5

0
/44

Z
7
/.
Y/

-150

0.002 0.004 0.006 0.008

Lateral force (KN)

|

Average shear distortion (rad)
Figure 3.53 Average shear distortion of RC frame

The separation of the infill from its enclosing frame at each corner is investigated by
displacements recorded in each LVDTs located on the infill. As it is shown in Figure 3.54, the
separation of the infill starts at lateral drift of 0.05% by the formation of two vertical cracks at
each upper corner of the infill. The increase in the lateral displacement resulted in the separation
of the infill at each corner (except at upper right corner) through the formation of horizontal and
vertical cracks along the brick infill-rc frame interfaces. The horizontal crack in the upper right
corner of the infill (L7), which is related to the separation of infill from rc frame in horizontal
joint, developed at lateral drift of 0.14%.
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Figure 3.54 Relative displacement of masonry infill in relation to the rc frame at a) lower right corner
b) lower right corner c) upper left corner d) upper left corner e) upper right corner f) upper right corner
g) lower left corner h) lower left corner
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3.8.5 Specimen SIF-IO(1%)-2L(NC)-B

3.8.5.1 Lateral load-displacement response

The force-displacement diagram of the rc frame with masonry infill until the lateral drift of 1% is
shown in Figure 3.55. The loading of this specimen was initiated in the negative direction. The
first cracking observed in the specimen was located at the bottom left corner of the infill through
the formation of vertical crack, in the mortar joint, which is related to the separation of the infill
from its enclosing frame. This occurred at lateral drift of 0.05%, corresponding to the lateral force
of -80.21kN. Then, the lateral force was increased until -87.32kN corresponding to the lateral
drift of 0.07%, after which the cracking of the specimen was initiated by the formation of some
stair stepped cracks at the central region of the wall. Applying further displacements led to a
gradual increase of the lateral strength, achieving the value of -130.61kN at the drift of 1%. By
comparing the value of the lateral force at 1% lateral drift (-130.61kN) with the lateral force of -
129.08kN, which was reached in the previous cycle at lateral drift of -0.75%, it is observed that
further displacements resulted in very little increase of the lateral force. This means that the
specimen reached the peak resistance. Therefore, it is feasible to assume that the maximum lateral
resistance of about -130.61kN was achieved at the lateral drift of 1%.
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Figure 3.55 Force-displacement diagram of the specimen SIF-10(1%)-2L(NC)-B

In the positive direction, similar to the negative direction, at lateral drift of 0.05% corresponding
to the lateral force of 72.45kN the vertical crack was observed in the mortar joint at upper left
corner which is related to the separation of the infill from rc frame. At lateral drift of 0.07%
corresponding to the lateral force of 87.88kN, cracking of the infill was initiated by formation of
some stair step cracks in its mid part. It seems that the specimen reached the maximum strength
of 143.93kN at lateral drift of 0.75%, as by increasing the lateral displacement corresponding to
the lateral drift of 1%, a slight reduction in the lateral force was observed (143.18kN).

By analyzing the force-displacement diagram obtained in the specimen SIF-10(0.5%)-2L(NC)-
B, it is observed that the maximum lateral force was recorded at lateral drifts of 0.38% and 0.27%
in the positive and negative direction, respectively. This means that the lateral resistance was
attained at much lower lateral drifts when compared with the specimen to which the maximum
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lateral drift of 1% was imposed. In this case the lateral resistance was mobilized to 0.75% and 1%
in the positive and negative direction respectively.

The monotonic force-displacement diagram of the specimen at two successive cycles is shown in
Figure 3.56. It is observed that the degradation in the lateral force was initiated after cracking of
the specimen and increases with the propagation of cracks. Maximum strength degradations of
13% and 12% are observed in the specimen in the positive and negative directions respectively.
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Figure 3.56 Monotonic force-displacement diagram of the specimen SIF-10(1%)-2L(NC)-B at two
successive cycles

The key parameters characterizing the monotonic envelope of the hysteresis loops recorded in the
cyclic in-plane tests are presented in Table 3-7.

Table 3-7 Key parameters related to the in-plane behavior of SIF(1%)-I-2L(NC)-B

Positive direction Negative direction
Hcr dcr Ke Hmax deax Hcr dcr Ke Hmax deax
kN) | (mm) | (kN/mm) | (kN) | (mm) | (kN) | (mm) | (kN/mm) | (KN) | (mm)
72.5 0.98 74.0 143.9 1435 | -80.2 | -0.95 84.4 -130.6 | -19.05

Similar to what was recorded for the rc frames with brick infills subjected to lateral drifts of 0.3%
and 0.5%, these specimens presented values of initial stiffness substantially higher than the values
recorded for the specimen built by the first mason (mason A). In detail, it is observed that the
initial stiffness of this specimen in positive and negative directions is 2.2 and 2.8 times higher
than the stiffness of specimen built with mason A. The increase in the lateral strength with respect
to the specimen built with mason A in the positive and negative directions is 7% and 26%
respectively. This result highlights again the importance of the workmanship used in the
construction of brick infills in their in-plane behavior.

3.8.5.2 Stiffness degradation

The curve representing the stiffness of this specimen at each lateral drift is shown in Figure 3.57.

It is observed that due to cracking of the specimen at early stages of loading in the positive and

negative directions, considerable decrease in the stiffness of the specimen was obtained. The
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amount of degradation in the first levels of loading is higher which is similar to the specimens
tested before. The total stiffness degradation of this specimen achieves very high levels at the end
of the test (lateral drift of 1%, being calculated as 90% and 92% in the positive and negative
directions respectively).
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Figure 3.57 Stiffness degradation curve of specimen SIF(1%)-1-2L(NC)-B

3.8.5.3 Crack patterns

The crack pattern of the specimen recorded at different lateral drifts is shown in Figure 3.60 and
Figure 3.59. The masonry infill was separated from its surrounding frame at lateral drift of 0.05%
in the negative direction, which was visible through the vertical crack developed in the mortar
joints at the interface between rc frame and infill at bottom left corner. The same vertical cracking
pattern was observed in the upper left corner at lateral drift of 0.05% in the positive direction, see
Figure 3.60a and b. The increase in the lateral displacements resulted in the development of stair
stepped cracks passing through the mortar joints according to the patterns shown in Figure 3.60c
to h. At the lateral drift of 0.2% some horizontal shear cracks were formed in the upper part of
the infill in the positive and negative directions, see Figure 3.60i and j.

The first cracking of the concrete frame was observed at lateral drift of 0.27% in the negative
direction by development of a diagonal crack in the connection point of left column and the upper
beam, see Figure 3.59a. Similar cracking was also developed in the right column-beam connection
when the load was applied in the positive direction, see Figure 3.59b.

The masonry infill was totally separated from its surrounding frame at lateral drift of 0.75%,
meaning that the total separation occurred at considerably higher drift when compared to the
specimen SIF-10(0.5%)-2L(NC)-B, which was totally separated at lateral drift of 0.5%, see
Figure 3.59f. At lateral drift of 1%, the masonry was totally cracked and further cracking of the

concrete frame was observed in the lower part of the right and left columns, see Figure 3.59g and
h.
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Chapter 3- Experimental assessment of the in-plane behavior of masonry infilled rc frames
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Figure 3.58 Crack propagation in the specimen at lateral drift of a)0.05% in negative direction b)0.05%
in positive direction ¢)0.07% in negative direction d)0.07% in positive direction €)0.1% in negative
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Figure 3.59 Crack propagation in the specimen at lateral drift of a)0.27% in negative direction b)
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negative direction £)0.75% in positive direction g)1% in negative direction h)1% in positive direction

3.8.5.4 Energy dissipation

The energy dissipated at each cycle during the in-plane cyclic test is shown in Figure 3.60. It is

clear that at the first levels of loading the amount of energy dissipation is almost negligible. It is

clear that the amount of energy dissipation increases after lateral drift of 0.05%, which is related

to the initiation of crack.
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Figure 3.60 Energy dissipation at each cycle for specimen SIF(1%)-I-2L(NC)-B

The total energy dissipated until each cycle is also shown in Figure 3.61. By comparing the total
energy dissipated in this specimen with the energy dissipation of specimen SIF(0.5%)-1-2L(NC)-
B at lateral drift of 0.28% it is evident that both specimens represented similar energy dissipation
capacities. But for increasing the lateral drifts, it is observed that the total energy dissipated in the
specimen SIF(0.5%)-I-2L(NC)-B at lateral drift of 0.5% (6205kN.mm) is higher than that of the
specimen SIF(1%)-I-2L(NC)-B at the same lateral drift (5105kN.mm). This means that higher
energy is dissipated in the specimen SIF(0.5%)-I-2L(NC)-B between lateral drifts of 0.28% and
0.5%, which can be related to the formation of more cracks in the specimen between this range
of lateral drifts.
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Figure 3.61 Cumulative energy dissipation of specimen SIF(1%)-1-2L(NC)-B

3.8.5.5 Deformation Characteristics

The average shear distortion of the internal leaf, external leaf and reinforced concrete frame are
shown in Figure 3.62 and Figure 3.63. The shear distortion of the external and internal leaf
increased significantly after the lateral drift of 0.1% in both positive and negative directions. This
is related to the development of diagonal cracks in the masonry infill. The different level of
cracking between internal and external leaf justifies the slightly higher shear distortion of the
internal leaf in relation to the external leaf recorded at the lateral drift of 1%.
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The shear distortion of the rc frame at the lateral drift of 0.1% is calculated and it is found that it
is higher than the sum of the shear distortion of the external and internal leaves. This is generally
justified by the onset of separation of the brick infill from the rc frame.
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Figure 3.62 Average shear distortion of a) external leaf (8cm thickness) and b) internal leaf (6 cm
thickness)

-0.015 0.01 0.015

Lateral force (kN)

-150
Average shear distortion (rad)

Figure 3.63 Average shear distortion of RC frame

The separation of the infill from its surrounding frame at different levels of loading is represented
in Figure 3.64. It is clear that the first separation occurs at the bottom left corner of the infill at
lateral in-plane drift of 0.05%. This finding is similar to the cracking pattern that is drawn in
Figure 3.59. By applying further lateral displacements, the width of the vertical crack
corresponding to the separation of the infill from the rc frame increases, see Figure 3.64. It is also
clear that at lateral drift of 0.07% the infill was completely separated from the bounding frame at
all corners. These separations of the infill could be observed by formation of vertical or horizontal
cracks in the mortar joints adjacent to the rc frame recorded by different LVDTs.
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3.9 Comparison of the results of the specimens

Aiming at better understanding the in-plane behavior of the rc frames with double leaf brick infills
subjected to different levels of lateral drift, a comparison of the main results was carried out,
namely at the level of monotonic envelops and comparison of the main key parameters. The
specimens subjected to 0.3%, 0.5% and 1% lateral drifts were built with mason B, whereas the
brick infilled frame tested until failure was built with mason A. The contribution of the infills in
the in-plane behavior was also evaluated by comparing the key parameters such as lateral strength,
initial stiffness and energy dissipation capacity.

The monotonic force-displacement diagrams of all specimens are shown in Figure 3.65. The
results in terms of initial stiffness and lateral strength in the positive and negative directions are
represented in Table 3-8.
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Figure 3.65 Monotonic in-plane force-displacement diagram of all specimens

It is clear that the presence of infill significantly increases the initial stiffness and lateral strength
of the rc frame. This increase in the initial stiffness and lateral strength is about 5.2 and 1.3 times
in case of brick infill built with mason A. In case of brick infill built with mason B, the
improvement on the initial stiffness and lateral strength is even higher, being approximately 14.9
and 1.9 times respectively. This result points out the importance of the quality of masonry
construction.

Table 3-8 Comparison of lateral stiffness and strength

Positive Direction Negative Direction Average
Model Stiffness | Strength | Stiffness | Strength | Stiffness | Strength

(kN/mm) (kN) (kN/mm) (kN) (kN/mm) (kN)
Bare Frame 5.1 53.9 4.6 514 4.9 52.7
SIF-I-2L(NC)-A 334 133.9 27.4 103.6 30.4 118.8
SIF-10(0.3%)-2L(NC)-B 78.0 165.4 70.7 133.8
SIF-10(0.5%)-2L(NC)-B 84.1 175.2 773 168.4 78.1 152.9
SIF-10(1%)-2L(NC)-B 74.0 143.9 84.4 130.6
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The specimens constructed with mason B subjected to lateral drifts of 0.3%, 0.5% and 1%
(specimens SIF-10(0.3%)-2L(NC)-B, SIF-10(0.5%)-2L(NC)-B and SIF-I0(1%)-2L(NC)-B)
presented similar responses in terms of initial stiffness, but the specimen loaded until the lateral
drift of 0.5% presented higher lateral strength. On the other hand, it is seen that the lateral drift at
which the maximum lateral strength is achieved appears to be higher in the specimen tested until
lateral drift of 1%. It is concluded that the specimens that demonstrated higher lateral in-plane
resistance and initial stiffness presented lower lateral drifts corresponding to their lateral strength,
which should be associated to the higher brittleness of the masonry.

The strength degradation recorded in all infilled frames is shown in Figure 3.66 and Figure 3.67.
It is clear that at the first levels of loading, in which there is no cracking, the amount of the strength
degradation is very low (close to zero). By imposing increasing lateral displacements, crack
density increases, leading to the strength degradation between two successive cycles. It is also
seen that no significant differences on the strength degradation occurs among the different brick
masonry infills. However, the strength degradation is higher in the rc frames with double leaf
brick infills than in the bare frame, meaning that the damage progress in the brick infills influences
the rate of strength degradation.
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Figure 3.66 Strength degradation of a)SIF-I-2L(NC)-A b)SIF-10(0.3%)-2L(NC)-B ¢)SIF-10(0.5%)-2L(NC)-B
d)SIF-I0(1%)-2L(NC)-B
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Figure 3.67 Strength degradation of bare frame

The stiffness degradation curve of the specimens tested in the in-plane direction at each lateral
drift is shown in Figure 3.68 and Figure 3.69. It is observed that stiffness degradation in the rc
frames with brick infills is initiated due to cracking of the masonry infills. It is also clear that all
specimens present a similar trend of variation in their stiffness degradation curves: (a) high
stiffness degradation at very low lateral drifts; (b) stabilization of stiffness degradation at
increasing lateral drifts, particularly after peak lateral strength. However, it is observed that the
specimens with higher initial stiffness exhibit higher degradation rate, particularly at low levels
of lateral drift, see Figure 3.69. For higher lateral drifts (0.5%), the stiffness degradation is
practically the same in specimens built with different masons. The stiffness degradation of the
bare frame occurs at different rate when compared to the rc frames with brick infills, because the
stiffness degradation is mostly related to the stiffness degradation of the brick infills in case of rc
frames filled with brick infills. As expected, for high levels of damage of the brick infills, the
lateral stiffness tends to approach the lateral stiffness of the bare rc frame, as expected.
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Figure 3.68 Stiffness degradation of the specimens constructed with mason B
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Figure 3.69 Trend of variation of the stiffness among the specimens of bare frame, SIF-I-2L(NC)-A and
SIF(1%)-I-2L(NC)-B

The cracking patterns of the bare rc frame, specimen SIF-I-2L(NC)-A and specimen SIF(1%)-I-
2L(NC)-B at lateral drift of 1% are shown in Figure 3.70. It is clear that the damage of the bare
rc frame is higher than the one observed when it is filled with the double leaf brick infill. This
appears to indicate the positive contribution of the masonry infill in the composite behavior of
masonry infilled frames. This is particularly remarkable when the stiffness of the brick infills is
lower. This means that presence of infill avoids the development of hinges in the rc columns,
which in turn reduce their seismic vulnerability. In the experimental campaign carried out here,
any local negative influence of the brick infills was detected.
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Figure 3.70 Cracking pattern of the specimens at lateral drift of 1% a) Bare frame b) SIF -I—2£(N C)-A
¢) SIF(1%)-1-2L(NC)-B

The total energy dissipated during the in-plane loading until each cycle is shown in Figure 3.71.
By comparing the results, it is clear that the presence of infill leads to the significant increase in
the energy dissipation, when compared to the bare frame. This is naturally due to the dissipative
nature of the brick infills, associated to the smeared cracking developed during in-plane loading.
It is also observed that the infilled frames constructed with mason B exhibit higher energy
dissipation capacity than the specimen constructed with mason A.

The analysis of the average distortion of the internal and external leaves of the double leaf infilled
frames during in-plane loading is shown in Figure 3.72. It is observed that the external and internal
leaves of the infill behave in a similar way. The difference found for the average distortion
between external and internal leaves in the specimen SIF-I-2L(NC)-A can be related to the out-
of-plane bulging of the internal leaf when the lateral load is applied in the negative direction.
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Figure 3.71 Cumulative energy dissipated during in-plane cyclic loading
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Figure 3.72 Average shear distortion of the exterior and interior leaf of specimen a)SIF-I-2L(NC)-A b)

SIF-10(0.5%)-2L(NC)-B c) SIF-IO(1%)-2L(NC)-B

3.10 Conclusions

Based on the test results of this chapter the following conclusions can be drawn for the in-plane
behavior of infilled frames:

1) The presence of low strength infills within the bare frame increases the initial stiffness and
lateral strength of the bare frame significantly. The increase in the initial stiffness ranges from 5.2
to 14 times and in the lateral strength ranges from 1.3 to 1.9 times, depending on the quality of
workmanship.

2) The specimens constructed by experienced mason demonstrated higher initial stiffness and
lateral strength.
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4) The strength degradation of the specimens initiates due to the formation of the cracks and
increases after the lateral strength of the specimen is achieved.

5) It is observed that stiffness degradation rate of the infilled frames is considerably higher than
the rate observed in the bare frame at the first levels of loading.

6) It is evident that the presence of infill within the bare frame could enhance energy dissipation
capacity of the specimens. The enhancement amount is higher for the specimens constructed with
experience mason.

7) It is also concluded that presence of infill within the bare frame limits the amount of damage
in the bare frame caused by in-plane loading.
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4 Experimental assessment of the out-of-plane behavior of masonry
infilled reinforced concrete frames

4.1 Introduction

In order to investigate the out-of-plane response of the masonry infills within reinforced concrete
rc buildings built in the past decades in Portugal and other South European countries (in the
1980s), an experimental campaign was designed based on static out-of-plane tests. The
characteristics of the prototype and the design of the reduced scale masonry infilled rc frames
were described in the previous chapter. For the out-of-plane loading of the masonry infill, quasi
static test was intended to be performed by using an airbag to apply the out-of-plane load in a
uniform manner, contrarily to point load configuration.

As the cavity walls usually are built without any ties between their internal and external leaves,
there will be no interconnection between the leaves. This led to consider only the exterior leaf in
the experimental program which the studies also show that it collapses very often during the
earthquakes [19].

In the experimental campaign, different variables were considered, namely: (a) workmanship; (b)
presence of openings and (c) previous in-plane damage. According to what was presented in
Chapter 3 in relation to the in-plane characterization of masonry infill walls, double leaf masonry
infills were tested in the in-plane direction. Therefore, after the imposition of in-plane damage,
corresponding to a selected lateral drift, it was decided to remove the internal leaf and apply the
out-of-plane load on the external leaf.

4.2 Characterization of the specimens

The description of the specimens of masonry infilled rc frames tested in the out-of-plane direction
is given in Table 4-1. Three specimens were tested to investigate the out-of-plane response of the
brick masonry infills without any initial damage, and also to characterize the influence of the
workmanship (SIF-O-1L-A, built by mason A, and specimens SIF-O-1L-B, built by mason B).
Additionally, the presence of a central opening was also studied in order to evaluate its influence
in the out-of-plane response (PIF-O-1L-B). The central opening has a size corresponding to 12.8%
of the area of the masonry infill.

Three specimens were also tested in the out-of-plane direction, after imposing prior in-plane
damage corresponding to different drift levels of 0.3%, 0.5% and 1%. All these specimens were
built by mason B. In order to have a logical basis for comparison of the out-of-plane response of
these damaged specimens with specimens without any prior damage, after performing prior in-
plane test that was carried out on double leaf infill, the interior leaf was removed and out-of-plane
test was performed on only exterior leaf.

The construction of the specimens for out-of-plane testing was done according to the procedure
described in Chapter 3. The rc frames were constructed first and after 45 days they were
transported to the area where the brick infills were constructed and then transported to the
laboratory testing area.
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Table 4-1 Designation of the specimens tested under out-of-plane loading

Masonr Number of
Specimen infill y Prior damage leaves during | Mason
construction
SIF-O-1L-A Solid None One leaf
SIF-O-1L-B Solid None One leaf
With central
PIF-O-1L-B opening None One leaf
(12.8%)
. Prior in-plane damage - Double leaf with
SIF-10(0.3%)-2L(NC)-B Solid drig 0f 0.3% ¢ no connection
. Prior in-plane damage - Double leaf with
SIF-10(0.5%)-2L(NC)-B Solid drig 0of 0.5% ¢ no connection
. Prior in-plane damage - | Double leaf with
- ) - -
SIF-10(1%)-2L(NC)-B Solid drift of 1% no connection B

4.3 Experimental setup and instrumentation

The test setup for the out-of-plane testing is shown in Figure 4.1. It should be mentioned that the
test setup was already described in Chapter 3. Aiming at strengthening the top boundary condition
in order to have the top beam adequately restrained to out-of-plane movements, a distinct solution
was designed. The top beam was restrained to the out-of-plane movements by using four steel
rods M40 attached to a steel triangular structure, connected to two HEB 240 steel profiles that
were fixed to the lateral reaction wall.

HEB 240
y 1 | “
IPE 100
lt\ 7
Lc1|@
M 40
UNP 140 ‘@LC? LCB@‘
VT L4
i L 200
— H .
H Lo | I e = .
‘ ‘ ‘ Section A-A

Figure 4.1 Test setup for out-of-plane testing

The out-of-plane loading was applied by means of an airbag installed between the masonry infill
and the steel frame. The airbag was attached to the steel frame by using a stiff wooden sandwich
panel. The steel frame was also connected to the lateral reaction wall and strong floor by rigid L-
shaped steel profile of HEB360 to completely prevent its uplifting and sliding during the test. The
L shape profile is stiffened at the top with a horizontal steel profile of HEB220 and with an
inclined steel profile of HEB160. The steel frame is connected to the L shape steel structure by
means of four loadcells so that the total force applied by the airbag to the structure could be
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recorded. The configuration of the load cells is also presented in Figure 4.1. Four rollers were
added on the bottom part of the steel frame to enable its mobility along the horizontal direction
without development of friction and erroneous record of the force applied by the airbag. In case
of the specimen with a central opening, the airbag that was used to apply the out-of-plane load
had a central opening to ensure an adequate adjustment to the infill wall.

The instrumentation plan defined to record the most important displacements in the brick masonry
infill subjected to out-of-plane loading is shown in Figure 4.2 both for the solid infill wall and for
the infill wall with a central opening. In specimens with solid infill walls the displacement
transducer selected as control point was LVDT L5, while in the specimen with central opening
the control LVDT was L9 that was placed in the center point of the lintel.

The deformation of the brick infill, as well as the cracking propagation, was monitored in the
opposite face of the surface where the airbag was in contact with. The crack propagation was also
recorded at that surface. For this, in case of solid infills, fifteen LVDTs were placed on the
specimen to monitor its out-of-plane deformation: (1) LVDTs 1 to 9 recorded the displacement
of the infill panel during loading (L1 to L9); (2) LVDTs 10 to 13 measured the possible relative
displacement of the masonry infill from the surrounding rc frame; (3) two additional LVDTs were
placed to control de out-of-plane movement of the boundaries, namely the bottom and top rc
beams (L14 and L15). In case of infill with central opening 16 LVDTs were used to measure the
deformation of the infill during the test: 1) LVDTs 1 to 10 recorded the displacement of the infill
panel during loading (L1 to L10); (2) LVDTs 11 to 14 measured the possible relative displacement
of the masonry infill from the surrounding rc frame; (3) two additional LVDTs were placed to
control de out-of-plane movement of the boundaries, namely the bottom and top rc beams (L15
and L16).

The out-of-plane test was performed under displacement control method by applying the out-of-
plane load uniformly with airbag. In order to implement the test under displacement control, the
input and output air in the airbag were controlled by using a LabVIEW software to apply a specific
pre-defined displacement in the control point of the infill wall. Those pre-defined displacement
values match the loading protocol of each specimens.
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Figure 4.2 Instrumentation for out-of-plane testing; a) infill wall with a central opening; b) solid infill
walls
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4.4 Loading pattern

The displacement-time history defined for the control point to be used in the quasi-static cyclic
testing of specimen SIF-O-1L-A is displayed in Figure 4.3. It is composed of twenty five different
displacement amplitudes, the first displacement increment being repeated for six times and the
others repeated two times so that it is possible to evaluate the stiffness and strength degradation
of the masonry infill at each imposed displacements. The displacement increment at each stage i
was defined as 1.4 times of the displacement at stage i-/, following the recommendations given
in FEMA461[119] for in-plane quasi-static cyclic loading.

Due to the development of plastic deformation in the specimens, the recovery of the total
displacement in the unloading branch at the control point was not possible. Therefore, the real
minimum displacement in the unloading process was not zero. The control software was able to
invert the cycles once the residual displacement is attained. Based on the force-displacement
diagram obtained for the first specimen, it was decided to define another displacement-time
history by considering lower number of small displacement amplitudes, which in principle are
associated to linear regime of the brick infill, see Figure 4.4
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Displacement in Control Point

0 10000 20000 30000 40000

Time (Sec)
Figure 4.3 Loading pattern applied for SIF-O-1L-A

90
80
70
60
£ 50
E a0
30
20
10

Displacement in Control Point

0 10000 20000 30000 40000 50000 60000
Time (Sec)

Figure 4.4 Loading protocol applied for specimens built by mason B
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4.5 Experimental results

The analysis of results obtained in the out-of-plane tests of masonry infill walls is carried out
based on: (1) load-displacement diagrams; (2) cracking pattern; (3) stiffness degradation curve;
(4) deformation characteristics; and (5) energy dissipation capacity.

4.5.1 Specimen SIF-O-1L-A

4.5.1.1 Load-displacement response

The force-displacement diagram obtained in the out-of-plane test of the brick infill built with
mason A (specimen SIF-O-1L-A) is shown in Figure 4.5. The displacement used in the graph is
measured in the control point (LVDT 5). It is clear that increasing the displacement in the control
point resulted in the increase of the out-of-plane force measured by the loadcells until the first
significant cracking in the infill at displacement of 5Smm corresponding to out-of-plane force of
28.6kN. This crack was formed horizontally in the mid part of the infill. After this point, further
displacement imposed to the masonry infill resulted in slight increase of the out-of-plane force.
In fact, the increase of 20mm at the central point of the wall after cracking results in the increase
in the out-of-plane force of about 6.3kN. In this case the specimen reached the peak force of
34.9kN at displacement of 25mm.

After the peak force is attained, the increase in the displacements is followed by a sudden drop in
the out-of-plane force. A decrease of about 33% in the peak force was observed at displacement
of 30mm. The specimen reached the out-of-plane force of 23.52kN at the second cycle of imposed
displacement of 30mm. Further increasing displacements led to the progressive reduction of the
out-of-plane resistance. Finally, the specimen was extremely damaged at displacement of 50mm
corresponding to the force of 19.4kN and the test was stopped to keep the instrumentation intact.

40
35
30
25

20

Force (kN)

15

10

0 5 10 15 20 25 30 35 40 45 50 55 60

Displacement at control point (mm)

Figure 4.5 Force-displacement response of SIF-O-1L-A

The monotonic envelope curve of the force-displacement diagram at the first and second cycles
of each step is shown in Figure 4.6.
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Figure 4.6 Monotonic curves of force-displacement diagram for 1st and 2nd cycles

It is observed that strength degradation of the specimen at two successive cycles is very low until
out-of-plane displacement of 25 mm at which the sliding of the top interface is recorded. After
this point, the strength degradation at the second cycle is significant and can be considered as a
result of the crack propagation, both in terms of number of cracks and their size. Strength
degradation of about 13% was observed at the peak out-of-plane resistance. At the displacement
of 30mm in which the infill was totally cracked, the strength degradation was about 27%.

4.5.1.2  Stiffness degradation curve

The stiffness degradation curve of the specimen is shown in Figure 4.7. The stiffness at each
displacement cycle is calculated as the secant stiffness by considering the inclination of the line
connecting the origin and the maximum lateral resistance measured in the first cycle of the
monotonic force-displacement diagram. It is clear that the reduction of the stiffness at early stages
of loading is very significant. The stiffness reduction was calculated as 69% when the out-of-
plane displacement in the control point was 10mm.
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Figure 4.7 Stiffness degradation curve of specimen SIF-O-1L-A

4.5.1.3 Cracking Pattern

As mentioned before, the cracking of the specimen initiated at the displacement of Smm
corresponding to the out-of-plane load of 28.6kN through the formation of a horizontal crack in
the center part of the infill, as it is shown in Figure 4.8a. The increase of the out-of-plane
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displacement at the control point resulted in the extension of the horizontal crack and in the
development of diagonal cracks towards the top and bottom corners, see Figure 4.8b to f. The first
cracking in the surrounding frame was observed at lateral displacement of 14mm corresponding
to the lateral force of 32.9kN through the development of diagonal cracks in the top right beam-
column connection. The cracking pattern in which the diagonal cracks were extended to all

corners is shown in Figure 4.8f that is compatible with the cracking pattern of two-way slabs
drawn via yield line theory. This confirms the formation of two-way arching mechanism and
consequently states that the interfaces between the brick infill and the rc frame remain intact. The
resisting mechanism is valid until the collapse or sliding of the infill-rc frame interfaces due to
high compressive or shear stresses.
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Figure 4.8 Cracking pattern mapping in the specimen SIF-O-1L-A at different out-of-plane displacements

At the second cycle corresponding to the out-of-plane displacement of 25mm, the upper infill-

frame interface slid in the out-of-plane direction and a horizontal cracking almost extended at
complete length of the interface, see Figure 4.8g. At this stage, vertical cracking was also observed

at mid span of the upper rc beam.

By sliding the upper infill-frame interface the resisting two-way arching mechanism with supports

on all sides changed to a predominant two-way arching mechanism with three supports, leading
to significant change in the crack pattern of the specimen, see Figure 4.8i. The cracking pattern

represented in Figure 4.81 is compatible with the cracking pattern of two-way slabs with three

supports and one free edge at top. Based on the deformation of the infill during the out-of-plane
loading, the upper interface between infill and frame could not be assumed as totally fixed or

totally free. Also, it should be mentioned that some of the cracks developed at the displacement
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of 30mm closed at displacement of 50mm and, thus, they were not represented in the cracking
pattern shown in Figure 4.8i. The final cracking of the specimen is also shown in Figure 4.9.

Figure 4.9 Final cracking pattern of the specimen SIF-O-1L-A

4.5.1.4 Deformation characteristic of the brick infill wall

The deformation of the brick infill recorded by all LVDTs placed on the specimen during the out-
of-plane loading is shown in Figure 4.10. It is clear that the displacement at the control point
located at the center point of the infill remains almost as the point with maximum deformation
during the loading procedure. The exception is observed in the last cycle corresponding to the
imposed displacement of S0mm, in which the total collapse of the upper infill-frame interface
occurred. In fact, the displacement recorded in LVDT L8, placed in the top region of the infill,
increased considerably once the cracking of the top interface initiated at imposed out-of-plane
displacement of 25mm.
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Figure 4.10 Deformation of the infill during out-of-plane loading

From the analysis of the central vertical profile of displacement along the height of the infill by

comparing the results of LVDTs L2, L5 and L3, it is observed that the upper and bottom parts of

the infill wall have the same deformations until the cracking of the upper interface at imposed

displacement of 25mm in the control point. This is also valid for central horizontal profile, where

the displacements recorded in the LVDTs L4 and L6 are very close until the displacement of

25mm, see Figure 4.11. This deformation pattern confirms the symmetric deformation of the brick
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infill during the development of the two-way arching mechanism. However, after cracking of the
upper interface, the two-way arching mechanism supported on all sides was replaced by the
predominant two-way arching mechanism with three supports and one free edge. At this stage,
the upper part of the infill wall bulged outside but the displacements at the left and right part of
the infill remained similar, confirming that no significant cracking at the vertical interfaces
developed.
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Figure 4.11 Comparison of the deformation of a) central vertical profile b) central horizontal profile

This conclusion is also supported by the evolution of the displacements measured at the infill-
frame interfaces (LVDTs L10, L11, L12 and L13), measuring possible sliding of interfaces, see
Figure 4.12. It is observed that the displacement recorded in LVDT L12 presents a sharp increase
at lateral displacement of 25 cm, corresponding to the onset of top interface sliding, according to
what was already observed in Figure 4.8g. In relation to the sliding of the vertical interfaces
(displacements measured by LVDTs L13 in the left and by LVDT L 11 in the right) and to the
sliding of the bottom interface (LVDT 10), it is seen that very low values were recorded.
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Figure 4.12 Sliding of the interfaces during out-of-plane loading

Figure 4.13 shows the graphic deformation of the infill wall subjected to out-of-plane loading as
contour lines. As mentioned before, the infill exhibited symmetric behavior before bulging of the
upper infill-frame interface. Up to the out-of-plane displacement of 25mm, practically no sliding
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of all interfaces was recorded. After cracking of the upper interface between infill and the rc
frame, the interface bulged outside and the upper part of the infill exhibited more deformation
than the lower part, see Figure 4.13c and d. It is also clear that up to cracking of the upper
interface, the area with maximum deformation was located at the center part of the infill but after
cracking of the interface it moved slightly upward towards upper interface.

a) Displacement of 2mm b) Displacement of 20mm

HQ-05 m05-1 m1-15 1.5-2 HO-4 H4-8 H812 W12-16 W1620

¢) Displacement of 29mm d) Displacement of 50mm

g

mO0-5 m5-10 m10-15 15-20 m20-25 m25-30 H0-10 ®10-20 W20-30 ™30-40 W40-50

Figure 4.13 Deformation of the infill at different out-of-plane displacements

The residual plastic deformation of the infill in the unloading process is shown in Figure 4.14. Its
trend of variation may be approximated by a polynomial function of second order, see Figure 4.15.
It is seen that until displacement of 25mm, low values of plastic deformation were observed,
which is associated to the successive opening-closing of the initial cracks in the loading and
unloading procedure and to the slow propagation of additional cracks.
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Figure 4.14 Plastic deformations in specimen SIF-O-1L-A at two successive cycles
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This means that a great percentage of the out-of-plane deformation was recovered before cracking
of the upper interface. After the lateral displacement of 25mm and cracking of the upper interface,
the upper interface started to move outwards, resulted in significant increasing of plastic
deformations.
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Figure 4.15 Plastic deformation of SIF-O-1L-A at two successive cycles; a) first cycle b) second cycle

4.5.1.5 Energy dissipation capacity

The energy dissipation of the specimen during out-of-plane loading at each cycle is shown in
Figure 4.16. It is calculated as the area of the hysteretic loop between the loading and unloading
path in the force-displacement diagram. It is clear that applying larger displacements increases
the energy dissipation of the specimen. This is related to the progressive cracking of the infill
during out-of-plane loading. Significant increase in the energy dissipation of the infill was
observed at out-of-plane displacement of 25mm which is related to the cracking of upper
interface. Dissipation of energy at displacement of 25mm was calculated to be 3.5 times of
dissipation of energy at displacement of 20mm.
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Figure 4.16 Dissipation of energy at each cycle during out-of-plane loading for specimen SIF-O-1L-A
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The cumulative energy dissipation of the specimen at each displacement level is calculated as the
sum of the dissipated energies enclosed in all hysteresis loops until that displacement level, see
Figure 4.17. As expected, the cumulative energy dissipation was increased by applying larger
displacements to the control point. The total amount of the energy dissipated was about
1600kN.mm at displacement of 50mm in the control point.
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Figure 4.17 Cumulative dissipation of energy for specimen SIF-O-1L-A

4.5.2 Specimen SIF-O-1L-B

4.5.2.1 Load-displacement response

The force-displacement diagram obtained for the out-of-plane response of the specimen SIF-O-
1L-B is shown in Figure 4.18. It is observed that the crack initiation occurred at displacement of
3.76 mm by development of a horizontal crack at mortar joints in the central region of the wall.
A significant decrease of the initial slope of the force-displacement diagram could be observed
after displacement of 5.27mm, corresponding to the out-of-plane force of 30.9kN. This is more
related to the initiation of the diagonal cracking at this stage.
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Figure 4.18 Force-displacement response of the SIF-O-1L-B
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By imposing higher displacements, the out-of-plane force increased slowly until it reached the
value of 39.7kN at displacement of 24.21mm. After the peak load, by increasing the displacement
at control point, slow reduction of the lateral resistance was observed, resulting in a much
extended softening branch until lateral displacement of 80 mm, corresponding to the residual
strength of 22.4kN, calculated as 56% of the peak load. Because the specimen was collapsed at
the first cycle of the displacement of 80mm, the second cycle was not performed.

The monotonic envelopes of the force-displacement diagrams for the first and second cycles are
shown in Figure 4.19. It is observed that the strength degradation is not significant and initiates
after diagonal cracking. The maximum strength degradation was calculated as 10% at the lateral
displacement of 60.5mm.
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Figure 4.19 Monotonic force-displacement envelops at two successive cycles

4.5.2.2 Stiffness degradation curve

The secant stiffness of the specimen during the out-of-plane loading is calculated according to
what was mentioned before and shown in Figure 4.20. It is clear that the stiffness degradation
curve presents a logarithmic decreasing trend. This means that the stiffness of the specimen
degraded rapidly at early stages of loading. The secant stiffness degraded about 55% until out-of-
plane displacement of 5.3mm.
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Figure 4.20 Stiffness degradation curve of specimen SIF-O-1L-B
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4.5.2.3 Cracking Pattern

The cracking patterns of the specimen for different levels of imposed out-of-plane displacements
are shown in Figure 4.21. As already mentioned, the first significant cracking of the specimen
was observed at displacement of 3.76 mm, corresponding to the out-of-plane force of 26.8kN by
formation of some horizontal cracks in the mid part of the infill, see Figure 4.21a. By increasing
the out-of-plane displacement, diagonal cracks developed at the mid part of the infill extending
towards the corners, according to the patterns shown in Figure 4.21b-d. At the imposed
displacement of 16.14 mm, corresponding to out-of-plane force of 37.7kN, some diagonal cracks
developed in the rc frame at the upper beam-column connections. By applying higher out-of-plane
displacements, the cracking propagated in the infill and new vertical cracks appeared at mid span
of the top beam at the displacement of 20.18mm corresponding to the force of 39.2kN, see
Figure 4.21e-f. The out-of-plane visible movement of the upper infill-frame interface was seen at
lateral displacement of 16.14 mm resulting in a horizontal crack along the interface. Imposing
further displacement resulted in a sharp increase of the out-of-plane movement of the upper
interface and consequently in the formation of vertical cracks connecting the horizontal crack in
the center part of the infill to the horizontal interface cracks, see Figure 4.21h.
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Figure 4.21 Crack propagation of SIF-O-1L-B
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It is observed that by applying higher displacements some of the cracks got closed, which is
related to the cyclic nature of the loading. This behavior was visible at lateral displacement of
50.21 mm, in which some of the old cracks got closed and some new cracks were formed, see
Figure 4.21k. The final cracking pattern of the specimen is shown in Figure 4.211, where it is seen
that all interfaces between infill and the rc frame were cracked.

By analyzing the crack pattern it appears that two way arching mechanism formed in the specimen
controls the resisting mechanism of the masonry infill under out-of-plane loading. In spite of
sliding of the upper interface and crack formation at the top of the infill-beam interface, it appears
that the out-of-plane resisting mechanism is governed predominantly by two-way arching
mechanism supported on all sides, which is also compatible with the cracking patterns developed.

4.5.2.4 Deformation of the Infill

The evolution of the displacements measured in the different LVDTs placed on the masonry infill
during the out-of-plane loading is shown in Figure 4.22. By comparing the displacements it is
clear that the displacement at central part of the infill (L5) has the highest value, even after
cracking the upper interface and its bulging in the out-of-plane direction. Analyzing the
deformations of the upper and bottom part of the infill by comparing the results of LVDT L8 and
LVDT L2 in Figure 4.23a reveals that until the horizontal cracking of the upper interface at
displacement of 16.14mm, the upper and bottom part of the infill have similar deformations with
negligible differences. However, after cracking of the upper interface, the upper part of the infill
deforms more than the bottom part. It is also clear that the right side of the infill has similar
deformation as the left side during all steps of the out-of-plane loading, meaning that the cracking
at the vertical interfaces is not significant, see Figure 4.23b.
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Figure 4.22 Deformation of the infill during out-of-plane loading

Figure 4.24 shows the deformation of the infill as contour levels at different levels of imposed
out-of-plane displacements. As explained before, it is evident that the infill behaves
symmetrically during the out-of-plane loading until its failure at displacement of 80mm. At the
first levels of loading, a two-way resisting arching mechanism develops and keeps working even
after the upper interface cracks and bulges outside. It should be stressed that, in spite of cracking
of the upper infill-frame interface, its out-of-plane movement recorded by LVDT LI12 is
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considerably lower than that LVDT in specimen built by mason A, where the total collapse of the

interface occurred.
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Figure 4.23 Comparison of the deformation of a) central vertical profile b) central horizontal profile
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Figure 4.24 Deformation of the infill at different out-of-plane displacements.

In effect, according to the values of the displacements measured at the interfaces shown in
Figure 4.25, it is seen that very low values were recorded, even if the upper interface moved in
the out-of-plane direction. This resulted in a considerable symmetry of the infill deformation and
in the predominant two-way resisting mechanism until the imposed lateral displacement of 80mm.
This result reveals the influence of the construction quality on the out-of-plane behavior of infills,
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particularly with regard to the filling of the upper interface with mortar, which can change the
resisting mechanism to out-of-plane loading.

Displacement in LVDTs (mm)

Displacement at control point (mm)

Figure 4.25 Sliding of the infill-rc frame interfaces during out-of-plane loading

The plastic deformations of the masonry infill in the first and second cycles of each step are shown
in Figure 4.26. It is observed that at early stages of deformation, the plastic deformations are
practically zero, corresponding to the initial elastic behavior of the masonry infill. The plastic
deformation increases by increasing imposed displacement, particularly after the displacement of
7.38mm, corresponding to the out-of-plane force of 34.1kN. This behavior results naturally from
the progress of damage associated to the cracking of the masonry infill. It is also seen that the
plastic deformations follow similar trend of the plastic deformations observed in the masonry
infill built by mason A. Thus, according to Figure 4.27, the plastic deformations can be described
through a polynomial function of second order, having a statistical correlation coefficient of
’=0.999.
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Figure 4.26 Plastic deformation in the masonry infill at 1st and 2nd cycles of each step

4.5.2.5 Energy dissipation capacity

The dissipation of energy at each out-of-plane displacement involved in the cracking of the
masonry specimen is presented in Figure 4.28. The cumulative energy dissipation during the out-
of-plane test, calculated as the sum of the energy dissipated at each cycle is shown in Figure 4.29.
It is clear that higher imposed displacements lead to higher dissipation of energy. By comparing
this result with the result of specimen SIF-O-1L-A it is observed that total dissipation of energy
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of specimen SIF-O-1L-B is more than two times of the total dissipation of energy of specimen
SIF-O-1L-A at the end of the test when the infill was totally damaged.
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Figure 4.27 Plastic deformation of SIF-O-1L-B at two successive cycles; a) first cycle b) second cycle
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Figure 4.28 Dissipation of energy at each cycle for specimen SIF-O-1L-B
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Figure 4.29 Cumulative dissipation of energy until each cycle for specimen SIF-O-1L-B
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4.5.3 Specimen PIF-O-1L-B

4.53.1 Load-displacement response

The force-displacement diagram of the specimen with a central opening, recorded in the control
point is shown in Figure 4.30. It is observed that the first cracking initiated at displacement of
3.76mm corresponding to the out-of-plane force of 26.6kN. It is stressed that the masonry infill
exhibited a nonlinear behavior since very early stages of loading, even before crack initiation was
recorded. The peak load of 39kN was achieved at displacement of 12.91mm recorded in the
control point. After this stage, the increase of the displacement in control point resulted in small
and progressive decreasing of the out-of-plane resistance. The specimen was collapsed at
displacement of 24.46mm, corresponding to the out-of-plane force of 31.1kN. The collapse
occurred due to the out-of-plane failure of the masonry pier in the right side of the central opening.
The right part of the infill experienced more severe damage when compared to other parts in the
infill. In spite of the adequate initial adjustment of the airbag, it is possible that the progress of
damage led to the uneven distribution of airbag loading and thus to the unsymmetrical
deformation of the infill.
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Figure 4.30 Force-displacement diagram of PIF-O-1L-B

The monotonic force-displacement envelopes for each successive cycles are shown in
Figure 4.31. It is observed that the strength degradation in the specimen starts with the
development of higher density of cracks, similar to what was recorded in the previous specimens.
The maximum strength degradation of 12% was recorded at lateral displacement of 12.91mm
corresponding to the peak load of 39kN.
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Figure 4.31 Monotonic force-displacement diagram for successive cycles
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The force-displacement diagram of this specimen is compared with reference specimen (SIF-O-
1L-B) in two different points: the control point of PIF-O-1L-B (L9) and the point where the
specimen PIF-O-1L-B exhibited maximum deformation (L6), see Figure 4.32. It seems that
presence of the central opening with small size resulted in significant decrease of the deformation
capacity when compared with the reference specimen. Nevertheless, no significant change of the
lateral strength was recorded.
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Figure 4.32 Force-displacement diagram of specimens PIF-O-1L-B versus SIF-O-1L-B at two
different point; a) control point b) point with maximum deformation

4.5.3.2 Stiffness degradation curve

The variation of the stiffness during the out-of-plane loading is shown in Figure 4.33. It is clear
that the secant stiffness of the masonry infill with central opening exhibits the same decreasing
trend (logarithmic decrease). This means that the stiffness degradation rate at lower displacement
is higher. The stiffness of the specimen at the lateral displacement of 10mm reached 23% of the

initial value meaning that high amount (77%) of the initial stiffness degraded until displacement
of 10mm.
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Figure 4.33 Stiffness degradation curve of specimen PIF-O-1L-B
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4.5.3.3  Cracking pattern

The cracking pattern recorded in the masonry infill with a central window opening is shown in
Figure 4.34. The first cracking initiated at a displacement of 3.76mm corresponding to out-of-
plane force of 26.6kN by developing diagonal cracks at upper corners of the opening, see
Figure 4.34a-b. By increasing the imposed out-of-plane displacement, the cracks extended
towards the top corners of the infill as diagonal cracks along the mortar joints of the masonry, see
Figure 4.34c-d, and reached the corners of the masonry infill at the out-of-plane displacement of
10.33mm. Additionally, at this stage the upper interface started to crack at its mid length and the
first cracking in the rc frame was developed in the connection point of the upper beam and
columns. The lintel at the top of the opening was totally separated from the brick layer due to the
development of a horizontal crack at the lateral displacement of 12.91mm corresponding to
maximum out-of-plane force of 39kN, see Figure 4.34e. Applying further displacements resulted
in the development of new diagonal cracks at the bottom corners of the window opening towards
the bottom corners of the masonry infill, according to what was observed in Figure 4.34f-i.
Finally, the collapse of the masonry infill occurred due to the failure of the right part of the infill
as shown in Figure 4.35. This is possible due to the high cracking density observed in the pier at
the right part of the window opening which leads to non-uniform distribution of pressure inside
airbag, resulting in premature collapse of the infill.

a) Displacement of 3.76 mm b) Displacement of 5.27 mm ¢) Displacement of 7.38 mm
I N [T T T T T T T T 111 LT T T T T T T T TTT
T T T T T T T T T TTTT [T T T T T T T T T T 11 LI T T T T T T T T 11
I T Y A I A A [T T T T T T TTT ITT
T T T T T T T T TT7 T T 11 CT L | |
LTI T 11 [T T¥ PT 11 Ty 1
[T T 1 [T T1 | I - LT 1T 1 L T T T LI TT
[T T [T 11 TTTT T TTT [T T T
[T 11 [T T1 T T 11 TTT1 T 1 T 1
TT [T TT [T 11 LT 11 L L1 L L I1
1 I T N I I I I O R B I T T T T T T T 1T [ T 11 I I I I T O
I T T T T T T T T T T 1T [ T T T T T T TTTTT1 I I I I |
[T T T T T T T T T T [T T T T T T T T TTT1 I I
I T T T T T T TTTTT [ T T T T T T T T T T [ T I T I TTIILTI]

C 1 C 1 N

d) Displacement of 10.33 mm e) Displacement of 12.91 mm f) Displacement of 16.14 mm
s
| I I O | LT Irrrrrrr 111 LT T rrrrrr=—=1J1
T T T T T T T T T T T e S I O o i O O B B s |
LT T T T T TT T IT M 1 o ) S o
[ I | | I pl T TLL | il [ e | | el B
[ 1 o il T 1 T 1
FTT 11 LT 1 LT 1 L T 1T [ T 1
[T 11 [T T1 T T 1 [ T 11 [T
T TT1 T T 11 T T1 T 1 T 1
T T T [T T1 B [T T
T T T I T T T T T T 1T [T T T T T 1T T 1T T T T T T X T T 1T 1T T 1T LT
[T TT T T T T T T T TT L T T T T T T T T T TT LY T T T T T T T T IT
T T T T T T T T TTTTT [ T T T T T T T T T T 1T I A I I I I e N
1 [ T L T T T TTITTITTTITI | [ T T T T T T T T T T T | I T T T I T I TT I L
| |
, ] - i |
g) Displacement of 20.18 mm h) Displacement of 24.21 mm i) Displacement of 24.5mm (collapse)
\I‘LIIIIIIIIJ'II‘ \|‘|_||]||||||:|'J'|, |I‘_|_'|J||||Hl|]|'i_|TI|"I
| N N o | | I I N I I ol [ I N e B i |
. I I|H| ||||I IIII IIII
[T1 [T [ T1 [T [T 1 [ T1
T TTT [ T 1 L T T 1 [ T T I T 11 I T 1
T T 1 [T 1 [T LT [ 11 [T1
TP T I T T T T 5 B e IIIIJ'IIHIIII‘LIIII
I T T T T T T T T L1 Y T T T T T T T T LT T T T T T T T T TT
[T T T T T T T T T T 11 S A B A I
N S s A I T T T T T TTTT1T17 ol |

L 1 L 1L ]

Figure 4.347Crack propagation observed in spec;i;nen PIF-O-1L-B
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Figure 4.35 Out-of-plane failure of the right part of the masonry infill
4.5.3.4 Deformation of the Infill

The deformation of the masonry infill at different points during the out-of-plane loading is shown
in Figure 4.36 and Figure 4.37. It seems that until the onset of the main diagonal cracks in the
infill and sliding of its top interface at displacement of 10.33mm, the deformation pattern was
practically symmetric; meaning that the right part of opening deforms similarly to the left part
and its upper part deforms similarly to the lower part. After this point, the right part of the infill
deforms more than the left part and collapses at out-of-plane displacement of 24.5mm.
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Figure 4.37 Deformation of the infill at different points with respect to the control point
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The deformation of the infill is also shown as contour levels in Figure 4.38. This deformation

pattern confirms that symmetric deformation of the infill is achieved until out-of-plane
displacement of 12.91mm. After this point, the right part of the opening deformed more than the
left part, which is also reflected in Figure 4.38d. This should be attributed to the concentration of
more damage in the right part and consequently to the uneven pressure distribution in the airbag.
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Figure 4.38 Deformation of the infill for different out-of-plane displacements

The plastic deformation of the masonry infill with the central opening at two successive cycles is
shown in Figure 4.39 and Figure 4.40. It is observed that significant increase in the out-of-plane
plastic deformation can be seen after the lateral displacement of 10.33mm in which significant

diagonal cracking and upper interface cracking were observed. Before this displacement, the
plastic deformation was negligible. It can be also concluded that the plastic deformation of the
specimen at each cycle could be approximated with a polynomial function of second order,
similarly to the previous specimens related to solid masonry infills.
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Figure 4.39 Plastic deformation of PIF-O-1L-B at two successive cycles
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Figure 4.40 Plastic deformation of masonry infil PIF-O-1L-B at two successive cycles; a) first cycle b)
second cycle

4.53.5 Energy dissipation capacity

The energy dissipation at each cycle and the cumulative energy dissipation in the specimen are
shown in Figure 4.41. It is clear that the amount of energy dissipated increases as the lateral
imposed displacement increases. This is related to the increasing and progressive damage
observed in the specimen. It is also observed that the total amount of energy dissipated in this
specimen until displacement of 24.21mm is 1.28 times of the energy dissipated in the specimen
SIF-O-1L-B until displacement of 24.21mm.
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Figure 4.41 a) Energy dissipation at each cycle b) cumulative energy dissipation until each cycle
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4.5.4 Specimen SIF-10(0.3%)-2L(NC)-B

4.5.4.1 Load-displacement response

As mentioned before, three specimens were damaged previously in the in-plane direction to
evaluate the influence of prior in-plane damage on the out-of-plane response of the masonry
infills. The specimen SIF-10(0.3%)-2L(NC)-B was subjected to an in-plane lateral drift of 0.3%.
The out-of-plane tests were carried out in the same conditions considered for undamaged masonry
infills. The force-displacement diagram obtained for the out-of-plane test of the masonry infill
subjected to a prior in-plane lateral drift of 0.3% is shown in Figure 4.42. The crack initiation,
resulting from the application of the out-of-plane loading of the masonry infill, was visually
detected at displacement of 1.37mm, corresponding to the out-of-plane force of 8kN. This crack
is considered to be a crack that was formed previously in the in-plane direction and re-opened due
to the out-of-plane loading. The out-of-plane resistance of the masonry infill of 34kN was attained
at displacement of 29.05mm. After the peak load, increasing the out-of-plane displacements
resulted in a very smooth reduction of the lateral resistance until achieving the value of 28.6kN
at displacement of 56mm at which the specimen collapsed.
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Figure 4.42 Force-displacement diagram obtained for specimen SIF-10(0.3%)-2L(NC)-B

The monotonic force-displacement envelopes defined at each successive cycles are shown in
Figure 4.43. Similarly to the other specimens, the strength degradation at the second cycle for a
given displacement is not significant. The maximum strength degradation was observed at the
peak load, similar to what was also recorded in the other specimens.
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Figure 4.43 Monotonic force-displacement envelop at two successive cycles
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4.54.2 Stiffness degradation curve

The stiffness degradation curve obtained for this specimen is shown in Figure 4.44. It is clear that
lower amount of stiffness was attained at the initiation of the test with respect to the undamaged
specimen of SIF-O-1L-B. This is related to the presence of prior in-plane damage in the specimen.
The trend of variation of the stiffness during the out-of-plane loading is similar to the trend found
in the undamaged specimens, following a logarithmic reduction as the out-of-plane displacement
increases. This means that the stiffness of the specimen is degraded rapidly in the range of low
displacements. For instance, 65% of the initial stiffness was degraded until the displacement of
10.33mm.
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Figure 4.44 Stiffness degradation curve for specimen SIF-10(0.3%)-2L(NC)-B

4.5.4.3 Crack patterns

The crack pattern corresponding to different levels of out-of-plane loading is shown in
Figure 4.45. The prior in-plane damage is highlighted by red lines (Figure 4.45a) to distinguish
between the previously opened cracks due to the in-plane loading and newly opened cracks during
out-of-plane loading. As already mentioned, the first diagonal cracks opened at the displacement
of 1.37mm, resulting from re-opening of the cracks that were formed in the previous in-plane
loading, see Figure 4.45b. This behavior was also observed at the lateral displacement of 3.76mm,
see Figure 4.45¢c. At displacement of 7.38mm, new diagonal cracks were formed in the specimen,
apart from the existing ones developed due to prior in-plane damage.

Although the specimen was previously damaged in the in-plane direction, it seems that two-way
arching mechanism was formed to resist the out-of-plane loading. The diagonal cracking initiated
from the central part of the wall extending towards the corners of the masonry infill reveals the
predominant resisting arching mechanism in both vertical and horizontal directions. The main
issue is that at early stages of loading, the cracking pattern followed the previous cracks formed
in the in-plane direction but by increasing the out-of-plane displacements new cracks developed,
forming an X-shaped cracking patterns, see Figure 4.45d.

The first sliding recorded at the interfaces was observed at the left interface by formation of
vertical crack in the mortar joint at displacement of 10.33mm, see Figure 4.45¢. Horizontal crack
in the upper interface was observed at displacement of 20.18mm, which were due to the sliding
of the upper interface between infill and rc frame, see Figure 4.45f.
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It is observed that by applying increasing out-of-plane displacements, some of the cracks that

were formed in the in-plane direction were closed and new cracks were opened due to the

formation of two-way arching mechanism, see Figure 4.45g-1. After displacement of 29.05mm, it
is considered that the X-shaped cracking pattern stabilized in the masonry infill and new

progressive movement at the top interface was recorded, see Figure 4.45j-k. The final cracking

pattern observed at the collapse of the specimen at lateral displacement of 68mm is shown in
Figure 4.451 and Figure 4.46. It should be mentioned that the cracking pattern of the specimen at
low levels of loading is affected by the prior in-plane damage, but at higher levels of loading its
influence is reduced. Inclusively, the cracking observed at the vertical right interface almost did
not evolved in the out-of-plane loading.
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Figure 4.45 Crack propagation of SIF-10(0.3%)-2L(NC)-B
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Figure 4.46 Final cracking pattern of the specimen

4.5.4.4 Deformation of the infill

The deformation of the infill at different points with respect to the control point is shown in
Figure 4.47. It is observed that center point of the infill, which is assumed as control point, has
the highest deformation during the out-of-plane loading. The exception refers to the displacement
of 56mm in which the specimen collapsed and the displacement recorded at the upper part of the
infill exceeded the displacement at the control point.
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Figure 4.47 Deformation of different points in the infill with respect to the control point

The deformation of the infill along the central vertical (L2, LS and L8) and central horizontal
profiles (L4, L5 and L6) recorded by various LVDTs enables us to compare the deformation of
the infill in the central profiles in relation to the control point, see Figure 4.48. It is observed that
during the out-of-plane testing the upper part of infill exhibited higher deformation than the
bottom part, which should be associated to the some movement observed in the upper interface
between the masonry infill and the rc frame. On the other hand, it is seen that the infill presented
an almost symmetric deformation in the horizontal direction, given that the deformation recorded
by LVDTs L4 and L6 are practically coincident, Figure 4.48b. This result indicates that the
displacements at the vertical interfaces are negligible.
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Figure 4.48 comparison between the deformation of a) upper and bottom part of infill b) right and left
part of infill

This assumption is confirmed through the evolution of the displacements measured at infill-rc
frame interfaces, see Figure 4.49. It is clear that the left interface started to slide earlier than the
others, which was also detected visually, according to what was already discussed in the cracking
patterns. However, the trend is decreasing at higher displacements, stabilizing at 2mm and
increasing for later stages of loading until approximately 4mm in the collapse of specimen. It is
stressed that the measured values are very low, which justifies their negligible influence on the
cracking pattern of the infill. On the other hand, by increasing the out-of-plane imposed
displacements, the upper interface slid towards out-of-plane direction and a horizontal crack
appeared in the upper interface. In this case, the cracking developed along the entire upper
interface. The results confirm that almost no sliding occurred in the bottom and right interfaces.
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70
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Figure 4.49 Deformation of the interfaces during out-of-plane loading

In a more integrated way, the out-of-plane deformation of the masonry infill during the out-of-

plane loading is shown in Figure 4.50 as contour lines. It is observed that the infill deforms almost

symmetrically during the out-of-plane loading even if there are some differences in the

deformations of the upper and bottom part of the infill. The formation of two-way arching

mechanism in this specimen could be confirmed by deformation scheme of the infill during out-

of-plane loading as shown in Figure 4.50. Also the crack pattern developed in the specimen
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reveals its compatibility with the crack pattern of two-way slabs drawn via yield line theory. This
mechanism is important in the resistance to out-of-plane loadings and it seems that it develops
even after presence of prior in-plane damage.

a) Displacement of 1.37mm b) Displacement of 10.33mm

r m0-05 m05-1 m1-15 T r HO0-3 m3-6 W69 m9-12 T

c) Displacement of 24.21mm d) Displacement of 56mm

r mO0-5 m5-10 m10-15 15-20 m20-25 T rl 0-10 m10-20 m20-30 30-40 m40-50 m SO-BOT

Figure 4.50 Deformation of the infill at different out-of-plane displacements

The plastic deformation of the infill at each cycle for a given out-of-plane induced displacement
is shown in Figure 4.51.
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Figure 4.51 Plastic deformation of the infill at two successive cycles

It is observed that the plastic deformation increases by increasing the applied out-of-plane
displacement, due to the propagation of cracks. It is also clear that the plastic deformation
obtained for the second cycle of each pre-defined out-of-plane displacement is higher than that of
the first cycle and the difference between them increases at higher displacements. This is
attributed to the stiffness degradation of the masonry infill and to the propagation of damage
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between the cycles. Similar to the previous specimens, the plastic deformation at each cycle could
be approximated with a polynomial function of second order, see Figure 4.52.
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Figure 4.52 Plastic deformation of SIF-10(0.3%)-2L(NC)-B at two successive cycles; a) first cycle b)
second cycle

4.5.4.5 Energy dissipation capacity

The dissipation of energy in the specimen at each cycle and the cumulative energy dissipation
until each cycle during the out-of-plane loading is shown in Figure 4.53. It is clear that the trend
of variation of the energy dissipation of the specimen is increasing, meaning that higher energy
dissipation values are obtained at higher out-of-plane displacements, see Figure 4.53a. This is
related to the accumulation of damage as the out-of-plane displacement increases. The total
amount of dissipation of energy at displacement of S0mm in this specimen seems to be less than
the one obtained in the undamaged infill wall at the same displacement. The total energy
dissipated in this specimen until 50mm is about 85% of the energy dissipated in specimen SIF-
O-1L-B. This should be related to the cracks developed in the prior in-plane test that served as
crack path at early stages of out-of-plane loading.
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Figure 4.53 a) Energy dissipation capacity of the specimen at each cycle) b) Total energy dissipation
until each cycle
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4.5.5 Specimen SIF-I0(0.5%)-2L(NC)-B

4.5.5.1 Load-displacement response

The out-of-plane force-displacement diagram of the specimen subjected to previous in-plane
damage, corresponding to 0.5% lateral drift, is shown in Figure 4.54. Due to the presence of prior
in-plane damage in the specimen, the damage caused by out-of-plane loading progressed at early
stages of loading. During the early out-of-plane deformation, previous in-plane cracks opened
again, being the onset of re-opening of existing cracks at the out-of-plane displacement of
1.92mm, corresponding to the force of 5.4kN. This is accompanied by a very early change of
stiffness at very low values of out-of-plane displacement. Significant decreasing of the slope of
the force-displacement diagram was recorded at the out-of-plane displacement of 12.91mm,
corresponding to the force of 18.6kN. The maximum out-of-plane force of 26.4kN was observed
at displacement of 50.21mm. At displacement of 56.9mm corresponding to out-of-plane force of
25.1kN the masonry infill collapsed suddenly and the displacement in the control point increased
to 76.5mm immediately.
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Figure 4.54 Force-displacement response of SIF-10(0.5%)-2L(NC)-B

The strength degradation obtained for two successive cycles is shown in Figure 4.55. Similar to
the previous specimens, strength degradation starts after significant opening of existing cracks
and increases due to their propagation in the infill. However, it should be stressed that no
significant strength degradation was observed, being the maximum value of 6% recorded for the
peak load.
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Figure 4.55 Monotonic force-displacement envelops for two successive cycles
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4.5.5.2 Stiffness degradation curve

The trend of variation of the secant stiffness of the specimen during the out-of-plane loading is
shown in Figure 4.56. Similar to the previous masonry infills, this specimen exhibits a logarithmic
trend of reduction on the secant stiffness as the out-of-plane displacement increases. It is evident
that the highest amount of the initial stiffness is degraded at lower displacements. For instance,
55% of stiffness degradation occurred until out-of-plane displacement of 10.33mm.

4
3.5
3
22 = SIF-10(0.5%)-2L(NC)-B
2

1.5

Stiffness (kN/mm)

1

0.5

0
0 10 20 30 40 50 60 70
Displacement at control point (mm)

Figure 4.56 Stiffness degradation curve for specimen SIF-10(0.5%)-2L(NC)-B

4.5.5.3  Crack patterns

The propagation of cracks in the specimen during out-of-plane loading is shown in Figure 4.57.
The cracks that were formed due to prior in-plane loading are drawn in red lines. It is clear that
the cracks that previously opened in the central region of the infill during the prior in-plane
loading were re-opened at out-of-plane induced displacement of 1.92mm, corresponding to the
force of 5.4kN, see Figure 4.57b. The cracking pattern contains the horizontal crack in the mid
part of the infill along with some diagonal cracks connected to it. By applying higher
displacements, it was seen that other horizontal and vertical cracks that were formed due to the
prior in-plane damage, re-opened in the out-of-plane loading of the specimen, see Figure 4.57c-
d. The cracking of the upper interface happened at displacement of 7.38mm corresponding to the
out-of-plane force of 12.8kN, see Figure 4.57d. For this displacement level, the upper interface
started to crack, and horizontal crack along the interface was appeared. It seems that prior in-
plane damage of the specimen accelerated the cracking of the upper interface.

Increasing the out-of-plane displacements in the control point resulted in flexural cracking of the
upper rc beam at its mid span at displacement of 20.18mm corresponding to the out-of-plane force
of 21kN, see Figure 4.57g. After this displacement, some of the cracks that were formed
previously were closed, namely diagonal cracks connecting the central horizontal crack to the
upper right corner of the masonry infill. Additionally, some new cracks were formed and the final
cracking pattern at the out-of-plane displacement of 56.9mm in which the specimen was collapsed
is shown in Figure 4.571. It should be stressed that the cracking patterns observed in the out-of-
plane loading are mostly influenced by the in-plane cracking that previously were developed due
to the prior in-plane lateral drift of 0.5%. Only for higher levels of out-of-plane displacement new
cracks developed. In addition, it should be mentioned that the higher density of cracks that is
found to characterize the out-of-plane cracking of the specimen at the final stage, is directly

120



Strategies for seismic strengthening of masonry infilled rc frames

related to its prior cracking. It is clear that applying higher amount of prior in-plane drift can
influence the final cracking pattern of the specimen in out-of-plane direction. In this case its
resisting mechanism (two-way arching mechanism supported on three sides and one free edge) is
similar to the specimen that constructed with mason B.
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Figure 4.57 Crack propagation of SIF-10(0.5%)-2L(NC)-B

4.5.5.4 Deformation of the infill

The deformation of the infill at different points is shown in Figure 4.58. It is observed that the
center point of the infill, which is assumed as control point, presented the highest deformation
during the out-of-plane loading except in the final cycle of the loading in which the LVDT L8
placed at near the top interface presented the maximum displacement.

The displacements measured along the central vertical profile (LVDTs L2, L5 and L8) and along

the central horizontal profile (LVDTs L4, L5 and L6) are presented separately in Figure 4.59. It

is observed that the LVDT L8 presented almost similar displacements with the central LVDT L5

from early stages of deformations. This indicates that the failure of the upper infill-rc frame

interface and consequently its out-of-plane movement occurred since the beginning of the out-of-
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plane test. This is certainly related to the prior in-plane damage induced in the infill and mainly
to the cracking of the upper interface associated to prior in-plane loading. It is also observed that
the LVDTs L4 and L6 presented the same deformations and their values are clearly lower than
the values recorded in the central LVDT LS, see Figure 4.59b, which demonstrates the symmetric
deformation of the masonry infill along the horizontal profile.
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Figure 4.58 Deformation of infill at different points
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Figure 4.59 Comparison of the deformation of a) central vertical profile b) central horizontal profile

The displacement recorded at each interface between infill and the surrounding frame during out-
of-plane loading is shown in Figure 4.60. These records confirm that the sliding of the upper
interface occurs from early stages of loading, increases sharply after the out-of-plane
displacement of 16.14mm and reaches its maximum value when the peak force is achieved. It is

also seen that the other interfaces present very low deformations meaning that no sliding occurs
along them.

In an integrated manner, the deformation of the infill during the out-of-plane loading is shown in
Figure 4.61 as contour areas corresponding to different ranges of displacements. It is clear that

from first levels of loading the upper part of the infill moves similar to the center part, highlighting
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the formation of two-way arching mechanism supported by three fixed supports and one semi-
rigid support (upper interface). This is particularly clear from the deformation of the infill at
higher displacements, see Figure 4.61c and d.
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Figure 4.60 Displacement of each interface between infill and RC frame during out-of-plane loading
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Figure 4.61 Deformation of the infill at different out-of-plane displacements

The plastic or residual deformation of the infill is shown in Figure 4.62. It is concluded that by
imposing the same pre-defined level of displacement to the specimen, plastic deformation
increases in its second cycle, even if it is not significant. This should be related to the slight
propagation of cracks in the second cycles. It is also evident that, similar to the previous
specimens, the plastic deformation of this specimen at each cycle can be approximated by a
polynomial function of second order, see Figure 4.63.
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Figure 4.62 Plastic deformation of the specimen at each successive cycles

a) b)
40 40
y = 0.0046x% + 0.133x - 0.2933 °

35 R2=0.9959 ; 35
%‘30 € 30
%25 \:E:' 25 y = 0.0028x?+ 0.2616x - 0.5753
o o R?=0.99
£20 £ 20
2 ) O
[ K ) 9] K
o15 o 15 ...O
E: o 2 9
a 10 . a 10 Q

'S o
e o
5 s - 5 .
R @ First cycle 0 O Second cycle
0 ”. 0 @9@
0 20 40 60 80 100 0 20 40 60 80 100
Displacement at control point (mm) Displacement at control point (mm)

Figure 4.63 Plastic deformation of SIF-1I0(0.5%)-2L(NC)-B at two successive cycles; a) first cycle b)
second cycle

4.5.5.5 Energy dissipation capacity

The dissipation of energy at each cycle and the cumulative energy dissipated until each cycle
during the out-of-plane loading is shown in Figure 4.64. Higher amount of dissipation of energy
is obtained at higher displacements, which is related to the higher density of cracks at higher
imposed displacements. It is also clear that the total dissipation of energy in this specimen is
relatively lower than the one obtained for the specimen with prior in-plane damage corresponding
to the lateral drift of 0.3%. Until the displacement of 50mm the total energy dissipated in the
specimen is 68% of the specimen with less in-plane damage (SIF-10(0.3%)-2L(NC)-B). It seems
that presence of higher prior in-plane damage reduces the total dissipation of energy in the out-
of-plane direction.
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Figure 4.64 a)Energy dissipation capacity of the specimen at each cycle b) cumulative energy
dissipation of the specimen until each cycle

4.5.6 Specimen SIF-10(1%)-2L(NC)-B

This specimen was initially subjected to the in-plane drift of 1%. After the test, the internal leaf
was removed and the out-of-plane test was performed on the external leaf. During the removing
of the internal leaf, when the vertical forces of the columns were removed, it was observed that
the external leaf had totally lost its connection with upper beam and oscillated with a negligible
out-of-plane load. It was assumed that the exterior leaf was unstable and would fall down with a
low level of out-of-plane load. However, when the axial forces were applied to the column
sections, the gap between the upper beam and infill was filled and the external leaf recovered its
stability. Notice that between the in-plane and out-of-plane loading the vertical load was released.

4.5.6.1 Load-displacement response

The force-displacement diagram obtained for the out-of-plane loading is shown in Figure 4.65.
The cracking in the specimen initiated at displacement of 3.76mm by re-opening the cracks that
previously formed in the prior in-plane loading. By imposing higher out-of-plane displacements
to the specimen, the out-of-plane load increased until it reached the maximum force of 20.26kN
at out-of-plane displacement of 60mm in the control point. At the maximum force, the upper
interface was totally separated from the frame, which led to the significant reduction of the force
at displacement of 80mm. At this step, the infill lost its stability and the test was stopped to keep
the instrumentation intact.

The monotonic force-displacement envelope of the specimen at each successive cycle is shown
in Figure 4.66. It is clear that the strength reduction of the specimen is not significant until the
maximum force is achieved but it reached 30% at displacement of 80mm.
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Figure 4.65 Force-displacement diagram of SIF-10(1%)-2L(NC)-B during out-of-plane loading
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Figure 4.66 Monotonic force-displacement envelop of SIF-I0(1%)-2L(NC)-B at each successive cycle
4.5.6.2 Stiffness degradation curve

The secant stiffness of the specimen at each cycle is obtained by calculating the slope of the line
connecting the origin and the maximum force attained in the first cycle of loading, see Figure 4.67.
It is concluded that the presence of prior in-plane damage has decreased the amount of the initial
stiffness in the out-of-plane direction. It is clear that more degradation of the stiffness occurred at
lower displacements. For instance, 51% of the initial stiffness was degraded until the out-of-plane
displacement of 5.33mm.
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Figure 4.67 Stiffness degradation curve for specimen SIF-I0(1%)-2L(NC)-B
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4.5.6.3

Crack patterns

The crack propagation observed during out-of-plane loading is shown in Figure 4.68. Also in
these cracking schemes, the crack patterns developed during previous in-plane test are highlighted
with red lines. The onset of crack opening due to out-of-plane induced displacements was
observed at displacement of 3.76mm corresponding to the out-of-plane force of 2.59kN. At this
stage, previously opened cracks re-opened at the central region of the masonry infill in stair
stepped pattern, see Figure 4.68b. Also at this stage, the infill panel was totally separated from
the upper rc beam. The crack density increased by increasing the imposed displacements which
was generally overlapping the existing cracks through mortar joints. It is clear that the out-of-
plane cracking scheme is totally related to the cracking pattern of the prior in-plane loading. It
means that by applying the out-of-plane displacements the cracks that were formed in the prior
in-plane loading are getting visible again. At the out-of-plane displacement of 7.38mm, some
horizontal cracks were observed in the upper part of the infill, connecting the existing diagonal
cracks to the vertical crack at the left infill-frame interface.
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Figure 4.68 Crack propagation of SIF-I0(1%)-2L(NC)-B
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This cracking pattern was compatible with the cracking pattern of two-way slabs that have three
rigid supports and one almost free edge. The free edge is assumed to be the top interface between
infill and rc frame. This boundary can be viewed as a semi-rigid edge as it does not completely
restrain the movement of the upper infill-frame interface, neither does it allow to move freely. By
applying further displacements to the specimen, more diagonal cracks could be observed in the
bottom part of the infill. It should be also mentioned that additional new cracks were developed
beyond the pre-existing cracks. Furthermore, it is observed that the pre-existing cracks in the
interface between masonry infill and rc frame did not evolve during out-of-plane test, apart from
the upper interface.

4.5.6.4 Deformation of the infill

The deformation of the masonry infill at different points of the infill is drawn with respect to the
deformation measured in the control point. It is clear that all points have lower deformations than
the center point, unless LVDT L8, which is located at the top part of the control point, see
Figure 4.69.
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Figure 4.69 Deformation of the infill at different points with respect to the deformation of the control
point

The out-of-plane displacement along the central vertical (LVDTs L2, L5 and L&) and central
horizontal (LVDTs L4, L5 and L6) profiles are shown in Figure 4.70.
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Figure 4.70 Comparison of the deformation of a) central vertical profile b) central horizontal profile
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It is evident that along the vertical profile (Figure 4.70a), the displacements are increasing in
height, being the maximum displacement of the infill recorded in LVDTs L8 as the result of the
sliding of the top interface and behaving like an almost free edge, whereas the bottom interface is
totally in contact with the rc frame. The deformation of central horizontal profile is shown in
Figure 4.70b. It is observed that similar to the masonry infills discussed previously, the
displacements measured in the LVDT L4 and L6 are very close, which demonstrate the symmetric
deformation of the specimen in the horizontal direction.

The sliding of the infill from its surrounding frame in the out-of-plane direction at different
interfaces is shown in Figure 4.71. As it was discussed previously in Figure 4.68, it is evident that
the sliding of the masonry infill in relation to the rc beam initiated from the beginning of the out-
of-plane test. On the other hand, the sliding of the bottom and vertical interfaces is negligible.
This also confirms the boundary conditions of the masonry infill, namely three fixed and one
almost free boundary.
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Figure 4.71 Displacement measured in the interface during out-of-plane loading for specimen SIF-
10(1%)-2L(NC)-B

The scheme of the deformation field of the masonry infill at different imposed displacements is
shown in Figure 4.72. It is clear that the deformation of the masonry infill is compatible with
deformation of a slab with three completely fixed and one almost free boundary at the top since
the beginning of the test. It appears that at lower stages of deformation, the major displacement
occurred at the top part of the infill. At higher displacements (41.84mm and 80mm), the upper
interface deformed less than LVDT L8 along the central vertical profile. This can be associated
to some level of friction between the masonry infill and top rc beam.

The plastic deformation of the specimen in the first and second cycles of loading is shown in
Figure 4.73. It seems that the plastic deformations of each successive cycles are very similar until
the last cycle in which the difference between them increases. From Figure 4.74 it is clear that the
plastic deformation of specimen at each cycle could be estimated by polynomial function of
second order, similar to the other specimens.
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a) Displacement of 3.76mm b) Displacement of 10.33mm
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Figure 4.72 Deformation of the infill at different out-of-plane displacements
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Figure 4.73 Plastic deformation of the specimen at two successive cycles

a) b)
60 60
< _5g |¥=0.0075x +0.0101x + 0.9264 O
y = 0.0065x* + 0.0353x + 0.7144 @ € R2 =0.9853 !
= R? = 0.989 : £
€ 40 c 40
£ S
c ©
230 €30
o -
£ o 5 e
920 020 .
g .'. E o o
%10 e® 210 0®
< ’..' L O.C)'
o / @ First cycle &@Q 0 Second cycle
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Displacement at control point (mm) Displacement at control point (mm)

Figure 4.74 Plastic deformation of the specimen at two successive cycles; a)first cycle b)second cycle
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4.5.6.5 Energy dissipation capacity

The dissipation of energy until each cycle and the cumulative dissipated energy are shown in
Figure 4.75. It is clear that at higher imposed out-of-plane displacements, higher amount of energy
dissipation was obtained. This is generally related to the propagation of higher density of cracks
at higher displacements. It is clear that the curve of cumulative dissipated energy of this specimen
is lower than that of the specimen SIF-10(0.5%)-2L(NC)-B. At displacement of 80mm, the total
amount of dissipated energy by this specimen is 87% of the energy dissipated by the specimen
with lower prior in-plane damage (SIF-10(0.5%)-2L(NC)-B).
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Figure 4.75 a)Energy dissipation in specimen with prior in-plane damage corresponding to 1% lateral
drift b)cumulative energy dissipated until each cycle

4.6 Comparison of the results

The comparison of results among the specimens was based on different parameters, namely: (1)
the influence of prior in-plane damage (2) construction quality (3) presence of openings and (4)
energy dissipation capacity

4.6.1 Effect of prior in-plane damage on the out-of-plane response

The out-of-plane force-displacement monotonic envelopes of the fully infilled frames constructed
with experienced mason (mason type B) are shown in Figure 4.76. The main parameters, namely
initial stiffness, secant stiffness at 30% of the maximum out-of-plane force and out-of-plane
resistance are presented in Table 4-2.

It is clear that the prior in-plane damage reduces both the stiffness (initial or secant stiffness at
30% of the maximum out-of-plane force) and the lateral strength of the masonry infilled frames
and the reduction level depends on the severity of the damage induced by prior in-plane loading.
For instance the out-of-plane resistance of the specimen with severe in-plane damage (SIF-
10(1%)-2L(NC)-B) is half of the out-of-plane strength of the specimen without prior in-plane
damage. The values for the initial and secant stiffness are 10% and 5% respectively. This
emphasizes that the influence of the prior in-plane damage on stiffness is rather high.
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Figure 4.76 Out-of-plane force-displacement monotonic envelops of specimens constructed with mason
type B

Table 4-2 Secant stiffness and out-of-plane strength of different specimens built with mason type B

Model Initial Stiffness Secant Initial Out-of-plane

(kN/mm) Stiffness (KN/mm) strength (kN)
SIF-O-1L-B 12.5 12.5 39.8
SIF-10(0.3%)-2L(NC)-B 6.8 4.9 34.0
SIF-10(0.5%)-2L(NC)-B 34 2.0 26.4
SIF-10(1%)-2L(NC)-B 1.3 0.58 20.3

The variation of the secant stiffness calculated at 30% of the peak force and out-of-plane strength
of the specimen with respect to the prior in-plane drift values are shown in Figure 4.77. It is
observed that the stiffness of the masonry infills with prior in-plane damage decreases
exponentially with the damage corresponding to the distinct imposed lateral drifts of 0.3%, 0.5%
and 1%. Thus, the experimental values are well fitted by an exponential function with a coefficient
of correlation equal to 0.99. This means that the reduction rate for lower values of prior in-plane
drift is higher.
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Figure 4.77 Variation of a)initial stiffness and b)out-of-plane strength with respect to prior in-plane drift
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On the other hand, the out-of-plane strength decreases slower than the stiffness as the prior in-
plane damage increases. This trend of variation is assumed as linear with coefficient of variation
of R*=0.95, see Figure 4.77b. The masonry infill with prior in-plane damage corresponding to in-
plane drift of 1% could withstand 50% of the out-of-plane strength of the specimen with no prior
in-plane damage. This could be related to the presence of high axial loads on top of each column
which seems to enhance the formation of two-way arching mechanism. With this respect, it would
be important to highlight the influence of the axial compression stress in the columns on the out-
of-plane resistance after in-plane damage.

The stiffness and out-of-plane resistance of masonry infills with prior in-plane damage can be
estimated by taking into consideration the trends displayed in Figure 4.77. The variation of the
secant stiffness of damaged specimens can be re-written as:

K=K, (e™) Eq. 4-1

where K (kN/mm), is the out-of-plane secant stiffness of the masonry infill subjected to prior in-
plane drift of D(%) and K, (kN/mm) is the out-of-plane secant stiffness of the specimen without
previous in-plane damage.

Similarly, the out-of-plane strength, F (kN), of the masonry infills subjected to the prior in-plane
drift of D (%) can be estimated based on the strength of the undamaged infill, F;,,(kN), and taking
into account the prior in-plane drift, through the following equation:

2-D
F= F“‘{Tj Eq.4-2

The values of the predicted stiffness and out-of-plane strength obtained by the simplified
equations are presented in Table 4-3 to be compared with the experimental results. It is concluded
that the developed equations could satisfactorily predict the reduction of the secant stiffness and
out-of-plane strength of the infilled frames due to presence of prior in-plane damage. The higher
value obtained as the error in the prediction of stiffness of the specimen SIF-10(1%)-2L(NC)-B
is not significant since both values are low.

Table 4-3 Comparison between experimental and analytical results

K/Kinf F/Fing
Specimen . Simplified | Error . Simplified | Error
p Experiment eqlﬂl tion (%) Experiment eqlil tion (%)
SIF-O-1L-B 1.00 1.00 0.0 1.00 1 0.0
SIF-10(0.3%)-2L(NC)-B 0.39 0.37 -5.1 0.85 0.85 0.0
SIF-10(0.5%)-2L(NC)-B 0.16 0.19 -18.8 0.66 0.75 13.6
SIF-I0(1%)-2L(NC)-B 0.05 0.04 20.0 0.51 0.5 2.0

Notice that the values of secant stiffness were always calculated following the same procedure by
considering the slope of the line connecting the origin to the point with 30% of the out-of-plane
strength. However, it should be mentioned that the specimens were already cracked due to in-
plane loading, resulting in an expected reduction on the secant stiffness in the out-of-plane
direction. Therefore, if instead of considering the secant stiffness at 30% of the lateral strength
the initial stiffness is calculated, the stiffness reduction trend can be represented by an exponential
curve as shown in Figure 4.78.
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Figure 4.78 Variation of the initial stiffness of the specimens with respect to prior in-plane damage
It is clear that the trend of variation of the initial stiffness is similar to an exponential curve and
can be re-written as:

Kin — K'in

inf

(e7*?) Eq. 4-3

Where K (kN/mm), is the out-of-plane initial stiffness of the masonry infill subjected to prior in-
plane drift of D(%) and K",¢(kN/mm) is the out-of-plane initial stiffness of the specimen without
previous in-plane damage. The values of the predicted initial stiffness of the specimens were
compared with experimental results and represented in Table 4-4. It is clear that the developed
equation could satisfactorily predict the initial stiffness of the damaged specimens.

Table 4-4 Comparison between experimental and analytical results

Specimen . . K/Ki"f .
Experiment Simplified equation Error (%)
SIF-O-1L-B 1.00 1.00 0.0
SIF-10(0.3%)-2L(NC)-B 0.55 0.49 10.9
SIF-10(0.5%)-2L(NC)-B 0.27 0.30 -11.1
SIF-10(1%)-2L(NC)-B 0.10 0.09 10.0

The stiffness degradation curves of the specimens constructed by mason B are shown in
Figure 4.79. It is clear that the specimens with lower amount of prior in-plane damage exhibited
higher initial out-of-plane stiffness. Additionally, it is observed that the initial out-of-plane
stiffness of the specimens with less in-plane damage degraded quicker than the specimens with
severe in-plane damage.

14
12
E 10
€
S~
Z 8 SIF-0-1L-B
e L N SIF-10(0.3%)-2L(NC)-B
g 6 % = = =SIF-10(0.5%)-2L(NC)-B
s — . =SIF-I0(1%)-2L(NC)-B
PR S
n N e,
2 N\ S S
\__-_-"_-—_—
O —-—
0 10 60 70

. fO 30 40 .5
Displacement at control point (mm)

Figure 4.79 Stiffness degradation curve of the specimens constructed by mason B
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4.6.2 Effect of workmanship on the out-of-plane response

The out-of-plane response of the specimens constructed by different masons in terms of
monotonic envelopes of the force-displacement diagrams are presented in Figure 4.80. The key
parameters regarding the in-plane response such as initial stiffness, stiffness at 30% of maximum
force and lateral strength are summarized in Table 4-5.
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Figure 4.80 Experimental monotonic envelops for specimens built with different masons

Table 4-5 Comparison between experimental and analytical results

Specimen Initial Stiffness | Secant stiffness at Strength (MPa)
(kN/mm) 30% of peak force
(kN/mm)
SIF-O-1L-A 10.5 10.2 34.9
SIF-O-1L-B 12.5 12.5 39.8

It is clear that both specimens exhibit different out-of-plane responses in terms of initial stiffness
and out-of-plane strength. The specimen built by the experienced mason (mason B) presents an
initial stiffness of 19% higher than that of specimen built by mason A. In terms of lateral
resistance, the specimen built with masonry B presents an out-of-plane resistance of 14% higher
than the resistance of specimen built with mason A. These differences may be explained by
different workmanship quality of the masonry infill and consequently by different boundary
conditions between infill and its surrounding frame. In the specimen constructed by mason A,
two-way arching mechanism developed at early out-of-plane displacements and by increasing the
imposed displacements, the upper interface slid and became like a semi-free edge, influencing the
resisting mechanism. This behavior occurs due to bad filling of the upper row of bricks with
mortar, which influences the adequate adherence between the rc frame and the masonry infill. In
the specimen constructed by experienced mason B, the two way arching mechanism supported
on four sides characterizes the response of the specimen at higher displacements, which
contributed to higher out-of-plane strength.

Another aspect to be considered is the ultimate deformation, which in the specimen constructed
by mason B is considerably higher than the specimen constructed by mason A. This should be
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justified mainly by the different boundary conditions that governed the out-of-plane response of
both masonry infills.

Stiffness degradation curves of both specimens are shown in Figure 4.81. It is clear that both
specimens represent similar trend of degradations. The only difference relates to the start point of
the test in which the specimen constructed with experienced mason represents higher amount of
initial stiffness.
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Figure 4.81 Stiffness degradation of masonry infill built by different masons

4.6.3 Influence of openings on the out-of-plane response

The force-displacement diagram of specimen with central opening (PIF-O-1L-B) is compared
with the reference specimen (SIF-O-1L-B) in their control points, see Figure 4.82. The key
parameters of the out-of-plane behavior are also represented in Table 4-6. It is clear that both
specimens present practically coincident force-displacement diagrams, being the ascending
branch of the diagrams overlapped. The stiffness is practically the same, as well as the out-of-
plane strength. The differences relate to: (1) displacement corresponding to the lateral strength,
which is lower in case of the specimen with the central opening; (2) ultimate deformation, which
considerably lower in case of the specimen with the central opening.
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Figure 4.82 Force-displacement diagram of PIF-O-1L-B and SIF-O-1L-B in their control points
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Table 4-6 Initial stiffness and out-of-plane resistance of the solid infilled frame and infilled frame with
central opening

Specimen Initial Stiffness (kN/mm) Strength (MPa)
SIF-O-1L-B 12.5 39.7
PIF-O-1L-B 12.9 39.0

The stiffness degradation of the specimens with respect to their control points are shown in
Figure 4.83. It is clear that both specimens represent the same trend of variation.
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Figure 4.83 Stiffness degradation curve of solid infill and infill with central opening

4.6.4 Plastic or residual deformations in out-of-plane loading

During the out-of-plane unloading process, it is observed that at low levels of displacements when
there is no crack formation in the specimen, the deformation in the control point is recovered.
This means that at low levels of displacements no residual or plastic deformations were observed.
The increase in the imposed out-of-plane displacements led to the initiation of cracks and their
propagation, resulting in progressive increase in the plastic (non-recoverable) deformations, see
Figure 4.84. As mentioned before, the plastic deformation of the specimens could be
approximated by a polynomial function of second order. This means that at the low levels of
displacement applied to the specimen, the plastic deformation is low and increases considerably
at higher levels of displacements, as a result of the progress of damage. It should be mentioned
that the prior in-plane damage appears to be important since the specimens with severe in-plane
damage (SIF-10(0.5%)-2L(NC)-B and SIF-10(1%)-2L(NC)-B) presented higher amount of
plastic deformations than the reference specimen (SIF-O-1L-B). It is also observed that the
workmanship can have an important role in the nonlinear behavior of the masonry infill, as it is
seen that the plastic deformation is higher, when compared with the specimen constructed by
mason B.
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Figure 4.84 Plastic deformations observed in all the specimens

4.6.5 Energy dissipation capacity

The total energy dissipated until each cycle for all specimens tested under out-of-plane loading
are shown separately in two graphs, see Figure 4.85 and Figure 4.86. In the first graph, the results
of the specimens constructed by the same mason (B) but with different prior in-plane damages
are provided, whereas the second graph shows the results of the specimens constructed by
different masons and the specimen with central opening.

The influence of prior in-plane damage on the trend of variation of dissipation of energy is evident
as shown in Figure 4.85. The dissipation of energy in the damaged brick infills is considerably
lower when compared with the reference undamaged masonry infill. This should be justified by
the fact that part of the cracks involved in the cracking patterns observed in the out-of-plane
loading were formed during in-plane test. This means that a reduced energy is needed to re-open
the cracks, in opposite to the energy needed to open new cracks.
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Figure 4.85 Total dissipated energy of specimens with different prior in-plane damage
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From Figure 4.86, it is seen that the specimen with solid infill (SIF-O-1L-B) and specimen with
central opening (PIF-O-1L-B) exhibit similar response in terms of energy dissipation trend until
out-of-plane displacement of 25mm. However, it is also observed that the total amount of
dissipated energy in the specimen SIF-O-1L-B is more than three times of the total energy
dissipated in specimen with central opening (PIF-O-1L-B). This is attributed to the early collapse
of the specimens with central opening.

It is also concluded that the specimen constructed by the experienced mason (SIF-O-1L-B)
exhibits considerable higher amount of energy dissipation capacity at the end of the test when
compared with specimen constructed by mason A. The total energy dissipation capacity of
specimen SIF-O-1L-B is calculated to be more than two times of the dissipated energy obtained
in specimen SIF-O-1L-A.
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Figure 4.86 Total dissipated energy of specimens constructed by different masons and with central
opening

4.7 Conclusions

Based on the analysis of results of the out-of-plane tests, the following conclusions can be drawn:

1) Prior in-plane damage results in decreasing of the out-of-plane initial stiffness. It is concluded
that the initial stiffness of the specimens varies exponentially with respect to the prior in-plane
drift. This means that severe prior in-plane damage leads to lower initial stiffness. Additionally,
it is observed that the initial out-of-plane stiffness of the specimens with severe in-plane damage
degraded slowly when compared with the specimens having less in-plane damage.

2) The masonry infills with prior in-plane damage exhibit lower out-of-plane resistance. A linear
variation of the out-of-plane resistance of the specimens with prior in-plane damage was
observed.

3) The simplified equations derived to predict the initial stiffness and out-of-plane resistance of
the specimens with prior in-plane damage, could predict satisfactorily their stiffness and out-of-
plane resistance.
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4) Higher out-of-plane resistance obtained for the specimen with severe prior in-plane damage
(1%) can be related to the presence of higher axial forces (40% of axial resistance of each column)
on top of columns.

5) The workmanship appeared to influence the out-of-plane response of the specimens, leading
to the reduction of the initial stiffness and out-of-plane resistance. The bad filling of the gap
between the upper rc beam and the masonry infill appears to influence the boundary conditions
of the masonry infill and consequently the governing resisting mechanism.

6) The presence of small central opening did not change the out-of-plane resistance of the
reference specimen but resulted in a significant reduction of the deformation capacity.

7) The residual deformation of the specimens, which is more important after the cracking of the
specimen, increases with the progress of damage in the masonry infill. The variation of the
residual deformation can be approximated by a polynomial function of order 2.

8) The energy dissipation capacity of the specimen with solid infill and without any prior in-plane
damage is calculated to be significantly higher than the energy dissipation capacity of the
specimens that have prior in-plane damage. Also the workmanship affected the energy dissipation
capacity of the specimens. The energy dissipation capacity of specimen built with high quality
workmanship (SIF-O-1L-B) is calculated to be more than two times of the energy dissipation
capacity of the specimen built with poor workmanship (SIF-O-1L-A)
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5 Strengthening of brick masonry infills

5.1 Introduction

The major objective of this Chapter is to assess the effect of strengthening of masonry infills in
their in-plane and out-of-plane behavior. First, it was decided to use steel connectors to enable
the connection and consequent interaction between the leaves of the masonry infill, and thus, to
assess the influence of having both leaves connected on the out-of-plane behavior of the masonry
infill. Notice that in the previous chapter regarding the out-of-plane behavior, the experimental
tests were only performed in the external walls, taking into consideration that in the great majority
of the cavity walls there are not any connections between the leaves in the past traditional
construction methodology. Then, it was decided to use textile reinforced mortar (TRM) technique
to investigate how this technique could enhance the in-plane and out-of-plane behavior of rc
frames with masonry infills. As mentioned in Chapter 2, this technique has been increasingly used
in the strengthening of masonry infills and it is revealed to have the potential for seismic
strengthening/retrofitting of structures [35].

For the textile reinforced mortar technique two different types of meshes were used, namely a
commercial textile mesh and a textile mesh developed at the university in collaboration with the
textile department. The developed textile meshes are composed of reinforced braided rods with
an external braid of polyester fiber and an internal core which can be composed by glass, carbon
or basalt fibers. Based on the results of flexural tests carried out by Martins et al. [35] on masonry
wallets reinforced with distinct types of textile meshes embedded in the rendering mortar, it was
seen that meshes with glass fibers exhibit a reasonable behavior while are considerably cheaper
than meshes with carbon fibers. Taking into account these results, it was decided to strengthen
the masonry infill walls with meshes composed of glass fibers, namely the commercial and
designed meshes.

This chapter presents the details of the strengthening techniques and the results of in-plane and
out-of-plane tests carried out on strengthened specimens. The analysis of results follows the same
methodology presented in Chapter 3 and Chapter 4. The main parameters under study consist of
force-displacement diagram, stiffness degradation curve, cracking pattern, deformation
characteristics and energy dissipation capacity.

5.2 Brief overview of the strengthening techniques
5.2.1 Metal ties connectors

As mentioned before, a technique that can be easily used in existing rc buildings with masonry
infills is the one connecting the internal and external leaves so that they can act together under
the out-of-plane loading. In Portugal, the tradition of construction in the past decades was based
on using double leaf masonry infills (cavity walls). However, there is no tradition in connecting
the leaves and it is believed that the great part of the masonry infills built in the last decades are
very vulnerable to out-of-plane action due to the earthquakes. Therefore, it was decided to
evaluate the effect of connecting the leaves of the brick infill with metal ties commonly used in
the strengthening of existing masonry infills.
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For the connection of internal and external leaves of the masonry infill, metal connectors that can
be easily installed were adopted. The connectors are helical metal ties according to what is shown
in Figure 5.1. They are simply power-driven into position, via a small pilot hole, using a special
installation tool that leaves the end of the helical tie recessed below the outer face of the infill to
allow an ‘invisible’ finishing. This is a Dryfix system (provided by Helifix Company), being
considered as versatile and rapidly installed mechanical pinning and remedial tying system that
requires no resin, grout or mechanical expansion.

Figure 5.1 Helical ties used for connecting the leaves of brick infills

The installation of this system involves two different steps: (1) drilling some pilot holes by rotary
percussion drill (see Figure 5.2a); and (2) driving the ties into the holes by special devices attached
to the drilling machine until the outer end is fully recessed below the face of masonry.

a) b)

Figure 5.2 Details of the connections of the leaves through metal ties: a)pilot holes in the masonry
b)metal tie connecting both leaves together and c)distribution pattern of helical ties
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It is clear that no chemical bond was used in this technique to fix the helical pins inside the holes,
see Figure 5.2b. The configuration of the helical ties in the masonry infill is shown in Figure 5.2c.
Seventy five helical ties were used in the specimen to connect the external and internal leaves
together. The number of ties and the distribution pattern for the ties was defined according to the
recommendation of the company. To avoid any damage caused by sharp end of the ties to the
airbag during out-of-plane loading, thin aluminum plates were attached to the inner end of the
holes by means of hot plastic glue.

5.2.2 Textile reinforced mortar (TRM)

As mentioned before, a previous work was carried out to design and mechanically validate the
textile meshes based on braided composite rods through an enlarged experimental campaign [34,
36, 122]. The braided rods are composite materials composed of an external helicoidally braid in
polyester fiber and a nucleus with reinforcing fibers of basalt, glass or carbon fibers. The bond
between the external braid and the reinforcing fibers can be ensured in the manufacturing process
by adding resin during the braiding process or after the production of the composite braided rods
by adding the resin over the external polyester manually (Martins 2013). For the application on
the masonry infills, the composite rod was composed of a braided structure with 15 multifilaments
of polyester with 11 Tex and one braided element with a simple structure consisting of 8 braided
polyester yarns produced at the maximum speed of the production equipment (1.07m/min), see
Figure 2.27.

Based on previous experimental campaign, it was decided to use glass fibers in nucleus of the
braided rod, as these fibers present a reasonable behavior in terms of additional resistance and
deformation capacity of the reinforced masonry, particularly in case of the designed textile mesh.

Figure 5.3 Cross section of a braided mesh [35]

To have manufactured meshes that are comparable with commercial meshes, 5 glass
multifilaments of the 544 Tex were required, corresponding to density of 207 g/m* (about 92%
compared to commercial mesh). Manufacturing of the meshes is carried out by interlacing the
composite rods in two directions, assuming that the configuration of the connections of rods in
the two directions may promote an additional interlocking and can work as an additional
roughness, improving the bond adherence between the meshes and the rendering mortar.

The commercial mesh of glass fibres consists of resistant glass fibres in both directions. Once
bidirectional, the mesh density is 225 g/m* with spacing between the fibres of 25 mm. From the
technical information, it is seen that the flexural strength is 45kN/m with associated extension at
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peak stress less than or equal to 3%. Because the commercial meshes present a spacing of 25 mm,
the manufactured meshes were manufactured with the same spacing.

The application of reinforced rendering to the masonry infills follows several steps: (1) definition
of the pattern for pilot holes (Figure 5.4a) to place the connectors aiming at improving the
adherence of the rendering mortar to the masonry infill; (2) drilling and cleaning the holes and
insertion of special plastic row plugs shown in Figure 5.4b in the holes, see Figure 5.5a-b; (3)
application of the first thin layer of mortar (Figure 5.5¢); (4) positioning of the textile mesh on
the first layer of mortar and fixing it by putting the L-shaped glass fiber connectors into the holes
(Figure 5.6a); (5) application of the second layer of mortar and rectifying the rendered surface,
see (Figure 5.6b,c).
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Figure 5.4 Details of the mesh connectors; a)pattern of the connectors b)plastic row plug and glass fiber
connector

Figure 5.5 Application of the reinforced rendering; a)drilling the pilot holes b)cleaning the holes
c)applying the first layer of mortar

Fixing of the textile mesh through L-shaped connectors was made in three steps: (1) first, the
textile mesh was placed on the first layer of mortar; (2) then the holes were filled by injecting a
special material working as chemical anchor and finally (3) the L-shaped connectors composed
of glass fibers were inserted into the holes; see Figure 5.7.
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2 i

Figure 5.6 Application of the reinforced rendering; a)positioning of the textile mesh b)application of the
second layer of mortar c)regularized rendering surface
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Figure 5.7 Three steps for installing the connectors; a)placing the textile mesh on the first layer of
mortar b)filling the hole with chemical anchor c)inserting the connectors into the hole

The total thickness of the rendering was measured as approximately 20mm in all the specimens.
The application of the rendering in two successive layers enables the involvement of the textile
mesh by the mortar and also adequate development of the adherence between them. The glass
fiber connectors were used both in the masonry infill and in the rc frame aiming at avoiding any
delamination of the rendering mortar, mainly in case of in-plane loading. The reinforced rendering
was applied in the external surfaces of the cavity wall in case of the specimens tested under in-
plane loading and in just one external surface of the infill in case of the specimens subjected to
the out-of-plane loading. The rendering mortar used in the specimens was a pre-mixed
commercial mortar indicated to be applied with the selected commercial textile mesh. An additive
was added to the pre-mixed mortar aiming to improve its workability and consequently enhance
the mechanical and adhesive characteristics of cement-based rendering mortar.

The quality of the rendering mortar was controlled by testing the consistency of mortar according
to EN 1015-3, 1999 [123] in the fresh state and by obtaining the compressive and flexural strength
in hardened mortar according to EN 1015-11, 1999 [124]. For the latter case, three samples of
mortar were taken for each retrofitting layer to characterize the flexural and compressive strength
according to European standard. The results of the experimental characterization of the rendering
mortar used for each type of textile mesh in the specimens are summarized in Table 5-1.
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Table 5-1 Consistency, compressive and flexural test results of the specimens

Flow table Compressive Strength (MPa) Flexural Strength (MPa)
Rendering (mm) Average C.0.V (%) Average C.0.V (%)
Rendering with
Rendering with
commercial mesh 160 10.44 4.28 3.87 6.62

5.3 Description of specimens

A description of the specimens considered in the experimental campaign is summarized in
Table 5-2. The labelling of the specimens is done following the same methodology indicated in
Chapter 3. The specimen SIF-O-2L(C)-B has double leaf infill connected with metal ties so that
the effect of the interaction between the leaves can be assessed in the out-of-plane response. Two
specimens to be tested under in-plane loading are strengthened with designed textile mesh
developed at university of Minho, SIF(DTRM)-I-2L(NC)-B, and with the commercial textile
mesh, SIF(CTRM)-I-2L(NC)-B. Similar reinforcing scheme was adopted in case of the out-of-
plane loading, the specimen strengthened with commercial mesh designated by SIF(CTRM)-O-
1L-B, and the specimen strengthened with designed mesh designated by SIF(DTRM)-O-1L-B.
All specimens were constructed by mason type B.

Table 5-2 Labelling of the retrofitted specimens

Name Type of Strengthening Type of loading | Number of leaves
SIF-0-2L(C)-B Metal ties out-of-plane 2 leaves
SIF(DTRM)-I-2L(NC)-B TRM — Designed mesh In-plane 2 leaves
SIF(CTRM)-I-2L(NC)-B TRM — Commercial mesh In-plane 2 leaves
SIF(DTRM)-O-1L-B TRM — Designed mesh out-of-plane One leaf
SIF(CTRM)-O-1L-B TRM — Commercial mesh out-of-plane One leaf

5.4 Behavior of the strengthened masonry infills under in-plane loading
5.4.1 Experimental details

The in-plane testing of the strengthened specimens was carried out similar to the unstrengthened
specimens. The test setup and the loading protocol were kept unchanged with respect to those
used in the unstrengthened specimens in order to have the same test conditions for comparison of
the results.

The instrumentation of the specimen was defined to have the in-plane response of both leaves
recorded, see Figure 5.8. Four LVDTs (L1 to L4) were placed along the diagonals to monitor the
diagonal deformation of the external and internal leaves. Twelve LVDTS (L5 to L16) were placed
on the rendering layer to capture its possible debonding in relation to the rc frame in the out-of-
plane direction. Six LVDTs (L17 to L22) were positioned to monitor the possible uplifting and
sliding of the specimen from ground and steel profiles and thus control the reliability of the test
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setup. Finally two LVDTs, L23 and L24, were placed on the top beam to investigate the horizontal
displacement at the top rc beam in the direction of the applied load.

a)

Figure 5.8 Instrumentation of the specimen for in-plane loading a)external leaf b)internal leaf

5.4.2 Results - specimen SIF(CTRM)-I-2L(NC)-B

5.4.2.1 Lateral load-displacement response

The force-displacement diagram obtained for the specimen strengthened with commercial textile
mesh under cyclic in-plane loading is shown in Figure 5.9. It is clear that this specimen presents
higher initial stiffness when compared with the reference unstrengthened specimen. The cracking
initiation occurred at the lateral drift of 0.1% both in the positive and negative directions. The
first cracks were horizontal and adjacent to the top interface between upper rc beam and the brick
infill in the negative direction. The maximum lateral force of the specimen in the negative
direction (201kN) was observed at this lateral drift.
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When the force was applied in the positive direction, the first diagonal crack developed at the
central region of the brick wall at the lateral drift of 0.1% corresponding to the lateral force of
185kN.

Lateral force (kN)

-250

Displacement (mm)

Figure 5.9 Force-displacement diagram of specimen SIF(CTRM)-I-2L(NC)-B

After crack initiation, the application of further displacements in the positive direction led to the
increase of the lateral force until it reached the maximum value of 219kN at the lateral drift of
0.27%. In the negative direction at this stage the lateral resistance has already started to decrease.

After the peak in-plane lateral resistance, a progressive decrease of the resistance was observed,
being more significant at the lateral drift of 0.75%, both in positive and negative directions. The
reduction in the lateral resistance is calculated as 30%. This should be related to the fast
progression of cracks. After this lateral drift, the increase of the imposed displacement resulted in
a very smooth decrease of the lateral resistance, as observed in Figure 5.9. It is noticed that almost
a plateau is achieved for higher displacements, appearing like a residual lateral resistance
approximately equal to 92kN in the negative direction and 105kN in the positive direction. The
residual strength observed in this specimen is about two times of the lateral strength of the bare
frame.

The monotonic force-displacement envelope recorded at each displacement cycle is shown in
Figure 5.10. It is clear that there is no degradation in the lateral force until the initiation of cracks
both in the positive and negative directions. The strength degradation started at lateral drift of
0.1% where the cracking initiated in both directions. After this, the lateral strength degradation
remains practically constant until the end of the test.

Based on the monotonic force-displacement diagram of the specimen, it is possible to derive the
key parameters characterizing the in-plane behavior, namely the initial stiffness, the lateral
strength and the displacement corresponding to the lateral strength, see Table 5-3. The initial
stiffness is defined as the secant stiffness of the specimen at the first cracking point, according to
Eq. 5-1.

Ke = Eq. 5-1
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In which H,.and d,, are the lateral force and displacement of the specimen at first cracking point

respectively.
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Figure 5.10 Monotonic force-displacement envelops of SIF(CTRM)-I-2L(NC)-B at each successive
cycles

The lateral strength of the specimen (H.) is defined as the maximum force obtained in the force-
displacement diagram and dpma represents the displacement related to the maximum force
attained during the cyclic test. It is clear that the strengthened specimen represented higher initial
stiffness and lateral strength with respect to the unstrengthened specimens.

Table 5-3 Key parameters describing the in-plane behavior of bare frame

Positive direction Negative direction

Hcr dcr Ke Hmax deax Hcr dcr Ke Hmax deax
(kN) | (mm) | (kN/mm) | (kN) | (mm) | (kN) | (mm) | (KN/mm) | (kN) | (mm)

185.0 | 1.84 100.8 219.2 | 5.15 | -201.1 | -1.82 110.5 -201.1 | -1.82

5.4.2.2 Stiffness degradation curve

The stiffness of the specimen at each imposed lateral displacement during in-plane loading is
shown in Figure 5.11. It is calculated as the slope of the line connecting the point in the monotonic
force-displacement diagram corresponding to a certain displacement and the origin. It is clear that
the trend of variation of the stiffness at positive and negative directions is similar. With this
respect, at the first levels of loading after initiation of crack, significant decrease in the stiffness
of the specimen could be observed. The reduction of the stiffness at lateral drift of 1% in the
positive and negative directions was about 95% in relation to the initial stiffness, meaning that a
huge reduction of stiftness was recorded. .
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Figure 5.11 Stiffness degradation curve of specimen SIF(CTRM)-I-2L(NC)-B

5.4.2.3 Cracking patterns

The cracking progress during in-plane loading is shown in Figure 5.12. As described before, the
first cracking initiated at the lateral drift of 0.1% corresponding to lateral force of 201kN in the
negative direction through the opening of some horizontal cracks adjacent to the upper interface
between top rc beam and the brick infill. At the same lateral drift some diagonal cracks opened at
central region of the brick infill when the lateral force is applied in positive direction, see
Figure 5.12a.

After this stage, the application of increasing lateral displacements resulted in the progress of
cracking in the brick infill, being visible in the rendering mortar. At the displacement of 5.23mm
corresponding to the lateral drift of 0.27% in the positive direction, some horizontal cracks opened
near to the interface between bottom rc beam and the infill, see Figure 5.12c. Additionally, it was
observed that diagonal cracks extended until the corners of the wall.

The crack density observed in the rendering mortar is more significant from the lateral
displacement of 14.35mm, corresponding to the lateral drift of 0.75%. No major additional visible
cracks can be seen until the end of the test for a lateral drift of 2.89%. It seems that the increasing
of the imposed lateral drift beyond 0.75% resulted in the increasing of the width of the cracks.

By analyzing the results of the LVDTs placed in the added retrofitting layer to record the possible
debonding of that layer from the rc frame which are presented in Figure 5.13 (external leaf) and
Figure 5.14 (internal leaf), it is seen that the detachment of the reinforced rendering layer initiated
at very low imposed displacements and it was totally separated from rc frame until end of the test.
In more detail, it should be mentioned that the detachment in the upper left part of the infill
initiated both in the internal and external leaves locally at the lateral drift of 0.07%. It is stressed
that the detachment measured by the LVDTs is related to the detachment of the added layer from
the rc frame due to the shear failure of the connectors. No significant detachment was observed
in the brick infill, even after the test.

151



Chapter 5- Strengthening of brick masonry infills
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Figure 5.13 Detachment of the reinforced mortar layer applied on external leaf from rc frame at different

points

The detachment of the reinforcing layer from the rc frame increases as the lateral displacement
increases being practically the same along internal and external leaves. The strengthening layer

of the external leaf was completely detached from the rc frame at lateral drift of 0.27%,
corresponding to a lateral force of 219kN. The total detachment of the internal leaf was practically

observed at lateral drift of 0.2% corresponding to the lateral force of 201kN. A view of the
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detachment of the reinforced mortar layer from the rc frame at the beginning and at the end of the
test along with the shear failure of the connectors at the rc columns are shown in Figure 5.15.
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Figure 5.14 Detachment of the reinforced mortar layer applied on internal leaf from rc frame at different
points

¢)

Figure 5.15 Detachment of the reinforced mortar layer at lateral drift of a) 0.27% b) 2.89% c) shear
failure of the connectors between retrofitting layer and rc frame

From the results obtained, it seems that other type of connectors should be used in the rc fame.
Besides, it should be mentioned that the failure of the connectors is brittle and thus more ductile
material should be selected. On the other hand, it appears that the connectors behaved in
appropriate way in case of brick infill, as no detachment of the reinforced mortar layer from the
masonry infill was detected. After the test, the reinforced mortar layer was removed mechanically
to obtain information about the damage of the brick infill. It was seen that the masonry units
crushed along the rc frame-brick interfaces, see Figure 5.16. This could be related to the higher
concentration of compressive stresses along the edge of the brick infill. It also appears that no
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additional cracks were formed in the brick infill apart from the crushing in the bricks adjacent to
the rc frame. This appears to indicate that the reinforced mortar layer acts as a damage controller
by limiting the development of cracks in the brick infill.

Figure 5.16 View of the crushing of bricks of the infill after removing some parts of the retrofitting layer
in specimen SIF(CTRM)-I-2L(NC)-B

Due to the detachment of the reinforced mortar layer from the rc frame at the early stages of the
loading, it was not possible to record the average shear distortion of specimen by means of
diagonal LVDTs placed on the region where detachment took place.

5.4.2.4 Energy dissipation capacity

The dissipation of energy in the specimen is calculated as the area of the loop corresponding to a
certain displacement level in the force-displacement diagram. The dissipation of energy at each
cycle is shown in Figure 5.17. It is observed that the energy dissipation started after cracking of
the specimen at lateral drift of 0.1% and higher amplitudes of displacements imply higher energy
dissipation capacities. This is generally related to higher density of cracks developed at the higher
displacement amplitudes.
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Figure 5.17 Energy dissipation of the strengthened specimen at each cycle

The total energy dissipated until each cycle is calculated by cumulating the energies dissipated
until that cycle, see Figure 5.18. It is observed that the total amount of dissipated energy is

increasing at higher amplitudes. The specimen presents 32% higher energy dissipation capacity
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at lateral drift of 1% when compared with reference unstrengthened specimen of SIF-10(1%)-
2L(NC)-B.
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Figure 5.18 Total dissipation of energy until each cycle

5.4.3 Results - specimen SIF(DTRM)-I-2L(NC)-B

5.4.3.1 Lateral load-displacement response

The in-plane response of the rc frame with brick infill strengthened with the novel textile mesh in
terms of force-displacement diagram is shown in Figure 5.19. The specimen exhibited almost a
symmetric response towards positive and negative directions. In the positive direction, the
stiffness of the specimen started to decrease after initiation of the cracks at the lateral drift of 0.1%
corresponding to the lateral force of 195.9kN. The specimen attained a maximum lateral
resistance of 227.1kN at the lateral displacement of 3.6mm corresponding to the lateral drift of
0.2%. After this point, the slope of the force-displacement diagram reduced significantly and the
increase on the imposed lateral displacement led to the progressive reduction of the lateral
resistance, particularly after the lateral displacement of 7.2mm corresponding to the lateral drift
of 0.38%.

In the negative direction, the specimen presented linear response diagram until crack initiation at
lateral drift of 0.1% corresponding to the lateral force of 185.1kN. Applying further displacements
led to gradual increase of the lateral force until it reached the maximum value of 205.3kN at the
lateral drift of 0.2%. By applying further displacements, the lateral force remained almost
unchanged until the lateral drift of 0.27%, from which a progressive reduction in the lateral force
was recorded. The force corresponding to the maximum lateral displacement was 80kN, which is
significantly higher than the resistance of the bare frame (60%).

The monotonic envelope corresponding to the hysteretic force-displacement diagram at each
successive cycles is shown in Figure 5.20. As expected, there is no strength degradation in the
specimen until the lateral drift of 0.1%, corresponding to the crack initiation point. The strength
degradation in the specimen starts after its cracking similar to what was observed in the previous
specimens. Besides, similar to the specimen strengthened by commercial textile mesh, the
strength degradation remains almost constant after the peak load.
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Figure 5.19 Force-displacement diagram of specimen SIF(DTRM)-1-2L(NC)-B
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Figure 5.20 Monotonic envelope obtained in specimen SIF(DTRM)-I-2L(NC)-B at each successive
cycles

The key parameters regarding the in-plane behavior of the specimen are derived from its
monotonic force-displacement diagram, namely the force and displacement related to the first
cracking of the specimen (H.- , d.), secant stiffness regarding the first cracking point (K.),
maximum force attained during in-plane loading (Hnax) and the displacement related to the
maximum force (dumar), see Table 5-4. It is clear that both strengthening techniques represent

similar response in terms of initial stiffness and lateral strength.

Table 5-4 Key parameters related to the in-plane behavior of bare frame

Positive direction

Negative direction

H.r dcr K. Huax deax H., dcr K. Hmax deax
(kN) | (mm) | (kN/mm) | (kN) | (mm) | (kN) | (mm) | (kN/mm) | (kN) | (mm)
195.9 1.85 106.1 227.1 3.60 -185.1 | -1.79 103.5 -205.3 | -3.62
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5.4.3.2 Stiffness degradation curve

The stiffness degradation curve of the specimen is shown in Figure 5.21. It is clear that the
specimen exhibits symmetric response in positive and negative directions and the degradation rate
in the low levels of lateral drifts is very significant. The initial stiffness of the specimen degraded
about 95% until lateral drift of 1% in the positive and negative directions. It is also observed that
the trend of variation of the stiffness for both strengthening techniques is relatively similar.
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Figure 5.21Stiffness degradation curve of specimen SIF(DTRM)-1-2L(NC)-B

5.4.3.3 Crack patterns

The crack patterns obtained in specimen SIF(DTRM)-I-2L(NC)-B for different values of lateral
displacement are shown in Figure 5.22. The cracks that formed at early stages of loading at lateral
displacement of 0.69 and 0.97mm corresponding to the lateral drifts of 0.04% and 0.05% are
assumed as local cracks, which developed due to the non-smooth finishing of the strengthening
layer adjacent to the steel plates placed at the top beam of the rc frame.

a) Displacement of 0.69 mm b) Displacement of 0.97 mm ¢) Displacement of 1.85 mm
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Figure 5.22 Crack propagation of SIF(DTRM)-I-2L(NC)-B
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The first significant cracking in the specimen which resulted in the reduction of the secant
stiffness was initiated at the lateral drift of 0.1% in both positive and negative directions
corresponding to lateral forces of 195.9kN and -185.1kN respectively. After this point, the
increase on the imposed lateral displacements resulted in the development of some minor cracking
in the strengthening mortar layer, mainly at the level of horizontal and vertical interfaces between
the rc frame and brick infill, see Figure 5.22c.

At the lateral displacement of 5.23mm (lateral drift of 0.27%), some cracking was also observed
at the neighborhood of the points where shear connectors were positioned on the rc frame. It
seems that at this stage the connectors were totally failed due to the shear forces induced by in-
plane loading. The cracking pattern did not change significantly after this lateral drift until the
end of the test for a lateral drift of 3.5%. Due to the formation of small number of cracks in the
retrofitting layer, it appears that few cracks were reflected in the retrofitting layer in the specimen
and it seems that the damage progress appears to be better controlled when the designed textile
mesh is used.

The strengthening mortar layers started to detach from the rc frame at early stages of loading
(lateral drift of 0.07% in both directions) as can be observed from the evolution of the
displacement measured at the LVDTs placed to measure eventual debonding of the mortar layer,
see Figure 5.23 and Figure 5.24.
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Figure 5.23 Detachment of the strengthening mortar layer from the specimen SIF(DTRM)-I-2L(NC)-B at
its external side

At the lateral drift of 0.2%, corresponding to the lateral force of 227.1kN, the strengthening mortar
layer was fully detached from the rc frame both at the internal and external leaves. This
detachment can be visualized from Figure 5.25a. It is observed that the displacements measured
by different LVDTS are very similar, which indicates that the separation of the mortar layer from
the rc frame was practically uniform along the height of the specimen. Due to the increase in the
detachment of the strengthening mortar layer applied on the internal leaf at higher lateral drifts it
bulged in the out-of-plane direction.
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Figure 5.24 Detachment of the strengthening mortar layer from the specimen SIF(DTRM)-I-2L(NC)-B at
its internal side

a)

Figure 5.25 Detachment of the strengthening mortar layer at lateral drift of a) 0.2% b)

¢)

+

i

3.5% c) shear

failure of the connectors between retrofitting layer and rc frame

After finishing the test, the external leaf

was removed from the specimen and rotated by crane in

order to investigate the cracking developed in its inner side after the in-plane test, see Figure 5.26.
Similarly to the specimen strengthened with commercial textile mesh, the brick units adjacent to
the infill-rc frame interface were completely crushed. Additionally, no visible cracks were

observed in the brick infill.
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Figure 5.26 External leaf of the brick infill wall crane after the test

The detachment of the strengthening mortar layer from the rc frame disabled the record of reliable
displacement in the diagonals to calculate the average shear distortion of both internal and
external leaves.

5.4.3.4 Energy dissipation capacity

The energy dissipation capacity of the specimen until each cycle is compared with the specimen
with commercial textile mesh and shown in Figure 5.27. It is clear that both specimens present
similar energy dissipation until lateral the drift of 1%. After this stage, the dissipation of energy
at each cycle for specimen strengthened with commercial textile mesh is slightly higher. At lateral
drift of 2.89% the difference between the energy dissipation curves increased to 15%.
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Figure 5.27 Energy dissipation capacity of the strengthened specimens at each cycle

The total energy dissipation capacity of the strengthened specimens is shown in Figure 5.28. It is
clear that total energy dissipation capacity of the specimens increased by imposing further
displacements to the specimen. This is generally related to the propagation of more cracks at
higher displacements, which is the main cause of dissipation of energy. By comparing the results
of both strengthened specimens it is observed that they present similar trend for the variation of
energy dissipated with the lateral drift.
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Figure 5.28 Total energy dissipation capacity of the strengthened specimen until each cycle

5.5 Behavior of strengthened masonry infills under out-of-plane loading

As mentioned before, two different techniques were employed to enhance the out-of-plane
behavior of traditional masonry infills. First, the external and internal leaves of the masonry infill
were connected by means of special steel ties to promote the behavior of the brick masonry infill
under out-of-plane loading and therefore evaluate its performance in terms of stiffness, resistance
and crack distribution. In a second phase, the brick infills were strengthened with textile
reinforced mortar (TRM) technique by using the designed and commercial textile meshes, as
described in detail previously, and by using the same strengthening application procedure. The
test setup and the loading protocols used to test the strengthened specimens under out-of-plane
loading were similar to the test setup used for the reference specimens in order to have a logical
basis for comparison of the results.

The instrumentation adopted for the specimens is shown in Figure 5.29. The instrumentation of
the specimen with the leaves connected with steel ties (SIF-O-2L(C)-B) is similar to the one
adopted in the reference specimen (unstrengthened brick infills). In case of the rc frame with brick
infill strengthened with TRM technique, additional LVDTs were used to record the possible
detachment of the retrofitting layer from the rc frame. For this, three LVDTs were placed on the
right side (L13 to L15) of the strengthened mortar layer, three on the left side (L10 to L12), one
LVDT at the base of the added layer (L16) and one LVDT at the top part (L17).
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Figure 5.29 Instrumentation adopted in the out-of-plane testing a) SIF-O-2L(C)-B b) specimens
strengthened with TRM technique

161



Chapter 5- Strengthening of brick masonry infills

5.5.1 Results - specimen SIF-O-2L(C)-B

5.5.1.1 Load-displacement response

The force-displacement diagram obtained in the specimen SIF-O-2L(C)-B subjected to out-of-
plane loading is shown in Figure 5.30. A long horizontal crack developed at one third of the height
in relation to the upper rc frame-infill interface at the lateral displacement of 2.69mm
corresponding to the out-of-plane load of 24.8kN. The pre-peak regime is very considerable,
being the peak resistance of 47.3kN attained at the lateral out-of-plane displacement of 29.1mm.
The post-peak branch is long and is characterized by the progressive reduction of the strength and
stiffness. The lateral resistance at ultimate displacement of 80mm is about 31.5kN, representing
a decrease of 33.4% regarding the peak resistance. The infill did not totally collapse at
displacement of 80mm but to protect the instrumentation, the test was stopped.
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Figure 5.30 Force-displacement diagram of the specimen SIF-O-2L(C)-B under out-of-plane loading

The monotonic force-displacement diagram defined at each successive cycles is shown in
Figure 5.31. Until the crack initiation, no strength degradation in the second cycles was observed.
The strength degradation initiated after cracking and increased until maximum lateral resistance
was attained, keeping practically constant values during the out-of-plane loading. The strength
degradation is calculated as 12% at the ultimate displacement.
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Figure 5.31 Monotonic force-displacement envelope of the specimen SIF-O-2L(C)-B at each successive
cycles
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5.5.1.2 Stiffness degradation curve

The stiffness of the specimen during out-of-plane loading is shown in Figure 5.32. It is calculated
as the slope of the line connecting the maximum force in the monotonic force-displacement
diagram to the origin. It is clear that the trend of variation of the stiffness is logarithmic meaning
that degradation rate is considerably higher at low levels of imposed displacements. A degradation
of 75% in the initial stiffness was recorded until out-of-plane displacement of 10mm. It is also
observed that this specimen presented higher initial stiffness than the reference specimen SIF-O-
1L-B. This confirms the effectiveness of connecting both leaves on enhancing the stiffness of the
structure.
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Figure 5.32 Stiffness degradation curve of specimen SIF-O-21L(C)-B

5.5.1.3  Crack patterns

The crack propagation observed in the double leaf wall under out-of-plane loading is shown in
Figure 5.33. The first cracking initiated approximately at one third of the height of the wall from
the top interface along the horizontal unit-mortar joints at displacement of 2.69mm corresponding
to the out-of-plane force of 24.8kN (Figure 5.33a). This crack extended in length at out-of-plane
displacement of 3.76mm (Figure 5.33b). At the displacement of 5.27mm, another horizontal crack
initiated at fourth row of the infill from its bottom part, corresponding to approximately one third
of the height of the infill from its bottom part, see Figure 5.33c. The diagonal cracking along unit-
mortar interfaces initiated at the out-of-plane displacement of 7.38mm corresponding to the out-
of-plane force of 40kN. Additional diagonal cracks developed from the upper horizontal crack
towards the upper and bottom corners (Figure 5.33¢). The first cracking in the rc frame developed
at the upper left corner at the displacement of 12.91mm corresponding to the force of 43.5kN, see
Figure 5.33f. Also at this displacement level, the upper interface between the brick infill and the
rc frame started to crack, which should be related to the out-of-plane sliding of the top interface.
The increase on the imposed lateral displacement resulted in the extension of previous cracks and
at the displacement of 20.18mm an additional crack at mid span of upper rc beam developed
(Figure 5.33h). It should be stressed that the cracking progresses until the out-of-plane resistance
is attained and at this stage the major cracking was already developed. This appears to justify the
long pre-peak observed in the force-displacement diagram. The opening of horizontal cracks and
formation of diagonal cracking from the central part of the walls towards the upper and bottom
corners are associated to the development of the two-way resisting arching mechanism. At higher
imposed lateral displacements, additional cracks developed in the brick infill (Figure 5.33m-0),
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¢) Displacement of 5.27 mm

b) Displacement of 3.76 mm
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a) Displacement of 2.69 mm

interfaces. The specimen presented a considerable cracking at displacement of 80mm and it was

the upper and lateral interfaces cracked and, consequently, some level of sliding occurred in the
decided to stop the test to avoid any damage on the LVDTs, see Figure 5.34.
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Figure 5.33 Crack propagation of SIF-O-2L(C)-B — external leaf
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Figure 5.34 Cracking of the specimen at the end of the test

5.5.1.4 Deformation of the infill

The deformation of the brick infill at different points during out-of-plane loading is shown in
Figure 5.35. It is clear that the control point, which is assumed as mid-point of the brick infill,
records the highest displacement during the test. It is also seen that the displacement measured in
LVDT L8 approximates the displacement of control point, being a consequence of the sliding of
the upper interface. This evolution of displacements indicates that the deformation is
approximately symmetric in the horizontal direction, which can be also assessed by direct
comparing of the displacements measured in the central horizontal profile (LVDT L4, L5 and L6)
presented in Figure 5.36.
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Figure 5.35 Deformation of the infill at measured points

The displacements measured along the central vertical profile (LVDT L2, L5 and L8) shown in
Figure 5.37 indicate that similar displacements are measured in LVDT L2 and L8 until the lateral
displacements of 12.91mm. After this lateral displacement, it is evident that the upper part of the
infill deforms more than the bottom part. As already discussed, this behavior is related to the
sliding of the upper interface. This is also confirmed through the analysis of the displacements
measured by LVDT L12 (Figure 5.38), placed in the specimen to measure the possible sliding of
the upper interface between the top rc beam and the brick infill. It is clear that after crack initiation
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of the upper interface at displacement of 12.91mm, it exhibits higher displacements associated to
the sliding, when compared to the other interfaces. The sliding of this interface increases as the
imposed lateral displacement in the control point increases. The cracking of the left and right
interfaces during out-of-plane loading can be also explained by the sliding value represented in
Figure 5.38. However, it should be noticed that these values are very low. As expected, the
displacement measured by the LVDT L10 is zero, being compatible with the absence of cracks in
the bottom interface between the bottom rc beam and the brick infill.
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Figure 5.36 Displacement of the LVDTs along the central horizontal profile of the brick infill
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Figure 5.37 Displacement of the LVDTs along the central vertical profile of the brick infill
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Figure 5.38 Displacements measured on the interfaces between brick infill and rc frame
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The deformation map of the brick infill due to the out-of-plane loading, obtained based on the
displacements measured in the brick infill and interfaces, is shown graphically in Figure 5.39. By
analyzing the deformation patterns of the infill at different stages, it is concluded that two-way
resisting arching mechanism was formed from beginning of the test. By increasing the lateral
displacement applied on the control point, the upper interface slid, leading to asymmetric
deformation pattern along the height of the brick infill. On the other hand, the symmetry on the
horizontal deformation remains until the end of the out-of-plane test, being associated to similar
behavior of the vertical interfaces.

a) Displacement of 1.37mm b) Displacement of 10.33mm

pr=

m005 m051 m1-15 m0-25 w255 m5-75 7.5-10

c¢) Displacement of 34.87mm d) Displacement of 80mm

m0-7 m7-11 m14-21 m21-28 m2835 m0-15 m1530 m3045 45-60 mG60-75 m75-80

Figure 5.39 Deformation of the infill at different out-of-plane displacements

The plastic deformations of the specimen at two successive cycles are shown in Figure 5.40 and
Figure 5.41. It is clear that similarly to the previously tested specimens, the increasing rate of the
plastic deformation at higher displacements is considerably higher. It is also observed that the
plastic deformation of the specimen at two successive cycles is similar. As presented in
Figure 5.41, the plastic deformations of the specimen could be represented by a polynomial
function of order 2 meaning that higher amplitudes of displacements lead to higher plastic
deformations.
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Figure 5.40 Plastic deformation of the specimen at two successive cycles
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Figure 5.41 Plastic deformation of SIF-O-2L(C)-B at two successive cycles; a) first cycle b) second
cycle

5.5.1.5 Energy dissipation capacity

The energy dissipation capacity of the specimen at each cycle is calculated as the area enclosed
in the loops of each cycle in the force-displacement diagram and is shown in Figure 5.42. It is
clear that the dissipation of energy increases by applying further displacements to the control
point. The main reason for this behavior is related to the propagation of cracks at higher imposed
displacements which dissipates energy.
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Figure 5.42 Energy dissipation capacity of the specimen at each cycle
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The total energy dissipation of the strengthened specimen until each cycle is shown in Figure 5.43
and compared with the energy dissipation capacity of the reference specimen SIF-O-1L-B
(Chapter 4). It is clear that the strengthened specimen presents higher total energy dissipation
capacity than the reference specimen. The increase of the total dissipation of the energy at the end
of the test for strengthened specimen is calculated as approximately 50%.
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Figure 5.43 Total energy dissipated until each cycle compared with SIF-O-1L-B

5.5.2 Results - specimen SIF(CTRM)-O-1L-B

As previously mentioned, the specimens strengthened with textile reinforced mortar were tested
under out-of-plane loading by considering the same test setup and the loading protocol used in
the reference specimen. In the specimen where the commercial textile mesh was applied, the
fixation of the steel tubes that support the LVDTs measuring the deformation of the brick infill
was done directly to the added mortar layer. This resulted in erroneous measuring of the
displacements of the brick infill by detaching the added layer from rc frame, even if the masonry
infill deformed considerably as seen in Figure 5.44.

After finishing the test, the final deformation of the infill was checked and it was observed that
the brick infill was detached from the upper and bottom rc beams. This indicates that the
deformation of the masonry was predominantly along the horizontal direction, which should be
associated to the one way horizontal bending of the masonry infill. The deformation of the wall
in relation to its initial configuration was measured, and displacements of about 80mm and
102mm were obtained at the bottom and top rc beams. The erroneous deformation measured by
the LVDTs resulted from the detachment of the retrofitting layer at the early stages of loading.
Thus the displacements measured by LVDTs are displacements measured in relation to a movable
reference with unknown real displacements. In any case, it should be underlined that the
deformation pattern of this specimen should be clearly distinct from the one recorded in the
specimens without reinforced mortar layer, as sliding of the brick infill from the bottom rc beam
was considerable, contrarily to the reference specimen, where no sliding occurred at the bottom
interface. This is also associated to the predominant bending developed in the horizontal direction.
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a)

v

Figure 5.44 Final deformation of the infill; a)total deformation, b)detachment of the wall from bottom
rc beam c)detachment of the wall from upper rc beam

The force-displacement diagram displayed in Figure 5.45 relates to the real force measured by
the load cells and the “relative” displacement measured in the control point (LVDT L5) in relation
the points where the steel tubes were fixed.
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Figure 5.45 Force-relative displacement measured in the control point for specimen SIF(CTRM)-O-1L-B

The propagation of cracks in the reinforced mortar layer is shown in Figure 5.46. Due to the
erroneous displacements measured in the LVDTs, no displacement values were associated to the
cracking patterns. It is clear that the first cracking relates to a horizontal crack initiating from mid-
height of the infill. By increasing the out-of-plane displacement in the control point, the horizontal
crack extends and reaches the right side of the specimen. This appears to indicate that at early
stages of deformation the brick infill bends in both vertical and horizontal directions. Horizontal
cracking of the specimen along with considerable sliding of the brick infill through top and bottom
rc beams make the predominant flexural bending happens along horizontal direction. Also it could
be concluded that he vertical cracks observed in the specimen are results of horizontal bending of
the infill.

C 1 C 1 C il

Figure 5.46 Crack propagation recorded in the reinforced mortar layer in specimen SIF(CTRM)-O-1L-B

After the test, the specimen was lifted by a crane to investigate the damage progress in its internal
part, see Figure 5.47. It is observed that the damage pattern included only the crushing of the
bricks adjacent to the top and bottom interfaces. This indicates a good adhesion of the rendering
mortar to the brick infill, enabling a composite behavior and an effective stress redistribution from
the brick infill to the reinforced rendering mortar.

171



Chapter 5- Strengthening of brick masonry infills

Figure 5.47 Out-of-plane damage in the interior part of the infill

5.5.3 Results - specimen SIF(DTRM)-O-1L-B

To overcome the problems encountered in the previous specimen for measuring the exact
deformation of the infill, some modifications were made in this specimen for placement of the
supports of LVDTs. The supports of the LVDTs measuring the deformation of the infill were
directly mounted on the RC beams by cutting the retrofitting layer and fixing to the RC beams as
shown in Figure 5.48. It seems that in this case, the detachment of the retrofitting layer will not
cause any problems in the testing program.

a) » b)

Figure 5.48 Alternative connection of the LVDTs supports to the rc beams of the frame

5.5.3.1 Load-displacement response

The force-displacement diagram recorded in the specimen reinforced with the textile mesh
composed of the composite braided rods is shown in Figure 5.49. At very early stages of loading,
at displacement of 0.5mm, the reduction in the slope of force-displacement diagram was observed,
which probably can be related to the local detachment of the reinforced mortar layer from rc frame
or minor cracking of the infill that was not reflected to the reinforced mortar layer. This local
detachment was not captured by the LVDTs placed on the specimen, which indicates that it could
happen in areas near to the interfaces between infill and RC frame.

The first visible crack on the reinforced mortar layer was detected at the displacement of 1.92mm,
corresponding to the force of 33.4kN by formation of central horizontal crack along the length of
the wall. This crack resulted in the significant reduction in the slope of the force-displacement
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diagram. It is evident that after the displacement of 2.70mm corresponding to the out-of-plane
resistance of 39.3kN, the increase on the out-of-plane resistance was very slight until the peak.
The maximum resistance was about 44.5kN and was achieved at the displacement of 35.13mm.
It is important to notice that there is almost a plateau until the attainment of the out-of-plane
resistance, which appears to indicate that an important redistribution of forces is achieved, which
can be associated to a distributed damage. Based on the force-displacement diagram it is seen that
the plastic deformations attained very important values, which differentiate its response with the
one exhibited by the specimen without reinforced mortar layer. This appears to indicate that the
damage is developed in cumulative deformational state of the infill, contrary to what happened in
the reference specimens where considerable percentage of the deformation was recovered.
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Figure 5.49 Force-displacement diagram of the specimen SIF(DTRM)-O-1L-B

The post peak regime is characterized by the slow decrease on the lateral resistance until the last
cycle. The maximum displacement recorded was about 77.3mm, after which the resistance
immediately dropped to 8.4kN. This sudden drop is associated to the collapse of the interface
between the bottom rc beams and the brick infill, see Figure 5.50.

b)

Figure 5.50 Final state of the specimen SIF(DTRM)-O-1L-B a)front view b)lateral view
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From Figure 5.51, where the monotonic force-displacement envelopes at each successive cycles
are shown, it is clear that until the cracking initiation, no strength degradation was observed. After
initiation of the cracks in the specimen, the out-of-plane resistance reduces in the second cycles
for the same imposed displacement level. It seems that the strength degradation is practically
constant until the displacement of 60mm, in which higher reduction of 30% on the resistance of
the first cycle was recorded.
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Figure 5.51 Monotonic force-displacement envelope of the specimen SIF(DTRM)-O-1L-B for successive
cycles

5.5.3.2 Stiffness degradation curve

The stiffness of the specimen calculated as the secant stiffness at each point in the monotonic
force-displacement diagram and shown in Figure 5.52. The specimen has higher initial stiffness
with respect to the unstrengthened specimens. The trend of variation of the curve is also
logarithmic, meaning that its degradation rate at lower imposed displacements is considerable.
The initial stiffness of the specimen in the out-of-plane direction degraded about 88% until out-
of-plane displacement of 10mm.
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Figure 5.52 Stiffness degradation curve of specimen SIF(DTRM)-O-1L-B
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5.5.3.3  Crack patterns

The cracking pattern recorded during the out-of-plane test for distinct levels of out-of-plane
displacements is shown in Figure 5.53. As mentioned before, the first cracking that was observed
at displacement of 1.92mm was composed of a horizontal crack at mid height of the brick infill,
see Figure 5.53a.

a) Displacement of 1.92 mm b) Displacement of 3.76 mm c) Displacement of 7.38 mm
\

d) Displacement of 10.33 mm e) Displacement of 16.14 mm f) Displacement of 20.18 mm

L — 1 C s~ JC 7 ~ ]

g) Displacement of 29.05 mm h) Displacement of 41.84 mm i) Displacement of 80 mm

T

[ r2r " I C ~Jams J[

Figure 5.53 Crack propagation in specimen SIF(DTRM)-O-1L-B

For higher imposed out-of-plane displacements, crack propagation was observed in the vertical
direction at the central part of the infill initiated from the central horizontal crack (Figure 5.53b-
c). These cracks extended and reached the top and bottom part of the specimen at displacement
of 10.33mm, see Figure 5.53d. At the out-of-plane displacement of 16.14mm the horizontal crack
extended to reach the right and left side of the specimen and at displacement of 20.18mm other
horizontal cracks formed extending along the length of the specimen, see Figure 5.53e-f. The
reinforced mortar layer was fully cracked when the maximum out-of-plane force was reached
(imposed displacement of 35.13mm). By applying higher displacements, the crack density
continued to enlarge and the crack opening increased.

The detachment of the reinforced mortar layer from the rc frame was captured at out-of-plane
displacement of 3.76mm at mid height of the right rc column (L14), see Figure 5.54. At the
displacement of 7.38mm, the displacement measured in LVDT L16 increased sharply, indicating
the detachment of the reinforced mortar layer from the bottom rc beam. The displacement
measured by this LVDT continued to increase significantly for subsequent increasing imposed
displacements, achieving the value of 10mm for the lateral displacement of 30mm. The
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displacement measured by LVDT L11 was increased for almost Imm after the lateral
displacement of 7.38mm. The values of displacement measured by LVDT L11 and L14 are
practically the same during the out-of-plane test, indicating the symmetric deformation until the
last displacement level. It is clear that the values of displacements are very low, indicating that
the detachment of the reinforced mortar layer is very limited, apart from the one observed at the
bottom rc beam. Notice that the generalized increasing of displacements measured by the LVDTs
placed along the perimeter of the rc frame was only significant at the last out-of-plane
displacement levels, corresponding to the collapse of the infill. This appears to indicate the
adequate stress transfer from the brick infill to the reinforced mortar layer, resulting in the smeared
cracking of the reinforced mortar layer, as previously mentioned.
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Figure 5.54 Deformation in LVDTs capturing the detachment between reinforced mortar layer and the rc
frame with brick infill

5.5.3.4 Deformation of the infill

The analysis of the displacement of the brick infill along different alignments can be carried out
from Figure 5.55. It is clear that the LVDTs along the central vertical profile (L2, L5 and LS)
present the highest displacements, being in this case particularly close, contrarily to the reference
specimen in which there was a clear difference between LVDT L5 and the other two LVDTs (L2
and L8 ), at least for early stages of deformation, see Figure 5.56. By analyzing the results of the
horizontal central profile (L4, L5 and L6) it is seen that the displacements recorded in L4 and L6
are very close and clearly lower than the maximum displacements at mid span, see Figure 5.57.
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Figure 5.55 Deformation of the infill at different positions
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Figure 5.56 Displacements along the central vertical profile
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Figure 5.57 Displacements along the central horizontal profile

By combining the information of the horizontal and vertical profiles (Figure 5.56 and
Figure 5.57), it is concluded that the final deformation appears to be as a result of one way
predominant flexure.

The deformation of the infill at different levels of imposed out-of-plane displacements is shown
in Figure 5.58 via contour lines. It is evident that the control point of the specimen always has the
maximum deformation among the other points. It is also observed that at the first levels of loading
the specimen deforms symmetrically in the horizontal and vertical directions, see Figure 5.58a-b.
At higher imposed displacements, by considerable sliding of infill through the bottom rc beam
the predominant flexural bending could be confirmed as horizontal.

As shown in Figure 5.50b, at final stages of loading, the lower interface between the rc beam and
the brick infill collapsed and it bulged outside. This is also reflected in the deformation shape
given in Figure 5.58c-d.

177



Chapter 5- Strengthening of brick masonry infills

a) Displacement of 1.37mm b) Displacement of 10.33mm

®0-05 W051 m1-15 H025 W255 W575 m7510
c) Displacement of 41.84mm d) Displacement of 80mm

m0-9 mS-18 m18-27 27-36 W 36-45 m0-12 m12-24 m24-36 36-48 m48-60 m60-72 m72-80
Figure 5.58 Deformation of the infill at different out-of-plane displacements
One of the reasons of detachment of the retrofitting layer from rc frame is inefficiency of the

connectors applied in the rc frame. The connectors were made of glass fibers and were placed on
the specimen by means of special resin. It seems the resins malfunctioned during out-of-plane
loading and the connectors slid and finally detached from the rc frame, see Figure 5.59.

Figure 5.59 Detachment of the connectors from rc frame

The progression of plastic deformation at two successive cycles during out-of-plane loading is
shown in Figure 5.60. It is clear that this specimen has represented higher amounts of plastic
deformations in the first and second cycles which contrarily to the previously tested specimens
its trend of variation can be approximated by a line with R? of almost 1. The plastic deformations
of this specimen at the first and second cycles of distinct out-of-plane displacements seems to be
similar.
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Figure 5.60 Plastic deformations in the strengthened specimen at each successive cycles

During the out-of-plane test, it was also noticed that in the unloading process, small amount of
imposed displacement was recovered, which is reflected by the cumulative plastic deformation
following a linear trend as the lateral drift increases, see Figure 5.61.
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Figure 5.61 Plastic deformation at two successive cycles; a) first cycle b) second cycle

5.5.3.5 Energy dissipation capacity

The energy dissipation capacity of the specimen at each cycle is shown in Figure 5.62. The
increasing trend of variation at larger displacements is related to the propagation of more cracks
in the specimen.

The total energy dissipation capacity of the strengthened specimen until each cycle is calculated
and compared with reference specimen, see Figure 5.63. It is clear that both specimens
represented higher dissipation of energy at higher imposed displacements. It is also observed that
the strengthened specimen dissipated more energy than the reference specimen during the out-of-
plane loading. The increase in the total energy dissipation capacity of strengthened specimen is
calculated as 20%.
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Figure 5.62 Energy dissipation capacity of the strengthened specimen at each cycle
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Figure 5.63 Total energy dissipation capacity of the strengthened specimen until each cycle compared
with reference specimen

5.6 Comparison of the results
5.6.1 In-plane behavior

The monotonic envelopes of the force-displacement diagrams of the strengthened and
unstrengthened specimens are shown in Figure 5.64 and the key parameters characterizing their
in-plane behavior in terms of lateral stiffness and resistance are presented in Table 5-5. The rc
frames with brick infills tested until distinct in-plane lateral drifts of 0.3%, 0.5% and 1% are also
included in the comparison. It is clear that the addition of textile reinforced mortar improved the
in-plane behavior of rc frames with brick infills. In average, the increase of the in-plane lateral
stiffness and resistance was 43% and 41% respectively, when the designed textile meshes were
applied. When the commercial textile meshes were used, the lateral stiffness and lateral resistance
increase by 44% and 38% respectively. These results appear to indicate that the performance of
the textile meshes is very similar.
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Figure 5.64 Force-displacement envelops for unstrengthened and strengthened specimens

Table 5-5 Lateral stiffness and strength of strengthened and unstrengthened specimens

Positive Direction Negative Direction Average
Model Stiffness | Strength | Stiffness | Strength | Stiffness | Strength

(kN/mm) (kN) (kN/mm) (kN) (kN/mm) (kN)
Bare Frame 5.1 53.9 4.6 51.4 4.9 52.7
SIF-I-2L(NC)-A 334 133.9 27.4 103.6 30.4 118.8
SIF-10(0.3%)-2L(NC)-B 78.0 165.4 70.7 133.8
SIF-10(0.5%)-2L(NC)-B 84.1 175.2 77.3 168.4 73.3 152.9
SIF-10(1%)-2L(NC)-B 65.1 143.9 64.7 130.6
SIF(CTRM)-I-2L(NC)-B 100.8 219.2 110.5 201.1 105.7 210.2
SIF(DTRM)-1-2L(NC)-B 106.1 227.1 103.5 205.3 104.8 216.2

The trend of variation of the lateral stiffness of unstrengthened and strengthened specimens is
shown in Figure 5.65. It is clear that at early stages of loading, strengthened specimens have
higher initial stiffness than unstrengthened specimen. By increasing the imposed displacements,
the difference between the stiffness of unstrengthened and strengthened specimens is decreased
and at lateral drift of 0.75% in the positive and negative directions, they have exhibited similar
results.

An important aspect to be considered in strengthened specimens is related to the damage
developed in the brick infills. According to the damage accumulated in the brick infill after the
in-plane testing shown in Figure 5.66, it is seen that the application of the reinforced mortar layer
on the specimens decreases significantly the damage of brick infill. At the end of the test at lateral
drift of 2.5% in the unstrengthened specimen, the brick infill presents an almost smeared crack
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patterns composed of cracks along the unit-mortar interfaces with different widths. On the
contrary, in the case of the brick infills reinforced with textile meshes, the damage of the brick
infill is associated to the crushing of units along the interface between the rc frame and the brick
infill. Similar results were also found by Lourencgo et al. [34] in static cyclic and dynamic tests of
brick infill where a reinforced mortar layer (steel mesh) was added to brick infills. The reinforced
mortar layer appears to work as damage concentrator, as the major cracking developed in the
rendering. This possibly enables a more simplified and economic retrofitting intervention after
the occurrence of a seismic event.
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Figure 5.65 Stiffness degradation curves of unstrengthened and strengthened specimens
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Figure 5.66 Comparison of the damage of the brick infill after the test a) unstrengthened brick infill b)
strengthening with commercial textile mesh c) strengthening with designed textile mesh

One of the problems observed in the in-plane behavior of the retrofitted specimens is detachment
of'the retrofitting layer from rc frame at early stages of loading. It is clear that during earthquakes,
in-plane and out-of-plane loads will interact and it is important to avoid the shear failure of the
connectors. However, it should be noticed that no debonding of the reinforced mortar layer from
the brick infill was observed, which means that the glass fibers connectors can be a possibility to
improve the adherence of the textile meshes to the brick infills. In this case, it would be important
to study an alternative connector for the rc frame.

The energy dissipation capacity of unstrengthened and strengthened specimens are shown in
Figure 5.67. It is clear that both strengthened specimens have similar energy dissipation capacity

which are considerably higher than the energy dissipation capacity of unstrengthened specimens.
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Figure 5.67 Energy dissipation capacity of strengthened and unstrengthened specimens

5.6.2 Out-of-plane testing

The out-of-plane force-displacement envelopes obtained for the unstrengthened and strengthened
brick infills are shown in Figure 5.68. The parameters related to the initial stiffness, secant
stiffness at 30% of the maximum force and out-of-plane resistance of the distinct specimens are
represented in Table 5-6.
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Figure 5.68 Monotonic envelop obtained in out-of-plane tests

It is clear that the consideration of the steel ties to link the internal and external leaves resulted in
the increase of the lateral resistance and ultimate deformation capacity. The out-of-plane
resistance increased by 18.8% and the initial stiffness increased by 25.6% in relation to the
reference specimen of SIF-O-1L-B.

The addition of a reinforced mortar layer based on textile meshes resulted in the moderate increase
of the out-of-plane resistance and significant increase of the initial and secant stiffness. It should
be mentioned that it was expected that the out-of-plane strength obtained in the strengthened brick
infill could be higher. This could be related to the pre-mature detachment of the retrofitting layer
from rc frame which limited the efficiency of this technique for out-of-plane loading.
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Table 5-6 Comparison of the secant stiffness and out-of-plane resistance

Specimen Initial Secant Stiffness | Strength Increase Increase Increase
stiffness at 30% of peak (kN) in initial in secant in
(kN/mm) force stiffness stiffness strength
(kKN/mm) (%) (%) (%)
SIF-O-1L-B (Refereence) 12.5 12.5 39.8 - - -
SIF-0-2L(C)-B 15.7 13.2 473 25.6 5.6 18.8
SIF(CTRM)-O-1L-B - - 47.2 - - 18.6
SIF(DTRM)-O-1L-B 29.3 29.3 44.5 1.3 times | 1.3 times 11.8

*Increase with respect to reference specimen

The comparison of the force-displacement hysteresis curves of the strengthened and
unstrengthened specimens are shown in Figure 5.69. It is observed that in the specimen
strengthened with TRM technique, higher plastic deformations could be obtained at the end of
each cycle with respect to the reference specimen. This should be associated to the change of the
deformation characteristics. In the reference specimen and even in the double leaf brick infill, the
resisting mechanism was associated to the two-way arching mechanism. In this mechanism it was
possible to observe that part of the deformations were recovered during the unloading process as
the majority of the cracks were partially closed. It is believed that the resisting mechanism
observed in the strengthened specimens was predominantly horizontal bending of the composite
material composed of the brick infill and the reinforced mortar layer where important permanent
deformation was developed.
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Figure 5.69 Force-displacement hysteresis for a) SIF(DTRM)-O-1L-B b)SIF-O-2L(C)-B ¢) SIF-O-1L-
B
The stiffness degradation curves of the strengthened and reference specimen during out-of-plane

loading are shown in Figure 5.70. It is clear that the strengthened specimens have exhibited higher
initial stiffness than the reference specimen. Generally all the specimens have degraded their
initial stiffness at lower displacements but it seems that the degradation rate for specimens with
higher initial stiffness is higher. For instance, the strengthened specimen of SIF(DTRM)-O-1L-
B degraded 88% of its initial stiffness at imposed displacement of 10mm, while the reference
specimen (SIF-O-1L-B) degraded 72% of the initial stiffness until displacement of 10mm. The
value for specimen SIF-O-2L(C)-B is calculated as 75%.
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The total energy dissipation capacity of the strengthened and reference specimens until each cycle
is shown in Figure 5.71. It is observed that the strengthened specimens present higher ability to
dissipate energy when compared to the reference specimen. The increase for specimen
strengthened with textile reinforced mortar at the end of the test with respect to the reference
specimen is calculated as 19%. This value for specimen with double leaves connected by steel
ties was calculated as 51%.

The cracking patterns of the strengthened and reference specimens at the end of the test are shown
in Figure 5.72. It is observed that in the specimens strengthened with TRM technique, most of the
cracks are concentrated in the added mortar layer and the damage of the brick infill is only
associated to the crushing of the bricks adjacent to the upper and bottom interfaces. In this case it
seems that the added mortar layer works as damage concentrator and enables us to use this
technique as retrofitting technique for damaged infills.
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Figure 5.70 Stiffness degradation curves of strengthened versus reference specimen
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Figure 5.71 Energy dissipation capacity of strengthened specimens versus reference specimen
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Figure 5.72 cracking pattern at the end of the test for specimens a)SIF-O-1L-B b)SIF-O-2L(C)-B
¢)SIF(CTRM)-O-1L-B d)SIF(DTRM)-O-1L-B

5.7 Conclusions

Based on the test results of the specimens it could be concluded that;

1) The textile reinforced mortar (TRM) technique enhances the in-plane behavior of infilled
frame, namely the initial stiffness and lateral strength. The effectiveness of this technique relies
also on effectiveness of shear connectors fixing the retrofitting layer to the brick infill, as no
detachment of the rendering from the brick infill occurred.

2) It seems that glass fiber shear connectors provided by the commercial company are not
effective solutions to prevent the detachment between retrofitting layer and RC frame.

3) It is clear that the effectiveness of the retrofitting technique in the in-plane direction by using
developed textile meshes is similar to commercial meshes which makes the retrofitting process

economically custom-designed.

4) The TRM technique applied on the brick infill under out-of-plane loading significantly
enhances the initial stiffness of the infilled frame, but the increase in the out-of-plane resistance
is moderate.

5) It is clear that TRM technique could significantly increase the residual deformation of the
infilled frame, without significant cracking of the brick infill.

186



Strategies for seismic strengthening of masonry infilled rc frames

6) The reinforced mortar layer appears to work as damage concentrator when the specimen is
subjected to the in-plane or out-of-plane loading, as the major cracking developed in the rendering
mortar.

7) By connecting the exterior and interior leaves of the infill with steel ties, an increase of 25.6%
and 18.8% was observed in the initial stiffness and out-of-plane resistance of reference specimen
respectively.

8) Specimens strengthened with textile reinforced mortar represented similar energy dissipation
capacities in the in-plane or out-of-plane directions. Besides these specimens have represented
higher energy dissipation capacity than the reference specimen.
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6 Characterization of the mechanical properties

This chapter aims to characterize the mechanical properties of the components of the brick
masonry used in infill walls tested under in-plane and out-of-plane loading. The information about
the mechanical properties of masonry components and assemblages helps in the analysis of the
experimental results that were carried out on rc frames with masonry infills and also are important
for further numerical analysis of the masonry infills.

In a first phase, the mechanical properties of masonry materials, such as the brick and mortar are
presented and discussed. The mechanical properties include the compressive and flexural strength
of mortar and compressive strength of units to distinct direction of loading. All mechanical
properties are obtained based on standard procedures following European standards.

In a second stage, the mechanical properties of the brick masonry as a composite material were
also obtained, including: (1) compressive strength in the direction normal to the bed joints based
on uniaxial compression tests; (2) tensile and shear strength based on diagonal compression test;
(3) flexural strength in the direction parallel and perpendicular to the bed joints based on flexural
tests; (4) shear properties of unit-mortar interfaces through initial shear tests. All the mechanical
properties were obtained based on standard tests.

6.1 Characterization of masonry components
6.1.1 Fresh and hardened properties of mortar

The characterization of the mechanical properties of mortar was carried out on specimens casted
with the mortar used in the construction of the brick masonry infill walls. This procedure was
followed aiming at evaluating the construction quality. The mortar specimens were prepared by
considering the same procedure for all constructed infill walls. The construction of the masonry
infills was carried out by using a premixed mortar of class M5, taking into account that it would
be a mortar with a resistance close to the one used in the past decades in the construction of infills
in rc buildings. In addition, in order to avoid problems with the quality of mortar, it was decided
to use a premixed mortar. In general, a bag of premixed mortar with 25kg was mixed with 3.5kg
of water by an electrical mixer, following the recommendation of the mortar producer. The
sampling of the mortar was carried out during the construction of the masonry infill walls both
for the analysis of the consistency [123] and determination of compressive and flexural strength
[124].

The consistency is a measure of plasticity and it is an indicator of workability of mortar. The
consistency of the mortar was characterized through flow table tests carried out according to
European standard [123]. The mortar was placed in an adequate mold at the center of the disc of
the flow table, by introducing it in two layers. Each layer was compacted by at least 10 short
strokes to ensure uniform filling of the mold. After approximately 15 seconds, the mold was raised
vertically and the mortar was spread out by jolting the flow table 15 times at constant frequency
of approximately one per second, see Figure 6.1.

One mold was prepared for each brick infill wall to obtain the flexural and compressive strength
of the mortar, see Figure 6.2. Each mold contains three prisms of 160mmx40mmx40mm. The
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flexural tests were carried out in the prismatic specimens and the uniaxial compression tests were
carried out in the broken halves resulting from the flexural test.

a)

Figure 6.1 Test procedure for evaluation of mortar consistency; a)preparation of the mold b)placing the
mortar in the mold and compacting c)removing the mold and jolting the flow table d)measure two
vertical diameters of the mortar

| —t2eite
h A Vv
Figure 6.2 Mold used for determining the flexural and compressive strength of mortar

The preparation of the mortar specimens was made according to European standard EN1015-
11:1999 [124] by placing the mortar into the mold in approximately two equal layers, being each
layer compacted by 25 strokes. Then the molds were placed in a chamber with controlled
environment (temperature of 20°C and RH of approximately 95%) and after two days the
specimens were removed from the molds. Finally, the flexural and uniaxial compression tests
were carried out at the age of 28 days, see Figure 6.3. The weight of the mortar samples was
measured before performing the flexural tests.

a) b)

< . |
[ 3 = S
Figure 6.3 a)Flexural and b)compressive testing of the mortar
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The results of the consistency, flexural and uniaxial compression tests, namely the flow table,
compressive strength, f,,, and flexural strength of mortar, f;, are presented in Table 6-1. The
information about the coefficient of variation is indicated inside brackets. The detailed results are
presented in Appendix L. It seems that even if mixing process of the mortar was controlled during
the construction of masonry infills, some scatter was found both in fresh and hardened properties.

Table 6-1 Consistency, compressive and flexural strength of mortar

Specimen Leaf F l‘zm;’l‘)ble fu(MPa) | f(MPa)
SIF-I-2L(NC)-A external 180 3.84(9.63) | 1.48(821)
internal 181 3.41(7.02) | 1.46 (6.50)
SIF-O-1L-A external 177 4.25 (7.14 1.75 (1.87)
PIF-O-1L-B external 172 3.74(3.18) | 1.46 (3.45)
Lintel 181 28.04 (5.03) | 5.85 (4.89)
SIF-10(0.3%)-2L(NC)-B | external 172 3.79 (5.44) | 1.47(1.75)
internal 173 455(3.64) | 1.97(3.62)
SIF-10(0.5%)-2L(NC)-B | external 171 534(2.66) | 2.32(2.60)
internal 162 546 (435) | 2.19(7.58)
SIF-O-1L-B external 179 3.79(6.02) | 1.64(4.85)
SIF-0-2L(C)-B external 171 430(2.90) | 1.43(5.72)
internal 165 3.69 (4.98) | 1.25(5.22)
SIF-I0(1%)-2L(NC)-B | external 161 549(5.75) | 2.20(11.55)
internal 181 276 (4.99) | 1.26 (7.60)
SIF(DTRM)-I-2L(NC)-B | external 170 3.05(6.66) | 1.32(1.96)
internal 171 2.87(7.38) | 1.20 (9.04)
SIF(DTRM)-O-1L-B external 167 3.27(6.05) | 1.24(7.85)
SIF(CTRM)-I-2L(NC)-B_| external 165 3.98 (4.15) | 1.82(7.30)
internal 157 6.18 (5.81) | 2.51(6.02)
SIF(CTRM)-O-1L-B external 162 429 (5.04) | 1.44(5.89)

By organizing the results obtained for the mortar used in the construction of each leaf of the brick
infills, the average values of the compressive and flexural strength of mortar were obtained (the
coefficient of variation is indicated inside brackets), see Table 6-2. Based on the results, it is clear
that the coefficient of variation of the flexural and compressive tests for the mortar used in the
internal leaf is relatively high. In spite of similar mixing procedure used in all specimens, it is
possible that some non-measurable variations could occur during the mixing of the mortars.
However, it appears that the average values obtained for compressive and flexural strength of
each leaf are very close, which can be an indicative that a reasonable workmanship was applied
in the construction of the brick infills.

Table 6-2 Summary of the mechanical properties of mortar for each leaf of the brick infill

Leaf fi (MPa) £;(MPa)
External 4.09 (17.7) 1.63 (20.7)
Internal 413 (31.7) 1.69 (31.2)
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6.1.2 Mechanical properties of bricks

6.1.2.1 Dimension of the bricks

As mentioned before, the units used in the construction of the brick infills were considered with
reduced dimensions to comply with the requirements of the reduction of the geometry of the brick
infills (half scale infills). In the absence of the possibility to produce reduced scale units in the
Portuguese market, it was decided to investigate alternative solutions in Spain. Taking into
account that the typical thickness of double leaf brick infills are 15¢m for the external leaf and 11
cm for the internal leaf, it was decided to use brick units produced in Spain with theoretical
dimensions of 24.5cmx11.5cmx8cm and 24.5cmx11.5cmx6cm (length x height x thickness) for
the external and internal leaves respectively. To have the similar height to length ratio of the units
of the prototype in the reduced scale units, the length of the bricks was cut to have the length of
17.5mm. The dimensions of the bricks were measured based on EN772-16:2000 [125] by taking
two measurements near the edges of each specimen (length, /,, height, A, thickness, t.), see
Figure 6.4 and Figure 6.5. The information about the measurements of the dimensions of the
bricks is summarized in Table 6-3 and Table 6-4.

Figure 6.5 Measurement of the dimensions of the bricks
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Table 6-3 Measurement of the thick bricks used in exterior leaf

Length, Iy Height, hy Thickness, tu
ll 12 13 14 hl hz h3 h4 tl t2 t3 t4
S1 17724 | 17816 | 176.43 | 17712 | 11514 | 11510 | 11454 | 115.05 | 72.12 | 76.34 | 72.29 | 76.83

S2 177.36 | 177.65 | 178.20 | 177.54 | 114.86 | 114.43 | 113.7 11547 | 76.03 | 72.33 | 75.52 | 77.28

S3 177.82 | 178.93 | 174.24 | 17531 | 11414 | 114.89 | 115.09 | 114.67 | 76.52 | 72.41 | 75.88 | 76.92
Av. 177.17 114.76 75.04

Table 6-4 Measurement of the thin bricks used in interior leaf

Length, Iy Height, hy Thickness, tu
11 12 13 14 hl hz h3 h4 tl t2 t3 t4
S1 176.72 | 17713 | 175.14 | 17552 | 113.34 | 113.21 113.15 | 113.36 | 58.84 | 56.61 55.02 | 58.77

S2 176.18 | 176.76 | 176.15 | 17552 | 113.49 | 112.85 | 112.47 | 11242 | 58.51 | 59.07 | 59.19 | 56.49

S3 17514 | 175.31 | 177.57 | 177.41 | 113.20 | 114.15 | 113.07 | 114.02 | 55.56 | 58.77 | 55.24 | 59.26
Av. 176.21 113.23 57.61

6.1.2.2  Compressive strength of bricks

The compressive strength of the bricks was obtained according to the European Standard EN-
772-1:2000 [126]. For this, nine specimens were prepared in three directions of loading, namely
in the direction parallel to the height, parallel to the horizontal perforation and parallel to the
thickness. Three bricks of thickness 58mm (theoretical thickness of 60mm) and six bricks of
thickness 75mm (theoretical thickness of 80mm) were considered in the experimental testing
program. The preparation of the specimens was carried out by capping their surfaces with mortar
M10 or polyester, which satisfies the requirements of the standard, see Figure 6.6. The specimens
were kept at laboratory environment with almost constant relative air humidity (RH) and
temperature (temperature of 20°C and RH close to 65%).

a) e ——— ®)

i g
I P = o g
k specimens with a) mortar b) polyester

Figure 6.6 Surface prei)aration of the br

6.1.2.3  Compressive strength — direction parallel to the perforations

The bricks were subjected to the uniaxial compressive load parallel to the perforations, see
Figure 6.7a, to obtain the strength and elastic modulus of the brick in this direction. A thick plate
was placed in the top of the units to apply the uniform uniaxial load. The vertical displacements
were measured based on two displacement transducers placed in both sides of the unit surface,
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see Figure 6.7a. As it is shown in Figure 6.7b, specimens were crushed by the formation of the
vertical cracks along the length.

Figure 6.7 Uniaxial compression tests of brick parallel to perforation a) before test b) after test

The compressive strength of each specimen, f;,, was calculated by dividing the maximum force,
Fimax, by the loaded area, A4;, which is considered to be the gross area of the units, see Eq. 6-1

_ E,max Eq. 6-1
fb =
A
The elastic modulus of the bricks in direction parallel to the perforation, £;, was calculated as the
secant modulus at 1/3 of the uniaxial compression strength, see Eq. 6-2.

_ F;',max Eq. 6-2
3xg x4,

Where & s the strain corresponding to one third of the compressive strength. The results in terms
of compressive strength and elastic modulus of the tested bricks of thickness of 75mm and 58 mm
are presented in Table 6-5 and Table 6-6 respectively. By comparing the results, it is observed
that both compressive strength and elastic modulus of the bricks with thickness of 58mm along
the perforations is considerably higher than the values obtained for the bricks with thickness of
75mm. This result should be associated to the number of perforated rows, given that the units
with 75mm thickness have 2 rows of holes, whereas the other bricks have only one row.

Table 6-5 Compressive strength and elastic modulus of bricks with thickness of 75mm

Fuax A fo 0.33 Finax & E
Specimen (KN) (mm?) (MPa) (KN) (mm/mm) (MPa)
1 25.18 8625.28 2.92 7.55 2.11E-04 4603.74
2 14.77 8530.76 1.73 4.43 2.08E-04 2773.94
3 26.35 8656.53 3.04 7.90 2.58E-04 3929.28
4 16.81 8551.23 1.97 5.04 1.36E-04 4810.61
5 21.15 8590.19 2.46 6.35 2.79E-04 2944.49
6 26.43 8609.81 3.07 7.93 2.18E-04 4690.79
Average 2.53 3958.81
C.0.V. (%) 22.8 22.9
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Table 6-6 Compressive strength and elastic modulus of bricks with thickness of 58m

Specimen Fonax A , fo 0.33 Fnax & E
(KN) (mm?) (MPa) (KN) (mm/mm) (MPa)
1 55.58 | 6581.51 8.44 18.53 3.70E-04 7598.40
2 51.60 | 6545.73 7.88 17.20 2.54E-04 10351.56
3 54.00 | 6608.46 8.17 18.00 2.38E-04 11467.94
Average 8.17 9805.97
C.0.V. (%) 3.4 20.3

6.1.2.4  Compressive strength — direction parallel to the height

The uniaxial compression tests in the direction parallel to the height or perpendicular to the bed
joints was carried out by taking into account the same test setup and procedure previously
described. Six bricks with thickness of 75mm and three bricks with thickness of 58mm were
prepared and tested, see Figure 6.8. Due to the lower height of the bricks it was not possible to
put LVDTs on both sides to measure the vertical displacements, meaning that the modulus of
elasticity was not measured. The results in terms of compressive strength of the bricks are
presented in Table 6-7 and Table 6-8. The comparison of results of both types of bricks reveals
that the bricks with thickness 58mm present higher compressive resistance, being close to the
value provided by the manufacturer. On the other hand, it is considered that the average
compressive strength obtained for brick units with thickness of 75mm is lower than the value
specified by the manufacturer.

a) b)

Figure 6.8 Compressive testing of the brick parallel to height a) before test b) after test

Table 6-7 Compressive strength and elastic modulus of bricks with thickness of 75m

Specimen Fuox (KN) | A (mm?) | f3(MPa)
1 20.84 13349.92 1.56
2 21.38 13240.93 1.61
3 20.75 13309.13 1.56
4 25.34 13313.85 1.90
5 21.28 13358.11 1.59
6 15.31 13174.95 1.16
Average 1.57
C.0.V. (%) 15.1
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Table 6-8 Compressive strength and elastic modulus of bricks with thickness of 58m

Specimen Fuux (KN) | A(mm?) | f;(MPa)
1 26.57 10348.81 2.57
2 21.61 10309.48 2.10
3 37.12 10341.16 3.59
Average 2.75
C.0.V. (%) 21.7

6.1.2.5 Compressive strength — direction parallel to the thickness

The compressive strength of the bricks parallel to their thickness was determined by testing six
bricks with thickness of 75mm and three bricks with thickness of 58mm, see Figure 6.9. Because
it was not possible to place LVDTs on the both side of the bricks to measure the vertical
displacements, the elastic modulus of the bricks was not calculated. The strength of the bricks in
direction parallel to the thickness is listed in Table 6-9 and Table 6-10. It is clear that the strength
of the bricks of thickness 58mm is considerably higher than the strength obtained for the bricks
with the thickness of 75mm, which should be associated to the geometry and percentage of
perforations. The comparison of the compressive strength obtained for the bricks in the three
directions of loading confirmed the anisotropic nature of the bricks, as it was expected. The
highest strength was obtained in direction parallel to the perforations when compared to the
strength obtained in directions parallel to the thickness and parallel to the height.

.
Figure 6.9 Compressive testing of the bricks in direction parallel to thickness a) before test b) after test

Table 6-9 Compressive test results of all specimens with thickness of 75Smm in direction parallel to their
thickness

Specimen Fuux (KN) | A (mm?) f5(MPa)
1 24.19 20255.65 1.19
2 23.26 20288.95 1.15
3 40.38 20223.82 2.00
4 42.80 20388.69 2.10
5 44.2726 20340.59 2.18
6 47.97074 20392.65 2.35
Average 1.83
C.0.V. (%) 28.6
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Table 6-10 Compressive test results of all specimens with thickness of 58mm in direction parallel to their
thickness

Specimen Fuux (KN) | A(mm?) | f3(MPa)
1 110.23 20038.77 5.50
2 100.33 19990.87 5.02
3 80.45 19881.46 4.05
Average 4.86
C.0.V. (%) 15.3

6.2 Characterization of masonry assemblages

Due to the differences found in the compressive resistance of the bricks with different thicknesses,
it was decided to characterize the masonry assemblages built with the brick units with thickness
of 75mm and 58mm. This is justified by the fact that even if the difference found in the strength
of the masonry assemblages is mitigated when the different units are used, it is important to have
the mechanical characteristics of both brick infill masonry. However, due to the limited number
of unit with thickness of 58mm it was decided to consider reduced number of specimens. Besides,
the out-of-plane tests on brick infills was only carried out on the external leaf with the highest
thickness.

6.2.1 Compressive strength of masonry

The main scope of this section is to obtain the compressive strength, as well as the elastic modulus,
of the masonry used in the construction of the infill walls, under compressive loading. The
compressive strength of the masonry was determined by testing three wallets of masonry with
thickness of 75mm and one wallet of thickness 58mm. The lower number of specimens of
masonry with thickness of 58mm is related to the smaller number of available units. The
dimensions of the specimens along with their instrumentation to measure the vertical
displacements within the specimen are shown in Figure 6.10.
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Figure 6.10 Masonry specimen configuration for compression tests

Two displacement transducers (LVDTs) were placed in each side of the specimen, see
Figure 6.10. The specimens were built on a flat surface and the top surface of the specimens was
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rectified by chemical plaster so that uniform uniaxial compressive load could be applied to the
specimen. The specimens were kept in the laboratory environment during 28 days before the
testing. The loading of the specimens was applied on the top of the specimens following the
recommendation of European standard EN1052-1:1999 [127]. The thick steel profile mounted at
the top of the specimen aimed at obtaining uniform vertical load, see Figure 6.11a.

a) . b)

=
Figure 6.11 Details of compressive testing a)before test b)after test

The cracking pattern is composed of some vertical cracks developed at the top row of the masonry
specimen, which resulted in the crushing of the upper row of the bricks, see Figure 6.11b.

The compressive strength of each specimen was calculated by dividing the maximum force, Fax,
by the cross section of the specimen in the direction perpendicular to the uniaxial loading, A4,
according to equation Eq. 6-3:

_ T Eq. 6-3
f"’_A

The vertical deformations measured by the displacement transducers (LVDTs) placed on the
specimen were used to calculate the elastic modulus of masonry, E. It was calculated as a secant
modulus for 33% of the maximum force, according to equation Eq. 6-4.

I Eq. 6-4
3xex A4

In which ¢ is the strain calculated by dividing the vertical deformation measured by each LVDTs
by the distance.

The stress-strain diagrams obtained for all specimens are shown in Figure 6.12 and the values of
elastic modulus and compressive strength are presented in Table 6-11. The force-displacement
diagrams obtained for all specimens are very similar. After the linear pre-peak regime, there is a
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short nonlinear pre-peak until the maximum strength is attained. After this, a relatively short
descending branch was obtained in all specimens. It is seen that the difference between the
compressive strength of masonry with thickness of 75mm and 58mm is lower than the difference
found for the compressive strength of the units. In addition, it is observed that the elastic modulus
obtained in the masonry specimens with the thickness of 58mm is close to the average value found
in masonry with thickness of 75mm.
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Figure 6.12 Stress-strain diagrams under uniaxial compressive loading

Table 6-11 Summary of the results of the specimens under uniaxial compressive loading

Specimen | 4 (mm?) Fmax (KN) | fe(MPa) | € (mm/mm) | E (MPa)
S1 42598.84 50.40 1.23 2.63E-04 1556.96
S2 42358.20 45.78 1.12 4.46E-04 837.30
S3 42446.12 47.20 1.16 2.79E-04 1381.59
S4 31697.57 50.35 1.59 4.59E-04 1154.72

A statistical study was performed on the test results of the specimens with thickness of 75mm to
calculate the standard deviation and coefficient of the variation of the compressive strength and
elastic modulus, see Table 6-12. It seems that the variation of the elastic modulus of the specimens
is relatively high. Although extreme care was performed on transportation of the specimens from
storage area to the testing area in the laboratory but this could be related to the formation of thin
cracks inside specimens due to the transportation.

Table 6-12 Statistical information for specimen of thickness 75mm

Standard Deviation Average Coefficient of Variation
(%)
Compressive Strength (MPa) 0.056 1.17 4.8
Elastic Modulus (MPa) 375.26 1258.6 29.8
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Characteristic compressive strength of the masonry could be calculated as the minimum value of
the following equations;

fk =£ or fk :f;',min Eq 6>

Based on the equation Eq. 6-5, the characteristic compressive strength of the masonry for each
leaf is represented in Table 6-13.

Table 6-13 Characteristic compressive strength of masonry infill

Infill with nominal thickness of Characteristic compressive strength for infill fx
(Mpa)
75mm 1.0
58mm 1.3

6.2.2 Tensile and shear strength of masonry

Aiming at obtaining the tensile and shear resistance of masonry assemblages, it was decided to
carry out diagonal compression tests, see Figure 6.13, following the recommendations of ASTM
standard [128]. Diagonal compression tests were performed on three masonry specimens with
thickness of 75mm and on one specimen with thickness of 58mm. Two displacement transducers
(LVDTs) were placed on each side of the masonry specimens to monitor the extension and
shortening of the diagonals, see Figure 6.13a. The typical cracking patterns obtained in the
specimens are shown in Figure 6.14.

a) b)

Figure 6.13 Diagonal shear test of masonry specimens aj scheme b) view of the specimen before
testing

In general, the cracking of the specimens initiated at upper corner, passing through the unit-mortar
interfaces, reaching the lower corner of the specimen and dividing the specimen approximately
in two halves. No cracking of the units was recorded in the specimens.

201



Chapter 6- Characterization of the mechanical properties

Figure 6.14 Cracking patterns a) specimen S2 b) specimen S1

The shear stress during loading was calculated as:

L= 0.707P Eq. 6-6
Ap
Where 7is the shear stress, P is the applied load (N) and A4, is the net area of the specimen (mm?)
which is calculated as:

- (W;— h) n Eq. 6-7
In which W is the width of the specimen (mm), / is the height of the specimen (mm), ¢ is the

A

thickness of the specimen (mm) and # is the percentage of the gross area of the unit that is solid
expressed as decimal. The percentage of the gross area was calculated as 60% for both type of the
bricks.

The shear strain of the specimen during loading was also calculated based on the results of the
LVDTs that were placed on the specimens, according to the following expression:

AV +AH Eq. 6-8
L
Where yis the shear strain of the specimen (mm/mm), A4V is the vertical shortening (mm), AH is
the horizontal extension of the specimen (mm) and L is the vertical gage length (mm).

Shear modulus of masonry, G, was calculated by dividing the shear stress by the shear strain:

G="L Eq. 6-9

The shear stress-strain diagrams for all specimens are shown in Figure 6.15 and its key parameters
such as shear strength, 7, and shear modulus, G are listed in Table 6-14.
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Figure 6.15 Stress-strain diagrams obtained for diagonal testing

Table 6-14 Shear strength and shear modulus obtained for the wallets tested under diagonal compression

Specimens Thickness (mm) 7(MPa) G (MPa)
S1 75 0.1 717.7
S2 75 0.25 1262.8
S3 75 0.22 1242.9
S4 58 0.17 1017.1

It is clear that the specimen S1 exhibits very low shear strength and shear modulus when compared
to the other specimens. Also as described before, its cracking pattern is different from the other
specimens, see Figure 6.14b. This could be related to the invisible cracking of the specimen during
transportation or installation in the test setup. Using the results of this specimen in the statistical
study will lead to high coefficient of variation. To avoid this, it was not considered in the
calculation of the average shear strength, see Table 6-15.

Table 6-15 Statistical information for specimen of thickness 75mm

Average Coefficient of Variation
(%)
Shear Strength (MPa) 0.24 9.0
Rigidity Modulus (MPa) 1252.8 1.1

6.2.3 Flexural behavior of masonry

The flexural resistance of the brick masonry was obtained in two different directions, namely in
directions parallel and perpendicular to the bed joints.

The dimensions of the specimens adopted for flexural testing in the parallel and perpendicular
direction to the bed joints are shown in Figure 6.16. These dimensions were defined according to
European standard EN 1052-2 (1999) [129].
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The test setup defined for the flexural tests is presented in Figure 6.16 and Figure 6.17 and it was
defined according to the recommendation of European standard [129]. In the test setup, the
specimen was placed vertically and the flexural load was applied in the horizontal direction. This
was decided based on the test setup facilities and on the fragility of the specimens, due to their
reduced thickness. The outer bearings were placed at a distance of 50mm from the end of the
specimens. The distance between the points where the load was applied was about 0.58 and 0.56
times of the distance between outer bearings in specimens tested in direction parallel and
perpendicular to the bed joints respectively. Four LVDTs were placed on the specimens to capture
the deformation during loading. Three of the LVDTs were placed on the left side of the specimen,
measuring the deformation of the specimen at mid span and at the points where their distance
from the central point is 25% of the span. Another LVDT was placed in the right side of the wallet
to measure its displacement at mid span.

a) b)
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Figure 6.16 Dimension of brick masonry under flexure a) parallel to bed joints b) perpendicular to bed
joints

The specimens were constructed and cured in laboratory environment and transported very
carefully to the location where the test setup was mounted. For this a pre-compression was applied
to confine the specimen and to avoid any disturbance of the specimens during transportation, see
Figure 6.17b.

Figure 6.17 Details of experimemtal testsing a) test setup for flexural testing b) transportation of the
specimens
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6.2.3.1  Flexural testing parallel to the bed joints

Four specimens were tested in the direction parallel to the bed joints, namely three specimens
with thickness of 75mm and one with thickness of 58mm. The flexural tests were carried out
under displacement control by monotonically increasing the displacement by 0.1mm/sec.

The typical cracking pattern observed in the specimens is composed of only horizontal cracks in
the mortar joints located between the loading points, see Figure 6.18. The force-displacement
diagrams of all specimens are shown in Figure 6.19.
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Figure 6.19 Force-displacement diagram of all specimen in flexural test parallel to bed joint

It is observed that similar response was observed for all of the specimens. For the first levels of
loading, the displacement increased linearly. The initial cracking resulted in the sudden drop of
flexural capacity. After this point, the load was recovered and reached its maximum resistance
and then the specimen was collapsed.

The flexural strength of the specimens was calculated by the following equation;
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_ 3. —1) Eq. 6-10
2bt;

u

I

In which f; is the flexural strength of each specimen (MPa), F.x is the maximum force observed
during loading (N), /; is the distance between outer bearings (640 mm), /, is the distance between
load points (375 mm), b is the width of the specimen perpendicular to the direction of span (mm)
and ¢, is the thickness of the specimen (mm).

The flexural strength obtained for each specimen in direction of parallel to the bed joint is
indicated in Table 6-16. It is observed that the flexural strength of all specimens is very low and
the flexural strength of thicker specimens (75mm) is similar to the value obtained for the specimen
with thickness of 58mm, as expected.

Table 6-16 Flexural strength of each specimen parallel to bed joint

Specimen Fuax (N) Li(mm) | L (mm) | b (mm) tu(mm) | fr (MPa)
S1 432.1 640 385 545.6 75.12 0.054
S2 450.1 640 385 545.2 75.26 0.056
S3 393.9 640 385 545.8 74.96 0.049
S4 286.1 640 385 545.1 58.24 0.059

The statistical study for the flexural strength of the specimen with thickness of 75 mm was
performed and represented in Table 6-17. It is observed that the coefficient of variation between
the specimens is relatively low.

Table 6-17 Statistical study for the flexural strength in specimen with thickness of 75mm

Standard Deviation Average Coefficient of Variation
(%)
Flexural strength parallel to 0.0034 0.053 6.4
bed joint (MPa)

The characteristic flexural strength of the specimens parallel to the bed joints could be calculated
by dividing the average compressive strength of the specimens by a factor of 1.5 as:

_ fmean Eq~ 6-11
ka - 15

Following this procedure, a characteristic value for the flexural strength in direction parallel to
the bed joints is calculated as 0.035MPa.

6.2.3.2  Flexural testing perpendicular to the bed joints

The flexural tests on the brick masonry in direction perpendicular to the bed joints were performed
in the same test setup presented previously. In this case, the specimens had to be transported to
the testing area, rotated and placed into testing machine very carefully to avoid any cracking of
the specimens, see Figure 6.20.
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Figure 6.20 Flexural testing of the specimen perpendicular to the bed joints

During the positioning of the masonry specimen with thickness of 58mm (S4) in the test setup, it
cracked horizontally through the first bed joint. Due to this problem, the first row was removed
and the test was performed on the rest of the specimen with a lower width.

The typical cracking pattern of the specimens is shown in Figure 6.21a. The cracking of the
specimens consisted of the horizontal and vertical cracks passing through all bed joint and head
joints between the loading points.

Figure 6.21 a)Cracking pattern of the specimens and b)its deformation in flexural test perpendicular to
the bed joints

The force-displacement diagrams obtained in the flexural testing perpendicular to the bed joints
are shown in Figure 6.22. It is observed that the specimens of S1, S2 and S3, which have the same
thicknesses, exhibits similar behavior. Very low flexural force was obtained for the specimen S4,
which should be associated mainly to its lower thickness, lower width resulted by its previous
cracking during transportation. The irregular shape of the pre-peak branch is attributed to the
progressive cracking of the specimen, leading to progressive redistribution of stresses.
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Figure 6.22 Force-displacement diagram of the specimens in flexural test perpendicular to the bed joints

The flexural strength of the specimens was calculated based on the equation Eq. 6-10 and it is
presented in Table 6-18. It is clear that, as expected, the flexural strength of the specimens in
direction of perpendicular to the bed joints is higher than the flexural strength in direction of
parallel to the bed joints.

Table 6-18 Flexural strength of the specimens perpendicular to the bed joints

Specimen Fuax (N) IL(mm) | (mm) | b (mm) tu (mm) | fi (MPa)
S1 1821.436 445 250 365.5 75.26 0.26
S2 1944.923 445 250 365.8 75.18 0.28
S3 2372.103 445 250 365.4 75.32 0.34
S4 636.8205 445 250 243.2 58.16 0.23

The statistical study for the test results of the specimen with thickness of 75mm was performed
and the results are given in Table 6-19. It is observed that the coefficient of variation of the
flexural strength perpendicular to the bed joints among the specimens of thickness 75mm is
reasonable. It is also evident that the flexural strength of the specimen constructed with bricks of
thickness 58mm is close to that of the specimen with thickness of 75mm.

Table 6-19 Statistical study for the flexural strength parallel to bed joint in specimen with thickness of
75mm

Standard Deviation | Average | Coefficient of Variation (%)

0.04 0.29 14.0

Flexural strength perpendicular
to bed joint (MPa)

Characteristic value for the flexural strength in direction perpendicular to the bed joints is
calculated as 0.19MPa by using Eq. 6-11.
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6.2.4 Shear properties of the unit-mortar interfaces

The in-plane initial shear strength of horizontal bed joints in the masonry was determined by
testing nine specimens with the configuration shown in Figure 6.23.

Figure 6.23 Specimens for initial shear test

The specimens were constructed with three bricks on top of each other with two mortar bed joints.
The construction of the specimens and the curing process were performed according to the
European standard EN1052-3:2003[130].

The specimens were tested in shear under four-point load with pre-compression perpendicular to
the bed joints. Because the compressive strength of the units is less than 10MPa, the pre-
compression loads were defined so that they represent reasonable values without any type of
compression failure. Therefore, confining compressive stresses of 0.1MPa, 0.3MPa and 0.5MPa
were adopted, see Table 6-20. Three specimens were tested for each confining stress level,
equalizing a total of 9 specimens. The confining stress was kept constant during the tests with a
maximum variation of 3% in specimen S7.

The specimens were placed on the testing machine and when it was necessary, polyester was used
to level the surfaces of the specimens which are in contact with the steel plates. This is made to
have a uniform shear stresses on the specimen. Four LVDTs were placed on the specimen (three
in one side and one in the opposite side) to capture the sliding and also possible uplifting between
the bricks, see Figure 6.24a.

Typically, the cracking was initiated at the bed joint mortars by sliding of the central brick in the
loading direction, see Figure 6.24b. As it is shown in Figure 6.24b, the shear failure of the
specimens occurred by shear failure at the unit-mortar interface, being an acceptable failure mode
defined in the European standard [130].

The values of the confining stress applied in the specimens and the corresponding shear forces
obtained in the shear tests are presented in Table 6-20.

The shear stress was calculated by dividing the maximum shear force by the gross area of the
brick units. Based on the results, it is clear that by increasing the pre-compression level, the shear
strength of the specimens increased.

For better understanding the shear behavior of the specimens, the force-sliding diagrams are
shown in Figure 6.25. Three different behaviors can be identified with respect to the pre-
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compression level. For the confining stress level of 0.1MPa, the center brick practically did not
slide until the maximum shear strength is reached. At this stage, the central brick started to slide
suddenly which resulted in the sudden drop in the shear force. For the confining stress level of
0.3MPa, the sliding of the center brick was initiated gradually after the shear strength of the
specimen was achieved, and practically almost no strength degradation was occurred. Contrary
to the specimens with confining stress levels of 0.1MPa and 0.3MPa, for the confining stress of
0.5Mpa, the sliding of the specimen started before the shear strength of the specimen was reached.
It is observed that the sliding of the specimen was initiated at lower shear stress and it increased
progressively until it reached the shear strength of the specimen. After this point, the sliding of
the specimen increased rapidly which resulted in very smooth decrease of the shear stress in the
post-peak regime.

a)

Figure 6.24 Initial shear test; a)general configuration b)typical failure pattern

Table 6-20 Shear strength of the specimens due to pre-compression level

Specimens SI | S2 | S3 | s4 | S5 | s6 | 87 | S8 | s9
Pre-compression (MPa) 0.1 0.1 0.1 0.3 0.3 0.3 0.5 0.5 0.5
Ma"‘“‘“‘(“k;';e” force |\ o | 73 | 68 | 76 | 86 | 80 | 124 | 136 | 125
Shear strength (MPa) | 024 | 028 | 026 | 029 | 033 | 031 | 047 | 052 | 048

The variation of shear strength against the normal confining stress is shown in Figure 6.26 for all
specimens. Linear fitting of the experimental results was carried out, resulting in statistical
correlation with a coefficient of correlation 1> equal to 0.87, which appears to be reasonable.
Based on this linear fitting, it was possible to obtain the key parameters defined in the Coulomb’s
friction criterion. An average values of about 0.18 and 0.58 were calculated for the cohesion and
friction coefficient. The cohesion is obtained by intersecting the fitting line in Figure 6.26 with
the vertical axis. The angle of internal friction is also considered as the slope of the fitting line in
Figure 6.26.
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Figure 6.25 Force-displacement diagram of the specimens due to shear forces
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Figure 6.26 Correlation between shear strength and normal stress

The characteristic shear strength and characteristic angle of internal friction of the masonry could
be calculated as:

_ Eq. 6-12
Tvor =08/ 10
tanak =0.8tan Eq. 6-13

Based on these equations, Table 6-21 represents the characteristic values for the shear strength
and internal friction of the specimen.
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Table 6-21 Characteristic value for initial shear strength of masonry

Infill with nominal thickness fvox (MPa) a,
of
75mm 0.14 0.46

6.3 Conclusions

Mechanical characterization of the masonry used in the infills was carried out in this chapter and
based on the analysis of their results the following conclusions were made:

1) The real thickness of the bricks is different with their nominal thickness reported by the
manufacturer.

2) The bricks represented anisotropic behavior in terms of their compressive strength and elastic
modulus at different directions.

3) Higher amount of compressive strength and elastic modulus were obtained for bricks with
thickness of 58mm. Their compressive strength and elastic modulus is calculated as about three
times of the compressive strength and elastic modulus of the bricks with thickness of 75mm.

4) It is seen that the difference between the compressive strength of masonry with thickness of
75mm and 58mm is significantly lower than the difference found in the compressive strength of
the units. The same behavior was also observed for the elastic modulus. The compressive strength
and elastic modulus of the masonry wallets with thickness of 58mm are 1.36 and 0.92 times of
the compressive strength and elastic modulus of the masonry wallets with thickness of 75mm.

5) The diagonal shear test performed on wallets with different thicknesses revealed that the shear
strength and shear modulus of the masonry wallets with thickness of 75mm are 1.4 and 1.2 times
of the shear strength and shear modulus of wallets with thickness of 58mm.

6) Flexural tests were performed on wallets and it was concluded that the specimens with different
thicknesses represented similar flexural strengths. It is also concluded that the flexural strength
of the specimens in direction of perpendicular to the bed joints are significantly higher than their
flexural strength in direction of parallel to the bed joints.

7) Higher amount of confining stress in the specimens tested under initial shear test increased the
initial shear strength of the specimens. Based on different levels of confining stresses different
behaviors in terms of force-sliding curves were obtained.
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7 Numerical Analysis of rc Frames with Brick Infills

7.1 Introduction

Numerical modelling is usually seen as a powerful tool, complementary to the experimental
analysis to analyze problems related to structural engineering. In spite of an extensive
experimental program presented before on rc frames with brick infills under in-plane and out-of-
plane loading (Chapter 3 and 4), it was not possible to assess the influence of several parameters
in the in-plane and out-of-plane response of infilled frames. For example, parameters like the
presence of openings, its distribution on the infill and also material properties of the infill are not
taken into account. Therefore, it was decided to analyze the influence of different parameters in
the mechanical behavior of infilled frames under in-plane loading through numerical modelling.
This work enables a better understanding of detailed behavior of rc frames with brick infills
subjected to different conditions beyond the experimental testing.

Generally, as described in Chapter 2, there are two approaches for numerical modelling of infilled
frames, namely macro-modelling approach by replacing the masonry infill with diagonal struts
and micro-modelling approach. In the micro-modelling approach, finite element method is
usually used to model both the rc frame and brick infill by considering different levels of detail,
see Figure 7.1. The macro-modelling approach mentioned in Figure 7.1d relates the
representation of the masonry with finite elements and considering it as homogenous and isotropic
material, being different from the macro-model approach based on diagonal struts [94]. In the
detailed micro-modelling approach, the infill panel is modelled as a set of three different
components: brick, mortar and interface between mortar and brick. In the simplified micro model,
infill is modelled as a set of two different elements: expanded brick and interface elements.
Interface elements represent the behavior of the mortar and also the interface between mortar and
brick.

This Chapter is composed of two parts, namely: (1) calibration of a numerical model to analyze
the in-plane behavior of rc frame with brick infills based on available experimental results and
performing parametric study considering different parameters and focusing on a more detailed
analysis on the influence and configuration of the openings, and (2) calibration of a finite element
model to analyze the out-of-plane behavior of brick infills based on the experimental results

obtained in Chapter 4.
a) b) c) d)
Unit head joint Unit Mortar Unit Joint Composite
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Figure 7.1 Different details that can be adopted micro-modelling approach: (a) masonry wall; (b)
detailed micro-model; (c¢) simplified micro-model; (d) finite element macro-model
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7.2 In-plane numerical modelling of rc frames with brick infills
7.2.1 Numerical model

The numerical model used to analyze the in-plane cyclic behavior of rc frame with brick masonry
infill walls was defined based on the experimental results obtained by Paulo-Pereira [3]. The
details of the reinforced concrete frame are shown in Figure 7.2. The rc frame was designed
according to EC8 [131] considering an average span often found in representative Portuguese RC
buildings. The masonry infill was built with traditional bricks with horizontal perforation
commonly used in the construction of brick infills in Portugal.
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Figure 7.2 Geometry and reinforcement scheme of the rc frame (dimensions in m) [3]

The numerical analysis of the in-plane behavior of reinforced concrete frames with brick masonry
infill walls was based on finite element modelling carried out in the commercial software DIANA
[132]. For this purpose, a bi-dimensional model of the reinforced concrete frame with brick
masonry infill was adopted. The masonry infill and its surrounding frame was represented by
four-node plane-stress elements. Reinforcement was also added to the concrete frame by using
embedded bars (perfectly bonded). The connection between the masonry infill wall and the
reinforced concrete frame was simulated through four-node interface elements. The lower beam
of the frame was fixed by preventing any translation in x and y directions in the numerical
analysis. This boundary condition is the same as the one used in the testing campaign. A vertical
load of 50kN was put on the top of each column because it is expected that the vertical load is not
transmitted by the top beam to the masonry infill. In fact, it is considered that the brick infill is a
non-structural element, unless the top slab or beam deforms due to creep or additional loading,
and some vertical loading is transferred to the masonry infill, which is not the scope of this
research. The schematic finite element modelling of the rc frame with brick infill is shown in
Figure 7.3.

The non-linear behavior of the concrete and masonry was represented by a Total Strain Crack
Model based on a fixed stress-strain law concept available in the commercial Diana [132]. The
model describes the tensile and compressive behavior of the material with one stress-strain
relationship in the local coordinate system that is fixed upon crack initiation. Exponential and
parabolic constitutive laws were used to describe the tensile and compressive behavior of concrete

and masonry infill respectively, as shown in Figure 7.4.
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Figure 7.3 Finite element model of the rc frame with brick infill

An interface cap model with modern plasticity concepts proposed by Lourengo and Rots (1997)
[133] was used for interface elements describing the connection between the brick masonry infill
and the enclosure rc frame. The interface material model is appropriate to simulate fracture,
frictional slip as well as crushing along the interface [133]. As it is shown in Figure 7.5, fracture
of the interface is controlled by its tension mode, shear behavior is controlled by Coulomb friction
behavior and finally crushing is controlled by the cap in compression mode.
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Figure 7.4 Stress-strain relationship adopted for Total Strain Crack model: a) exponential softening
curve to describe tension and b) parabolic constitutive laws to describe compression
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Figure 7.5 Two-dimensional interface yield function [134]

7.2.2 Validation of the numerical model based on experimental results

The numerical model was validated based on the experimental results obtained by Paulo-Pereira
[3] in three rc frames with distinct types of brick infills tested under in-plane cyclic loading. The
cyclic loading was applied in the plane of the panels in both positive and negative orientations by
increasing the levels of the imposed horizontal displacement up to a pre-defined value of lateral

216



Strategies for seismic strengthening of masonry infilled rc frames

drift. For each lateral drift, three cycles of loading and unloading were performed. This
methodology of applying quasi-static load has been used by many researchers to simulate the
response of the structure to the action of earthquakes [135].

Table 7-1 provides information about the materials and geometrical configurations adopted for
the masonry infill walls. Two single leaf masonry infills were tested: (1) one without rendering
(Wall-Ref-01) and (2) and the other rendered with mortar (class M5) in both sides with 10mm
thickness (Wall-Ref-02). The third masonry wall (Wall-JAR) was reinforced at the bed joints, at
each two courses, with prefabricated trussed reinforcement composed of two longitudinal bars
connected by diagonal bars (Murfor RND 4/100 with 2¢4 longitudinal bars). The bricks which
are representative of the materials used for masonry infills in Portugal in the last decades are
horizontally perforated. The monotonic envelopes of the cyclic hysteresis diagrams of force-
displacement diagrams are presented in Figure 7.6. The displacement was measured at the center
of top beam-column node in the opposite corner to the one where the horizontal actuator is
connected. The results in terms of secant stiffness, lateral resistance and failure modes are
summarized in Table 7-2.

Table 7-1 Information about the components of each brick masonry infill masonry wall

Specimen Type of Panel Components Characteristics of materials

Wall-Ref-01 Simple Brick With dimensions of 0.30x0.20x0.15 m

(without rendering) Mortar Mortar M5 with 10 mm thickness
Simple Brick With dimensions of 0.30x0.20x0.15 m

Wall-Ref-02 (with rendering in Mortar Mortar M5 with 10 mm thickness

both sides) Rendering Mortar M5 with 10 cm thickness in each side

Brick With dimensi0n§ of 0.30x0.2.0x0. I5m

Mortar M5 with 10 mm thickness

Mortar

Mortar M5 with 10 mm thickness
Projected gypsum
BEKAERT- Murfor RND 4/100 with 2$4

Wall-JAR Reinforced panel | Exterior rendering
Interior rendering

Reinforcement L.
longitudinal bars
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Figure 7.6 Pushover diagrams of the test specimens

Based on the results it is possible to observe that the rendering, applied in the interior and exterior
surfaces, increases the initial stiffness and load carrying capacity of the infilled frame, while the
use of bed joint reinforcement mostly increases load carrying capacity of the infilled frame.
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Table 7-2 Secant stiffness and lateral strength of test specimens

Test Specimen

Average stiffness at 30% of

Average maximum

Failure mode

maximum force (N/mm) force (N)
Wall-Ref-01 111800 85400 Infill Crushing
Wall-Ref-02 235600 181400 Infill Crushing
Wall-JAR 128400 207100 Infill Crushing

The mechanical properties of the masonry and the concrete used in the experimental campaign

are indicated in Table 7-3. These were obtained based on a set of experimental tests carried out

by Paulo-Pereira (2013) [3], namely compressive and flexural tests on brick masonry wallets.

Table 7-3 Mechanical properties of the components for walls specimens [3]

Mechanical Properties Concrete | Wall-Ref-01 | Wall-Ref-02 | Wall-JAR
Young Modulus (GPa) 31.5 1.67 3.83 443
Poisson’s ratio 0.15 0.13 0.237 0.175
Tensile Strength (MPa) 2.35 0.25 0.4 0.5
Mode-I fracture Energy (N/mm) 0.10 0.02 0.03 0.03
Compressive Strength (MPa) 31.5 1.00 1.26 1.97
Compressive Fracture Energy (N/mm) 8.0 1.0 1.0 1.0
Yield Stress of Reinforcements(MPa) - 500 500 500

A brief scheme of the crack patterns of the test specimens are presented in Figure 7.7. It is seen

that the crack pattern is composed of cracks in the perimeter of the infill due to the separation of

the infill from its enclosing frame and crushing of the infill in the vicinity of the horizontal load
applied to the specimen. Crushing of the upper corners of the masonry infill walls occurred in all

walls and can be considered as the main feature of the failure mode, see Figure 7.8.

a)

Figure 7.8 Crushing of loaded corner in the test specimen
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It is intended to validate the numerical model with the test results of Wall-Ref-01 and then check
how the validated model could predict the test results of Wall-Ref-02 and Wall-JAR.

The validation of the numerical model with Wall-Ref-01 was made by defining the material
properties of the interface cap model so that both numerical pushover diagrams and failure modes
are comparable with the data provided in the experimental campaign. The summary of the
mechanical properties adopted for the interface is presented in Table 7-4, namely the material
parameters describing the tensile fracture behavior (tensile strength, f;, and mode I fracture energy,
G/), the shear fracture process (cohesion, c, friction angle, ¢, dilatancy angle, w, and mode 11

fracture energy, G/) and the compression behavior (compressive strength, f., and compressive
fracture energy, Ge).

Table 7-4 Mechanical properties adopted for the interface elements

. ) K, (N/mm?®) K, (N/mm?®)
Elastic Properties 93 By
. £ (N/mm?) G/ (N/mm)
Tension 0.05 0.05
Nonlinear ¢ (N/mm?) ) Wy G/ (N/mm)
. Shear
Properties 0.07 0.5 0.0001 0.3
)
Compression Je (N3/ glm ) Ge (I‘;/mm)

The comparison between the force-displacement diagrams obtained in the experimental and
numerical analysis for the wall “Wall-Ref-01" is carried out in Figure 7.9. It is observed that there
is a good agreement of the numeric monotonic curve and the monotonic experimental envelopes
for positive and negative directions (for convenience the results of “test-” is shown in positive
directions), either in terms of lateral resistance and ultimate deformation.
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Figure 7.9 Lateral force-displacement obtained in numerical analysis and experimental test (Wall-Ref-01)

It is seen that there is also a good agreement in the pre-peak regime, where the linear stiffness and

the pre-peak nonlinear regime are well described by the numerical model. As a result of numerical

analysis, when in-plane lateral load is applied, the infilled frame acts as a monolithic resisting

system at low lateral load level. As the load increases, the infill tends to partially separate from

the enclosure frame and stress concentration along a strut develops. This behavior is schematically

shown in Figure 7.10a. The left upper and bottom right corners of infill detached from the RC
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frame for lateral loads of S5kN and of 65kN respectively, which agrees with the test results. It
should be also noticed that the failure mode of the numerical model is compatible with one
recorded in the test results. As shown in Figure 7.10b, the deformed mesh found in the numerical
model of the infill panel at failure demonstrates the crushing of the infill in the extremities of the
diagonal compression strut. This result matches with the failure mode of the test results shown in
Figure 7.8.

Figure 7.10 a)Schematic distribution of minimum principal stresses in numerical model (Wall-Ref-01)
b)Deformed mesh of the infill panel at failure

For the Wall-Ref-02 and Wall-JAR, there was the need to update the mechanical properties of
interface elements to take into account the rendering at both sides of the wall and the
reinforcement at the bed joints. It is evident that the presence of rendering and also bed joint
reinforcement change the mechanical properties of the interface elements representing the
connection between infill and the surrounding frame.

The mechanical properties of the interface elements of Wall-Ref-02 and Wall-JAR were
calculated by modifying the mechanical properties of interface considered in Wall-Ref-01. The
update of the mechanical properties of the masonry infill with rendering at both sides was made
by considering the geometrical association of the masonry infill with the thickness #,, and the new
mortar layers with thickness ¢#, as is seen in Figure 7.11. Thus, the equivalent value of the
interface’s tensile strength in specimen Wall Ref 02 is obtained through Eq. 7-1:

f _(f;ith)_I_(f;rxtr) Eaq. 7-1

tin — q.7-
tall

Where f;, is the equivalent tensile bond strength of the interface in new condition (with rendering),

fii 1s the tensile bond strength of the interface without rendering, f;- is the tensile bond strength of

the rendering material, ¢, is the thickness of the infill wall without rendering (15 cm), ¢ is the

thickness of the mortar rendering layers (1 cm) and ¢, is the entire thickness of the wall after
rendering. The mechanical properties of the interface after adding the rendering such as elastic
properties (shear and normal stiffness), cohesion and also Mode II fracture energy are also
calculated according to the same averaging procedure. The summary of the mechanical properties
of the interface updated after rendering for the specimens Wall-Ref-02 and Wall-JAR is presented
in Table 7-5. It was considered that the friction and the dilatancy angles can be considered roughly
the same for the rendering walls.

The static nonlinear analysis performed on the walls Wall-Ref-02 and Wall-JAR to evaluate their
in-plane cyclic behavior is summarized in Figure 7.12, where the numerical nonlinear monotonic
and experimental monotonic envelopes of force-displacement diagrams can be compared. Also
here, for convenience, the results obtained in both directions are represented in positive directions.
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It is seen that the numerical model can predict very satisfactorily the results of the experimental

tests. The numerical results confirm again that rendering of the infilled masonry walls results in
a considerable increase on the in-plane lateral resistance.

Ir tw _tr

Figure 7.11 Thickness of the brick infill masonry walls after rendering in contact with the concrete
enclosure

Table 7-5 Mechanical Properties of the interface after rendering

Interface mechanical Properties Wall-Ref-02 Wall-JAR
Normal stiffness, K. (N/mm?) 24.18 33.48
Shear Stiffness, Ks (N/mm®) 14.04 19.44
Tensile strength, f; (N/mm?) 0.13 0.18
Mode I fracture energy, G/ (N/mm) 0.13 0.18
Cohesion, ¢ (N/mm?) 0.2 0.263
Mode II fracture energy, G/ (N/mm) 0.9 1.1

The numerical results in terms of secant stiffness, calculated as a slope of force-displacement
diagram at 30% of the maximum lateral resistance, and lateral strength are given in Table 7-6.
Rendering has increased the lateral strength of the wall about 100% and putting bed joint
reinforcement along with both side rendering has increased about 130%. Both specimens fail due
to infill crushing in the numerical model, which is compatible with experimental results.

It should be also stressed that the numerical model is also able to catch the effect of the addition
of horizontal reinforcement at the bed joints on the lateral resistance. An increase of 12% on the
lateral resistance was recorded in case of specimen Wall-JAR in relation to wall Wall-Ref-02. It

is therefore concluded that the proposed numerical model adequately replicates the experimental
tests.
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Figure 7.12 Comparison of the force-displacement diagrams obtained in experimental program with
numerical analysis: a) Wall-JAR b) Wall-Ref-02
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Table 7-6 Results of numerical analysis in terms of initial stiffness, lateral resistance and failure mode

Numerical Secant stiffness at 30% of Fiuax . .
Model (N/mm) Lateral Resistance, Fuax (N) Failure Mode
Wall-Ref-02 201000 171500 Infill Crushing
Wall-JAR 120000 197500 Infill Crushing

7.2.3 Analysis of the material properties

7.2.3.1 Parameters under study

The parametric analysis aims to evaluate the effect of different parameters on the in-plane
response of masonry infilled frames. In detail, the work presented in this section can be divided
in four parts: (1) analysis of the effect of mechanical properties of the infill on the in-plane
response of infilled frame (2) assessment of the influence of the size of central window openings
on the lateral stiffness and resistance; (3) evaluation of the influence of the type and location of
the openings in the lateral stiffness and resistance; (4) assessment of the influence of the openings
in the width of the diagonal compression strut that represents the masonry infill.

7.2.3.2  Analysis of the effect of the compressive strength of infill

In a first numerical analysis, the compressive strength of brick masonry was taken as 2MPa and
S5MPa to investigate the effect of its variation on the in-plane behavior of infilled frames. As it is
shown in Figure 7.13, increasing the infill’s compressive strength leads to the increase in the
lateral strength of the rc frame with masonry infill. By increasing infill’s compressive strength
from 1MPa (used in the calibration of the numerical model) to 2MPa, infilled frame’s lateral
strength increased about 15%, whereas by increasing its compressive strength from 2MPa to
S5MPa, the increase in its lateral strength is about 64%. The improvement of the lateral strength
of the masonry infilled rc frame by increasing the compressive strength of masonry is much
associated to the crack patterns and damage developed in the composite structure. In fact, the
damage pattern is much related to the crushing of masonry at the ends of the compression strut at
the contact between the masonry infill and the frame. This means that by increasing the
compressive strength of masonry, the damage due to masonry crushing is delayed and occurs for
higher values of stresses developed in the walls, corresponding to higher values of the lateral load
applied.
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Figure 7.13 Pushover diagrams of the numerical models
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Usually the masonry materials with higher compressive strengths have higher fracture energies.
To simulate this condition, the infill’s compressive strength and the compressive fracture energy
were increased by two times to have the compressive strength of 2MPa and compressive fracture
energy of 2N/mm. The results of the static nonlinear analysis in terms of force-displacement
diagrams are shown in Figure 7.14.

It can be concluded that the simultaneous increasing of the compressive strength of the brick infill
from 1MPa to 2MPa and the compressive fracture energy from 1N/mm to 2N/mm, leads to the
increase of the maximum lateral strength of about 23%.

140

120
_ 100 =TS o=
2 P,
[J]
5 60 v
s wl /.
% / = Wall-Ref01
—

20 MCS(2)

. I MC5(2)-MCFE(2)
0 2 4 6 8 10 12 14

Displacement (mm)

Figure 7.14 Pushover force-displacement diagrams obtained in the numerical model

7.2.3.3  Analysis of the influence of the tensile strength of brick infill

The effect of the tensile strength of brick masonry infill on the in-plane behavior is evaluated by
varying the tensile strength of masonry from 0.25MPa to 0.5MPa. The tensile fracture energies
are kept constant to investigate only the effect of tensile strength. From the results obtained, it is
observed that the force-displacement diagram of the model with increased tensile strength do not
show any change in terms of maximum lateral strength, see Figure 7.15. The force-displacement
diagrams of both models are the same until the peak load, which means that infill’s tensile strength
does not have significant effect on the load-displacement diagram of this type of rc frames with
brick infills until the peak loads. Beyond the peak load, no significant changes were also recorded.
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Figure 7.15 Comparison of the force-displacement diagrams for models with varying tensile strength of
masonry

223



Chapter 7- Numerical analysis of rc frames with brick infills

7.2.3.4  Analysis of the influence elastic modulus of brick masonry

The influence of the elastic stiffness of the masonry infill on the in-plane behavior of the rc frame
with brick infill is analyzed by increasing the elastic modulus by 100%. As it is shown in
Figure 7.16, an increase of 100% in the elastic modulus of the infill lead to the increase in the
initial stiffness of about 80% and to the increase in the lateral strength of about 5%. In the latter
case, the increase appears to be negligible. The elastic modulus has also an important influence
on the displacement at which the maximum lateral resistance is attained. The crushing of the infill
panel initiates at a displacement of 9.6mm in the specimen with the reference elastic modulus,
whereas in the wall with the higher elastic modulus, the lateral resistance is attained at lateral
displacement of 4.8mm. This means that in the panel with higher elastic modulus the cracking in
the compressive zones develops earlier with respect to reference wall.
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Figure 7.16 Force-displacement diagrams for RC frame models with distinct stiffness of the brick
masonry infill

7.2.4 Influence of openings in the in-plane response

7.2.4.1  Analysis of central openings

In the first step, the influence of the presence and size of a central opening in the in-plane behavior
of the rc frame with brick infill is investigated by considering different openings in the numerical
model calibrated based on the experimental results. The variation of the area of the central opening
is defined by multiplying the original dimensions of the infill by a factor (a), see Figure 7.17 and
Table 7-7. Here, the model name is defined by O(x%), where x is the ratio of opening area with
respect to the total infill area. The boundary conditions were the same as the ones considered in
the calibrated model. Static nonlinear analysis was performed by applying increasing lateral load
at the upper beam.

The crack propagation of the specimen with the central opening having an area of 30% of the area
of the brick infill is presented in Figure 7.18. The lateral load is applied from right to left. At early
stages of loading, cracks appeared at upper right and bottom left corners of the openings as a
result of the stress concentration along the compression strut. By increasing the lateral load, the
cracking path extends to the other corners of the opening and appears also in the surrounding rc
elements. This occurs in all numerical models with any percentage of openings. As the lateral
load increases, the cracking density increases considerably resulting in the failure of the
composite structure.

224



Strategies for seismic strengthening of masonry infilled rc frames

+

a*h

}-*a*L*—{ ?

[t I -

L

Figure 7.17 Geometry of the central openings

Table 7-7 Geometrical characterization of the openings (dimensions in mm)

Length of Height of Length of | Height of

Model Name | a (constant) Opegning Opgning Ingﬁll Il%ﬁll
0(0%) 0 0 0 3500 1700
0(9%) 0.3 1050 510 3500 1700
0(12%) 0.35 1225 595 3500 1700
0(15%) 0.39 1365 663 3500 1700
0(20%) 0.45 1575 765 3500 1700
0(25%) 0.5 1750 850 3500 1700
0(30%) 0.55 1925 935 3500 1700
0(36%) 0.6 2100 1020 3500 1700
0(39%) 0.625 2187.5 1062.5 3500 1700
0(42%) 0.65 2275 1105 3500 1700
0(45%) 0.675 2362.5 1147.5 3500 1700
0(49%) 0.7 2450 1190 3500 1700
Bare Frame 1 3500 1700 0 0

The distribution of minimum principal stresses (compressive stresses) over the infilled frame

show that for low levels of loading, two diagonal struts form within the infill passing through the

upper left and lower right corners of the openings, see Figure 7.19. This means that, for low levels

of loading, the formation of crack in lower left and upper right corners is due to tensile stresses

and then, by increasing the lateral load, the cracks form in the areas where strut has formed around

the lower right and upper left corners of opening, due to compressive stresses.
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Figure 7.18 Schematic representation of crack propagation in the numerical models by increasing the
lateral load
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Pushover force-displacement diagrams of the numerical models are represented in Figure 7.20 for
better understanding the influence of opening area on the in-plane behavior. All the numerical
analysis were continued until the lateral drift of 2% to obtain the relevant parameters such as
initial stiffness, lateral strength and the displacement corresponding to the lateral strength. By
analyzing the force-displacement diagrams, it is clear that the variation of the percentage of the
central opening influences the lateral behavior of the infilled frames, particularly lateral stiffness,
calculated as the secant stiffness at 30% of the lateral resistance, lateral strength and displacement
at which the lateral strength is achieved.

It is observed that the displacement corresponding to the peak lateral load increases as the opening
area increases, see Figure 7.20. This is related to the reduction of the contribution of the masonry
infill for the lateral strength as the area of the central opening of the masonry infill increases. At
the limit, when the percentage of the central opening is very high, the behavior of the infilled
frame approaches the behavior of the bare frame. It is also observed that by increasing the area of
the central opening, the lateral strength and stiffness decreases. It should be noticed that at small
opening areas the decrease rate of the lateral stiffness is higher than the lateral strength, as can be
seen in Figure 7.21.

100
= T
§80 A xl_\_
o | ><xx
\
X

- en eoee e e |
[ N K J - —0—
Without |Opening

0(9%)
0(12%)
0(15%)
« 0(20%)
- 0(25%)
0(36%)
0(42%)
- 0(49%)
* Only Frame

0 5 10 15 20 25 30 35 40
Displacement (mm)

Figure 7.20 Pushover diagrams of the numerical models with increasing opening ratio
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Figure 7.21 Influence of the opening area A on the mechanical properties of the rc masonry infill: a)
variation of initial stiffness; b) variation of lateral strength

The trend of variation of the initial stiffness of infilled frames is compared with the one obtained
by Asteris [54] and by Giannakas ‘s [55], see Figure 7.22.
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Figure 7.22 Trend of variation of initial stiffness in relation to opening area for different authors

It is observed that the variation of the initial stiffness obtained in this numerical analysis is similar
to the analytical work of Giannakas et al [55] until 49% of opening area to infill area.

Aiming to mathematically define the variation of the lateral resistance and stiffness over varying
opening area, a simplified approach was considered to predict the initial stiffness of the masonry
infilled rc frame with central opening, see Eq. 7-2:

Eq. 7-2

Kco = [(Kﬁll - Kbare) X (1 - A)n] + Kbare
Where K., is the initial stiffness of the infilled frame with central opening, Ky is the initial
stiffness of the solid infilled frame, K. is the initial stiffness of the frame and A is the ratio

699

between opening area and the area of the infill. A best fit provides a value for “n” equal to 3, with

a coefficient of determination 7~ of 0.988. Thus, Eq. 7-2 can be rewritten as (Figure 7.23a):

Eq.7-3

Kco = [(Kﬁll _Kbare) X (1 - A)3]+K

bare
A simplified approach is also used to determine the mathematical equations for the lateral strength
of the masonry infilled rc frames for any area of central opening as shown in Figure 7.23b. In this
approach, the lateral strength is assumed to be expressed as:
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F;O = [(Fﬁll - F}mre) X (1 1396x (1 - A))” ] + F;Jare Eq.7-4

Where F¢, is the lateral strength of the infilled rc frame with central opening, Fjy is the lateral
strength of the solid infilled frame and Fja. is the lateral strength of the reinforced concrete frame.
The best fit is obtained for a value of # equal to 4.3 with an * equal to 0.975. Based on this, the
Eq.7-4 can be rewritten as:

F, =[(Fpy = F ) x(1.1396x (1= A)) ]+ F,
Although the calibration of the numerical model was based on the solid infill, the global results
of the numerical model with the central opening is satisfactorily compatible with the test results
of other researchers [7, 51]. For instance, the movement of the opening towards the center of the

span results in further decrease of the lateral strength and stiffness as it is clear in other numerical
study [51].

are are Eq.7-5
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Figure 7.23 Simplified and detailed approaches for: a) initial stiffness; b) lateral strength

7.2.4.2  Analysis of different types of openings

The central opening can be representative of some geometrical configurations of masonry infill
walls, but other types of openings can be found within masonry infills, typically associated with
double windows and combinations of windows and doors. The most common openings of South
European countries were categorized by [120] and are shown in Figure 7.24.

As the position of the opening is known to affect the lateral behavior of rc frames with masonry
infills [7, 54], it was decided to carry out a detailed study about the influence of the distinct types
of openings that are considered as typical openings in masonry infill walls in south European
countries.

Figure 7.24 Typical openings in masonry infill walls in southern European countries

The distribution of the minimum principal stresses corresponding to the first steps of loading in
the —x direction for the three openings typologies is presented in Figure 7.25. It is seen that three
diagonal struts develop in the piers, namely the central pier between openings and the lateral piers
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between the openings and the rc frame. The inclination of the struts and the stresses developed
depend on the height to length ratio of the piers. This stress distribution shows that the diagonal
struts provide the stiffness of the infilled frame and also withstand the lateral load that is applied
to the structure, meaning that the cross section or the width of the piers in which the diagonal
struts develops is of utmost importance. By comparing the diagonal struts within the infills of
walls O2W)1, O(2D)1 and O(DW)1, see Figure 7.25 for wall labels, it can be easily predicted
that the stiffness and lateral strength of wall O(2W)1 is considerably larger than walls O(2D)1
and O(DW)1, which is attributed to higher width of the three struts formed in the wall
O(2W)1.This is the base for developing analytical work on predicting the lateral stiffness and
strength of masonry infills with openings, which is made later in this section. The initial cracks
develop in the corners due to the tensile stresses and then by increasing the lateral load, cracks
appear in the corners where compressive struts were formed, due to the large compressive
stresses, see Figure 7.26. This crack propagation pattern occurs similarly in the distinct models
with typical openings. Taking into account the three opening typologies for the masonry infill
walls, it was decided to study the influence of the different positions of openings in its in-plane
behavior, as shown from Figure 7.27 to Figure 7.29.
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Figure 7.25 Schematic distribution of minimum principle stresses; a)in wall O(2W)1; b)wall O(2D)1
(left); c)wall O(DW)1 (right)

All walls were numerically simulated in DIANA software considering the material properties
used in the calibrated model of Wall-Ref-01 and analyzed by performing static nonlinear analysis.
The results in terms of initial stiffness and lateral strength are given in Table 7-8. In the cases
where the openings are not symmetric within each typology, the minimum value of initial stiffness
and lateral strength are represented because of the cyclic nature of the earthquakes. For instance
from walls O(2W)2 and O(2W)3, the one which had the minimum value for initial stiffness and
lateral strength, namely O(2W)3, is selected to be investigated in Table 7-8.
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Figure 7.26 Crack propagation in wall O(2W)1

Considering the results listed in Table 7-8, it can be easily concluded that in all opening
configurations, moving the openings toward the boundaries increases the initial stiffness and
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lateral strength of the infilled frames. Similar trend has been pointed out by Asteris [54] in
masonry infill walls with the variation of the geometry and location of a window. For instance,
by moving the two window openings to the nearest point with enclosure frame (walls O(2W)1
and O(2W)4), the initial stiffness and lateral strength increase about 24% and 19% respectively.

a) c) d) €)

P LT T T L L T T, Y
Figure 7.27 Possible positions of window openings: a)O(2W)1, b)O(2W)2, c)O(2W)3, d)O(2W)4,
e)O2W)5

a) b) 0) d) e)

Figure 7.28 Possible positions of door openings: a)O(2D)1, b)O(2D)2, ¢)O(2D)3, d)O(2D)4, e)O(2D)5

a) ¢) d) e) f)
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Figure 7.29 Possible positions of door and window openings: a)O(DW)1, b)O(DW)é, ¢c)O(DW)3,
d)O(DW)4, ¢)O(DW)5, HO(DW)6

In case of the walls with two similar door openings adjacent to the borders, the maximum increase
of initial stiffness and lateral strength is 41% and 3% respectively. For the case of one window
and one door opening the increase in stiffness and strength is about 30% and 7% respectively,
when the openings are moved to the borders. Moving of the openings towards boundaries is more
effective in terms of initial stiffness in the walls that have larger opening areas.

Table 7-8 Initial stiffness and lateral strength of the different models

Initial Stiffness (N/mm) Lateral Strength (N)
Numerical | Simplified Error . . . Error
vl a R e | (G| pumeren | smotted |03
(N/mm) (N/mm)
oezwi 28490 35150 23.4 65100 75010 15.2
o2w)3 0.20 32260 35150 9.0 68510 75010 9.5
o2wy4 ’ 35410 35150 0.7 77710 75010 3.5
02wW)5 30240 35150 16.2 66050 75010 13.6
o@2D)1 12250 11410 -6.9 54840 51640 -5.8
0(2D)3 0.54 14440 11410 -21.0 57060 51640 -9.5
0O(2Dh)4 ' 17250 11410 -33.8 56370 51640 -8.4
0(2D)5 15970 11410 -28.5 55030 51640 -6.2
O(DbW)2 19900 20360 2.3 58240 58680 0.8
OMDdW)4 | 037 25870 20360 -21.3 62240 58680 -5.7
O(DW)6 22770 20360 -10.6 59970 58680 -2.1
Average 15.8 7.3
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On the other hand, as it is shown in Figure 7.30, the increase in the lateral strength by moving the
openings toward boundaries in the walls with lower opening areas is higher than in the case of
walls with higher openings area. In practical terms, this means that in the walls with high
percentage of openings (more than 50%), moving them towards the boundaries does not increase
the lateral strength.
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Figure 7.30 Prediction of key parameters of the in-plane behavior of the walls; a) initial stiffness and b)

lateral strength of the walls with different opening types

The simplified approach that was developed in the previous section for infills with central
openings was used to predict the initial stiffness and lateral strength of the masonry infills with
distinct typical openings, see Table 7-8. It is observed that this simplified approach can predict
the initial stiffness of the masonry infilled rc frames with distinct openings with an average error
of 16% (with a maximum of 34%). For the lateral strength, the average error and the maximum
error is much more reasonable (typically, below 10%). Although the simplified approach is
considered to be a good solution for predicting the initial stiffness of the walls with central
openings, it cannot consistently capture the stiffness of the models with other types of openings.
For instance, the error in predicting the initial stiffness of the wall O(2D)4 by the simplified
approach is high (about 34%).

Given the considerable error obtained for the stiffness, it was decided to develop an empirical
equation to predict the in-plane stiffness of masonry infilled rc frames with distinct types of
openings at any position, based on the equation developed for masonry infills with a central
opening. To do this, the initial stiffness calculated through Eq.7-3 for masonry infill with central
openings is multiplied by a correction parameter, denoted as a position factor, a, which takes into
account the geometrical relations of the individual piers of the infill:

K=K, xa Eq.7-6
The position factor, a, takes into consideration the relation of stiffness of the different piers and
is defined by the following equation, by considering an inverse fitting procedure:
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Eq.7-7

Where, b; is the width of the piers and 4; is height of the openings and A is the total area of the
openings, see Figure 7.31. Table 7-9 shows that the equation satisfactorily takes into account the
changes in position of the openings, given that an average error of approximately 7% was obtained
in relation to the stiffness obtained in the numerical analysis.

by

by

by

Figure 7.31 Width and height of the piers to be used for calculation of Eq.7-7

Table 7-9 Results of empirical equation compared with numerical results

bi hi K (Eq. 7-6) Numerical Error (%)
Wall Name | A (m (m (N/mm) (N/mm)
0.6 0.68
oew)i 0.6 0.68 32260 28490 13.2
0.48 0.68
0.48 0.68
0o(2wW)3 0.2 2 0.68 33580 32260 4.1
O2W)4 1.68 0.68 35710 35410 0.8
OQ22W)5 0.84 0.68 33140 30240 9.6
0.84 0.68
0.3 1.4
oezbD) 0.6 1.4 13960 12250 13.9
0.3 1.4
0.3 1.4
0(2Db)3 0.54 09 14 14620 14440 1.2
0O(2D)4 1.2 1.4 15630 17250 -9.4
0.6 1.4
2D 14300 15970 -10.5
0eD)s 0.6 1.4
0.6 0.68
O(DW)2 0.54 0.68 21310 19900 7.1
0.37 0.3 1.4
O(DW)4 ' 1.44 0.68 27490 25870 6.3
O(DW)6 0.6 0.68 22740 22770 -0.1
( ) 0.84 0.68 ’
Average 6.9

7.2.4.3  Equivalent width of the diagonal strut for infills with openings

In this section it is intended to replace the infill with any typical opening by an equivalent diagonal
strut with width w to have the same initial stiffness. Notice that as already mentioned, it is
common that the masonry infills are replaced by diagonal struts in the macro-modelling approach,
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mainly when the numerical modeling of rc buildings with masonry infills is needed. There are
several empirical formulas for solid masonry infills, but information is lacking in case of masonry
infills with openings. Therefore, a new numerical model was constructed using four-noded plane
stress elements for the rc frame and truss elements for struts equivalent to the masonry infills, see
Figure 7.32.

Figure 7.32 Replacement of masonry infill with a diagonal strut

As the initial stiffness is the parameter under evaluation, linear elastic analysis of the model was
carried out. Different values for the width of the equivalent diagonal strut were considered in the
linear elastic analysis to investigate how it affects the lateral stiffness of the rc frame with masonry
infills under in-plane loading. In Figure 7.33, the relation between the stiffness and the ratio of
the width (w) to length (d) of strut (w/d) is shown. The linear fitting to the numerical stiffness
obtained for different values of the strut width (coefficient of correlation 7 equal to 0.9998)
reveals that the stiffness increases linearly with the width of the strut.
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Figure 7.33 Variation of initial stiffness with the width of diagonal strut

From these results, it is concluded that the ratio of the width of the diagonal strut, w, to the
diagonal length of the masonry infill wall, d, ratio (w/d) equal to 0.32 corresponds to the initial
stiffness of the frame with solid masonry infill. This means that the solid masonry infill within
the frame which is modelled herein can be replaced by a diagonal strut with a width, w, of 1.25m.

In this scope, several equations have been proposed in the past to calculate the width of the
diagonal strut to replace the solid infill panel without openings [71, 72, 77]. Thus, the equivalent
width of diagonal strut obtained with numerical analysis carried out in this work was compared
with the width of the diagonal strut given by different equations found in literature, see
Figure 7.34. From the results, it is observed that generally the proposed equations provide lower
values for the width of the equivalent strut in relation to the value found from the numerical
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analysis. The width of the equivalent diagonal strut calculated from FEMA 356 [1] is the most
conservative.

1.8

1.5

Width of diagonal strut

Figure 7.34 Equivalent width of strut for different proposed equations

It seems that the updated Papia et al. equation [69] provides the closest value to the numerical
result. According to that equation, which is adopted here, the equivalent width of the diagonal
strut is given by:

k-c 1
Wen=——""% 1 Eq.7-8
ill * q
*
k=1+(182 +200)¢, Eq.7-9
FV
Sy=_——— Eq.7-10
2AcolEfr
E. l'h' h!z 1 A l!
2,* :Lf_(_z_{__c—d_,J Eq.7-11
E fr Acol I 4 Abeam h
¢ = 024900116 +0.567v> Eq.7-12
= 0.146 + 0.0073v + 0.12612 Eq.7-13
i
s=1+025 L1 ISASI‘S
h ; Eq.7-14
z=1.125 L5 < A

Where, wy; is width of the strut for solid infilled frame, / is the length of infill, 4 is height of infill,
[” is the length of frame between two centerline of columns, /’ is the height of frame between two
centerlines of beams, ¢ is the thickness of infill, E;,yand Ej are the modulus of elasticity of infill
and frame respectively, Ao is the cross-section of column, Apean i the cross-section of beam and
vis the Poisson’s ratio of infill. This formula will be used next for predicting the equivalent width
of the strut.
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Aiming at obtaining an updated expression for the width of the diagonal strut to simulate the
presence of openings in the masonry infills, the linear variation of initial stiffness with respect to
the width of diagonal strut (Figure 7.33) results in:

w

k= W e (K fill Kbare) *Kpare Eq.7-15
fill
Here, w corresponds to the width of equivalent strut for an infilled frame with stiffness K, Ky is

the stiffness of the rc frame with solid masonry infill and wyy is the width of equivalent strut for

solid infilled frame derived from Eq.7-8. Replacing K in Eq.7-15, incorporating Eq.7-6 and
Eq.7-3 will lead to:

(@—Dw fill Kpare
K i1 = Kpare
This means that a system of infilled frame with any percentage of openings can be replaced by a

frame with equivalent diagonal strut of width w given by Eq.7-16.

W:Wﬁll -a- f(A)+ Eq.7-16

7.2.4.4  Practical guideline for using equivalent diagonal strut method

The proposed equation for calculating the width of an equivalent diagonal strut (Eq.7-16), can be
used for practical purposes in multi-story structures. To do this, it is necessary to calculate Ky
and Kpar for each one-bay one-story frame inside the structure. Obtaining the width of the strut
equivalent to the masonry infill without openings, wy;, from Eq.7-8, which is only related to the

geometry of the infilled frame, will lead to calculation of K ;;, for each one-bay one-story frame,

using the following equation that was proposed by Mainstone [61]:

K. = E oWt
fill = T

NI+ R
Here, & is the angle of the diagonal strut to horizontal direction (degrees). Bazan and Meli [62]
proposed a dimensionless parameter, f, which evaluates the relative stiffness of the rc frame

(Kpare) to the infilled panel (Kj), given by:

cos’(6) Eq.7-17

ECAC
Gi4;

Here, E. is the modulus of elasticity of the rc column, 4. is the gross area of the column, G; is the

p=

Eq.7-18

shear modulus of the infill and 4; is the area of the masonry panel in the horizontal plane. Once
the stiffness of the solid infill and bare frame are calculated, Ky and Kpar., these parameters can
be replaced in Eq.7-16 for calculation of the width of the equivalent diagonal strut representing
the masonry infill of each one-bay one-story frame inside the multi-story structure. To calculate
the lateral strength of the one-bay, one-story infilled frame with any type of openings it is also
needed to calculate the strength of the infill, Fyy, and the strength of the bare frame, Fiare,
separately. The lateral resistance of the bare frame, F.r., can be calculated as:

Mp Eq.7-19
Fpare = W a7

Here, M,, is the plastic moment of the column cross-section [136].The lateral strength of the
infilled frame is calculated based on the equation proposed by Stafford Smith and Coull [65]
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, 7 [AE_Lh,
Fﬁll = fmta“ E_At Eq.7-20

Here, f°, is the compressive strength of masonry of the infill wall, £. and /. are the modulus of
elasticity and moment of inertia of the rc column, ¢ is the thickness of the infill and E; is the
modulus of elasticity of the infill panel. Based on the results of Eq.7-19 and Eq.7-20, the lateral
strength of the infilled panel with any type of opening, Fco, can be calculated from Eq.7-5. The
strength of the equivalent strut for brick infills with any type of opening is calculated as:

F
= co Eq.7-21
tweosé
Aiming at validating the equations proposed herein to calculate the width of the diagonal strut

that describe the behavior of a masonry infilled rc frame with any distribution of openings, three
different finite element numerical models were built, as shown in Figure 7.35, corresponding to
different number of floors and a random distribution of openings in the infills. The nonlinear
material models and mechanical properties were the same as the ones used for the model
calibration. The same frames were also modelled by considering the masonry infills replaced by
diagonal struts whose width, w, is calculated through Eq.7-16. A comparison was made in terms
of initial stiffness and lateral strength between both models, see Table 7-10. By analyzing the
results, it is observed that the numerical model with the equivalent diagonal strut, adopted the
proposed formulation, can satisfactorily predict the initial stiffness and lateral strength of multi-
storey infilled frames with an error lower than 14%. It is considered that these results validate the
ability of Eq.7-16 and Eq.7-5 for predicting the initial stiffness and lateral strength of multi-storey
infilled frames with any distribution of openings in the infills.
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Figure 7.35 Numerical modelling of three multi-story structures in DIANA

Table 7-10 Comparison of the analysis of results between the finite element modelling and equivalent
diagonal strut model

Finite element Equivalent diagonal strut
modelling model Error in Error in
Initial Lateral Initial Lateral Stiffness Strength
Model Stiffness Strength Stiffness Strength (%) (%)
(KN/mm) (KN) (KN/mm) (KN)
One-story 119.5 170.4 107 177.9 10.5 -4.4
Two-story 54.5 177.1 47.8 201.8 12.3 -13.9
Three-story 35.8 181.9 31.2 189.7 12.8 -4.3
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7.3 Out-of-plane behavior of masonry infilled reinforced concrete frames

This section aims at modelling and validating a numerical model to analyze the out-of-plane
behavior of rc frames with brick infills. For this, the numerical modelling of the rc frame with
masonry infill wall tested under out-of-plane loading (SIF-O-1L-B) was carried out in the
commercial finite element software DIANA [132]. The numerical model was validated based on
the force-displacement diagram and also on the cracking patterns and failure mode.

7.3.1 Numerical model for out-of-plane behavior

The numerical model for analyzing the out-of-plane response of rc frames with brick infills was
based on the geometry and reinforcement scheme of the reduced scale specimen of SIF-O-1L-B,
see Figure 7.36 and Figure 7.37.
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Figure 7.36 Geometry and reinforcement scheme of the reduced scale specimens
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Figure 7.37 Cross-sections of columns and beams in reduced scale specimens

Three dimensional finite element modelling of the specimens was carried out in DIANA software
by assuming the masonry infill and concrete as homogeneous materials. Masonry infill and
concrete were modelled with four-noded shell elements, whereas the interface between infill and
its surrounding frame was modelled by 2+2 noded interface elements. The reinforcement was
added to the concrete elements by using embedded bars, perfectly bonded, see Figure 7.38. The
lower concrete beam was fixed totally to prevent any movement in x, y and z directions, whereas
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the upper beam was fixed just in the out-of-plane (z) direction. These boundary conditions are
representative of the ones used in the experimental testing. The vertical load of 160 KN,
corresponding to 40% of column’s axial load capacity was applied at the top of each column
because it is expected that the vertical load is not transmitted by the top beam to the masonry
infill, as it is considered a non-structural element, unless the top slab or beam deforms due to
creep or additional loading.

Figure 7.38 Finite element modelling of the rc frame with brick infill in DIANA software

The non-linear behavior of the concrete and masonry was described by a Total Strain Crack Model
based on a fixed stress-strain law concept available in the commercial software Diana [132]. The
model describes the tensile and compressive behavior of the material with one stress-strain
relationship in the local coordinate system that is fixed upon crack initiation. Exponential and
parabolic constitutive laws were used to describe the tensile and compressive behavior of concrete
and masonry infill respectively, see Figure 7.39. The nonlinear behavior of the interface between
infill and concrete frame was modelled by three dimensional coulomb friction interface model
which enables the description of delamination (tension cut-off) and relative shear-slipping of two
planes (Coulomb friction), see Figure 7.40. For three-dimensional analysis the compression cap
is not implemented in DIANA.
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Figure 7.39 Stress-strain relationship adopted for Total Strain Crack model: a)exponential softening
curve to describe tension and b)parabolic constitutive laws to describe compression
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Figure 7.40 Three dimensional interface material law
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7.3.2 Validation of the numerical model based on experimental results

The major drawback regarding the use of coulomb friction interface model is the lack of material
properties as no data is available for the behavior of the interface between the masonry infill and
the frame. Therefore, the calibration of the numerical model was made based on the mechanical
properties of the masonry infill and rc frame, obtained in chapter 6, and by defining the
mechanical properties of the interface elements to fit the force-displacement diagrams and
cracking patterns obtained in numerical and experimental models.

The summary of the mechanical properties adopted for the interface elements is presented in
Table 7-11, namely the material parameters describing the tensile behavior (tensile strength, f;,)
and the shear behavior (cohesion, ¢, friction angle, ¢, dilatancy angle, ).

Table 7-11 Mechanical properties adopted for the interface elements

Elastic Properties K, (N/mm?®) K, (N/mm?)
9.3 5.7
. fi (N/mm?)
Tension
Nonlinear 0.05
Properties ¢ (N/mm?) tand v
Shear
0.3 0.5 0.0001

The numerical and experimental force-displacement diagrams obtained by the nonlinear
numerical analysis and by the out-of-plane test are shown in Figure 7.41. It is seen that a very
good agreement between numerical and experimental results was obtained. The numerical initial
stiffness, lateral strength and ultimate deformation capacity are very close to the values obtained
in the experimental test.
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Figure 7.41 Force-displacement diagrams of the numerical and experimental model

The major difference is related to the displacement corresponding to the maximum out-of-plane
resistance, which is first attained in the numerical model. Besides the strength degradation after
peak load is slightly higher in the numerical model.

The cracking patterns obtained for different out-of-plane displacements in the numerical model

are shown in Figure 7.42. It is observed that the cracking of the specimen was initiated through

the development of horizontal cracks in the central region of the masonry infill, similar to what

happened in the experimental test. By increasing the out-of-plane displacement, diagonal cracks
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developed from the horizontal cracks that previously formed extending towards the upper corners
of the masonry infill. Further loading of the specimen resulted in the development of diagonal
cracking from the horizontal cracks towards the bottom corners of the masonry infill. It should
be mentioned that the cracking pattern is fully in agreement with the experimental cracking
patterns obtained for the reference specimen.

The cracking of the surrounding frame was initiated by the formation of some cracks in
connection point of upper rc beam and rc columns. Additionally, some vertical cracks at the mid
span of the upper rc beams developed. This cracking pattern in the upper beam also matches the
cracking pattern observed in the experimental test.

a) IIIIIIIIIIIIIIIIIII b) IIIIIIIIIIIIIIIIIII
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Figure 7.42 Propagation of cracks in the numerical model

7.4 Conclusions

In this work a numerical model of a one-bay and one-storey masonry-infilled reinforced concrete
frame was modelled using the DIANA software and calibrated based on the results obtained from
experimental in-plane cyclic tests. Subsequently, an extensive parametric numerical analysis was
carried out to investigate the influence of different parameters on the in-plane behaviour of the
infilled frames. It should be noted that the results presented here relate only to strong RC frames
with weak masonry infills, from which the following conclusions can be drawn:
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1. The presence of openings decreases the initial stiffness of the infilled frames. An increase
of the opening area decreases the initial stiffness of the infilled frame, with the rate of this
decrease being greater for a lower opening percentage and vice versa.
2. Increasing the opening area reduces the lateral strength of infilled frames, with the rate
of this decrease being greater for smaller opening areas than for larger opening areas.
3. Increasing the opening area in the infill results in the maximum lateral resistance of the
infilled frame being obtained at larger displacements.
4. Equations derived from parametric numerical simulation can satisfactorily predict the
initial stiffness and lateral strength of the masonry-infilled reinforced concrete frames with
central openings.
5. For infilled frames with typical openings (window and door openings with different
locations in the walls), an empirical formula was developed taking into account the position
of the openings. This formula can satisfactorily predict the initial stiffness of the infilled
frames.
6. It was observed that an increase of the width of the diagonal strut increases the initial
stiffness of the infilled frames linearly. It was concluded that infill panels with any type of
opening can be replaced by an equivalent strut, whose width can be calculated according to
the proposed formula, taking into account different types of openings and relative positioning
within the masonry infill.
Additionally, a numerical model was built in the commercial software Diana for the analysis of
the out-of-plane behaviour of rc frames with brick infills taking into account the experimental
results of specimen SIF-O-1L-B. Based on the results, it is considered that very good agreement
between numerical and experimental results was achieved, meaning that further parametric study
can be developed based on the numerical model.
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8 Conclusion

The main objectives of this thesis were the experimental characterization of the in-plane and out-
of-plane behavior of rc frames with brick infills (double leaf walls), which are characteristic of
construction in Portugal in the last decades. Complementary, it was aimed at providing
strengthening technique that can improve the seismic behavior of brick infills, such as textile
reinforced mortar technique and application of steel ties connecting both leaves of the infill
together. Finally, it was intended to provide a proposal for calculating the stiffness and strength
of brick infills with a random distribution of openings subjected to in-plane loading.

To accomplish the thesis objectives, an extensive study was carried out to investigate the in-plane
and out-of-plane response of the masonry infilled rc frames by conducting experimental tests and
numerical analysis. The masonry infilled rc frames assumed in this research are considered as
typical construction of South European countries in 1980s. The experimental program consisted
of three different parts, namely: (1) in-plane static cyclic testing of infilled rc frames; (2) out-of-
plane testing of infilled frames; (3) strengthening of infilled rc frames and their cyclic testing
under the in-plane and out-of-plane loading. The numerical work was also composed of three
steps, namely: (1) calibration of a finite element model based on experimental results available in
literature; (2) parametric analysis and proposal of expressions for the calculation of the in-plane
stiffness and strength of brick infills with a random distribution of openings; (3) calibration of a
numerical model to describe the out-of-plane behavior of unstrengthened solid brick infills based
on the experimental results obtained in this thesis.

In the first part of the experimental program, in-plane static cyclic testing of rc frames with brick
infills (double leaf walls) was carried out on five half-scale specimens: one specimen of bare
frame tested until failure; (2) one rc frame with brick infill tested until failure; (3) three rc frames
with solid brick infills constructed with different mason and tested until three different lateral
drifts, namely 0.3%, 0.5% and 1%. As mentioned before, reduced scale specimens were adopted
to comply with some limitations at the laboratory of Civil Engineering department. The reduced
scale specimens were designed according to the representative prototype of brick infilled frame.
Based on the results obtained in the in-plane cyclic tests, it is concluded that: (1) double leaf infills
presented very similar shear distortions along the cyclic in-plane testing, which reveals that the
load is adequately transferred to the both leaves of the brick infill; (2) in spite of using low-
strength masonry infills, their presence within the bare frame significantly increased the initial
stiffness, lateral strength and energy dissipation capacity. Besides, it is important to stress that the
presence of brick infills limited the amount of damage on rc frame for the present testing
conditions; (3) depending on the type of workmanship, the increase in the initial stiffness was
calculated as 5.2-14 times and the lateral strength was calculated as 1.3-1.9 times in comparison
with the bare frame; (4) the stiffness of the rc frame with brick infills decreased significantly as a
result of the cumulative damage. In the other words, the stiffness degradation was particularly
evident at early stages of loading; (5) the workmanship affected the lateral strength and stiffness
of the brick infilled frames, as the lateral strength and stiffness of the rc frames with brick infills
tested until the lateral drift 05% and 1%, in which it is assumed that their lateral strength was
achieved until imposed lateral drifts, are clearly higher than the lateral strength and stiffness
obtained in the brick infill tested until collapse.
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In the second part of the experimental program, six half-scale specimens were subjected to the
out-of-plane loading: (1) two solid brick infills; (2) one specimen with a central opening; (3) three
specimens with previous in-plane damage. The out-of-plane loading was applied by means of an
airbag so that uniform loading on the infill could be assured. The out-of-plane tests were carried
out in displacement control method. From the experimental results obtained in the distinct
specimens it was concluded that: (1) in-plane damage has an important influence on the out-of-
plane behavior of brick infills. All specimens with prior in-plane damage exhibited lower stiffness
and strength when compared to the undamaged brick infills, but the reduction was higher for
specimens with higher levels of in-plane damage. The crack pattern was mainly affected when
the separation of the upper interface between the brick infill and rc frame occurred, which was
valid particularly to higher levels of in-plane damage (in-plane lateral drift of 1%). The
experimental results allowed also to derive simplified equations to predict the out-of-plane
stiffness and resistance of specimens with prior in-plane damage; (2) the out-of-plane behavior
was greatly affected by the workmanship used in the construction of the brick infills. One of the
consequences of poor workmanship was the change of the boundary conditions of the infill, as
the upper interface was poorly filled with mortar, affected the connection between the brick infill
and the rc frame. The different boundary conditions resulted in the change of the cracking pattern
and failure mechanism along with the out-of-plane stiffness, strength and energy dissipation
capacity; (3) the presence of a central opening in the brick infill did not appear to change
considerably the response of the brick infill under out-of-plane loading. However, significant
reduction in the ultimate deformation capacity of the brick infill under out-of-plane loading was
observed. The results obtained can be related to the low opening area (about 12%).

In the last part of the experimental program, different strengthening techniques were applied to
investigate their performance on the improvement of the in-plane and out-of-plane behavior of
brick infills. Two strengthening techniques were considered, namely: (1) textile reinforced mortar
(TRM) applied in specimens tested under in-plane and out-of-plane behavior. Two textile meshes
were used, namely commercial textile meshes of glass fibers and textile meshes that developed at
the department of Civil Engineering of University of Minho. The latter mesh was also a glass
fiber mesh so that it was directly comparable with the commercial one; (2) steel ties for the
connection of the leaves of the double brick infills subjected to out-of-plane loading. From the
experimental results, the main conclusions were drawn as: (1) the brick infills strengthened with
commercial and designed textile meshes presented very similar in-plane response, resulting in
very close values of initial stiffness, lateral strength and energy dissipation capacity. The textile
reinforced mortar was applied to enhance the initial stiffness, lateral strength and energy
dissipation capacity of the reference specimen. The unique problem observed during the in-plane
testing was related to the early detachment of the strengthening layer from the rc frame that limited
the effectiveness of this technique; (2) the level of performance of the textile reinforced mortar
on the out-of-plane response of brick infills was not so high, namely at the level of the stiffness,
strength and energy dissipation capacity. This was related to the early failure of the glass fiber
shear connectors around rc frame that is believed to limit the effectiveness of this technique. After
detachment of the added layer, the retrofitting layer could not perform completely its role on
preventing falling of debris to reduce injuries during earthquakes. However, an important
contribution of the added layer was that it controlled the damage of the brick infills. In effect, the
reinforced mortar layer appeared to work as damage concentrator when the specimen was
subjected to the in-plane or out-of-plane loading, as the major cracking developed in the rendering
mortar, leaving the brick infill almost without damage. Under out-of-plane loading, the damage
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of the infills was mainly concentrated at the boundaries in connection between rc frame and brick
infill; (3) the connection of the leaves of the brick infills through steel ties under out-of-plane
loading revealed the effectiveness of this technique, even if the increase in the out-of-plane
resistance was moderate (close to 20%). However, it should be stressed that the connected brick
infill presented higher dissipation of energy and higher deformation capacity when compared with
the reference specimen. Based on these results, it was considered that the connection of the leaves
with steel ties will improve definitely the out-of-plane response of the traditional brick infills and
thus will reduce their seismic vulnerability.

Finally, in relation to the experimental characterization of masonry materials and masonry
assemblages, it should be stressed that it was possible to obtain the mechanical properties of brick
infills that will be used in the future for the detailed numerical analysis of the brick infills tested
in the experimental campaign.

In the numerical analysis of rc frames with brick infills, two numerical models of one-bay and
one-storey masonry-infilled reinforced concrete frame were built using the DIANA software: (1)
one numerical model to analyse the in-plane behaviour; (2) one numerical model to analyse the
out-of-plane behaviour. The numerical model to analyse the in-plane behaviour was calibrated
based on experimental results available in literature. Subsequently, an extensive parametric study
was carried out to investigate the influence of different parameters on the in-plane behaviour of
the infilled frames, namely the material properties of brick infills, geometry and presence of
random distribution of openings. It was concluded that the presence of openings in the infill
reduces the initial stiffness and lateral strength of infilled frames. However, it should be
mentioned that the clear reduction on the in-plane lateral resistance is only evident after the area
of the openings is higher than 15% of the total area of the brick infills. Important output of this
thesis and a contribution for the state of the art, are the empirical equations developed to predict
the initial stiffness and lateral strength of infilled frames with any type of openings. In addition,
the width of the equivalent diagonal strut that replaces the brick infills when a macro-modelling
approach is followed, was also updated taking into consideration the random distribution of
openings, which is considered to be an important contribution for the state of the art. It was also
concluded that the proposed approach to calculate the width of the equivalent strut is rather
accurate for multi-bay multi-storey infilled rc frames. Additionally, a numerical model was built
in the commercial software of Diana for the analysis of the out-of-plane behaviour of rc frames
with brick infills. Based on the results achieved, it is considered that very good agreement between
numerical and experimental results was achieved, meaning that further parametric study can be
developed.

8.1 Future works

Based on the work carried out in this thesis, it is considered that in spite of important outcomes
achieved in this thesis, additional research is needed to advance the state of the art. For this, some
recommendation are provided for future work:

1. Considering the important role of the in-plane damage on the out-of-plane response of
the brick infills, it is important to consider other in-plane damage levels to build a more
accurate interaction curve relating the in-plane damage with the out-of-plane strength and
stiffness.
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Analyse the influence of the out-of-plane damage on the in-plane resistance of the brick
infills. The methodology should be similar to the one followed for the analysis of the
influence of the in-plane damage on the out-of-plane response. Notice that when
earthquakes occur, simultaneous in-plane and out-of-plane loadings are induced. It is
considered that there is no information available in the literature, which justifies the
relevance of this work.

Consider different percentages of opening areas and evaluate in a more accurate way the
influence of the openings on the out-of-plane response of brick infills.

Analyse the monolithic behaviour of specimens with connected leaves in the traditional
double leaf walls by using different configurations of steel ties. In spite of loading transfer
was ensured in the studied configuration it would be important to apply strain gauges in
the steel ties to analyse the stress levels during the cyclic out-of-plane testing.

It is considered that it will be important to derive expressions for the prediction of the
out-of-plane resistance of brick infills, taking into account different parameters that
influence the out-of-plane resistance, namely the previous in-plane damage level.
Observing the deficient behaviour found in the experimental results of the in-plane cyclic
tests and particularly out-of-plane tests, it is recommended to use more adequate
connectors to link the reinforced rendering mortar to the rc frame.

Use the textile reinforced mortar as a retrofitting technique after inducing some level of
damage under in-plane or out-of-plane loading, aiming at analysing the possibility of
using this technique as a retrofitting technique after occurrence of low to moderate
earthquakes.

In terms of numerical analysis, it will be important to provide further advances in the out-
of-plane numerical modelling based on finite element analysis, by analysing the influence
of the different parameters through a detailed parametric analysis.
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Appendix |

Compressive and Flexural Tests of Mortar Samples

Table I- 1 Test results of mortar used in the specimen SIF-I-2L(NC)-A

C.o.V
S1 S2 S3 S.D | Average (%)
SIF-I- Slump 180
2L(NC)-A W (er) 510.0 498.5 511.1
external leaf | J: (MPa) 1.55 134 1.55 0.12 | 148 8.21
433 | 356 | 334 | 3.71 | 4.13 | 397 | 037 3.84 9.63
fc (MPa)
C.o.V
S1 S2 S3 S.D | Average (%)
SIF-I- Slump 181
2L(NC)-A W (gr) 488.3 487.3 484.2
internal leaf | J, (MPa) 1.57 1.39 1.44 0.10 | 146 6.50
fc (MPa) 380 | 344 | 3.08 | 325 | 345 | 344 | 0.24 341 7.02
Table I- 2 Test results of mortar used in the specimen SIF-O-1L-A
C.o.V
S1 S2 S3 S.D Average (%)
Slump 177
SIF-O-11-A | W (g0 4978 503.1 504.9
f, (vpa) 1.78 1.72 1.77 0.03 1.75 1.87
fc (MPa) | 470 | 439 | 400 | 3.83 | 430 | 428 | 030 425 7.14
Table I- 3 Test results of mortar used in the specimen PIF-O-1L-B
C.o.V
S1 S2 S3 S.D Average (%)
Slump 172
PIF-O-1L-B 7 o) 486.2 4933 489.4
external leaf 1.46 1.51 1.41 0.05 1.46 3.45
f’ (MPa)
375 | 3.56 | 3.87 | 3.77 | 3.84 | 3.65 0.12 3.74 3.18
fc (MPa)
C.o0.V
S1 S2 S3 S.D Average (%)
Slump 181
Lintel W (gr) 573.2 571.5 566.6
f[ (MPa) 6.18 5.74 5.65 0.29 5.85 4.88
fc (MPa) 285 299 | 289 | 278 | 272 | 259 1.41 28.04 5.03
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Table I- 4 Test results of mortar used in the specimen SIF-10(0.3%)-2L(NC)-B

s1 s2 s3 S.D | Average C(';O')V
SIF- Slump 172
10(0.3%)-
JL(NC)-B W (er) 510.0 498.5 511.1
. (Mpa) 1.45 1.59 1.37 011 | 147 7.75
external leaf
fc (MPa) | 3.97 | 3.85 | 3.48 | 3.88 | 3.98 | 3.59 0.21 3.79 5.44
s1 2 3 S.D | Average | €2V
(%)
SIF- Slump 173
10(0.3%)-
JL(NC)-B W (er) 488.3 487.3 484.2
MP 2.02 1.92 0.07 1.97 3.62
internal leaf ft (MPa)
fc (MPa) 473 | 472 | 446 | 431 | 4.63 | 4.45 0.17 4.55 3.64
Table I- 5 Test results of mortar used in the specimen SIF-10(0.5%)-2L(NC)-B
C.o.V
S1 S2 S3 S.D Average (%)
SIF- Slump 171
10(0.5%)-
2L(NC)-B w (er) 486.2 4933 489.4
MP 2.34 2.36 2.25 0.06 2.32 2.60
external leaf fl (MPa)
fc (MPa) | 5.54 | 543 | 516 | 535 | 520 | 537 0.14 5.34 2.66
s1 s2 s3 S.D | Average ci;.)v
SIF- Slump 162
10(0.5%)-
JL(NC)-B W (ar) 573.2 5715 566.6
MP 2.35 2.02 2.21 0.17 2.19 7.58
internal leaf ft (MPa)
fc (MPa) | 547 | 570 | 544 | 505 | 5.69 | 54l 0.24 5.46 4.35
Table I- 6 Test results of mortar used in the specimen SIF-O-1L-B
s1 s2 s3 S.D | Average C{;;)V
Slump 179
SIF-0-1L-B | (0 510.0 498.5 511.1
ft (MPa) 1.70 1.58 0.08 1.64 4.85
f; (MPa) 4.08 3.97 347 | 3.64 | 3.69 | 3.87 0.23 3.79 6.02
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Table I- 7 Test results of mortar used in the specimen SIF-O-2L(C)-B

S1 ) 3 S.D | Average Cé.;;)v
SIF-O- Slump 171
2L(C)-B W (gr) 485.1 476.2 478.6
external leaf | f; (MPa) 1.52 136 1.41 0.08 1.43 5.72
fc (MPa) 4.32 4.53 421 | 432 | 418 | 4.26 0.12 4.30 2.90
C.o.V
S1 S2 S3 S.D Average (%)
SIF-0O- Slump 165
2L(C)-B W (gr) 485.1 476.2 478.6
internal leaf | J, (MPa) 131 1.18 1.25 0.07 1.25 5.22
fc (MPa) 3.85 3.62 344 | 356 | 3.77 | 3.92 0.18 3.69 4.98
Table I- 8 Test results of mortar used in the specimen SIF-10(1%)-2L(NC)-B
S1 S2 S3 S.D | Average Ci‘;;)v
SIF-10(1%)- Slump 181
2L(NC)-B W (gr) 467.7 482.9 484.8
internal leaf | f, (MPa) 1.23 1.18 136 0.10 1.26 7.60
fc (MPa) 2.49 274 | 2.83 | 2.85 | 2.80 | 2.83 0.14 2.76 4.99
S1 2 S3 S.D | Average C{oZ)V
SIF-I0(1%)- | Slump 161
2L(NC)-B W (gr) 500.2 503.6 495.8
external leaf | f; (MPa) 1.92 2.41 2.29 025 | 220 | 1155
fc (MPa) | 5.06 | 552 | 585 | 582 | 522 | 546 | 032 5.49 5.75
Table I- 9 Test results of mortar used in the specimen SIF(DTRM)-O-1L-B
C.o.V
S1 S2 S3 S.D | Average (%)
Slump 167
SIFDTRM)- | W (gr) 456.2 453.4 454.6
O-1L-B
1, (vpa) 1.26 1.13 1.32 0.10 1.24 7.85
fc (MPa) 354 | 323 | 3.01 | 3.14 | 346 | 3.24 0.20 3.27 6.05

Table I- 10 Test results of mortar used in the specimen SIF(DTRM)-I-2L(NC)-B
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S1

S2

S3

S.D

Average

C.o.V

(%)
SIF(DTRM) | Slump 170
-I2L(NC)-B | W (gr) 463.6 465.2 455.8
external leaf ft (MPa) 1.32 1.29 1.35 0.03 1.32 1.96
fc (MPa) | 3.01 | 274 | 3.02 | 336 | 3.13 | 3.00 | 0.20 3.05 6.66
C.o0.V
S1 S2 S3 S.D Average (%)
SIF(DTRM) | Slump 171
-I2LINC)-B | W (gr) 455.8 459.6 456.8
internal leaf | J, (MPa) 132 1.18 1.10 0.11 1.20 9.04
fC (MPa) | 285 | 276 | 3.01 | 3.03 | 3.07 | 252 | 021 2.87 7.38
Table I- 11 Test results of mortar used in the specimen SIF(CTRM)-I-2L(NC)-B
C.o0.V
S1 S2 S3 S.D Average (%)
SIF(CTRM) Slump 165
-I2L(NC)-B | W (gr) 454.0 445.1 4383
external leaf ft (MPa) 1.96 1.80 1.70 0.13 1.82 7.30
fc (MPa) | 397 | 371 | 411 | 395 | 393 | 419 | 0.16 3.98 4.15
C.o.V
S1 S2 S3 S.D Average (%)
SIF(CTRM) Slump 157
-I22L(NC)-B | W (gr) 471.0 477.1 461.1
internal leaf ft (MPa) 2.35 2.53 2.65 0.15 2.51 6.02
fc (MPa) | 635 | 6.03 | 559 | 612 | 6.64 | 635 | 0.36 6.18 5.81
Table I- 12 Test results of mortar used in the specimen SIF(CTRM)-O-1L-B
C.o.V
S1 S2 S3 S.D Average (%)
Slump 162
SIF(CTRM) W (ar) 465.1 462.4 464.5
“O-1L-B f 1.41 1.54 1.38 009 | 144 5.89
( (MPa) . . . . . :
414 | 395 | 442 | 436 | 428 | 456 | 022 4.29 5.04
fc (MPa)
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