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ABSTRACT

INFILLED REINFORCED CONCRETE FRAME PERFORMANCE
UNDER SEISMIC ACTIONS

Demirel, Ismail Ozan
Doctor of Philosophy, Civil Engineering
Supervisor : Prof. Dr. Ahmet Yakut

May 2023, 263 pages

A comprehensive experimental campaign was conducted at METU Ugur Ersoy
Structural Mechanics Laboratory to investigate the seismic response of infilled
reinforced concrete frames. A total of 22 half-scaled frame tests were conducted on
identical, single-story, single-bay frame specimens infilled with hollow clay bricks
and aerated concrete blocks. Retrofit techniques such as isolation joints, steel mesh
overlays, sliding joints and horizontal steel ties were investigated. Frame specimens
under constant vertical load were subjected to cyclic in-plane, monolithic out-of-
plane and simultaneous in-plane and out-of-plane loading conditions using servo-
controlled hydraulic jacks and airbags. Particular attention was devoted to the
definition of lateral drift-based performance limits for infill walls, identification of
in-plane wall damage on the out-of-plane capacity and the performance of retrofit

techniques applied to infill walls to enhance earthquake resistance.

Keywords: Infill Wall, Reinforced Concrete Frame, Experimental Study, Seismic

Performance, Retrofit



0z

DOLGU DUVARLI BETONARME CERCEVELERIN DEPREM ETKISi
ALTINDA PERFORMANSI

Demirel, ismail Ozan
Doktora, insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Ahmet Yakut

Mayis 2023, 263 sayfa

Dolgu duvarli betonarme g¢ergevelerin sismik davramisini incelemek icin ODTU
Ugur Ersoy Yapisal Mekanigi Laboratuvari'nda kapsamli bir deneysel g¢alisma
ylrlitiilmistir. Bosluklu tugla ve gaz beton bloklarla doldurulmus 6zdes, yari
oleekli, tek katli, tek bolmeli betonarme ¢gergceve numuneleri iizerinde toplam 22 adet
cerceve testi yapilmistir. Izolasyon derzleri, gelik hasirla yiizey kaplama, kayar
derzler ve yatay ¢elik baglar gibi giiclendirme teknikleri denenmistir. Sabit diisey
yiik altindaki ¢er¢eve numuneleri, servo kontrollii hidrolik krikolar ve hava yastiklari
kullanilarak dongiisel diizlem i¢i, monolitik diizlem dis1 ve eszamanli diizlem ici ve
dis1 yiikleme kosullarina tabi tutulmustur. Dolgu duvarlar i¢in yanal otelenmeye
baglh performans limitleri tanimlanmis, diizlem i¢i duvar hasarinin diizlem dist
kapasite tizerindeki etkisi aragtiritlmis ve deprem dayanimini iyilestirmek i¢in dolgu

duvarlara uygulanan giiclendirme tekniklerinin performanslar1 karsilagtirilmistir.

Anahtar Kelimeler: Dolgu Duvar, Betonarme Cergeve, Deneysel Calisma, Deprem

Performansi, Giiglendirme

Vi



the life was shattered and without love

| found you in the nobility of a belief

| loved you in a beauty of a fight

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love

all the masters of life have said love

to love a beauty with passion

and be able to fight for that beauty

and here are almond flowers on your face
smiling soil and spring in your hair

are you that fight in which I loved you?
or are you the beauty of that love?

| found you in the nobility of a belief

| loved you in a beauty of a fight

they trimmed our branches thousand times

they broke thousand times

we are blooming again, we are yielding fruit again
they choked the time with fear thousand times
they killed it thousand times

we are at birth again we are in joy

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love

since the first rivers which we passed
our feet became the feet of waters

our hands are hands of rock and soil

we were growing in the mornings thirsty
on your towers with ceremonies

we sang songs with the same chord
same sound, same heart

we gave the purple color to the mountains
our youth hadn't been so ravened yet
neither to the sorrow of deaths in sunset
nor to the joy of births in dawn
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our call is only to you, Oh nature!

you, creating gravediggers with a hand

and running with midwives in other hand
although we live the beauty of you

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love

palaces, thrones will collapse

and blood will keep silent someday
tyranny will finish

even violets will blossom on us

and lilacs will smile

from todays to the future

only will remain those who go to tomorrow
and those who fight for tomorrows

again will rise the poems

again will rain the feelings

and heart

is on top of the images.

Oh those who say everything has finished
those who eat intimidation on the table of fear
neither flowers which resist on fields

nor the angers which grow huge in cities
haven't said farewell yet

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love
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For those who go to tomorrow
and those who fight for tomorrows
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CHAPTER 1

INTRODUCTION

Laying bricks to create a controlled internal environment is one of the oldest
construction techniques in history. The primary load-bearing structural members
were masonry walls, vaults, and domes until the 20" century. Although masonry
structural systems were widely replaced by moment-resisting frames for multi-story
buildings, providing a building envelope and partitioning the internal space is still
commonly achieved by masonry walls placed within framing members. Low to
medium-rise RC moment frames infilled with unreinforced masonry are typical
construction practices in many areas of high seismicity worldwide, including
Tirkiye. Since infill walls are constructed after casting the frame skeleton, their
structural role is practically limited to transferring lateral loads and their self-weight
back to the structural framework. However, it is no secret that infill walls develop
strong interaction with the bounding frames under seismic loading, resulting in a

response significantly different from that of the frame acting alone.

Due to the no-tension-bearing interface between the wall and the frame, lateral in-
plane deflection of the bounding frame concentrates compressive stresses along the
diagonal of the infill wall. As a result, infill walls contribute to lateral resistance by
forming diagonal compression struts that respond similarly to bracings. Several
studies indicate that the infill wall interacting with the adjoining RC frame alters
structural and dynamical properties such as stiffness, strength, energy dissipation

capacity, and damping against seismic loadings (Brokken and Bertero 1981).

Controversial arguments have been set forth on the role of infill walls in modifying
the seismic response of RC frames. Some researchers claim that infill walls are

unaccounted for in the design, so they serve as a reserve capacity in terms of



increasing the stiffness and strength of the RC frames and providing better
deformation control for the structure (Bennett et al. 1996; De Luca et al. 2014). Other
researchers, on the other hand, claim that infill walls may jeopardize the seismic
design philosophy for frame action due to the damage imposed on the boundary

elements and infill driven irregularities (Arteta et al. 2019; Hermanns et al. 2014).

After infill wall contribution to lateral resistance was realized and formulated in
1960s, many researchers aimed to include infill walls in structural design. Yet,
accounting for infill wall contribution in seismic response comes at a price due to

the involvement of many uncertainties and complexities, such as:

e non-standardized construction practice of the infill walls

e complexity of the interaction between the wall and the bounding frame

e variability of the failure modes

e resistance of masonry to analytical modeling due to its anisotropic,
heterogenous and brittle nature

e interaction of in-plane and out-of-plane damages

¢ influence of openings

e possible shear failure of frame members due to excessive shear induced by

the compression strut.

Thus, ignoring the structural contribution of infill walls to avoid the complexities in
the structural analysis and design was favored by the structural engineering

community as a less painful solution.

However, disregarding infill wall-frame interaction in design, relying on the bare
frame for seismic resistance, and perceiving infill wall contribution as a reserve
capacity in case of a major seismic event also did not prove to be a reliable approach
during past earthquakes. Improper arrangement of infill walls on the plan and in the
elevation resulted in structural deficiencies such as undesired torsion, soft-story,
short-column, and out-of-plane failures as illustrated by many other post-earthquake

damage surveys (Sezen et al. 2003; Vicente et al. 2012) and experimental studies



(Dolsek and Fajfar 2001). Furthermore, ignoring infill walls in analytical models is
not always safe as infills increase the lateral stiffness of the building, which may

increase the earthquake demand of the structure by reducing the natural period.

All in all, the seismic response of infilled frames should be better identified, the
positive and negative influence of infills should be accounted in structural design
and retrofit measures that can enhance the resilience of infilled buildings against
seismic actions should be developed.

This study presents an extensive experimental campaign conducted at the METU
Ugur Ersoy Structural Mechanics Laboratory to investigate the seismic response of
infilled RC frames. Particular attention was devoted to the definition of lateral drift
based performance limits for infill walls, the investigation of the impact of in-plane
wall damage on the out-of-plane capacity, and the retrofit techniques applied to infill
walls to enhance their earthquake resistance. Half-scaled, single-story, single-bay
ductile RC frame specimens designed according to contemporary design
requirements were constructed and infilled with hollow clay bricks and aerated
concrete blocks. Retrofit techniques such as isolation joints, mesh overlays,
horizontal sliding joints, and horizontal steel ties were applied. After extensive
characterization of the involved materials, infilled frame specimens were subjected
to constant vertical, cyclic in-plane, monolithic out-of-plane and simultaneous in-
and-out-of-plane loading conditions using servo-controlled hydraulic jacks and
airbags. Experimental measurements were carefully investigated, reported, and
discussed to enhance our understanding of the performance of infilled RC framed

structures and the efficiency of retrofit techniques.

1.1 Background

Paulay and Priestley (1992) explained the interaction between the infill panel and the
bounding frame as follows: “At low levels of in-plane lateral force, the frame and

infill panel will act in a fully composite fashion, as a structural wall with boundary



elements. As lateral deformations increase, the behavior becomes more complex as
a result of the frame attempting to deform in a flexural mode while the panel attempts
to deform in a shear mode. The result is the separation between frame and panel that
may occur at 50 to 70% of the ideal lateral shear capacity of the infill for reinforced
concrete frames.” A masonry panel standing alone has very high lateral stiffness and
low ductility, while a bare reinforced concrete frame is relatively ductile but has low
stiffness. Separated by a no-tension bearing interface, individual responses of flexure
dominant moment frame and shear dominant masonry wall cannot be superimposed
to calculate the ultimate lateral response due to the complex interaction between
them. Under lateral load, full contact is observed between the infill panel and the
bounding frame in the loaded diagonal corners, whereas gaps form in the boundaries
of the opposite diagonal. Load transfer along contact surfaces leads to the
accumulation of compressive stresses along the loaded diagonal of the infill panel
and the combined structural action becomes similar to that of a frame braced by an

equivalent diagonal compression strut, as illustrated in Figure 1.1.
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Figure 1.1. Infill wall involvement to structural response under lateral loads

Different approaches were developed to approximate the width of the equivalent
strut in order to account for the infill panel contribution to the lateral response.
Malcolm Holmes (1961), Paulay & Priestley (1992), and Richard Angel (1994)
assumed constant values for the strut width as 1/3, 1/4 and 1/8 of the diagonal



dimension of the infill, respectively. Others (R. Mainstone 1971; Smith and Carter
1969) developed complex expressions for equivalent strut width considering the
relative stiffness of the infill to the frame. Although the equivalent strut concept
beautifully simplifies the infill wall-frame interaction after the initial separation,
earthquake driven lateral displacement reversals demanding non-linear cyclic
response and deterioration of the infill resistance bring more unknowns into the

equation.

The dynamic response of buildings under ground shaking results in accelerations and
displacements at floor levels. The relative displacement of stories (i.e., inter-story
drift) activates infill wall contribution to the in-plane (IP) resistance of the frames.
In contrast, floor accelerations trigger inertial loads in the out-of-plane (OOP)
direction of the infill walls. Various failure modes of infill and frame members are

possible when the infilled frame is loaded normal and parallel to its plane.

Failure modes of solid infill walls when loaded normal to their planes (i.e, OOP
direction) are illustrated in Figure 1.2. Out-of-plane response of the infill panel is
characterized by plate bending in the elastic range. After the cracking of the infill,
the non-linear response and the capacity are dominated by arching action.
Slenderness, compressive strength, openings, and boundary conditions of the wall

are the main parameters influencing out-of-plane behavior.

one-way arching two-way arching gap under beam
Figure 1.2. Out-of-plane failure modes of solid infill walls

The in-plane failure mode of the infill wall depends on the aspect ratio and
compressive strength of the wall, mortar strength, location and size of window and

door openings and lateral strength of the frame. Failure modes associated with in-



plane loading are illustrated in Figure 1.3. The strength associated with each possible
failure mode should be considered in determining the governing mechanism. The
damage pattern of frame members under in-plane loads depends on the ductility of
the frame (i.e. detailing of the member ends and joints), concrete strength, vertical

load on columns, and the strength of the infill wall.
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Figure 1.3. IP failure modes of infilled frames (Sipos et al, 2013)

The main parameter characterizing the ultimate failure of the infilled frame is the
relative strengths of the infill panel and the frame, as underlined by Mehrabi (1994).
A non-ductile and weak RC frame infilled with strong masonry would possibly
experience shear failure of frame members, whereas a ductile and strong RC frame
infilled with weak masonry would undergo plastic hinging at member ends
accompanied by one or a sequential combination of sliding, diagonal cracking, and

corner crushing failure modes.

IP and OOP failure modes of infilled frames are also influenced by the nature of
seismic excitations, where both directions of the infilled frames are loaded

simultaneously so that IP damage affects OOP capacity and vice versa.

The fundamental criterion of seismic design is to provide life safety under the design
level earthquake. Claiming that infill contribution diminishes and infilled frame
response converges to bare frame in an extreme seismic event, infill wall influence

on seismic demand and structural resistance has been neglected based on a single no-



collapse performance target. Practicing engineers were also reluctant to consider the
infill contribution due to a lack of knowledge of the composite behavior of infilled
frames and a lack of practicable methods for stiffness and strength prediction (Kwan
1982). In this regard, infill contribution has long been regarded as a reserve capacity
and not considered in seismic design. On the other hand, in the displacement-based
design approach, the damage state of members associated with different performance
levels is concerned with varying levels of seismic action. The selection of
performance objectives sets the acceptance criteria for the design. Expected
performance levels should be linked to limiting values of measurable structural
response parameters such as drift, rotation, strain or floor acceleration (R. D. Bertero
and Bertero 2002). Knowing that infill walls contribute to seismic resistance, they
should be included in the structural analysis. Limiting values of measurable response
parameters should be defined for them that comply with the performance targets
defined in seismic codes. Accurate modeling and seismic assessment strategies are
crucial for developing efficient mitigation measures against seismic damages,

casualties, and economic losses (Furtado and De Risi 2020).

In this way, recent experimental and analytical studies on infilled frames have been
trying to figure out the different kinds of complexity that are part of infilled frame
systems so that we can better understand how they react to earthquakes (Furtado and
De Risi 2020). Along with complex and sophisticated numerical computer models,
reliable and simple analysis methods for infilled frames are being developed (Asteris
etal. 2013; Nicolaet al. 2015). Numerous structural retrofit techniques aimed at infill
walls were proposed and tested. Cyclic, pseudo-dynamic and shaking table tests of
scaled and full-scale infilled frame specimens were conducted. The performance of
infill panels is being considered in conjunction with the frame members for
performance assessment studies. Seismic design and assessment guidelines are being

updated to account for previously ignored infill panels.



1.2 Motivation

Capitalism is a system of accumulation that organizes production, distribution, and
social reproduction to extract surplus value, as identified by Karl Marx (1867). Due
to the capitalist development of the Turkish economy, uncontrolled migration from
rural to urban regions started in the 1950s led to a lack of government control over
urbanization. As a result, more than three-quarters of the Turkish population lives in
metropolitan cities as of 2020, compared to one-quarter back in 1950. People rushing
to urban cities compensated for their accommodation requirements through
unauthorized and non-engineered masonry buildings named “gecekondu”, a building
constructed overnight in Turkish. Following economic growth, 3 to 6-story RC
framed buildings suffering proper seismic design emerged to encourage compact

urban living and replace non-engineered masonry buildings.

Despite Turkey's long history of earthquakes, which resulted in the creation of
various seismic zoning maps in 1945, 1947, 1963, 1972, 1996 (Ozmen 2012) and
building design codes in 1947, 1953, 1961, 1968, 1975, 1997, 2007 (Aydinoglu
2007), the authorities were unable to implement an earthquake-resistant design
practice, as addressed by Polat Giilkan (2000).

Populist and profit-oriented policies resulted in unrestrained and uncontrolled
construction practices, especially before the devastating earthquakes hit the highly
populated and industrialized Marmara region of Tiirkiye in 1999. A large proportion
of residential and commercial buildings in Tiirkiye is made up of 3 to 7-story cast-
in-situ RC beam-column frames with hollow brick infill walls (Bal et al. 2008).
Buildings constructed before the 1999 Kocaeli earthquake (Mw=7.4) barely comply

with the earthquake-resistant design requirements.
The common deficiencies of these buildings are:

e Poor concrete quality

e Use of plain bars for longitudinal and transverse reinforcement



e Lack of confinement (Widely spaced confinement steel without densification
at member ends, lack of stirrups at beam-column joints, stirrups hooked 90°)

e Improper detailing (in hooks, connections, etc.)

e Beams stiffer and stronger than columns

e Structural irregularities (soft story, plan irregularities, discontinuity of
members, lack of framing)

e Lap splices above floor slab with insufficient length

e Corrosion of reinforcement

The exterior cladding and interior partitions of the urban RC framed construction
stereotype are made of infill walls constructed in contact with the bounding frame.
Internal partition walls are commonly built with HCB or concrete masonry units of
10 to 13.5 cm, whereas thicker units of 16 to 20 cm are used for exterior walls. Two-
layer construction of external walls accommodating insulation between the layers is
popular in eastern regions where a colder climate dictates better heat isolation. Gaps
at infill boundaries are filled with mortar and no special connectors aimed at
transferring shear forces between the enclosures and the surrounding RC elements
are provided.

In the absence of adequately designed and constructed RC frames, the contribution
of infill walls to the lateral resistance of deficient buildings becomes more
pronounced. If placed properly, infill walls influence the ultimate performance of
deficient buildings by acting as the first line of defense against seismic loads,
providing increased base shear capacity, dissipating energy, limiting story drifts, and
reducing the ductility demand of structural members. Several researchers underlined
the favorable influence of infill walls on seismic resistance. Khalid Mosalam (1996)
stated that: “The performance shown by infilled frames is advantageous especially
when the capacity and ductility of the frame itself is suspected to be inadequate. This
is the case of frames mainly designed for gravity loads without attention to lateral
loads when subjected to moderate or severe lateral loads due to earthquakes”. Bertero

and Brokken (1983) claimed that: “The proper use of infill elements can be of great



practical value in strengthening and stiffening the usually very flexible moment
resisting bare frame”. Calvi, Bolognini and Penna (2004) indicated that the common
trend of neglecting infill on the response because of the fact that masonry panels
crack and separate from the frame early in the response is disproved and it is shown
that most of the energy dissipation takes place in the infills and damage in beams

and columns tends to be low.

On the other hand, the majority of the casualties after sizable earthquakes in Tiirkiye
are due to the collapse of low to medium-rise (i.e., 4 to 9 stories) RC framed buildings
which might be triggered by the collapse of infill walls, as pointed out by Gaudio et
al. (2019). Another possibility, as mentioned by Fardis et al. (1999), might be an
improper arrangement of infills in the plan or the elevation leading to an unbalanced
torsion or the concentration of inelastic deformation demands in ground story

columns resulting in captive column and soft-story mechanisms.

During this study, the author was involved in several post-earthquake damage survey
studies after destructive earthquakes in Tirkiye as a member of the METU
Earthquake Engineering Research Center (EERC), including 2011 Van-Ercis
(Mw=7.2), 2011 Van-Edremit (Mw=5.6), 2020 Elaz1iz (Mw=6.5), 2020 Samos
(Mw=6.9) and 2023 (Mw=7.7 and My=7.6) Kahramanmaras earthquakes. During
damage surveys of these service and design level earthquakes, the importance of the

infill walls to the final performance of framed RC buildings was observed.

Figure 1.4 illustrates three six-story RC frame buildings infilled with hollow brick
masonry exposed to various levels of infill damage in Ercis city after the 2011 Van
Earthquake (Mw=7.2). Although the structural components remained intact with
minor structural damage as expected for the experienced level of ground shaking (i.e.
0.1-0.2g), various losses occurred in the infill walls. The severity of infill damage
influenced immediate usability, the time required for post-earthquake recovery, the
cost of repair, and the impact on human lives, which are decisive factors in the

ultimate seismic performance of buildings.
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a) Light infill damage b) Moderate infill damage  c¢) Heavy infill damage

Figure 1.4. The decisive role of infills, 2011 Van Earthquake (Mw=7.2)

A clear example of the benefit of infill walls in reducing soft-story failure risk after
2020 Samos Earthquake (Mw=6.9) is illustrated in Figure 1.5 (Demirel, Yakut, and
Binici 2022). Eight-story apartment complex comprised of four identical RC
buildings resting on deep soil deposit and exposed to 0.1g peak ground acceleration
measured in Bayrakl district of Izmir city after the 2020 Samos Earthquake. Despite
the amplification of long-distance seismic waves caused by local soil conditions,
experienced spectral accelerations were at least 20% lower than the design values
specified in the 1975 Turkish Earthquake Code (ABYBHY 1975) which was utilized

for their design.

One of the four identical ground-floor buildings had a lot of infill walls around the
outside and inside the plan so that the space could be used as meeting rooms and
storage (Figure 1.5a). In the other three buildings, the ground floors had no infill
walls due to architectural preference (Figure 1.5¢). Three of the buildings without
infill walls collapsed, resulting in nine fatalities. The one with the infill walls in the
first story, on the other hand, experienced moderate infill wall damage without any
significant structural damage (Figure 1.5e). The presence of infill walls determined

the “to collapse or not to collapse” choice for the deficient buildings.
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Figure 1.5. Baris apartment complex in Izmir, 2020 Samos EQ (Mw=6.9)

Another very similar example illustrating the decisive role of infill walls is from the
Ceyhan district of Adana city after the 1998 Ceyhan Earthquake (Mw=6.2). The
presence and absence of infill walls in the ground story caused different damages to
the six-story RC apartment, which was made up of two identical and separated blocks
(Figure 1.6). Bayiilke (2003) stated that solid infill walls located at the ground story
of the intact block prevented total failure even after the shear failure of RC columns.
He also noted that infill walls could carry the vertical load redistributed after the
shear failure of the columns.

12



Figure 1.6. Different damages on identical blocks, 1998 Ceyhan EQ (Mw=6.2)

Kahramanmaras earthquake sequence in 2023 (Mw=7.7 and My=7.6) affected 14
million people in southern Turkiye and created peak ground accelerations above
1.0g. More than 500.000 buildings were inspected as collapsed, needing urgent
demolition or being heavily damaged by the Turkish authorities. Widespread infill
wall damage in various intensities was observed in hundreds of thousands of

buildings after the earthquake.

Failure of infill walls in the OOP direction can dictate the final performance of the
building as falling hazard directly threatens life safety. Captured images during the
damage survey (Figure 1.7) illustrate that OOP failure does not necessarily occur at
elevations where maximum floor accelerations are expected (i.e., upper stories).
Instead, the influence of prior IP damage is more effective and the failure results

from IP and OOP interaction.
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Figure 1.7. OOP failure of infills, 2023 Kahramanmaras EQ (Mw=7.7)

Tiirkiye is one of the most seismically prone countries in the world. Millions of
people living and working in residential, public and commercial buildings in urban
cities such as Istanbul and Izmir face seismic risk. 93% of the RC frame structures
in Tirkiye use brick as the infill wall material (Ay, Azak, and Erberik 2016) and
infill walls existing in Turkish deficient buildings pose an essential potential for
feasible and efficient seismic upgrading. Developing and implementing viable and
innovative improvement techniques for infill walls could prevent the collapse of the
deficient building stock of Tiirkiye by improving and sustaining infill contribution
to seismic resistance under strong earthquakes and reducing economic losses by

mitigating damage to infills under moderate earthquakes.
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1.3 Objective and Scope

This study investigates the seismic performance of RC frames infilled with solid
masonry walls and proposes innovative retrofit techniques to improve seismic
resistance. An experimental campaign was conducted at the METU Ugur Ersoy
Structural Mechanics Laboratory to perform in-plane (IP), out-of-plane (OOP) and
bidirectional testing of half-scaled, one-bay, one-story RC frame specimens. The
tested frame specimen belongs to the first-story central-internal bay of the five-story
prototype RC building designed for the first seismic zone and Z4 soil type according
to the high ductility requirements of the Turkish Earthquake Code (2007).

Light masonry units typical to Turkish construction practice, such as hollow clay
brick units and aerated concrete blocks, were utilized as infill wall material. Easy-
to-apply systems to enhance seismic response relying on accessible materials and
minimum expertise, such as isolation joints, mesh overlays, horizontal sliding joints

and bed joint reinforcement, were proposed and tested.

A total of 22 frame tests carried out on identical half-scaled RC frame specimens are
presented in Table 1.1. The abbreviations of the tested specimens in the table were
based on the infill system being used. The first letter in the abbreviation indicates the
infill material, where CB stands for Clay Brick, AB stands for Aerated concrete
Block and LB stands for Locking Brick. The only exception is HCB infilled frame
specimens with infill tie systems where TieC and TieS represent Continuous and
Stepped tie configurations. P symbolizes the inclusion of Plaster on the infill surface.
Finally, I and MR stand for Isolated and Mesh Reinforced infill walls. For specimens
tested under combined loading, the numbers (i.e., 0.33 and 0.67) represent the ratio

of the applied constant load to the load capacity in the OOP direction.

The vertical loading on the beam and columns was simulated by weight blocks and
manually controlled hydraulic jacks. The axial load ratio of columns, corresponding
to the axial load divided by the concrete compression capacity (i.e. N¢/Acfc), was
arranged to 0.175 using the hydraulic jacks for all tests.
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In-plane cyclic testing of ten undamaged frame specimens, nine infilled with solid
masonry panels, was conducted using a servo-controlled horizontal hydraulic jack.
The nonlinear behavior of the specimens under increasing lateral displacement
reversals up to 4.0% drift was investigated. Lateral and vertical forces, lateral
displacements, member end rotations, yielding of longitudinal reinforcement at
member ends, and damage propagation in the RC frames and the infill walls were

monitored.

Out-of-plane testing of six solid infill walls was conducted under monolithically
increasing uniformly distributed pressure on the wall surface exerted by an airbag.
Infill walls bounded by the RC frame specimen were pushed in the OOP direction
up to failure by a controlled increase of air pressure inside the airbag. Lateral force,
displacement profile, and crack propagation on the surface of the infill walls were

monitored.

Finally, combined testing of six infilled frame specimens was conducted. Increasing
cyclic displacement reversals were applied in the in-plane direction, while the
predetermined constant pressure exerted by the airbag was sustained in the out-of-
plane direction. Combined tests were executed until the failure of the infill wall took

place in the OOP direction.
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Table 1.1 Tested frame specimens

Test Direction Wa}” Plaster Retrofit Abbreviation  Test Date
No Unit*
1 IP Bare NA No BF 16-07-2014
2 IP HCB No No CcB 09-05-2014
3 IP HCB  Yes No CBP 01-06-2015
4 IP HCB  Yes Steel mesh overlay CBMR 29-08-2014
5 IP HCB No Infill-tie (cont.) TieC 10-09-2014
6 IP HCB No Infill-tie (staggered) TieS 29-12-2014
7 IP LB Yes Dry slip joints LBP 29-12-2015
8 IP ACB No No AB 18-02-2015
9 IP ACB No Isolation joint ABI 28-11-2014
10 IP ACB Yes Fiber mesh overlay ABRP 02-04-2015
11 OOP HCB Yes No CBP 29-04-2016
12 OOP HCB No No CB 05-05-2016
13 OOP LB Yes Dry slip joints LBP 16-05-2016
14 OOP HCB  Yes Steel mesh overlay CBMR 24-05-2016
15 OOP HCB No Infill-tie (cont.) TieC 25-07-2016
16 OO0P ACB  Yes Fiber mesh overlay ABRP 12-01-2017
17 IP+OOP HCB Yes No CBP_0.33  08-06-2016
18 IP+OOP HCB Yes No CBP_0.67  20-06-2016
19 IP+OOP LB Yes Dry slip joints LBP_0.33  01-07-2016
20 IP+OOP HCB No Infill-tie (cont.) TieC_0.33  08-12-2016
21  IP+OOP ACB  Yes Fiber mesh overlay = ABRP_0.33  03-02-2017
22 IP+OOP HCB  Yes Steel mesh overlay CBMR_0.33 16-10-2019

* HCB: Hollow clay brick, ACB: Aerated concrete block, LB: Clay brick with dry lock
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1.4 Organization of Thesis

Chapter 1 presents background information on the infilled frame response. The
motivation behind the selection of the research topic is revealed by referring to the
damage studies carried out after destructive earthquakes in Tiirkiye. Objectives and
the methods to achieve the targeted goals of the research were mentioned. The scope
and variables studied in the experimental study were explained. Finally, the

organization of the thesis on a chapter basis was explored.

Chapter 2 presents a review of the most relevant experimental testing campaigns
from the literature on the infilled frames subjected to in-plane, out-of-plane, and
combined loading conditions. Selected influential doctoral studies conducted by
Mehrabi (1994), Richard Angel (1994), Khalid Mosalam (1996) and Andreas

Stavridis (2009) are summarized.

Also, a database of 214 carefully chosen publications containing important
information about the experimental testing of infilled frames was developed
(Appendix A). The documented variables include the author, year of publication,
where the study was done, frame type, frame ductility, brick unit, concrete, and infill
compressive strength, scale, number of bays and stories, aspect ratio, direction, and
type of loading. A good perception of the scope and development of infill related
research can be acquired by investigating the collected database. For a complete
understanding of the subject, recent studies related to seismic retrofit solutions
targeting masonry infill walls and current seismic code approaches on the design and
assessment of infilled frames were reviewed. Finally, simple analytical modeling of

infilled frames was summarized.

Chapter 3 presents the framework of the experimental work. A detailed description
of the experimental program was provided, including test setup, loading protocols,
instrumentation, scaling, frame specimen design, and construction details of tested

infill wall systems.
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Chapter 4 illustrates the characterization of the materials involved in the construction
of frame specimens and masonry prism specimens, which are representative of tested

infill wall systems.

Chapter 5 includes experimental results and discussions on the observed response of
infilled frames under in-plane, out-of-plane and combined loading tests. Detailed
descriptions of the progression of infill wall and RC frame damages, modes of
failure, degradation of strength and stiffness, characteristics of hysteretic response,

and energy dissipation for tested frames were illustrated.

Chapter 6 evaluates the performance assessment of infilled frames mainly focusing
on the definition of infill wall performance levels and comparison of test results

against performance limits defined in previous studies and the seismic codes.

In Chapter 7, the results and most important findings of the experimental campaign

were summarized, and suggestions for future research were made.
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CHAPTER 2

LITERATURE REVIEW

The seismic response of infilled frames has been investigated since the 1950s. Over
the course of seven decades, numerous efforts were made to better understand,
formulate, characterize, analyze, and enhance the infilled frame response. A wide
range of parameters complicating the interaction between the infill panel and the
bounding frame were revealed. Topics deemed appropriate to have a good overall
perception of the infilled frame response were summarized in this chapter. The
literature review is divided into five parts. First, the chronological progress of
previous research on infilled frame responses was summarized. Second, a
comprehensive database was created based on experimental studies related to infilled
frames. Third, strengthening techniques proposed to enhance the seismic response
of infilled frames were reviewed. Fourth, seismic guidelines for the design and
assessment of infilled R.C. frames were investigated. Fifth, analytical strut modeling

was reviewed.

2.1  Chronological Summary of Previous Research

The structural engineering community’s interest in the infill wall contribution to the
lateral resistance of moment frames dates back to the 1950s. The earliest studies
relied on experimental evidence. Before the Old Dental Hospital in Johannesburg
was demolished in 1952, Ockleston (1955) applied horizontal load at the roof level
of a three-story high and one-bay wide identical RC frame building. The brick walls
were left intact in one of the frames and removed from the other. The load capacity
of the infilled frame was measured as five times that of the bare frame, and the
infilled frame behaved considerably stiffer than the bare.
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Polyakov (1960) was the first researcher to identify that compressive stresses
transmitted within contact surfaces between the frame and the infill initiate diagonal
strut formation in the panel. Following studies belonging to Holmes (1961), Smith
and Carter (1969) and Mainstone (1971) were primarily concerned with the
formulation of equivalent diagonal strut concepts to predict added strength and
stiffness to the surrounding frame. The majority of the experimental studies in this
era were based on monolithic testing of one-story, one-bay steel frames infilled with
masonry panels. A summary of the pioneering experimental research for infilled
frame response was given by Abdul-kadir (1974). Initial studies concerned with the
experimental testing of RC frames were conducted by Yorulmaz and S6zen (1968)
(1968) and Fiorato (1971) from the University of Illinois. The former ran 10 and the
latter ran 26 monolithic tests on 1/8-scaled RC frames infilled with masonry walls.
Controlled variables include number of stories, number of bays, reinforcement ratio
of frame members, axial load on columns and presence of openings. In the later
years, improved testing methods such as cyclic quasi-static testing (Brokken and
Bertero 1981; Klingner and Bertero 1976; Mander et al. 1993; Zarnic and Tomazevic
1985), dynamic testing via a shaking table (Dawe and Seah 1989; Liauw and Kwan
1992; Moghaddam 1988), pseudo-dynamic testing (Khalid Mahmoud Aly Mosalam
1996; Negro and Verzeletti 1996), and out-of-plane testing using airbags (Adham
1985; Dawe and Seah 1989) were employed for better simulation of seismic action.
Angel (1994) summarized the ongoing and planned research on infill behavior in
American universities and institutions in the early 1990s. Parameters of interest in
these studies include frame type, infill type, the interaction between in-plane and out-
of-plane responses, and the development of repair methods.

Mallick and Severn (1967) made the earliest attempt to analyze infilled frames by
finite element method, accounting for separation at the structural interface. It was
not until the 1980s that efforts on non-linear modeling of the infilled frames emerged
(Dhanasekar and Page 1986; Kwan 1982). The rapid increase in computing power
during the 1990s and the first decade of the new century led to the development of

analytical tools that shifted the focus of research on infilled frames from
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experimental to analytical. Numerous approaches were developed, from simple
compression strut models to sophisticated nonlinear finite element models.
Parametric analyses on calibrated computer models were utilized to identify the
influence of different factors on the seismic response of infilled frames. Armin
Mehrabi's (1994) and Khalid Mosalam’s (1996) works are valuable in this context.

After the introduction of the performance-based seismic engineering concepts,
research has concentrated on the performance assessment and seismic retrofit of
existing buildings infilled with masonry panels (Furtado and De Risi 2020; M.
Griffith 2008). Several methods were proposed and supported by experimental
research to enhance the seismic capacity of infilled frames (F. Da Porto et al. 2016;
Furtado et al. 2020b). More recently,

e The database of previous experiments was utilized to characterize the lateral
load-displacement response (Alwashali et al. 2018; Blasi et al. 2021; De Risi
et al. 2018; Huang and Simonen 2018; Turgay et al. 2014).

e Drift based acceptable damage limits corresponding to different performance
levels were defined (Felice Colangelo 2013; De Risi et al. 2018; X. Lu and
Zha 2021; Morandi, Hak, and Magenes 2018b; Sassun et al. 2016).

e Fragility curves to estimate infill performance under different intensities of
seismic action were derived (Cardone and Perrone 2015; Chiozzi and
Miranda 2017; Gaudio et al. 2019).

e Probabilistic seismic loss estimation frameworks and functions were
proposed (Gaudio et al. 2019; O’Reilly and Calvi 2021; Rossi et al. 2021;
Sousa and Monteiro 2018).

In order to avoid infill wall induced irregularities, damages and losses experienced
after sizable seismic actions (Baggio et al. 2007; Bennett et al. 1996), analysis and
design provisions for infilled frames were introduced in seismic design codes of
different countries (Kaushik, Rai, and Jain 2006). Recent developments in

understanding the seismic response of infilled frames and the need for their inclusion

23



in seismic performance assessment were reflected in recent seismic guidelines such
as NZSEE2017-C7 (2017) and ASC41-17 (2018).

From the vast amount of research on the infilled frame response, four important
doctoral studies that tested infilled frames in the lab were chosen and summed up.
Armin Mehrabi from the University of Colorado-Boulder did in-plane cyclic tests in
1994, Richard Angel from the University of Illinois-Urbana did out-of-plane
monolithic tests with an airbag in 1994, Khalid Mosalam from Cornell University
did pseudo-dynamic tests in 1996, and Andreas Stavridis from the University of

California-San Diego did shake table tests on infilled frames in 2009.

Mehrabi (1994) identified possible failure mechanisms of infilled frames andsed the
plastic analysis method to approximate the ultimate capacities. He specifically
investigated the influence of the relative strengths of the infill and the bounding
frame, panel aspect ratio, and column axial load on the infilled frame response by
conducting in-plane cyclic and monotonic testing of ductile and non-ductile 14 half-
scaled RC specimens infilled either with weak hollow concrete blocks or strong solid
concrete bricks. Four main failure mechanisms were identified in his doctoral study
(Figure 2.1).

A frame infilled with a weak panel tends to exhibit a relatively ductile response
governed by the sliding along the masonry bed joints over the height of the wall.
Flexural yielding and shear cracking in the frame members are expected for ductile
and non-ductile detailing of frame members, respectively. Flexural hinging could
also be observed at beam ends if the strong column/weak beam principle is followed
in design (Figure 2.1c). Alternatively, cracking could be concentrated at the infill's
mid-height, enforcing a short column behavior and potentially resulting in shear
failure of non-ductile columns (Figure 2.1a). Another possible mechanism is the
diagonal cracking of the infill from the top windward column to the bottom leeward
column. In case a strong infill is bound by a weak non-ductile frame, diagonal
cracking is accompanied by shear failure of frame members leading to brittle failure.

Otherwise, flexural hinging of frame members and corner crushing of infill might be
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observed (Figure 2.1b). In the case of a strong frame and a strong infill, where the
diagonal compression strut mechanism is fully developed and the infill's contribution
to lateral resistance is maximized (Figure 2.1d), a final mechanism is likely
characterized by corner crushing of infill.

U e e a2 |

a) Midheight cracking b) Diagonal cracking  ¢) Horizontal slip d) Corner crushing
@ Plastic hinge \ Shear crack Awv Infill cracking Infill crushing B Infill bed joint

Figure 2.1. Failure mechanisms of infilled frames (Mehrabi, 1994)

Interpreting test results, Mehrabi concluded that “in the case of a weak infill, sliding
shear was the dominant failure mode, where the frame and the wall actions were
more or less independent and their strengths were additive. In the case of a strong
infill, the lateral resistance was governed by the shear strength of the columns and
the diagonal compression mechanism in the infill. In the case of a strong frame, the
higher frame stiffness resulted in a more efficient compression strut mechanism and
a higher resistance.” Mehrabi also illustrated that cyclic loads resulted in faster

degradation of the post-peak resistance, which is more evident for strong infills.

Richard Angel (1994) investigated the OOP response of infill panels bounded by RC
frames in his doctoral research. The experimental program consisted of testing eight
full-scale infill panels constructed with unreinforced clay bricks or concrete masonry
units placed within a single-story, single-bay ductile reinforced concrete frame. His
research focused on the loss of OOP strength due to previous IP cracking. Frame
specimens were initially loaded up to twice the cracking drift under IP cyclic load
reversals by a hydraulic actuator and then pushed monotonically with an airbag in
the OOP direction. The influence of frame to infill relative strengths, previous in-
plane damage, strengthening techniques, slenderness (height-to-thickness) of the

infill, mortar type, and wall unit type on the OOP capacity was revealed. Slenderness
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ratio and infill wall compressive strength were identified as the most effective

parameters influencing OOP stiffness and strength.

The observed out-of-plane failure modes of the infills varied between two distinct
mechanisms: shap-through and crushing of the arch. The former was observed in
slender members (i.e. h/t>20-30, depending on the crushing strain of masonry).
Excessive lateral deflection causes the arch to vanish after the attainment of the
ultimate strength of the infill, followed by a rapid reduction in capacity. The latter
occurs in infills with low slenderness ratios (i.e. h/t<20-30, depending on the
crushing strain of masonry). After the peak load is reached, the strength reduces
slowly until the crushing strain is reached. Previous IP damage due to twice the IP
cracking drift reduced the OOP strength of the slender infills by a factor as high as

two, as illustrated below (Figure 2.2).
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Figure 2.2. OOP capacity loss due to prior IP damage (Angel,1994)

The out-of-plane strength was increased by 2.5 and 5 times for slenderness ratios of
17 and 34, respectively, when wire meshes (12.7 mm apart and 1 mm in diameter)
were attached to the panel faces on both sides with steel bolts spaced 400 mm apart.
Finally, the out-of-plane strength of the infill panels was predicted with an analytical
model based on the arching action of a strip of infill that spans between two fully

restrained supports.
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In his PhD study, Khalid Mosalam (1996) conducted quasistatic and pseudo-
dynamic testing of six 1/3-scale steel frames infilled with ungrouted concrete
masonry units. Key parameters investigated within the test program (Figure 2.3)
include panel strength, openings on the panel, and the number of bays. Strain gages
and LVDTs were utilized to identify the straining of the bounding steel frame, the
directions of principal strains in infill walls, deformation of the infills along the

diagonals, and interface movements (i.e., opening and closing of gaps, sliding).
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Figure 2.3. Study program of infilled frames (Mosalam, 1996)

Experimental results revealed that infills significantly alter the bending moment
distribution in the frame members. The variation of bending moment is highly
nonlinear and cracking dependent because of the continuous change of the contact
length between the frame members and the infill. It was also pointed out that the
observed damage to the infills correlates well with the dissipated hysteretic energy.
After experimental testing, appropriate computational strategies such as micro-
modeling, meso-modeling, and macro modeling were investigated for the analytical
prediction of the infilled frame response. The latter was deemed appropriate for
analysis and design purposes. The final part of the dissertation was devoted to the

derivation of structural fragility curves for infilled frames. The inclusion of infill
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walls to bare frames was deemed a feasible retrofit measure for limiting the lateral
drifts.

Andreas Stavridis's doctoral research (Stavridis 2009) included a lot of analytical
and experimental work to determine how RC frames filled with masonry respond to
earthquakes. He conducted quasistatic tests on four 2/3-scale non-ductile, single
frames infilled with solid clay bricks investigating three different configurations of
openings. Additionally, he ran shake table testing of a 2/3-scale, three-story, two-
bay non-ductile frame under increasing intensities of scaled ground motions. Cyclic
tests revealed that the strength contribution of the perforated walls not only depends
on the size but also the location of the opening. Utilizing the experimental data for
validation of the proposed analytical finite element model, parametric analyses were
conducted to identify the influence of the selected variables (i.e., the aspect ratio of
infill panel, vertical load on columns, longitudinal reinforcement ratio, spacing and
the transverse reinforcement) on the structural response. Stavridis revealed counter-
intuitive results that two compressive struts tend to develop in both loading directions
at angles close to 450 instead of a single diagonal strut. For single-story, single-bay
infilled frames, formed struts act against the top of the windward column and the
bottom of the leeward column forcing columns into shear failure. Regarding the
inspected parameters, the vertical load on columns is influential as it increases the
shear capacity of the columns, but the most significant parameter is the aspect ratio
of the infill, which characterizes the failure mechanism and contribution to lateral
resistance. Based on the findings of the parametric study, a simplified method is
proposed to derive the backbone curve of infilled frames (Figure 2.4).
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Figure 2.4. Simplified force-drift curve for infilled RC frames (Stavridis, 2009)

2.2 Database on Previous Infilled Frame Tests

A thorough literature review was done on the previous research on experimental
testing of infilled frames. The major parameters of the tests and the tested specimens
were documented. 214 publications, including dissertations, test reports, journal
papers, and conference proceedings, were investigated. A list of publications
illustrating essential information and major parameters of the investigated testing
campaigns is provided in Appendix A. The publications are listed in chronological
order, beginning with Ockleston's pioneering work in 1952 and continuing through
January 2022.

A similar methodology utilized by Furtado et al. (2020) is followed to perform a
systematic review. Firstly, references from journal papers focusing on a compilation
of relevant studies were extracted considering the works of (Akin 2006; Turgay et
al. 2014; Sassun et al. 2016; De Risi et al. 2018; Alwashali et al. 2018; Liberatore et
al. 2018; Anic et al. 2020; Dorji et al. 2020a; Furtado et al. 2020b; Furtado and De
Risi 2020; H. Huang and Burton 2020; Blasi et al. 2021; X. Lu and Yan 2021,
Pradhan et al. 2021).

A reference list for each included publication was checked for other potentially

relevant studies. An additional search was conducted using electronic databases
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including Web of Knowledge, ASCE, Science Direct and Google Scholar using
keywords related to subject.

Publications based on experimental testing of infilled frames and providing adequate
information on the test campaign, material characterization, testing methodology,
and test results were deemed eligible. Excluded are numerical studies and
experimental studies on confined masonry walls. The gathered publications were
organized with the Mendeley reference editor and read thoroughly to extract and
record specific parameters (Figure 2.5). If a publication contains a series of frame
tests, parameters pertaining to reference specimens (i.e., an undamaged frame
infilled with a solid masonry wall without retrofit measures) were recorded. The

following assumptions were made during data extraction:

e Iftest results for a reference specimen are published in different publications,
only the one providing more details and information is accounted for. On the
other hand, if a publication involves testing more than one reference
specimen (i.e., not retrofitted and fully infilled frame specimens with
different geometry, bay/story, wall material, etc.) and seeking details for each
specimen that are available, all the reference specimens involved in the
publication are included in the database.

e If scaling is not indicated but the specimen geometry is provided, the clear
height of a full-scale solid wall is assumed to be around 2.5m to calculate the
scaling of the specimen.

e If the bounding RC frame is said to be designed to a contemporary seismic
design code, or although such a statement is absent but the provided detailing
complies with seismic design rules such as stirrup densification at member
ends, 135-degree bent hooks, etc. then the frame is accepted as ductile. If
gravity design is implemented or seismic deficiencies are pronounced, then
the frame is accepted as non-ductile.

e The material strengths corresponding to frame test days were relied upon

whenever data is present. Unfortunately, there is always a time lag between
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frame tests and corresponding material tests, especially for infill walls and
mortar.

For concrete compressive strength (fc), if cube strength is provided, it is
translated to cylinder strength by multiplying by 0.83. If characteristic
concrete strength is given instead of material test results, mean compressive
strength is calculated by multiplying fc with 1.3 as per ASCE41-17. If the
compressive strength of structural members is given separately, column
compressive strength is relied upon.

The compressive strength of brick units in the vertical direction (fo) is based
on the gross area of the unit. A conversion is made in cases where the
compressive strength for the net area and perforation ratio are given.

The compressive strength of the infill wall (fw,v) is based on the gross area of
the wall cross-section in the vertical direction.

If two different loading types were implemented on the reference specimen,
more advanced testing method is documented (i.e., ShkT > PsD > C > M).
The origin of the study is based on the country where the experimental
campaign took place. If there is no mention of the testing lab, the country of
the institution where the corresponding author works is used.

Various loading devices and protocols were used for loading infills in the
OOP direction. Some researchers utilized airbags (AirB) for uniform loading,
whereas others make use of loading frames attached to hydraulic jacks
capable of applying point loading (Pt) at various locations on the wall
surface.

There is no consensus on the loading protocol for coupled tests. The majority
of the coupled testing campaigns involve OOP loading after testing the frame
up to a prescribed IP drift level. Simultaneous application of IP and OOP
loading is limited to dynamic shake table tests (ShkT) and a few studies
(including this one) involving constant OOP loading plus cyclic IP loading.
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Figure 2.5. Documented parameters from selected previous experimental studies

Some variables such as publication year, origin of publication, loading direction and

loading method of the collected database, are illustrated in Figure 2.6. The

distribution of publication years graph reveals that 70% of the publications on

experimental testing of infilled frames were conducted in the last 11 years. Nearly

half of the research was conducted in Mediterranean countries such as Italy, Tirkiye,

Portugal, Greece, Croatia, etc., where infilled frame construction and earthquakes

are popular. Most of the tests (i.e., 72%) were executed under IP-only loading

conditions and using static testing methodologies such as monolithic and cyclic

loading. Although seismic excitation is dynamic, due to its high cost and requirement

of advanced technology, dynamic tests (i.e., shake table, pseudo-dynamic loading)

were utilized in only 13% of all tests.
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Figure 2.6. Some variables of the created database (all publications)

Figure 2.7 summarizes the distribution of selected parameters among IP only tests.
It is understood that 79% of all in-plane tests were conducted on single bay, single

story frames, and 77% of all in-plane tests were conducted under cyclic loading.

The distribution between deficient and code-compliant RC frames is even. Only one-
fifth of tests were conducted on full-scaled test specimens. The compressive strength
of tested RC frames and infill walls were 28.43MPa (standard deviation=8.94 MPa)
and 8.12 MPa (standard deviation=7.60 MPa). A high standard deviation of infill
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compressive strength indicates the high variability of masonry units and construction
practices. Variation of the aspect ratio of tested infill walls varies evenly between
0.5 to 1.0. However, tests involving an aspect ratio less than 0.5 or higher than 1.0
comprise only 12% of all tests. Other variables investigated under in-plane loading
include various retrofit techniques (isolation of infill, mesh overlays, FRP wrapping,
creating horizontal slip surfaces, vertical segmentation, tie beams, etc.), openings,
infill to frame strength, infill to frame connection details, infill pattern (soft story),
frame ductility, tapered beam-column joints, presence of plaster and brick type.

Figure 2.8 summarizes how certain parameters are spread out among tests that use
out-of-plane loading, such as OOP-only tests and coupled tests that use both IP and
OOP loads. From the loading graph, it can be seen that there is no agreement on the
loading devices and loading protocols for OOP tests. The total number of tests
involving multi-point loading, airbag loading and dynamic loading is close. RC
bounding frames were utilized in 92% of all OOP tests. Again, the vast majority
(92%) of the tests were carried out on single-story, single-bay frames.

Compared to IP tests, the ratio of full-scaled testing is more common in OOP tests.
Only 23% of IP tests were full-scaled, compared to 60% in OOP tests. The aspect
ratio of the infill walls tested in the OOP direction is typically between 0.5 and 1.0,

similar to the IP direction.

The standard deviation of the slenderness ratio, aspect ratio, and infill compressive
strength is high. Other variables investigated under out-of-plane loading include
prior in-plane damage, various retrofit techniques, boundary conditions (gaps under
beam and column-infill interfaces), openings, workmanship, pre-compression on

beam, number of leaves and connection between them, presence of plaster, and brick

type.
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Figure 2.7. Frame specimen properties in the database tested at IP direction only
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2.3 Retrofit Techniques for Infill Walls

Improving the seismic performance of interacting infill walls or isolating them from
the bounding frames to prevent unfavorable interactions can effectively reduce
seismic loss and enhance the resilience of buildings. Numerous studies have been
published in the last decades focusing on retrofitting and strengthening infill walls
(Furtado et al. 2020b). Various approaches and techniques studied in the literature
can be divided into two major groups (Figure 2.9). Non-interacting methods propose
isolation joints and/or gaps between the infill wall and the bounding frame aiming at
canceling or delaying mobilization of infills so that their unfavorable effects are
avoided and frames can be designed without accounting for infill participation.
Interacting methods on the other hand promote the involvement of infills in the
seismic response. Strengthening infills for a superior response or forcing them
towards preferable failure modes are the techniques used to take advantage of infill

contribution in terms of strength, stiffness, and increased energy dissipation.

7
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Figure 2.9. Seismic retrofit of infilled frames

Non-interacting techniques rely on disconnecting the infills from columns and the
top beam allowing relative displacements in-between without interactions. The main
structural challenge in non-interacting retrofit systems is to provide out-of-plane

stability of the isolated wall while sustaining weather tightness, fire protection, and
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acoustic insulation requirements. Different fill materials, construction practices and
connection details are proposed for these purposes (Figure 2.10). Pallares (2016)
proposed a seismic isolation brick, whose elastic modulus is much smaller than that
of an ordinary masonry brick. By replacing ordinary bricks at the perimeter of the
infill panel with the isolation bricks, the interaction between the infill wall and the
bounding frame is reduced. Binici (2019) proposed sliding connectors placed inside
the aerated concrete blocks attached to assemblers fixed to the inner faces of columns
and beams. Marinkovic and Butenweg (2019) proposed a decoupling system with
plastic profiles attached to frame members and opposing elastomeric U-profiles that
provide flexibility in the IP direction as well as support for OOP loads. Erdem et al.
(2021) used U-shaped steel plates attached to aerated concrete blocks and created a
gap between the accompanying brick unit within the plate.

a) Pallares (2016) b) Binici (2019)

top view -
15,
. v
m+

) Marinkovi¢ (2019) d) Erdem (2021)

Figure 2.10. Non-interacting retrofit solutions

Mesh reinforcement is the oldest interacting retrofit technique, which involves
reinforcement of infills and integration with the bounding frame. This technique
simply transforms a “non-Structural” infill wall into a designed structural member.
Giinay (2009) proposed conventional mesh reinforcement via steel bars attached to
columns and beams with dowels and covered with poured or shot concrete. Bertero
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and Brokken (1983) put forward the idea of strengthening the infill panel with
welded wire fabric reinforcement by attaching it firmly on both sides of the infill
panel using dowels anchored to the confined regions of the bounding frame (Figure
2.11).

Infill

4 v wal
Infill Wall Mesh /’ o

P Column

Reinforcement

Concrete < | Dowel
\ g% "
(S|de V|ew)

(top V|ew) (side view)

X
— LT i / (top view)
a) Bertero & Brokken (1983) b) Gilinay et al. (2009)

Figure 2.11. Mesh reinforcement of infill walls

Compared to the bare frame, the base shear capacities of unreinforced HCB infilled
frame, external wire mesh reinforced frame with a 0.15% reinforcement ratio and
external wire mesh reinforced frame with a 0.6% reinforcement ratio were increased
by 182%, 274% and 564%, respectively. Considering the change in seismic demand
and the increase in base shear capacity, they concluded that infilling moment
resisting frames with properly reinforced panels is advantageous in the elastic range
in reducing displacement demands and base shear demand/capacity ratios. When
large inelastic deformations are concerned, infilled frames with external
reinforcement outperform bare frames in developing large inter-story displacement

ductility ratios with much lower drift demands.
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Horizontal sliding planes created along selected bed joint layers are implemented to
divide the infill wall in the vertical direction. Brittle failure modes associated with
the formation of a typical diagonal compression strut are prevented, and sliding
failure along slip planes is promoted. Forcing the infill wall into sliding failure
increases energy dissipation capacity under increasing drift levels and avoids

localization of strut forces that result in shear failure of frame members.

Morandi, Milanesi and Magenes (2018) proposed plastic sliding joints laid in the
mortar bed joints to partition the masonry walls into four horizontal subpanels. Misir

(2015) used hollow clay bricks with a dry locking mechanism. Preti, Migliorati and

Giuriani (2015) laid wooden planks along selected mortar joints (Figure 2.12).

D
a) Plastic plates b) Dry joints c) Wooden planks
Morandi et al. (2018) Misir (2015) Preti et al. (2015)

Figure 2.12. Horizontal partition of infill walls with sliding joints

The surface overlay is the most widespread application among interacting retrofit
techniques. The overlays can be applied in bands or strips of various orientations or
over the full surface of the wall (Figure 2.13). Steel meshes and plates, fiber
reinforced polymer (FRP) fabrics, textile reinforced mortars (TRM) and engineered
cementitious composites (ECC) are attached to the wall surface by spraying, using
adhesive agents and/or anchors. Surface overlays not only improve the seismic
behavior against in-plane loads but also reduce the vulnerability of the panel in the
out-of-plane direction.
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Figure 2.13. Surface overlay of infill walls

Another seismic retrofit technique is to partition infill walls in the vertical direction.
The main advantage of vertical splitting of the masonry panel is to increase the aspect
ratio of the subpanels, which would prevent the formation of a single compression
diagonal and alter the shear dominated deformation mode of the panel to bending,
thereby improving its ductility. The lateral stiffness of the wall panel was also
decreased, reducing the lateral force demand and damage to the infill wall.
Tasligedik and Pampanin (2017) divided the infill wall with channel steels and
vertical gaps into several rocking wall pieces, reducing the damage to the wall and
the frame. Preti and Bolis (2017) proposes wooden planks equipped with steel
connection plates at the ends. Yuen et al. (2018) suggests using polyurethane foam
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to fill isolation gaps between the infill subpanels and relying on one-way arching in
the vertical direction against earthquake-induced out-of-plane inertial forces. Jiang,
Liu and Mao (2015) utilizes internal RC tie columns and horizontal steel tie members
to partition the infill and provide out-of-stability (Figure 2.14).

a) Light steel channels, Tasligedik (2017) b) Wooden pranks, Preti (2017)
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c) Polyurethane foam, Yuen et al (2018) d) Tie columns, Jiang et al. (2015)

Figure 2.14. Vertical partition of infill walls

Bed joint reinforcement is a common practice for new construction in some countries
such as China and Iran. Silva, Vasconcelos and Lourengo (2021) introduced truss-
like light reinforcement connected to the frame with angle connectors placed along
the bed joints of infill walls with dry vertical joints. Su and Cai (2017) used
connection steel rebars as required by the Chinese Seismic Code (GB50011-2010
2010) that are fixed inside the inner faces of columns using high strength adhesive
(Figure 2.15).
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Figure 2.15. Bed joint reinforcement of infill walls

Integration of energy dissipating devices within infill walls or at contact surfaces is
another retrofit solution. Lu and Zha (2021) propose a vertical gap and energy
dissipating metal connectors to improve the energy dissipation capacity of ordinary
infills. The vertical gap in the middle divides the infill panel into two parts. OOP
stability is sustained with retainer clips. Aliaari and Memari (2007) proposed a
replaceable structural fuse element called seismic infill wall isolator subframe
(SIWIS) in between the infill wall and the bounding frame where nonlinear damages
are concentrated (Figure 2.16).

a) Steel connectors, Lu & Zha (2021)  b) Fuse elements, Aliaari & Memari (2007)

Figure 2.16. Energy dissipating infill systems
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2.4  Code Approaches on Design and Assessment of Infill Walls

This chapter reviews seismic code and guideline considerations on the design and
evaluation of infill walls under in-plane and out-of-plane seismic actions. Whilst
infill walls are not specified as structural members and not typically included in
structural design, existing building codes address the influence of the panel on
structural performance by introducing design recommendations, exclusive drift

limits and simplified formulations (Blasi, De Luca, and Aiello 2018).

Dorji (2020b) examined the approach of eleven national codes to the analysis and
design of masonry-infilled frames and concluded that regulations could be classified
into two groups. The first approach isolates infill from bounding frame members via
gaps and avoids the complexities involved in analyzing infilled frames. However,
there is no consensus on the width of the gaps recommended by different codes. The
second group takes advantage of the high stiffness and strength of the masonry infill.
In this technique, an equivalent-strut modeling strategy is mostly recommended. It
is shown that the strut model suggested in each of the codes is different.

Turkish Practice:

The Turkish Building Earthquake Code (2018) is utilized for the design of new
construction, assessment of existing buildings, and retrofit design in Tirkiye.
According to TBEC2018, infill walls do not need to be included in the structural
model during the design stage if inter-story drift limits based on the infill wall to
bounding frame connection detail are not exceeded. A flexible joint (Figure 2.17)
isolating the infill wall from bounding columns and the upper beam is suggested for
non-participating infills. In case such flexible joints are present, inter-story drift
calculated for RC buildings under an unfactored (R=1) earthquake load is limited by
(0.016/A). If the wall to frame connection is rigid, story drift is limited with (0.008/A)
where A is the ratio of spectral acceleration at the fundamental period of the building
corresponding to design level (Tr=475 years) and serviceability level (Tr=72 years)

earthquakes. A ratio depends on geographic coordinates, soil class and the
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fundamental period of the building and its value is usually between 0.3 and 0.7
(Murat Bikge and Erdem 2019). If the provided limits are not satisfied, earthquake
load calculations should be repeated by increasing the rigidity of the structural
system taking infill walls into account. However, neither complete constructive
guidelines are provided for the isolation gap and the U-shaped steel plate, nor
modeling details are provided for infilled walls unless the wall is strengthened with

steel mesh or FRP jacketing.

Column/Shear wall

Infill Wall
N la 9

_ ? <& - i =
g A 4 ,
4

— h/2-—

Anchorage Flexible joint (rock wool, etc)
Steel plate

Figure 2.17. A sample detailing for flexible joints, TBEC (2018)

Chinese Practice:

The Chinese Seismic Code (GB50011-2010 2010) requires infill walls to be in full
contact with the bounding frame to achieve composite action. Jiang, Liu and Mao
(2015) states that in Chinese engineering practice, the interaction between infill walls
and the main structure is ignored in seismic analysis and only a period reduction
factor is applied for rigidly connected infill walls. Constructional measures were
taken by the Chinese seismic code against the unfavorable effects of infill walls on
the seismic performance of the main structure. Irrational arrangements were avoided
by stating that the plan and vertical layout of infill walls should be uniformly
symmetrical and should avoid weak-story and short-column damages. Light wall

materials are primarily recommended for wall construction.

45



Constructional measures recommended in GB50011-2010 for enhancing seismic

response are summarized below:

1. Infill walls should be connected to columns at every other 500mm with steel

tie bars embedded into concrete and extended into the wall at least 500mm.
2. Horizontal tie beams should be used when the wall height exceeds 4m.

3. Constructional columns should be placed in case the wall length is over 8m

or twice the wall height

4. Infill walls between staircases and pedestrian passages should be

strengthened with a steel mesh mortar layer.
5. Gable walls at the roof level should be supported with ring beams.

Alternatively, disconnection of the infill wall with the frame is allowed via flexible
joints if out-of-plane stability is ensured.

European Practice:

In the design of new buildings according to EC8-Partl (EN1998-1 2004), the
contribution of infills to the strength and stiffness characteristics of the load-bearing
structure is neglected. Structural models based on bare frames are used for analysis
(Figure 2.18) where infill walls are considered as additional masses and vertical
loads only. Damage control of infill walls under service earthquake is exclusively
accounted for an inter-story drift limitation (i.e. dpLs=0.5%, 0.75% and 1.0% for
brittle, ductile and non-interacting non-structural elements, respectively) imposed on
the bare frame whereas safety verification in the out-of-plane direction is required
under design level earthquake. Cracked stiffness values are recommended for drift

calculations based on linear elastic analysis.

Additionally, precautions against possible shear failure of columns under
compression strut induced localized forces and irregularity in plan or elevation
produced by the infills are addressed in EC 8-Part3 (EN1998-3 2005). However, no
definitions are provided on the modeling details and the capacity of infill walls.
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Figure 2.18. Design procedure for infill walls for new construction in the EU

American Practice:

ACI 530 - Building Code Requirements and Specification for Masonry Structures
(2013) supplements the legally adopted International Building Code (2018) for new
construction and covers the structural design of structural as well as non-structural
masonry elements such as infill walls. Appendix B is devoted to the design of
masonry infills. ACI 530 differentiates between participating and non-participating
infills. Participating infill walls should be designed and detailed in order to actively
resist in-plane and out-of-plane seismic forces, whereas non-participating infill is
only checked for out-of-plane stability (Figure 2.19). Non-participating infills need
to be isolated from the lateral force-resisting system with isolation joints placed at
the sides and the top of the bounding frame. Isolation joints need to be filled with
materials not able to transfer loads but capable of accommodating inelastic frame
displacements of not less than 9.5mm. In order to sustain OOP stability, connectors
spaced at most 1.22m apart should be attached to the frame and designed with respect
to ASCE 7-16 (2016). ASCE 7-16 defines simple and comprehensive methods for
out-of-plane seismic load calculation acting on infill walls. In the design load

calculation, dynamic and structural properties of the infill walls such as energy
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dissipation capacity (Rp), dynamic amplification with the structure (ap), and

horizontal floor acceleration are taken into account.

ACI 530 (TMS 402) Infill Wall Design

}

Participating
(no openings, no gap under the beam)

/

N\

}

Non-Participating
(isolation joint)

)

Out-of-plane

}

In-plane Out-of-plane
Strut modeling Design load

suggested.
Stiffness and
strength of the
strut is provided.

calculated from
ASCE7 should
be lower than
arching strength.

Connector design
is required.

Figure 2.19. Design procedure for infill walls for new construction in the USA

Participating infills are infills without any openings and/or gaps under bounding
beams and columns. The maximum ratio of wall height to wall thickness of
participating infills is limited to 30. They are considered a part of the lateral force-
resisting system. Compression only single equivalent strut model is suggested for
participating infills. In-plane design forces in equivalent struts are determined from
elastic analysis of braced frames and a simple equation to calculate out-of-plane total
seismic design force (Fp) which acts uniformly distributed on the infill wall surface
is provided. Additional shear created by an equivalent compression strut is also
accounted in the shear design of column and beam ends by increasing design shear

and design moment by %10.
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For seismic evaluation and retrofit of existing buildings, ASCE41 (2017) classifies
the infilled frames based on the relative strength and stiffness of the infill and
bounding frame and provides detailed guidelines to model and assess the
performance of infill walls in the IP direction. Masonry infill panels are considered
primary elements of a seismic-force-resisting system. The use of simplified
numerical models with diagonal struts to simulate the effect of the infill is permitted.
The procedures for the determination of stiffness, strength, load-deformation

characteristics and displacement capacities of infilled frames are provided.

ASCE41 also addresses acceptance criteria for infills exposed to OOP demands.
Permissible slenderness ratios for ranges of spectral response accelerations are
provided. Finally, a failure envelope based on uncoupled force versus demand ratios
in the IP and OOP directions is provided for the consideration of bidirectional

loading.

New Zealand Practice:

Similar to American codes, NZSEE (2017) provides options for interacting or non-
interacting infills. Chapter 7 of Part C (detailed seismic assessment) is devoted to
moment resisting frames with infill walls. Equations for the calculation of OOP
demands and capacities are given. In the IP direction, nonlinear finite element
analysis accounting for openings, post-yield cracking, and cyclic degradation of
masonry is permitted unless validated with experimental data. Alternatively, a
generalized strength deformation relationship for infills is given to be used for simple
strut models. Calculations of additional shear demands on beams and columns of

bounding frames adjacent to solid infills are illustrated.

2.5  Analytical Strut Modeling of Infill Walls

Infilled frames resist analytical modeling. Asteris (2011) states that: “the highly
variable nature of the material, the large number of parameters involved, and in

particular the presence of openings in infill walls make the modeling of this structural
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element very difficult; in most of the cases it is therefore considered a nonstructural
one.” Similarly, Shing and Mehrabi (2002) stated that despite more than 60 year-
long effort, there are neither well-developed design recommendations nor well-
accepted analytical procedures for infilled frames.

In addition to complexities originating from nonlinear RC frame response (i.e.
cracking of the concrete, yielding of steel, local bond slip, etc.), nonlinearities arising
from cracking and crushing of infill material and loss of contact between the frame
and the infill make the modeling of infilled frames challenging. Although refined
finite element micro models have been proposed to account for all these

nonlinearities, simple approaches are required for large models.

The well-known simplest analytical idealization of infill is diagonal strut modeling.
The idea behind the strut model is simple. At a low lateral load level, infill panels
and RC frames remain in contact and act as a monolithic system, enhancing the
global stiffness of the building. As the load increases, contact between the masonry
panel and the surrounding frame is lost due to the separation of the infill from the
frame as a result of a lack of tension resistance in between. At this stage, infill frame
interaction is restricted to compression corners, which are classically idealized as a
frame with an equivalent compression strut (G. Michele Calvi, Bolognini, and Penna
2004).

Strut models present a simple way to simulate the complex response of infilled
frames under lateral loads. In this model, a diagonal strut connecting the loaded
corner with the opposite diagonal is added to the system, idealizing the resistance of
infills. The material and the thickness of the equivalent strut are assumed to be the
same as the infill and the main parameter determining the strength and stiffness

contribution of the infill remains the width.

Various strut width formulas proposed by different researchers are illustrated in
Table 2.1 below.
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Table 2.1 Equivalent strut models proposed by various researchers

Author Strut Width Remark
Holmes (1961) 0.333 xd The first model being proposed
The non-dimensional relative stiffness
parameter is the main parameter defining
From design strut width:
charts .
. E 2
Smith & Carter =n Ewty sin 26
(1969) usually 4ETh,,
0.1d <w Ew, tw, hw=> Elastic modulus, thickness
< 0.25d and height of infill
ElI-> bending stiffness of column
0—> angle of diagonal strut to horizontal
Mainstone ~0.4 This equation was also utilized by
(1971) 0.17577 x d FEMA-274 (1997)
Hendr a, = 54/—Eclcr_lm Ca, = n4f—E61’7_L
(19813/ 0.5+/[o, + oy ] h ™ 2 \|2Eptsinz20 © L 2Eptsin 26

Also used by CSA S304 (2004)

Liauw & Kwan

0.95sin 20
——xd

Valid for 25° < 6 < 50°

(1983) 2V
Paulay and . . .
Priestley (1992) 0.25 xd Conservative value for practical design
Flanagan and Ao Tty Area of strut changes with empirical
Bennett (2001) ~ CAcos6 constant (C) depending on the IP drift

Bending moments and additional shear imposed on member ends are often
underestimated in single strut models because the lateral forces are resisted by the
compression diagonal. As a result, multiple strut models (Figure 2.20) are proposed
for a better estimation of force distribution and better handling of the influence of

openings on the response (Asteris et al. 2011).
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a) Chrysostomou (1991) b) El-Dakhakhni (2003)  c) Crisafulli (2007)  d) Rodrigues (2008)

Figure 2.20. Multiple strut models

Infilled frame structures do not exhibit an elastic-perfectly plastic response due to
stiffness and strength degradation under cyclic loads. Experiments have shown that
the strength and stiffness of infills degrade rapidly under reversed cyclic loadings
(Paulay and Priestley 1992). Moreover, opening and closing of cracks on the wall
surface and changing of contact length under increasing displacement reversals result
in a unique hysteresis shape known as pinching. Thus, different hysteresis models

have been proposed for the idealization of the infill response under cyclic loadings

(Figure 2.21).
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Figure 2.21. Hysteresis models for equivalent strut models

More recently, strut models accounting for coupled loading have been proposed.
Mosalam and Gunay (2015) proposed a single strut model with a progressive
collapse algorithm via an element removal mechanism where a yield interaction
curve between IP and OOP displacement is defined through a convex downward 3/2
power curve adopted from the strength interaction suggested by Kadysiewski and

Mosalam (2009).

52



On the other hand, Furtado et al. (2016) proposed an equivalent bi-diagonal strut
macro model where the failure of the infill, which is adopted by an element removal

algorithm, is determined by a linear interaction curve between IP and OOP

displacement capacities (Figure 2.22).
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Figure 2.22. Infill strut models accounting for IP-OOP interaction
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CHAPTER 3

EXPERIMENTAL PROGRAM

A total of 22 half-scaled RC frame tests conducted within the context of the testing
campaign are illustrated in Table 1.1. This chapter concerns constructional details
and material characterization of the tested infilled frame specimens, test setup,

instrumentation and loading protocols.

3.1 RC Frame Specimen

All frame tests were conducted on identical RC frame specimens. The design, scaling

and construction details of frame specimens are illustrated below.

3.11 Design

The design of the RC frame specimen was carried out as per the Turkish Earthquake
Code (2007) considering a 5-story prototype building (Figure 3.1) located in the first
seismic zone (PGA=0.4g). The building was designed to high ductility requirements
of TEC2007 where seismic design rules such as capacity design, strong column-
weak beam, ductile detailing of ties and confinement of critical sections were
followed. The response reduction factor, R was considered to be 8.0 to match the
high ductility level. To decide the seismic weight of the building, dead load (G) plus
30% of the live loads (Q) were considered which resulted in an average axial load
ratio of 0.175 (i.e. N¢/Acfc) on the ground story columns. The contribution of infills
to structural response under lateral loads and the contribution of flanges to the beam
capacity was ignored as a standard design practice. The grade of concrete used for
the building is C25, which corresponds to a 28-day characteristic compressive
strength of 25 MPa. The reinforcement bars used are of grade S420, which
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corresponds to characteristic yield strength of 420 MPa. Column dimensions, beam
dimensions and slab thickness are taken as 40x40cm, 30x40cm and 14cm,

respectively.
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Figure 3.1. Prototype Building

A single frame located at the inner bay of the ground story is selected and scaled to
half to represent the frame specimen. The half-scaled test specimen dimensions and
reinforcement details are shown in Figure 3.2. The height of the specimen is 1500
mm (1435 mm from the top of the foundation beam to the geometric center of the
flanged beam), and the span is 2500 mm. The column sections are 200 mm % 200
mm, the beam section is 150 mm x 200 mm, and the foundation beam section is 550
mm X 400 mm. The top 70 mm of the beam is flanged due to the slab. The slab width
is 1000 mm. The thickness of the concrete cover from the end to the bar center is 20
mm for all members. The spacing of the hoops within 300 mm of the beam or column
ends is 50 mm, and the spacing of the hoops in the middle of RC members is 100

mm. Deformed bars with 8mm nominal diameter are utilized for longitudinal
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reinforcement and plain bars with 6mm nominal diameter are utilized for transverse
reinforcement. The gross reinforcement ratio in the columns and the beam is 1.0%.

The ratio of tensile reinforcement in the beam is 0.56%.
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Figure 3.2. The specimen dimension and reinforcement (All units in mm)

To better represent actual loading conditions of the selected subframe, weight blocks
were placed on top of a flanged beam representing a distributed slab loading of
10.25kN/m. Vertical axial loads applied concentrically on top of both columns were
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arranged considering the compressive strength of each test specimen such that the
resulting axial load ratio of columns (i.e. Nc/fcAc) was equated to 0.175
corresponding to the axial load ratio of the ground story columns of the 5 story
prototype structure. The applied compressive load increased the cracking moment as
well as the moment capacity of the columns and prevented the columns from

developing tension under lateral excitations.

In order to calculate the moment capacities of the column and beam sections of the
scaled specimens, XTRACT (Chadwell and Imbsen 2004) section analysis software
was utilized. The influence of the flange as well as confinement of transverse
reinforcement on the section capacity is accounted in section modeling. Material
definitions of concrete and reinforcing steel were made according to TBEC2018

considering material test results (Figure 3.3).
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Figure 3.3. Member sections and materials for bare frame specimen
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Moment curvature and interaction diagram for columns and the flanged beam are
illustrated in Figure 3.4. Although strong column-weak beam principles of TEC2007
ensuring a minimum 20% increased capacity for the column was followed, when
flanged section dimensions and additional reinforcement of the slab were accounted
for, beam capacity was calculated close to the column capacity. The axial
compressive load corresponding to 0.175fcAc¢ is taken as 193 kN in the moment-
curvature analysis of columns. The ultimate moment capacities of the columns and

the beam were calculated as 28.2 kN.m and 19.5 kN.m (-27.2 kN.m), respectively.
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Figure 3.4. Column and beam section capacities of bare frame specimen

3.1.2 Scaling

Due to the limitation of available facilities, a scaling factor of two was adopted for
frame specimens. Section and frame dimensions were scaled by half. Same axial load
ratio (i.e axial load divided by the compressive strength of concrete) of the prototype
structure was sustained by arranging the vertical load on the columns of the scaled
test specimen. Longitudinal and shear reinforcement ratios of the scaled RC
members were arranged to be the same as the prototype counterparts. Material
properties were sustained as the same. The maximum aggregate size was selected
11.2 mm in order to consider the scale effects in the fracture process zone (Saouma
etal. 1991). The scaling for the frame specimen followed the similitude requirements
for static inelastic modeling of reinforced concrete structures (Harris and Sabnis
1999) as presented in Table 3.1.
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The drawbacks of scaling for the laboratory tests of reinforced concrete specimens
are identified by Brokken and Bertero (1981) as such: “Many parameters are greatly
influenced by model scale. For example, aggregate interlock plays an important role
in the behavior of cracked regions, having a potentially large effect on energy
dissipation characteristics. Also, the bond properties of reinforcement vary with the
bar size. Furthermore, the effects of fabrication errors increase as the scale is
decreased. Hence geometric scaling introduces modeling errors, some of which
cannot be avoided. Thus, the sub assemblages should be modeled to the largest scale
which can be accommodated, ideally full size.” On the other hand, Lu et al. (1999)
stated that half scale was adequate to predict the load-deformation response of full-
scale companion provided that the member sizes and material properties were
detailed to be compatible with the similitude law. As a matter of fact, as illustrated
in Figure 2.7, among 154 in-plane only tests which are also listed in Appendix A,

only 23% are conducted in full scale.

Table 3.1 Summary of scale factors for RC models (Harris and Sabnis, 1999)

Quantity Dimension  Scale Factor

>. Concrete stress FL? 1
§ Concrete strain - 1
£ Modulus of concrete FL2 1
S Poisson’s ratio - 1
;‘E Specific weight FL3 1/S.
@  Steel stress FL2 1
-‘_é Steel strain - 1
£ Modulus of steel FL2 1
= Bond stress FL2 1
> Linear dimension L SL
@ Displacement L SL
& .
S Angular displacement - 1
O Area of reinforcement L2 S 2
- Concentrated load F S.2
.= Line load FL? S.
§ Pressure FL2 1

Moment FL S 3
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3.1.3 Construction

Reusable 4 mm thick modular steel formworks allowing vertical casting were used
to construct frame specimens in desired geometry (Figure 3.5). Formwork parts were
laser cut and machine bent from steel plates. Connection details allow the attachment

of parts to each other using bolts and nuts for easy fabrication.

Detail A

Detail A

Detail B Detail B

Figure 3.5. Details of modular formwork designed to cast frame specimens
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Specimens were cast in a two-phased pouring operation. Initially, the reinforcement
cage for the foundation beam and columns was built. All transverse bars were bent
into 135 hooks to simulate code-compliant detailing. Strain gauges were attached to
desired locations on the longitudinal bars. 12 steel tubes through which anchor bars
used to fix frame specimen to the transfer slab will penetrate were carefully placed
in their appropriate locations and secured to the reinforcement by welding (Figure
3.6.a). The prepared reinforcement cage was placed inside the foundation beam
formwork. In the first phase, foundation concrete was cast (Figure 3.6.b). Remaining
reinforcements were placed (Figure 3.6.c), formworks for the columns, beam and
slab were assembled and the remaining members were cast monolithically in the
second phase (Figure 3.6.d). During casting the second phase and while the concrete
is wet, column longitudinal bars were welded to 200 x 200 x 10 mm? steel plates in
order to prevent bar slip and create a metallic surface for the attachment of vertical

hydraulic jacks placed above the columns (Figure 3.6.e). The surface of the slab was

finished (Figure 3.6.f) and the specimen was cured.

Figure 3.6. Construction stages of frame specimens

Self-compacting ready mixed C25 grade concrete (i.e. targeted characteristic
compressive strength of 25 MPa) from a local distributor is used in both phases. The
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aggregate size of the concrete was below 11.2 mm and the water to cement ratio was
around 0.65. Concrete mixers pour concrete into a concrete bucket and a crane was
used to transfer concrete. Poured concrete was vibrated using both internal and
external formwork vibrators. Cylinder samples were taken and labeled to evaluate
the compressive strength, split tensile strength and modulus of elasticity of the

concrete (Figure 3.7).

The placement of frame specimens over the transfer slab is illustrated in Figure 3.8.

Eye nuts attached to threaded anchor rods embedded inside the foundation beam

were used to transfer frame specimens with the crane.

Figure 3.7. Concrete casting and sampling

Before placing the specimen on the transfer slab, a creamy plaster of paris paste was
laid on the surface. Nuts of anchor rods are tightened, checking the alignment of
columns in the vertical direction and the beam in the horizontal direction using a
water gauge. Weight blocks representing dead plus 30 percent of the live load were
placed on the slab. In order to sustain distributed loading conditions and not to
prevent bending of the flanged beam under increased lateral deformations, instead
of a continuous steel beam, weight blocks of 500 x 500 mm? bearing area were
utilized and roller supports were placed between the slab and the weight blocks
(Figure 3.8).
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Figure 3.8. Placement of frame specimens on the transfer slab

3.2 Masonry Infill Walls

Two experienced masons constructed all the masonry walls. Master Nihat
constructed infills with clay masonry units and master Murat constructed infills with
aerated concrete blocks. All masonry walls were laid in a running bond pattern
without openings. In order to simulate actual construction practice, infill walls were
constructed after weight blocks simulating distributed slab loading were placed on
top of frame specimens. This way, possible contact forces between the upper beam

and the wall due to beam deflection are eliminated.

Aerated concrete blocks were cut to a half scale using a bandsaw. Due to difficulties
in the production or manufacture of clay brick units with high void ratios in desired
dimensions, available clay bricks closest to the dimensions of a scaled brick unit
were ordered. Although the length and width of standard full-size bricks are equal,

ordered bricks have twice the length compared to their width which ended in a
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reduction of the total number of required bed joints to half and vertical stacking of

brick units.

All clay brick units were soaked into the water before being laid. A general-purpose
mortar with a 6/1/1 volumetric ratio of sand/cement/lime was utilized for mortar
joints and plastering of clay bricks. A ready-mix joint mortar is utilized for aerated
concrete blocks. Horizontal (vertical) mortar joint dimensions were roughly 10 (6)
mm and plaster thickness were 10 mm on each side of the infill walls. Constructed
infill walls were secured tightly inside the RC frame specimen by filling the
remaining gaps on the two sides of the infill and under the beam with mortar except

for the isolated frame specimens.

After testing of bare control specimen (BF), a total of 9 infill configurations
constructed with different materials and retrofit techniques were tested. The first six
infilled frame specimens were constructed with hollow clay bricks (HCB) and
aerated concrete blocks were used for the last three. The first infilled test specimen
(CB) was built with HCB and general-purpose cement mortar. The second specimen
(CBP) was constructed in the same way as the first except 1 cm thick plaster was
applied on both sides of the wall. The third specimen (CBMR) was reinforced with
light steel meshes on both sides. The fourth (TieC) and fifth specimens (TieS) were
constructed without plaster and strengthened with horizontal steel ties, the former
using continuous ties mounted to steel profiles anchored to the column inner faces at
both sides and the latter using staggered configuration attached at one side only. A
special HCB with a dry locking mechanism in the bed joints was used for the
construction of the sixth specimen (LB). The seventh specimen (AB) was built with
aerated concrete blocks without plaster and a 2cm gap under the beam. The eighth
specimen (ABI) was constructed similarly to the seventh but with a 1cm gap at
contact surfaces with columns and the upper beam. Gaps were filled with flexible
polyurethane foam. The ninth specimen (ABRP) was built with a fiber mesh

reinforced mortar applied to both sides of the wall.
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3.2.1 HCB Infill (CB)

CB frame specimen represents typical infill wall construction practice in Turkiye.
A single leaf masonry wall was constructed inside the RC frame specimen using
hollow clay bricks (HCB) of 185 x 95 x 100 mm? (length x width x thickness) size
and a 65% void ratio. The compressive strength of the HCB was 10 MPa (3 MPa)

when loaded parallel (perpendicular) to openings.

Because of the high void ratio, bricks were laid with their openings parallel to the
horizontal direction which is in line with the usual practice. Due to the lack of scaling
in brick units’ length and the necessity of aligning openings in the horizontal
direction, scaled brick units were stacked vertically which is different from the
general horizontal block laying style (Figure 3.9). General purpose mortar was
utilized for the mortar joints. All the gaps left between the wall frame interface were

filled with mortar.

Figure 3.9. Construction of HCB infilled frame

3.2.2 HCB Infill with Plaster (CBP)

The very same construction practice is followed for the CBP frame specimen except
for the application of 1cm thick plaster on both sides of the wall and filling the 2 cm

gap under the top beam with polyurethane foam (Figure 3.10).
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Figure 3.10. Construction of HCB infilled frame with plaster

3.2.3 HCB Infill with Steel Mesh Reinforcement (CBMRP)

CBMR frame specimen adopts exterior reinforcing of infill walls for strengthening
unreinforced clay brick masonry infills. Light mesh reinforcement placed at both
sides of the infill was connected with tie wires passing through holes drilled at
various locations on the panel (Figure 3.11). Light steel meshes of 25 mm nominal
pitch and 2 mm wire diameter attached to both sides of the masonry wall (p=0.2%,
total reinforcement ratio in plan) were connected using 1 mm tie wires at 12 wires
per meter square density. Tie wires connecting meshes on both sides of the wall were
tightened with nippers to ensure shear transfer between the masonry wall and added
steel meshes. A 10 mm thick plaster was applied over steel meshes to prevent

corrosion.

Added exterior mesh reinforcement was not attached to the bounding frame. The
bilateral connection is achieved by tie wires passing through drilled holes. Composite
action of the wall with steel meshes enhanced infill wall performance under IP and
OOP loading. Construction steps that are compatible with Figure 3.11 are illustrated

below:
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Holes were drilled on mortar joints.
Mesh reinforcement available in 1.2m width rolls is cut to the required length.
Mesh reinforcement is leaned against the wall on both sides.

. Tie wires passing through the drilled holes are used to fasten mesh

reinforcement on both sides of the wall to each other.

Regular purpose plaster is applied over the steel mesh.

(b)

Figure 3.11. Construction sequence of CBMR specimen
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3.24 HCB Infill with Continuous Horizontal Steel Ties (TieC)

In order to integrate infill walls with the bounding frames and achieve a continuous
load path between the two, a structural connection is needed. Polat Giilkan (2015)
proposed a tie system where flat slotted steel plates laid along bed joints are locked
to closed U-shaped steel profiles which are anchored to columns. The connection
between the steel profile and the plate is simply satisfied by inserting and rotating
which enables free movement of the plate in the vertical direction whereas horizontal
movement is restricted so steel plates act like horizontal reinforcement. The
connection only works in the horizontal direction and enables free movement in the
vertical direction, which allows flexibility during the construction of the wall. The
main goal of the proposed system is to develop a feasible, effective and affordable
technology that will permit structural designers to design infill walls in RC frames
that will (1) ensure a good degree of composite action between the infill walls and
the parent reinforced concrete frame through mechanical coupling, and (2) ensure
that in-plane and out-of-plane capacity of walls are explicitly taken into account
during design. Figure 3.12 shows the conceptual illustration of the proposed tie

system.
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Figure 3.12. Horizontal steel ties spanning full length between the columns
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TieC frame specimen composed of horizontal slotted steel ties, placed at bed joints
in every 3 courses of masonry unit and connected at both ends to the closed U-shaped
profiles attached to columns. Construction steps of TieC compatible with Figure 3.13
are illustrated below:

a. Drill 5 holes on the inner faces of columns for screw anchors.
b. Anchor closed U-shape steel profiles to columns at both sides.
c. Lay the first layers of the wall and fit a flat plate as illustrated in Figure 3.12.

d. Place flat plates at every other bed joint.

Figure 3.13. Continuous horizontal steel tie (TieC) application

3.25 HCB Infill with Staggered Horizontal Steel Ties (TieS)

Another possible arrangement of the mentioned tie system simplifying integration to

the frame is TieS which involves staggering the horizontal ties in elevation and
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attaching only one end to closed U profiles (Figure 3.14). Although a continuous
connection between the columns is not satisfied, the proposed system is still capable

of creating slip planes that would favor a sliding wall failure and prevent falling out

of the masonry under out-of-plane accelerations that would enhance OOP response.

Figure 3.14. Staggered horizontal steel tie (TieS) application

3.2.6 LB Infill with Plaster (LBP)

Locking bricks (LB) are hollow clay bricks, also known as isolation bricks on the
local market, with a dry shear key locking mechanism. They are normally laid their
holes perpendicular to the ground leaving head joints free of mortar. Our suggestion
is to rotate locking bricks 90 degrees so that they are locked in bed joints. This way,
dry horizontal slip layers were formed without jeopardizing the arching mechanism

against OOP forces. Construction steps compatible with Figure 3.15 is given below:
a. The first layer of locking bricks is laid (starting bricks).
b. General-purpose mortar is applied to head joints.
c. Bed joints are left dry thanks to the interlocking mechanism.
d. The gap under the top beam is filled with mortar.
e. 1.cm thick plaster made of general-purpose mortar is applied on both faces.

f. The surface of the plaster is washed with lime for better tracking of cracks.
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Figure 3.15. Construction sequence of LBP specimen

327  ACB Infill (AB)

AB frame specimen was constructed with aerated concrete block (ACB) units of 350
kg/m3 dry density and 300 x 125 x 100 mm3 (length x width x thickness) size. At
3" and 6" layers of ACB, a perforated L-shaped steel profile was mounted to
enhance wall to frame interaction and a 2 cm thick gap is left under the top beam to
protect the infill wall from service level induced deflections of the beam in line with
the usual construction practice in Tiirkiye (Figure 3.16). Before constructing the
wall, a 2 cm thick layer of general purpose mortar was used to level the bottom
surface and fill gaps at the sides of the wall with the columns. 2 cm gap under the
upper beam was filled with flexible polyethylene foam. A ready-mixed, 2 mm thick
interface mortar having 8.4 MPa compressive strength was applied to the head and

bed joints.
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Figure 3.16. Construction details for AB specimen

3.2.8 ACB Infill with Isolation Joint (ABI)

The ABI frame specimen was constructed using materials similar to the AB frame
specimen mentioned above. This time, a 2 cm thick gap was left between the contact
surfaces of the infill wall with the columns and the upper beam and no additional L-
shaped steel profiles were mounted promoting integration. All the gaps were filled
with flexible polyethylene foam. Construction steps compatible with Figure 3.17 are
illustrated below:

a. The upper surfaces of ACB units are roughened for better joint mortar

adhesion.
b. Ready-mix ACB adhesive was applied to the head and bed joints.

c. Wall is constructed by leaving a 10 mm diameter plain bar next to columns
in order to create an isolation gap of desired thickness.

d. Barswere removed and the gap next to columns was filled with polyurethane

foam.
e. The gap under the beam is similarly filled with polyurethane foam.

f.  No plaster or paint is applied to the wall surfaces.
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Figure 3.17. Construction stages for ABI specimen

3.2.9 ACB Infill with Fiber Mesh Reinforced Plaster (ABRP)

The ABRP frame specimen was constructed similar to the AB frame specimen
mentioned above. Use of general purpose mortar over the foundation beam and at
contact surfaces with columns, use of steel L profiles at 3 and 6" course of ACB
and a 2 cm gap under the upper beam were repeated in wall construction. Following
the construction of the AAC infill wall, a5 mm thick first layer of plaster having 1.0
MPa compressive strength was applied to the wall. Then, the fiber mesh grid having
4 mm nominal pitch and 160gr/m? density was placed on still fresh plaster. The
second layer of 5 mm thick plaster was applied on top of the fiber mesh. The meshes
were neither attached to the bounding frame nor the masonry panel via connectors,

nails, or anchors.

The construction stages of the ABRP frame specimen compatible with Figure 3.18

is summarized below:

a. General purpose leveling mortar application on top of the foundation beam
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b. Application of an L-shaped steel profile
c. Application of polyurethane foam to fill the gap under the upper beam
d. Application of the first layer of plaster

e. Placement of fiber net

f. Application of the second layer of plaster

Figure 3.18. Construction sequence of ABRP specimen

3.3  Experimental Study

A testing setup capable of exerting 3 directional loading (i.e. vertical gravity loads
and horizontal bidirectional earthquake loads) on the frame specimens was designed
and constructed in METU Ugur Ersoy Structural Mechanics Laboratory. The gravity
loads were simulated by steel weight blocks placed over the beam and manually
controlled hydraulic jacks placed on top of columns. Earthquake induced out-of-
plane (OOP) loading was applied by subjecting infill walls to a monotonically
increasing pressure using an airbag. In-plane (IP) seismic demands were simulated

by incremental reverse cyclic displacement excursions applied using a servo
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controlled hydraulic jack. The structural response was recorded carefully during tests
including the development of damage on frame members and infills, the yielding of

reinforcement, hysteretic behavior of the frame, etc.

331 Test Setup

A test setup was built in METU Ugur Ersoy Structural Mechanics Lab to observe
and measure structural response parameters of infilled frame specimens under
simulated gravity and seismic loads. Several assemblies were constructed in order to
fix the frame specimens tightly onto the strong floor, support and arrange the
positions of horizontal and vertical actuators, and mount instruments for

measurement.

3311 In-plane Tests:

The overview of the in-plane testing setup is illustrated in Figure 3.19 below.
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Figure 3.19. In-plane testing setup

Loading Mechanism

IP only tests involve placement of weights blocks over the upper beam simulating
uniformly distributed slab loading, application of uniaxial compressive loading on
top of columns simulating gravity loading from upper stories and implementation of
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reversed displacement cycles imitating IP seismic loading. Loading devices, namely
weight blocks and hydraulic jacks in vertical and horizontal directions are illustrated

in Figure 3.20 below.

Olrs
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Figure 3.20. The vertical and horizontal loading assembly

Steel weight blocks having 500 mm x 500 mm bearing area were placed over the
flanged beam ( Figure 3.8 ) to idealize slab loading equal to 10.25 kN/m. Rollers
were placed under the weight blocks in order not to restrict bending of the beam
under lateral load. Two 300 kN capacity manually controlled, two-way hydraulic
jacks were installed vertically on top of columns to idealize gravity loads. A rigid
steel frame fixed to the strong floor was used to accommodate the vertical jacks.
Uniaxial loading was ensured by pin-ends and measured by Cas LS-30 model
loadcells. Before imposing lateral loading, the axial load ratio (i.e. N/Acfe) of
columns was arranged to 0.175 depending on the measured concrete compressive

strength of the tested frame and maintained by small adjustments during testing.

The lateral load was transferred to the frame by two 40 mm thick steel loading plates
placed at the ends of the flanged upper beam. One end of the 250 kN capacity servo-

controlled hydraulic jack imposing IP displacement cycles was attached to the
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pushing plate with a hinged connection, and the other end was connected to the
actuator support guide attached to the reaction wall. Four 45mm diameter steel bars
were used to connect loading plates in order to transmit pulling force. No prestressing
is applied to the connection bars.

Transfer slab

The spacing of 50 mm diameter holes located on the 600 mm thick strong floor of
the lab is 500 mm in both directions. For an effective fixation of the frame specimens
to the rigid floor, a transfer slab is constructed between the strong floor and the frame
specimen. Before casting the concrete of the transfer slab, steel tubes and hexagonal
steel rods with internal threads were placed at desired locations and secured by
welding to the reinforcement cage (Figure 3.21). After hardening of concrete, the
transfer slab was transferred and permanently fixed to the strong floor with 16 post-
tensioned 45 mm diameter anchor rods passing through the steel tubes placed inside
the transfer slab and the existing holes on the strong floor. Similarly, the foundation
beam of each frame specimen was fixed to the transfer slab using 12 threaded anchor
rods of 35 mm diameter. The bottom ends of the anchor rods were screwed to the
internal threads left on the surface of the transfer slab and nuts were attached to the
upper ends. Later, nuts were tightened for post-tensioning of the anchor rods against

sliding and rocking of the frame specimen under IP and OOP loading.

Figure 3.21. Construction of transfer slab
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3.3.1.2  Out-of-plane Tests:

An overview of the testing assembly and instrumentation setup is illustrated in Figure
3.22. Similar to IP tests, prior to OOP loading, the frame specimen was loaded in the
vertical direction using weight blocks and manually controlled hydraulic jacks
placed on top of columns. 8 post-tensioned anchor rods were used to fix the
foundation beam to the transfer slab preventing the frame specimen from tilting
under out-of-plane (OOP) loads. In order to support the frame specimen in the OOP
direction, 4 ball transfer bearings placed on one side of the upper beam were used.
A loading assembly based on the application of airbag induced constant pressure in
the OOP direction was constructed. The OOP displacement profile of the infill was
captured by 15 linear variable displacement transducers (LVVDT) attached to the
LVDT support cage. Piano wires were used to connect LVDTSs to the 6mm diameter

anchor bolts embedded into the wall with epoxy.

Figure 3.22. Out-of-plane testing setup

Loading Mechanism

Due to bidirectional nature of earthquakes, inertial forces created on the wall surface
due to earthquake induced accelerations in the out-of-plane direction were idealized
as uniformly distributed loading. An airbag attached mechanism is used for the
application of uniform pressure on the wall surface. The airbag was mounted on a

stiffened backing wooden frame resting on a linear guide which was approached to
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the infill wall by means of a load cell attached and a pin-ended hydraulic jack. The
linear guides ensure friction-free translational motion of the assembly. A 5 kN
counterweight was placed over the ball transfer units sitting on the linear guides to

ensure stability against tilting (Figure 3.23).

The attached 100 kN capacity load cell is used to measure the total force applied in
the OOP direction. After approaching to the frame specimen with the hydraulic jack,
the airbag pushes the infill wall in the OOP direction to the desired pressure by
pumping air into the airbag. A pressure transmitter was utilized to determine the
pressure inside the airbag. The pressure inside the airbag is increased manually

throughout the tests until the failure.
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Figure 3.23. Out-of-plane loading assembly details

3.3.1.3 Bidirectional Tests:

A unique loading strategy for the simultaneous application of bidirectional
earthquake loads was implemented for the investigation of OOP strength reduction
under increasing IP demands. After the OOP capacity of the infill wall was
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determined, 1/3 and 2/3 of the capacity were applied with an airbag, kept constant
and increasing IP displacement reversals were applied up to failure. IP and OOP
testing setups were combined with minor modifications for this purpose. In order to
eliminate friction forces, a 2 mm thick teflon sheet (coefficient of friction=0.10) was

nailed to the infill wall at four corners before implementing pressure with the airbag.

A scaled 3-D drawing of the experimental setup for bidirectional tests created using
Sketch-up (2016) is illustrated in Figure 3.24 below.
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Figure 3.24. Experimental setup for multi directional tests

3.3.2 Instrumentation

The IP response of the frame specimen and the OOP response of infill walls were
monitored through 63 channels of transducer output (Table 3.2). IP load, deformation
and strain measurements were taken at locations shown in Figure 3.25.a. OOP load

and deformations measurement locations are illustrated in Figure 3.25.b.
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Loads implemented by actuators were tracked by 4 loadcells. Additionally, for OOP
tests, a pressure transmitter was utilized to measure the pressure inside the airbag. 12
strain gages attached to longitudinal reinforcements at the ends of columns and
beams were utilized to identify the yielding of frame members. 15 linear variable
displacement transducers (LVDT)’s were used for OOP deformation monitoring. In
order to better capture the elastic stiffness of the infill wall in the early stages of OOP
loading, an additional and more sensitive LVDT with 10 mm stroke capacity is
temporarily placed on a stick to record the center deflection of the wall. It is removed
during testing when the center deflection approaches stroke capacity. Finally, 30
LVDTs were employed to measure lateral displacement, end rotation of frame
members, sliding and uplifting of foundation beam, shear distortion of beam-column
joints and the infill wall (Figure 3.25).

All of the measurement instruments were connected to the Vishay Scanner 5100B
model data acquisition system accommodating up to 20 channels of inputs. 4
scanners were chained together to create an 80-channel system. Strain Smart
software was utilized for calibration of transducers and recording experimental data.

2 recordings were taken at each second throughout testing.

One end of the utilized pancake loadcells was rigidly attached to actuators with
threaded transfer bolts produced from hexagonal or circular solid steel rods using a
lathe. The other end of the loadcell is also rigidly attached to a laser-cut separating
plate using bolts and nuts. Uniaxial response of the combined actuator-loadcell
assembly is ensured by attaching hinges at both ends.

Support and arrangement of 15 LVDTs used to monitor the OOP movement of the
wall were achieved by designing a steel cage that is fixed to a strong floor via anchor
bolts. LVDT’s with larger stroke capacity were closer to the center of the wall. Since
OOP loading was monotonically increased until the collapse, a 1.5m distance is
provided between the wall and the cage to prevent damage to LVDT’s during the
collapse. Piano wires were used to connect LVDTSs to the threaded rods embedded

into the wall with epoxy and rubber bands were used to tighten wires.
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Table 3.2 Instrumentation of frame specimen tests

Ch.  Test Dir. Device Exp. Ch.  Test Dir. Device Exp.
1 IP < Loadcell 50t 41 IP — StrainGauge 10mm
2 P —» LVDT 200mm 42 IP | StrainGauge 10mm
3 P — LVDT 200mm 43 IP | StrainGauge 10mm
4 P ™a LVDT 20mm 44 IP | StrainGauge 10mm
5 IP ad LVDT 20mm 45 IP | StrainGauge 10mm
6 P " LVDT 20mm 46 IP — StrainGauge 10mm
7 P ¥ LVDT 20mm 47 IP — StrainGauge 10mm
8 P 4 LVDT 30mm 48
9 IP A LVDT 30mm 49
10 IP A LVDT 30mm 50
11 IP A LVDT 30mm 51
12 IP < LVDT 30mm 52
13 IP < LVDT 30mm 53
14 P —» LVDT 30mm 54
15 P — LVDT 30mm 55
16 P ™a LVDT 50mm 56
17 IP y'd LVDT 50mm 57
18 Py LVDT 30mm 58
19 IP + LVDT 30mm 59
20 IP v LVDT 30mm  60(1)* OOP PressureT. 1bar
21 IP v LVDT 30mm  61(2) OOP «—  Loadcell 10t
22 Py LVDT 30mm 62(3) OOP —»  LVDT  200mm
23 IP + LVDT 30mm 63(4) OOP —» LVDT 100mm
24 IP v LVDT 30mm  64(5) OOP —» LVDT 100mm
25 IP v LVDT 30mm  65(6) OOP —» LVDT 100mm
26 IP v LVDT 20mm  66(7) OOP —» LVDT 100mm
27 P —» LVDT 20mm  67(8) OOP —» LVDT 50mm
28 Py LVDT 20mm  68(9) OOP —»  LVDT  50mm
29 P —» LVDT 20mm  69(10) OOP —» LVDT 50mm
30(19) IP ; Loadcell 30t 70(11) OOP —» LVDT 50mm
31(20) IP ‘ Loadcell 30t 71(12) OOP —» LVDT 50mm
32 P ™a LVDT 50mm 72(13) OOP —» LVDT 50mm
33 P i LVDT 50mm 73(14) OOP —»  LVDT  50mm
34 IP 74(15) OOP —» LVDT 50mm
35 IP 75(16) OOP —» LVDT 30mm
36 IP |  StrainGauge 10mm 76(17) OOP —» LVDT 30mm
37 IP | StrainGauge 10mm 77(18) OOP —» LVDT 10mm
38 IP | StrainGauge 10mm
39 IP | StrainGauge 10mm
40 IP — StrainGauge 10mm

*Channel number in parenthesis is valid for OOP only tests.
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Figure 3.25. Instrumentation labelling a) In-plane, b) Out-of-plane

12 strain gages were attached to the longitudinal bars at member ends (3-4 cm from
the face of joints) of each frame specimen tested under IP only loading (Table 1.1).

Kyowa Type KFG-10mm-1200hm strain gages were attached to the machined,
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sanded and cleaned surface of the bars with Kyowa CC-33A gage cement such that
the longitudinal direction of the gage is in good alignment with the longitudinal
direction of the reinforcement. Kyowa AK22 coating clay agent has been applied
around the strain gauge attached reinforcement against wet and vibrations during

casting and placement of concrete. After installation, strain gages were checked with

an ohmmeter. The strain gauge attachment steps are illustrated in Figure 3.26.

Figure 3.26. Strain gauge attachment to longitudinal bars

Kyowa DTH-A LVDTs with 10 mm, 20 mm, 30 mm and 50 mm stroke capacities
were utilized for displacement measurement at various locations of the frame
specimen. For specimens tested under IP demands, column end deformations within
the potential plastic hinge were measured by using LVDTs attached to 6mm diameter
threaded rods embedded into the frame specimen with epoxy (Figure 3.27). The
transducers to measure column and beam end curvatures were placed with a gauge

length equal to the member depth following the proposal of Bayrak (1998).
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Figure 3.27. LVDT attachment to frame specimen

3.3.3 Loading Protocol

Three different protocols were utilized for in-plane, out-of-plane and bidirectional
loading cases. In all cases, the same vertical loading approach simulating the axial
load levels of the prototype structure was utilized before applying lateral
displacement excursions or OOP loads, or bidirectional loading. Weight blocks
corresponding to 10.25 kN/m distributed loading were placed on top of the flanged
upper beam and columns were loaded to an axial load ratio of 17.5% (i.e. N/Acf.)
using manually controlled hydraulic jacks installed on their top.

3.3.3.1 In-plane Tests

The loading protocol for the IP only tests were composed of vertical actions plus
quasi-static incremental displacement cycles. A 250 kN capacity servo-controlled
actuator moving in displacement control was utilized. The loading history features
two displacement cycles at designed target drift levels of 0.35%, 0.5%, 1.0%, 1.5%,
2.0%, 2.5%, 3.0%, 3.5% and 4.0% (Figure 3.28). Lateral displacements were
calculated by averaging Ch2 and Ch3 (Figure 3.25.a) placed at two corners of the
slab and at the same elevation as the centroid of the flanged beam which is 1435 mm
from the top of foundation beam. At every second cycle of the target drifts, the test
is paused, infill damage is photographed and cracks on frame members were painted.
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Figure 3.28. In-plane loading protocol

Weight blocks were lifted and loads on vertical actuators were released before
activating the data acquisition system and put back on the specimen after activation
to capture beam end rotations and rebar strains due to gravity loading. The vertical
load was controlled manually during the tests and corrected by pausing the

experiment at zero loads of the hysteresis curve.

3.3.3.2  Out-of-plane Tests

The OOP only tests were conducted after application of gravity loads on columns
and the beam through implementation of out-of-plane pressures. The pressure of the

airbag was increased monotonically until the failure of the wall.

3.3.3.3 Bidirectional Tests

After determining the OOP capacity of the infill wall from the previous test, the
bidirectional tests were conducted under the effect of constant OOP pressure (equal
to 33% or 66% of the OOP capacity), the vertical actions and quasi-static incremental

displacement cycles until failure of the infill wall.
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CHAPTER 4

MATERIAL CHARACTERIZATION

A complete investigation of the strength and deformation characteristics of all
materials involved in infilled RC frame specimen construction including materials
utilized for retrofit measures was carried out. Concrete and mortar specimens
sampled during casting and construction of the frames and infill walls were tested
prior to the corresponding frame test. Longitudinal and transverse bars, fiber and
steel mesh reinforcement and brick units were also tested for characterization.
Additionally, masonry prisms constructed with hollow clay brick (HCB) and aerated
concrete block (ACB) units were tested under uniaxial compression, diagonal
tension, sliding, and bending actions to identify load-displacement characteristics.

A wide scatter of test results is expected for masonry specimens due to insufficiently
controlled laboratory environmental conditions, manufacturing and testing
procedures and workmanship. Thus, a sufficient number of repetitions is required to
provide a satisfactory statistical characterization of mechanical properties (Calvi et
al., 1996). Accordingly, three samples were constructed for each prism test and the

test results were averaged to determine mechanical properties.

Material and masonry prism tests were conducted at METU Materials Lab and
METU Ugur Ersoy Structural Mechanics Lab following well recognized material
testing specifications. Force-controlled hydraulic press and U-test testing machine,
servo-controlled MTS testing machine and screw jack attached electric motor
controlled testing setups were employed for force and displacement-based testing.
Innovative test setups were designed and constructed for 4-point bending and sliding

shear testing of masonry prisms.
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4.1 Material Tests

Material test results for concrete, reinforcing steel, brick units, mortar, fiber and steel

meshes, tie wires and horizontal steel ties are illustrated in this section.

41.1 Concrete

C25 grade super liquid ready mixed concrete with a targeted 28-day characteristic
compressive strength of 25 MPa (i.e. f.=25 MPa) was ordered from the same
concrete plant for all frame specimens. The aggregate size of the concrete was below
11.2 mm and the water-cement ratio was 0.65.

For each batch of concrete, standard 150 mm diameter cylindrical concrete samples
were taken. Concrete samples were sulfur-graphite capped and tested for
compressive strength (ASTM C39-21) on 7™, 14" and 28" days to monitor strength
gain. At least 3 samples were tested for compressive strength and split tension
strength (ASTM C496-17) on the day of the frame experiment (Figure 4.1).

Depending on the compressive strength, the axial load ratio of columns was arranged

to 0.175 using vertical jacks over columns.

Figure 4.1. Concrete sampling and testing

Compressive strength (fc), split tension strength (<), test date and age of concrete at
the test day for concrete specimens are illustrated for each frame specimen in Table
4.1 below.
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Table 4.1 Concrete specimen test results

Frame BF CB
Cast/Test Date 16-04-2014 / 17-07-14 16-04-2014 / 09-05-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean|st.dev| N1 | N2 [ N3 | N4 | N5 | mean | st.dev
f. (MPa) 25.7|26.4(28.7|30.6 279 | 2.3 |255|19.4(22.0(21.9(22.9| 233 | 22
fs (MPa) 2512929 2.8 03 2428129 2.7 0.3
Age of Concrete 91 Days 23 Days
Frame CBP CBMR
Cast/Test Date 22-01-2015/ 29-05-15 01-08-2014 / 29-08-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean | st.dev | N1 [ N2 | N3 | N4 | N5 | mean | st.dev
f. (MPa) 27.0|27.7(23.9|259|27.3| 264 | 1.5 |33.8/32.6(35.3(33.6(32.8| 336 | 1.1
fs (MPa) 202821267 2.4 0.4
Age of Concrete 127 Days 28 Days
Frame TieC TieS
Cast/Test Date 01-08-2014 / 10-09-14 10-10-2014 / 29-12-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean|st.dev| N1 | N2 [ N3 | N4 | N5 | mean | st.dev
f. (MPa) 35.6(33.1{36.2|133.8|34.3| 346 | 1.3 |32.3]31.6(32.8{346(349| 333 | 15
fs (MPa) 2925|2729 2.8 02 [32]29]25/|295 2.9 0.3
Age of Concrete 40 Days 80 Days
Frame LBP AB
Cast/Test Date 12-03-2015 / 25-12-15 22-01-2015/ 18-02-15
Specimen N1 | N2 [ N3 | N4 | N5 | mean | st.dev | N1 [ N2 | N3 | N4 | N5 | mean | st.dev
f. (MPa) 28.7129.0(27.1 282 | 1.0 |25.5|245|24.6 249 | 05
fs (MPa) 22|20 2.1 01 [22]20 2.1 0.1
Age of Concrete 288 Days 27 Days
Frame ABI ABRP
Cast/Test Date 10-10-2014 / 28-11-14 12-03-2015 / 31-03-15
Specimen N1 | N2 | N3 | N4 | N5 | mean |st.dev| N1 | N2 | N3 | N4 | N5 | mean | st.dev
f; (MPa) 325|31.8(32.8 323 | 05 |18.8|18.8|19.1 189 | 0.2
fs (MPa) 3229|3029 3.0 01 |17]20]|16 17 0.2
Age of Concrete 49 Days 19 Days
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4.1.2 Reinforcing Steel Bars

Two different types of steel bars were used for reinforcing RC frame specimens.
Longitudinal reinforcements were S420 grade (i.e. fyx=420 MPa), 8 mm diameter
deformed bars whereas transverse reinforcements were cold drawn 6 mm diameter
plain bars produced specifically for the half scaled frame specimens due to
unavailability of deformed bars in 6 mm diameter. The first two frame specimen
experiments (i.e. BF and CB) were conducted with existing reinforcements in the lab
which are labeled as T1 to T6 in Table 4.2. A new batch of reinforcement was

ordered for the remaining tests which are labeled as NN2 to N14 in Table 4.2.

Uniaxial tensile testing was carried out for all reinforcement specimens in
accordance with ASTM A370 (2021) standard using MTS 647 Testing Machine
(Figure 4.2). All of the rebar samples were cut to 250 mm in length. Deformed bars
were weighted for the determination of nominal diameter and three deformed bar
samples were rounded on the lathe in order to attach strain gauges. Displacement
readings were recorded with a 50 mm capacity Epsilon brand extensometer.
Additionally, 5 mm long high strain capacity and 10 mm long standard capacity

Kyowa brand strain gages were attached to plain and machined bars for a more

accurate determination of young’s modulus.

Figure 4.2. Uniaxial tensile testing of reinforcing bars
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The stress-strain curves of the reinforcing bars (i.e. N2 to N14) tested under

displacement-based uniaxial loading are illustrated in Figure 4.3.
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Figure 4.3. Stress-strain graph for reinforcing bars

The nominal diameter of a deformed bar is equivalent to the diameter of a plain bar
having the same weight per length as the deformed bar. The average nominal
diameter of 8 mm deformed bars was calculated as 8.38 mm. The measured
mechanical properties of the reinforcing bars are summarized considering nominal

diameters and 8mm diameter for deformed bars in Table 4.2.

For deformed bars, the yield stress (fy) and maximum stress (fu) values are provided
based on the nominal diameters and assuming an 8mm diameter which is used in
section analysis of frame specimens where the diameter of longitudinal bars was
taken as 8mm. Modulus of elasticity is calculated from linear curve fitting on the
measured data prior to yielding. Strain gauge measurements which provide more

reliable data were relied upon where available.

93



Table 4.2 Mechanical properties of reinforcing bars

. f fu fy* fu* E € 0

Specimen 1D (\ibay (MPa) (MPa) (MPa) (GPa) (mmimm) (mmimm)

Plain Bars (6mm) for T 326 465 0.3%0

BF and _CB frame T2 330 468 0.407

specimens T3 | 330 465 0.377

Average| 329 466 0.391

o ars oy || 457 513 207 0.119 0.204

N6 | 439 494 199 0.108 0.202

Average| 448 504 203 0114 0.203

= | N7 | 413 562 453 617 200  0.160 0.251

£ N8 | 403 549 442 602 199 0.150 0.232

S| No | 400 564 439 619 190  0.140 0.204

N2 | 449 575 493 631 197  0.164 0.221

Deformed Bars N3 | 416 544 457 597 183  0.182 0.277

(8mm) N10 | 450 598 494 656 200  0.167 0.387

N1l | 411 544 451 597 196  0.162 0.368

E N12 | 424 550 465 604 185  0.177 0.335

S| N3 | 449 599 493 657 214  0.166 0.362

N14 | 429 588 471 645 191  0.008 0.388

Deformed Bars T4 427 543 468 595 0.300

(Bram) for 57 T5 | 445 569 488 625 0.325

specimens T6 445 578 488 625 0.320

Average| 428 566 466 621 195  0.148 0.305

* Based on 8mm diameter for deformed bars

4.1.3 Brick Units

Aerated concrete blocks (ACB), hollow clay bricks (HCB) and isolation bricks with
dry locking key mechanism (LB) were utilized in the construction of infill walls.
Wall sections on a vertical cut and masonry unit dimensions are illustrated in Figure
4.4. All brick units were half-scaled representatives of full-scaled originals except
lacking scaling in the vertical direction of HCB and LB units. Clay bricks were laid
with their holes parallel to the horizontal direction resulting in vertical stacking

whereas ACB units were laid by horizontal stacking.
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Figure 4.4. Tested infill walls and utilized brick units

Half-scaled G2/350 type ACB units which are 300 x 125 x 100 mm? (length x height
x thickness) in size and 350 kg/m? in dry density were ordered from AKG company.
The product catalog (AKG Gazbeton 2017) specifies the characteristic compressive
strength and density of the units as 2.2 MPa and 450 kg/m?3. Binici (2019) conducted
uniaxial compression tests on eight 100 mm cubes and measured the mean
compressive strength as 2.45 MPa. HCB units ordered from the Artug clay brick
factory located in the city of iskenderun were 190 x 95 x 100 mm? in size. The
average void ratio and unit weight of the HCB units were measured as 65% and 1120
gr respectively. All the voids of the HCB were filled with loose fine sand and the
volume of the sand is measured with a beaker for void ratio measurement. The mean
compressive strength of the HCB units was measured as 10 MPa when loaded
parallel to the holes and 3.5 MPa when loaded perpendicular to the holes (Figure
4.5). The unit weight and void ratio of clay locking bricks which are 225 x 115 x 155

mm? in size were measured as 2300 gr and 53%, respectively.
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Figure 4.5. Compressive strength of the masonry units

4.1.4 Mortar

General purpose mortar with a volumetric sand/cement/lime ratio of 6/1/1, compliant
with ASTM Type N, was used as joint mortar and plaster for walls constructed with
clay bricks. The cement and lime meet the requirements of TS EN 197-1 CEM
IV/B(P) 32.5N and TS EN 459-1 CL 70-S standards, respectively. The maximum
particle diameter of the sand was limited to 3mm. Dry components conforming to
mentioned mix ratio was placed inside a wheelbarrow and stirred with a shovel
(Figure 4.6). Water was gradually added to the dry mixture until desired consistency

is achieved and samples were taken from each batch for material characterization.

Figure 4.6. Production and sampling of mortar

The water content of each batch is arranged according to flow diameter
measurements. The mortar sample is placed on a flow table and dropped 25 times
within 15 seconds as defined in ASTM C1437 (2013) (Figure 4.7). A flow diameter
between 205 and 215 mm is achieved for all samples.
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Figure 4.7. Flow tests conducted for mortar consistency

For walls constructed with ACB, ready-made interface mortar and plaster were used
by adding a specified amount of water and stirring with a drill until the desired
workability was ensured. The mean compressive strength of the interface mortar and
the plaster was measured as 8.40 MPa and 1.11 MPa by Binici (2019).

50 mm cube, 40 x 40 x 160 mm? prisms and 100mm cylindrical mortar samples
were taken, cured in the lab and tested in accordance with ASTM C109 (2013),
ASTM C348 (2014), ASTM C349 (2014)and ASTM C469 (2014) standards (Figure
4.8 and Table 4.3). Although mortar samples had the same mixture ratios and
consistency, due to the age of mortar at test day and inherent variation in mechanical
properties of ingredients, there is a dispersion in mechanical properties of mortar

among different frame specimens.

Figure 4.8. Tests on mortar specimens
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Table 4.3 Mortar test results

Frame CB

Test Date 11-09-14

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
fccylinger(MPa) | 6.77 | 6.55 | 8.22 | 6.22 6.94 | 0.88
Age of Mortar 129

Frame CBP

Test Date 18-05-15

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
fcprism(MPa) | 2.19 | 1.81 | 297 | 2.61 | 226 | 1.73 | 1.99 | 249 | 2.26 | 0.42
fntorism (MPa) | 0.86 | 0.74 | 1.03 | 0.86 | 0.81 | 0.61 | 0.67 | 0.93 | 0.81 | 0.14
Age of Mortar 91

Frame CBMR

Test Date 30-08-14

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
e cylinder(MPa) | 3.33 | 3.22 | 3.22 3.26 | 0.06
Age of Mortar 16

Frame TieC

Test Date 11-09-14

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
fiecylinder(MPa) | 2.11 | 3.22 | 1.78 237 | 0.76
Age of Mortar 23

Frame TieS

Test Date 31-12-14

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
fc,cube (MPa) | 3.13 | 2.95 | 2.94 3.01 | 0.10
Age of Mortar 28

Frame LBP

Test Date 25-12-15

Specimen N1 N2 N3 N4 N5 N6 N7 N8 | mean | st.dev
fc,cube (MPa) | 5.42 | 5.68 | 548 | 557 | 6.01 563 | 0.23
finc,prism (MPa) | 6.04 | 5.83 | 6.10 | 596 | 5.29 | 5.64 581 | 0.30
ftprism (MPa) | 1.38 | 1.15 | 1.27 | 1.38 | 1.17 | 1.38 1.29 0.11
Age of Mortar 18

98




415 Mesh Reinforcement

Fiber and steel mesh reinforcements utilized for surface overlay oriented retrofit of
aerated concrete block (ACB) and hollow clay brick (HCB) walls were tested under
uniaxial tension (Figure 4.9).

Figure 4.9. Testing of mesh reinforcement a) Fiber (Todorovic 2019), b) Steel

The fiber mesh employed for the ACB laid walls was Styrol Butadien Copolymer
(SBC) with a unit weight of 160 gr/m? and grid size of 4 mm in both directions. Each
filament had a width and thickness of 1.2 mm and 0.5 mm. Todorovic (2019)
conducted uniaxial tensile tests on three specimens under displacement controlled
loading protocol. The uniaxial tensile strength of the mesh obtained from the average
of three uniaxial tensile strength tests was 20 N/mm which corresponds to an average
ultimate strength of 117 MPa based on the net area of filaments. The results also
revealed that the mesh was characterized by limited ductility (i.e. 6u/dy = 1.5). On
the other hand, steel mesh reinforcement utilized for HCB laid walls has 2mm
diameter wires with 25mm pitch in both directions. Four test specimens were
prepared by cutting a line of wire from the mesh. The uniaxial tensile strength of the
mesh obtained from the average of three uniaxial tensile strength tests was 70 N/mm

which corresponds to an average ultimate strength of 550 MPa based on the net area
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of steel wires. Test results for one line of 2 mm wire within steel mesh reinforcement

are illustrated in Figure 4.10 below.
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Figure 4.10. Steel mesh reinforcement test results

416 Tie Wire

General purpose tie wires with 1.3mm diameter were used for attaching reinforcing
bars as well as mesh reinforcements placed at both sides of the CBMR frame
specimen. Uniaxial test results for four tie wire specimens are provided in Table 4.4
below. Results indicate that an average 1.3 mm diameter tie wire yields around 30

kg and ruptures around 50 kg.

Table 4.4 Mechanical properties of tie wire

Specimen fy (MPa) fu(MPa) oJu (%) ou/oy

TW1 185 340 30 325
TW2 207 355 26 251
TW3 222 370 - -

TW4 222 355 29 262
Average 209 355 28 268
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4.1.7 Horizontal Steel Ties

Uniaxial tension testing for horizontal steel ties and steel channels utilized for HCB
Infill with Continuous Horizontal Steel Ties (TieC) and HCB Infill with Staggered
Horizontal Steel Ties (TieS) frame specimens were conducted by the producer
(Eregli Demir ve Celik Fabrikalar1 A.S.) according to DIN EN 10025-2-2004.

Measured mechanical properties are illustrated in Table 4.5 below.

Table 4.5 Mechanical properties of steel tie and channel

Tie Channel
Standard S235JR S355J2C+N
fy (MPa) 340 458
fu (MPa) 429 573
ou (%) 34 30

4.1.8 Summary of Material Tests

The measured average strengths of materials involved in the construction of frame
specimens are illustrated in Table 4.6. Concrete for all frame specimens was ordered
from the same producer with the same mix design. Since the frame is scaled to half,
a super liquid and self-compacting concrete were selected to minimize possible
difficulties in placement. So, the slump test was not possible for consistency checks
of purchased batches. Depending on the ambient temperature, time of transport and
inability of the concrete plant to sustain the same mix-design for low volumes of
concrete (due to half scaling, casting in two phases and availability of only two
formworks, usually 2 m® of concrete was ordered instead of the full capacity of the
concrete mixer), water-cement ratio of the ordered batches fluctuated resulting in
scattered compressive strengths. However, concrete samples were tested prior to
frame tests and the axial ratio of columns was arranged accordingly to minimize the
influence of scattered concrete strength on the moment capacity of columns. Steel
tension tests were conducted on two different batches first of which was used in BF
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and CB frame specimens. Mortar for all clay brick laid walls were produced by
applying the same volumetric ratios and checking the consistency of each batch.
Mortar was sampled during the construction of infill walls and masonry prism
specimens which took place on the same day. However, there is an inevitable lag
between the execution of frame and prism tests. Mortar specimens were tested
together with the prisms and the measured mortar strength was not representative of
the mortar strength of the tested infill wall. Besides, a standard sampling and testing
procedure was implemented only after the 3™ frame experiment. Mortar samples of
the first three frame tests, namely CB, CBMR and TieC, were 75 mm diameter
cylindrical specimens whereas others were cubic and prismatic samples defined in

previously mentioned ASTM specifications for mortar characterization.

In order to overcome non-standardized sampling and time-based strengthening
issues, a separate batch of mortar was produced and a vast range of prismatic, cubic
and cylindrical samples was taken. Samples were tested at different times to idealize
strength gain with time and different samples were tested together to identify size
effect. As a result, a fourth-order linear polynomial equation was derived for age

correction where strength after 28" day is assumed constant (Figure 4.11).
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Figure 4.11. Time based mortar compressive strength correction curve
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Additionally, a conversion coefficient of 1.15 was identified to be multiplied with
cylindrical specimen strength in order to convert it to prism strength. The age and
size corrections were applied to predict the prism mortar compressive strengths of
infill walls on the frame test day (Table 4.6).

Table 4.6 Average material strengths at frame test day

Concrete Steel? Mortar® Brick
Frame | ¢ fit Deformed (8mm) Plain (6mm) fm Unit fo
(MPa)| (MPa) I, (MPa)|f. (MPa)|f, (MPa) |fu (MPa)| (MPa) | Type | (MPa)
BF 27.9 2.8 - - -
482 618 328 466
CB 22.3 2.7 3.3
CBP | 26.4 - 2.3
3.7 (V)
CBMR | 33.6 2.4 3.7 |HCB 9.7 (H)
TieC | 346 | 28 2.6
TieS | 33.3 2.9 3.0
466 623 448 504
LBP | 28.2 2.1 6.2 LB -
AB 24.9 2.1
ABI | 32.3 3.0 84 |ACB| 25
ABRP | 18.9 1.7

a. Based on 8 mm diameter of the deformed bars instead of the nominal diameter
b. Age and size corrections were made to determine material strength on frame test day

4.2 Masonry Prism Tests

Masonry prism specimens were constructed right after the finalization of infill wall
construction by the same mason and using the same materials whose geometrical and
mechanical properties have been presented in the previous section. The samples were
cured under the same conditions as the infill walls. Masonry prism tests under
uniaxial compression (ASTM C1314, 2014), diagonal compression (ASTM E519,
2010), sliding shear (EN 1052-3, 2002) and bending (ASTM E518, 2015) have been
conducted. Additionally, the influence of plaster and bilateral steel mesh

reinforcement on the axial and shear capacity of prisms was investigated.
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All tests were conducted using a 200 kN capacity test setup based in METU Ugur
Ersoy Laboratory which is capable of displacement controlled loading (Figure 4.12).
The bottom loading plate of the setup is resting on an electric motor controlled screw
jack. A CAS LS-20t brand loadcell was attached in between the screw jack and the
bottom loading plate to measure exerted loads. The rigid upper beam of the setup is
fastened to four threaded rods with nuts which allow vertical arrangement of the top
beam by loosening the nuts moving the rigid beam in the vertical direction with the
crane and tightening the nuts. An additional manually controlled two-way hydraulic
jack might be attached to the upper beam for fine adjustment of the gap between the

test specimen and the upper loading plate.

All the transducers were connected to Vishay 5100B data acquisition system.
Displacements were monitored on both sides of the specimens using 10mm capacity
Kyowa DTH-A LVDTs attached via threaded anchor rods embedded with epoxy.
LVDT readings on both sides of the were averaged to minimize possible bending
deformations. After LVDTs were secured against falling damage with loosely
connected tie wires, displacement-based loading is exerted with a screw jack until

the failure of the prism specimens.

Displacement measurements from attached LVDTs were divided with the gage
lengths and converted into average axial strains. The corresponding stresses were
determined based on the gross area of the tested prism. No correction factors were
applied to the test results presented in this section. In order to calculate young’s
modulus and/or shear modulus, a secant line between 5% and 50% of ultimate

strength was drawn for the relevant stress-strain curve.
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a) Diagonal tension

Figure 4.12. Setup for masonry prism tests

4.2.1 Uniaxial Compression Test

Uniaxial compression tests were conducted for three different orientations of HCB
and in the vertical direction of ACB units considering its horizontal stacking (Figure
4.13). Three HCB masonry prisms were sampled after the construction of CB, CBP,
CBMR, TieC and TieS frame specimens. Tests on three ACB prisms were conducted
by Lana Todorovic (2019) and Beyazit Bestami Aydin (2022).

Figure 4.13. Uniaxial compression testing of masonry prisms
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In order to ensure uniaxial loading, specimens were carefully capped with high
strength cement lime mixture paste. After carefully placing and centering the
specimen on the bottom loading plate, the upper loading plate was placed, its
alignment was checked and a ball joint is placed to ensure uniaxial loading (Figure
4.14.a-b). LVDTSs were placed and their orientations were checked on both sides of

the specimen (Figure 4.14.c).

,
, AR

a) Ball joint connection b) Checking plumb ¢) LVDT attachment

Figure 4.14. Masonry prism uniaxial test setup details

Results for performed uniaxial tests of masonry prisms without plaster are
documented in Table 4.7. The ACB prism tests were conducted by Todorovic (2019).
The average compressive strength of all HCB prism tests was 1.30 MPa for the
vertical direction (i.e. perpendicular to openings) and 1.65 MPa for the horizontal
direction (i.e. parallel to openings which is the strong direction of bricks),
respectively. Likewise, the average of prism compression tests on ACB prisms is
0.97 MPa.
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Table 4.7 Uniaxial compression test results for masonry prisms w/o plaster

oateof WAl Loaang O Compreste o Ut
(MPa) (MPa) (MPa) (x1000)

11.09.2014 HCB I 6.94 1.39 3109 0.81
19.04.2015 HCB 226 1.04(0.25) 1967 (267) 0.87 (0.17)
09.09.2014 HCB 3.26  1.48(0.25) 3247 (208) 0.70 (0.08)
12.09.2014 HCB 2.37  1.19(0.10) 2361 (62) 0.74 (0.09)
2001.2015 HcB  t 301  1.41(0.02) 3084 (541) 0.68 (0.13)
Average: 357  1.30(0.16) 2754 (500) 0.76 (0.07)
15.04.2015 HCB . 226 1.77(0.26) 1993 (162) 5.28 (2.27)
24.09.2014 HCB 3.26 1.97 (0.07) 2306 (135) 5.00 (0.75)
24.09.2014 HCB 2.37 1.71(0.19) 1391 (82) 5.37(0.50)
23.01.2015 HCB ' 3.01 1.14 (0.13) 3360 (688) 6.13 (3.89)
Average: 273  1.65(0.31) 2178 (759) 5.44 (0.42)

ACB Average: 8.63 0.97 (0.04)

*Numbers in parenthesis stand for standard deviation

** Tests on ACB prisms were conducted by Todorovic (2019)

Stress-strain curves for HCB masonry prisms are illustrated in Figure 4.15. The

ultimate strain capacity of HCB prisms is 7 times larger when loaded parallel to

openings (horizontal direction of the wall) compared to loading perpendicular to

openings. The modulus of elasticity of the tested HCB masonry prisms was 2075

(1465) times their compressive strength when loaded in the vertical (horizontal)

direction of the wall.
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Figure 4.15. Stress-strain curves of HCB prisms under uniaxial compression

4.2.2 Diagonal Tension Test

The shear strength capacity of infill walls which is also equivalent to diagonal tensile
strength is usually determined by applying compressive force along the diagonal of
a square prism specimen. Accordingly, square masonry prism specimens of 700 x
700 mm? dimensions were constructed for diagonal tension tests. Two LVDTSs in
horizontal and vertical directions are attached at 50 cm apart on both sides of the
specimens to measure contraction and elongation along diagonals. LVDT readings
recorded on both sides of the specimens were averaged to minimize possible bending
deformations. Half scaled replica of shear toes defined in ASTM E519 was produced
and placed at the loaded ends of the prisms (Figure 4.16). The ball joint placed over
the upper shear toe ensures uniaxial loading. Load and displacement measurements
were converted to shear stress and shear strain values according to formulas proposed
in ASTM E5109.
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Figure 4.16. Diagonal compression test

Results of performed diagonal tension tests of masonry prisms without plaster are

illustrated in Table 4.8 and Figure 4.17. The average shear strength and shear

modulus values calculated for all HCB prism tests were 0.22 MPa and 853 MPa,

respectively.

Table 4.8 Diagonal tension test results for masonry prisms w/o plaster

Dateof  Wall Loading Mortar Shear Shear UItim_ate
Test Unit Direction Strength  Strength Modulus Strain
(MPa) (MPa) (MPa) (x1000)
22.09.2014 HCB 6.94 0.27 889 (3) 2.75(0.13)
24.04.2015 HCB ' 2.26 0.15(0.02) 772 (227) 1.13(0.30)
16.09.2014 HCB @ 3.26 0.34 (0.02) 964 (188)
19.09.2014 HCB N 2.37 0.11(0.02) 625 (144) 0.52(0.48)
19.01.2015 HCB 3.01 0.22 (0.02) 1013 (116) 0.93 (0.89)
Average: 3.57 0.22 (0.08) 853 (136) 1.33(0.85)
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Figure 4.17. Stress-strain curves of HCB prisms under diagonal tension tests

4.2.3 Sliding Shear Test

The mortar joints create planes of weakness and potential sources for crack initiation
and propagation. Cracking of along bed joints is a typical infill failure mode observed
after earthquakes. Slip induced debonding between the mortar joint masonry unit
interface and/or cracking of mortar joints due to slip along the interface under shear
loading lead to significant stiffness degradation and material damping. In order to

determine the sliding capacity of mortar joints split shear tests were conducted.
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Tests were conducted according to EN 1052-3. An original test setup was designed
for the application and monitoring of confining pressure on the failure surfaces of
prisms. Rubber glued loading plates placed on both sides of the specimen apply
confining pressure to failure surfaces by tightening the nuts of the threaded rods. For
sensitive measurement of the loads transferred to both ends, CAS SBS-500L brand
S type load cells with 500kg capacity were also attached to the same threaded rods
on the front and back sides of the specimen. In order to ensure uniaxial loading which
is very critical in sliding shear tests, ball joints were used in the vertical as well as
the horizontal directions (Figure 4.18). As confining pressure is constantly

monitored during testing, in case of more than a 10% drop of confining pressure

during the experiment, fine adjustment is made by tightening the nuts.

Figure 4.18. Sliding shear test of masonry prisms

Once desired confining pressure is applied and it is sustained until failure of the
joints, shear strength at various normal stress levels was determined leading to
identify the Mohr-Coulomb surface at the interface between brick and mortar joints
(Figure 4.19). After 7 successful tests at various lateral confining pressure levels,

cohesion is determined as 0.161 MPa and friction angle is calculated as 60 degrees.
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Figure 4.19. Mohr-Coulomb failure surface after sliding tests

4.2.4 Bending Test

The flexural bond strength of masonry beam prisms was calculated in accordance
with ASTM E518. A four-point bending test setup was constructed (Figure 4.20).
All four points of contact with the masonry prism were roller cylinders with ball
joints at the ends which eliminate frictional forces. CAS SBS-500L brand S type load
cells with 500kg capacity were utilized for sensitive measurement of loading.
Specimens were forced to fail in the direction orthogonal to the mortar bed joints
simulating out-of-plane loads and forcing the infill wall arching in the vertical
direction. HCB beam prisms consisted of 4 courses of bricks laid using general
purpose mortar (fn=4.07 MPa), whereas ACB prisms tested by Todorovic (2019)
consisted of 7 blocks glued together with ACB mortar (fn=8.63 MPa).

The test campaign included 11 specimens. Six specimens were ACB beam prisms of
300mm width and 100mm thickness three of which had reinforced plaster overlay
(t=10 mm on each face) and the remaining three were tested without plaster. The

remaining five specimens were HCB beam prisms three of which had bilateral steel
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mesh reinforcement and plaster the other two had plaster only (t=10 mm on both

faces) and the last one was without plaster.

Figure 4.20. Bending tests of masonry beam specimens

Test results are illustrated in Table 4.9. Mesh reinforcement for HCB and ACB

masonry beam prims increased the bending capacity 4 and 5 times, respectively.

Table 4.9 Bending test results for masonry beam prisms

Mortar Modulus of

\(Jvﬁ:tl Plaster Loading Direction  Strength Rupture
(MPa) (MPa)

HCB No 4.07 0.23

HCB Yes 4.07 0.30 (0.04)

HCB Yes ] ; | ; ] 407  0.94(0.11)
(steel mesh) 3 3 ' ' '

ACB No 8.63 0.19 (0.02)

Mesh
ACB (fiber mesh) 8.63 0.96 (0.15)
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425 Influence of Plaster and Mesh Reinforcement

The influence of plaster and bilateral mesh reinforcement was investigated through
additional prism tests. All tested specimens have the same mortar (fn=2.26 MPa) and
were constructed by the same mason with the same HCB units. Uniaxial
compression, diagonal tension and bending tests were conducted as clarified in
previous sections. It is observed that the presence of plaster and mesh reinforcement

changes the failure mechanism (Figure 4.21) and improves load and displacement

capacity. Test results are shown in Table 4.10.

Figure 4.21. Failed diagonal tension specimens a) CB, b) CBP, ¢c) CBMR

Bilateral mesh reinforcement increased the shear and bending capacity of masonry
prisms, whereas the presence of plaster only increased shear capacity. The least
affected parameter by the presence of plaster and mesh reinforcement is the uniaxial

compressive strength and modulus of electricity.

Table 4.10 Comparison of CB, CBP and CBMR prism specimens

ID fw,v Ew,v fw,h Ew,h Tw GW fw,t
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

CB 1.09 2266 177 1655 0.12 657 0.23
CBP 104 1967 259 1993 0.33 1411 0.30
CBMR 1.00 - 292 1695 0.33 1106 0.94
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CHAPTER 5

EXPERIMENTAL RESULTS

Review of experimental observations, assumptions in post-processing of the raw data
and presentation of post-processed experimental data recorded during testing will be

illustrated in this chapter.

5.1  Assumptions and Corrections in Processing Raw Data

Assumptions and corrections on experimental data measured during the testing of

the frame specimens were illustrated in this section.

511 Correction for Lateral Component of Vertical Jacks

The base shear of the tested frame specimens was measured using a loadcell attached
to the horizontal jack used to push and pull the frame in the lateral direction. Under
increasing lateral displacement cycles, the bottom ends of vertical jacks sway with
the frame, whereas their top end attached to the rigid support frame stays still
resulting in deviation from the initial vertical orientation. Post-processing of the raw
experimental data begins with a correction for the measured base shear of the tested
specimen, considering the lateral component of the vertical jacks due to increasing

lateral displacement cycles.

The lateral component of the force recorded on the vertically oriented hydraulic jacks
placed on top of columns was calculated at each recorded step depending on the
corresponding measured lateral displacement of the frame and the axial load on the

vertical jacks using the equation below:
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Fy1 +Fy
(Fu+Fa)

V(1% +8%)

Veor = Viaw +

Where the symbols used in the equation is illustrated in the Figure 5.1 below:

Figure 5.1. Base shear correction due to vertical jacks

An additional correction was made in case the initial orientation of vertical jacks
were off plumb, which can be identified by the generation of lateral force upon
application of vertical load before application of lateral displacements.

Measured and corrected hysteresis responses of tested frames are illustrated in Figure
5.2 below.
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Figure 5.2. Axial load correction on hysteresis responses of tested specimens
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51.2 Curve Fitting for Hysteresis Loops

A similar method employed by various researchers to identify the infill wall (IW)
response was followed by subtracting the bare frame (BF) response from infilled
frame (IF) response (Alwashali et al. 2018; Blasi, De Luca, and Aiello 2018; De Risi
et al. 2018; Gaudio et al. 2019; Hak, Morandi, and Magenes 2013; Lin et al. 2016;
B. A. Mehrabi et al. 1996; Morandi, Hak, and Magenes 2018a; Turgay et al. 2014).
A direct subtraction of IF experimental data from BF experimental data is impossible
since recorded lateral displacements of BF and IF tests were not coincident. In order
to derive a continuous hysteresis loop of IW, the subtraction was made by idealizing
each experimental cycle with four separate 6-order polynomial equations fitted to
predetermined regions of each displacement cycle (Figure 5.3). In case of a sudden
drop in load due to the initiation of major damage on the wall, the number of separate
equations was increased to sustain a good match between the experimental and the
fitted data.

150
120 y = 22.9x° - 155.7x5 + 372.0x* - T
3BLIC+171.2C +16.9x+236 o
90 R2=0.999 o
e
60 y = -52.3x6 - 286.25 - 594.5x* -
30 569.5x3 - 254.3x2 - 9.0x + 22.9 e

R2=0.999 /"‘ o

y = 4102x5 - 36130x° +
131508x* - 253137x3 +
271751x? - 154210x +

Base Shear (kN)

-30
-60 36119
R2=0.997
-90 . .
T= 4.1%6 + 8.6x5 - 3.9x% - 8.1x° + Region 1 Region 2
-120 1.2x2+41.0x - 45.3 Region 3 Region 4
2=1000 | eeeeeeeees i 1
-150 R2=1.000 Equation fit
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Drift (%)
Figure 5.3. Equation fit for displacement cycle of CBMR specimen at 2% drift

Equation fit for the measured and axial load correction applied hysteretic responses

of tested frames are illustrated in Figure 5.4 below.
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Figure 5.4. Equation fits to experimental hysteresis data
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5.1.3 Calculation of Member End Rotations and Curvatures

Lateral drift (i.e. IDR) is calculated by averaging LVDT measurements taken at both
ends of the flange corresponding to the geometric center of the flanged beam, which
is 1443 mm from the face of the foundation. LVDT measurements taken at a distance
equal to the effective depth of beam and column sections (i.e. 180mm) from the face
of beam-column joints or the foundation were used to determine member end
rotations. The bottom end of the columns was equipped with 4 LVDTs, allowing for
the averaging of the end rotation measured on both sides, whereas column tops and
beam ends were equipped with 2 LVVDTs attached on one side (Figure 5.5).

End rotation is calculated using the equation provided below:

0 _ (Aend,l - Aend,z)
end —

dLVDT

Where Aend1 and Aend2 are LVDT measurements attached to opposite sides of

member ends and dovpr is the distance between centers of the LVDT’s.
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Figure 5.5. LVDT attachment locations

The yielding of a member can be calculated by identifying yield rotation, a jJump in
strain gage measurements attached to longitudinal bars at member ends, or from

yield curvature calculated from the equation given below:

Pend = (Send,l - Eend,z)

dbars

Where gend,1 and geng,2 are strain measurements and doars is the distance between the

longitudinal bars (i.e. 160 mm) to which the strain gages were attached.
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5.2 In-plane Cyclic Loading Test Results

RC frame specimens tested under increasing in-plane displacement reversals are

illustrated in Table 5.1 below.

Table 5.1. RC frame specimens tested at IP direction

Wall

Test No Unit Plaster Retrofit Abbreviation

1 Bare - - BF

2 HCB No No CB
3 HCB Yes No CBP
4 HCB Yes Steel mesh overlay CBMR
5 HCB No Infill-tie (cont.) TieC
6 HCB No Infill-tie (staggered) TieS
7 LB Yes Dry slip joints LB

8 ACB No No AB

9 ACB No Isolation joint ABI
10 ACB Yes Fiber mesh overlay ABRP

Key: HCB — Horizontal Clay Brick, LB — Locking Brick, ACB — Aerated Concrete Block

The following sections will illustrate a detailed description of structural and infill
wall damage sequences for the tested specimens at target lateral drift levels.
Additionally, graphical and tabular presentation of post-processed experimental data
will be provided for a better understanding of structural response.

521 Bare Frame (BF)

The bare frame specimen was tested before infilled frame tests in order to identify
the influence of different wall systems on the seismic response. BF is a half-scaled,
one-story, one-bay inner ground frame of a five-story prototype building designed
according to the high ductility design requirements of Turkish Earthquake Code
(2007).
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Backbone curves corresponding to the first and second cycles and the identification
of yield force and maximum base shear is illustrated in Figure 5.6. Yielding of the

frame corresponds to the first strain jump in frame members.
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Figure 5.6. Load-displacement response of BF specimen

The propagation of damage for BF is illustrated in Figure 5.7. The initial flexural
cracking was observed at the bottom plastic hinge zones of two frame columns and
the beam end close to the reaction wall after the load reversal corresponding to a
0.5% drift level. When the story drift reached 1.0%, existing cracks on the column
surface further developed, approaching the columns' geometric center at the bottom
end. Several new cracks opened at the top end of the columns, and new flexural
cracks were observed at the beam ends. The peak lateral strength reached 82.2 kN in
the positive direction at 1.41% drift and -82.2 kN in the negative direction at -1.91%.
In the subsequent displacement cycles, the structure maintained a load resistance
greater than 80% of the peak load until the termination of the test at 4% drift. Flexural
cracks at beam ends presented an extensional trend to the upper RC slab at 1.5%
drift. When the story drift reached 2.0%, hairline diagonal shear cracks were spotted
at beam-column joints, flexural cracks closest to the column lower end widened to
1.25 mm, and the crushing of cover concrete was initiated. Buckling of the first
longitudinal reinforcement took place at 2.5% drift. When the story drift reached
3.0%, cover concrete spalled at column tops, crushing extended at column bottoms
and buckling of additional longitudinal bars at column bottoms took place. When the
drift ratio of the frame reached 3.5%, the cover concrete at the column lower ends

was crushed entirely, resulting in severe buckling of several longitudinal bars.
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2.0%

Figure 5.7. Propagation of column damage for BF

522 HCB Infilled Frame Specimen (CB)

An infill wall constructed with hollow clay bricks (HCB) of a 65% void ratio was
tightly secured inside the bare frame filling the interface between the wall and the
frame with mortar. No plaster was applied over the infill wall. Utilized brick units
are typical for Turkish construction practice. Due to the difficulty of producing half-
scaled hollow brick units, readily available bricks that were scaled only in the
thickness and the horizontal direction but not in the vertical direction of the wall
were used. Lack of scaling in the vertical direction resulted in vertical stacking of
the units which influenced the failure mechanism and the capacity. The compressive
strength of the mortar on the test day is approximated as 3.3 MPa (Table 4.6).
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Backbone curves corresponding to the first and second cycles of infilled frame (IF)
and infill wall (IW), distribution of base shear among the wall and the bounding
frame, energy dissipation of the wall and the frame at target drifts are illustrated in
Figure 5.8. Yielding of the frame corresponds to the first strain jump in frame
members.
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Figure 5.8. Load-displacement response of CB specimen
a) Wall Damage

Due to the absence of plaster and whitewashing of the brick units, identifying the
cracking on the wall was difficult (Figure 5.9). Photos taken every 6 seconds from a
fixed position in front of the wall were investigated to capture wall movements. No
visible cracking on the wall drew attention at 0.35% drift. Separation of the wall

from the upper beam was noticed at 0.5% drift.

Up to 0.5% drift, lateral displacement demand was accommodated by rotation of
brick units due to vertical arrangement, which is not the case for the horizontal

arrangement, as illustrated by Suzuki et al. (2017). The vertical arrangement makes
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the infill wall more accommodating for lateral displacement by disturbing the

formation of compression diagonal through the rocking of brick units.

When the story drift reached 1.0%, the bricks below the upper beam gradually peeled
off due to the vertical pressure exerted on them by the upper beam. A horizontal
sliding plane formed between the second and the third brick units from the bottom.
The peak lateral strength reached 121.6 kN (-112.7 kN) at 1.00% (-1.00%) drift in
the positive (negative) direction. A diagonal compression strut was triggered when
the story drift reached 1.5%. Upper brick units were crushed and spalled, leading to
an opening under the upper beam. When the story drift reached 2.0%, the upper layer
of bricks was completely crushed and considerably spalled. A combination of sliding
and diagonal cracking was observed. The area of opening increased leaving the infill
wall extremely vulnerable to OOP failure since the arching action in the vertical

direction is completely lost due to the crushing and spalling of bricks under the beam.

At story drift levels of 2.5% and 3.0%, the upper layer of brick completely spalled.
Sliding and rocking action took place together, possibly with decreasing width of the
compression strut due to a decrease in contact length. At 4% drift, the sliding plane

formed over the second layer of brick units dominated the response.
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3.0% 4.0%

Figure 5.9. Sequence of damage propagation for CB
b) Frame Damage

As for damage to frame members, flexural cracking of the beams and the columns
were initiated at 0.35% and 0.5% drift levels, respectively. Flexural cracks at column
lower ends propagated through the geometric center and spread to the mid-height of
the column at 1.0% and 1.5% drifts. New flexural cracks extending through the slab
were formed at beam ends and column tops, and the first hairline shear crack was
formed at the beam-column joint at 2.0% drift. The width of the flexural beam crack
closest to the face of the column approached 1.5mm. Crushing of column lower end
initiated at 2.5% drift followed by the buckling of first reinforcement at 3.0% drift.
When the story drift reached 4.0 %, the crushing of concrete and buckling of
reinforcements spread to both sides of the column at the lower ends (Figure 5.10).
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Figure 5.10. Propagation of damage for CB frame

5.2.3 HCB Infilled Frame Specimen with Plaster (CBP)

In order to investigate the influence of plaster on the structural response, 10 mm thick
plaster made of general purpose mortar (see page 96) was applied on both faces of
the infill wall. The same hollow brick units and joint mortar utilized for CB specimen
were used in the construction of the CBP. The plaster was whitewashed with lime in
order to differentiate the cracking on the wall surface. The compressive strength of
the mortar is estimated as 3.7 MPa on the test day.

Backbone curves corresponding to the first and second cycles of the infilled frame
(IF) and infill wall (IW), distribution of base shear among the wall and the bounding
frame, and energy dissipation of the wall and the frame at target drifts are illustrated
in Figure 5.11. Yielding of the frame corresponds to the first strain jump in frame

members.
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Figure 5.11. Load-displacement response of CBP specimen
a) Wall Damage

The damage to the CBP was characterized by diagonal cracking followed by
crushing damages at four corner zones (Figure 5.12). Detachment of masonry panel
from bounding frame along upper beam and column interfaces were identified at
0.35% drift. Interface cracking becomes distinctive, and plaster crushing was
initiated at upper corners at 0.5% drift. When the drift reached 1.0%, an apparent
sliding and shear coupled crack emerged in the push direction and a major diagonal
crack close to the upper beam-leeward column corner emerged in the pull direction.
The peak lateral strength reached 112.8 kN in the positive direction at 0.98% drift
and -138.2 kN in the negative direction at -0.70% drift. Spalling of plaster and
crushing of brick units were observed at the upper corners of the wall at 1.5% and

2.0% drift levels, respectively.

When the drift reached 2.5%, spalling of some brick units and corner crushing at all
corners were confirmed. Diagonal compression strut formation was interrupted after

the falling of crushed brick units at the corners. Contact length between the panel

129



and the bounding frame is reduced, resulting in reduction of panel contribution to

lateral resistance.

Compared to the clay brick infilled frame without plaster, the wall response was
changed due to plaster restricting the rotation motion of individual brick units. With
the further increase of displacement reversals, more brick units fall off, and the

ultimate damage was reached by extensive corner crushing.

0.35% 0.5%

2.0% 2.5%

3.0% 3.5% 4.0%

Figure 5.12. Sequence of damage propagation for CBP
b) Frame Damage

Damage to RC frame members under increasing displacement reversals was
illustrated in Figure 5.13. Initial flexural cracks emerged at beam ends around 0.35%
drift. Flexural and hairline shear cracking emerged at column lower ends and beam
ends at 0.5% drift, respectively. When the drift reached 2.0%, the flexural cracks at
beam ends and tension faces of column lower ends spread to the slab and the column
mid-height, respectively. With the increase of drift, several new cracks were
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confirmed at beam ends and column lower ends. Crushing of cover concrete at
column lower ends took place at 3.0% drift. As the amplitude of displacement cycles
increased, spalling of cover concrete accompanied by the buckling of the
longitudinal reinforcement at the column lower ends was identified at 3.5% and 4.0%
drift levels, respectively. At the ultimate damage state, initiation of concrete crushing

at beam ends was detected.

2.5% 3.0% a 4.0%

Figure 5.13. Propagation of damage for CBP frame

524 HCB Infilled Frame with Steel Mesh Reinforcement (CBMR)

Light steel wire meshes of 2 mm diameter and 25 mm pitch were used to strengthen
the HCB infilled frame specimen. Steel meshes placed at both sides of the wall was
connected bilaterally with tie wires passing through the holes drilled on the wall
surface. A final layer of 10mm thick plaster made of ordinary cement mortar was
applied on both sides. The estimated compressive strength of the plaster mortar at
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the frame test day was 3.7 MPa (Table 4.6) and the tensile strength of the steel mesh
was 70 N/mm.

Backbone curves corresponding to first and second cycles of infilled frame (IF) and
infill wall (IW), distribution of base shear among the wall and the bounding frame,
and energy dissipation of the wall and the frame at target drifts are illustrated in

Figure 5.14. Yielding of the frame corresponds to first strain jump in frame members.

200 200
..... CBMR
gwof T <
— Z S
& 3
@ -100 PEeeem experiment @ -
e I e =it s s 1st cycle = 1st cycle
200 b7 e 2nd cycle o0 b e 2nd cycle
4% -3% 2% -1% 0% 1% 2% 3% 4% 4% -3% -2% -1% 0% 1% 2% 3% 4%
drift drift
a) IF backbone curve b) IW backbone curve
1.0
m CBRP_1st cycle m CBRP_2nd cycle m RC Frame
S 08 - 1.0
& o OO G S D .
< 06 - _-= 0.8
3 =z 06
= 04 Lz RC Frame
< - CBMR 0.4
T 02 —— Istcycle 0.2
= = =2nd cycle
0.0 i 00

035 05 10 15 20 25 30 35 40

Drift (%)

c) Distribution of base shear

03505 1.0 1.5 20 25 3.0 35 4.0
Drift (%)

d) Energy dissipation

Figure 5.14. Load-displacement response of CBMR specimen

a) Wall Damage

The CBMR damage under for increasing levels of lateral drift was illustrated in

Figure 5.15. Due to increased capacity and stiffness of the infill wall by bilateral

mesh reinforcement application, the peak lateral strength was reached at 0.35% drift

at which sliding under the upper beam and disintegration of infill panel from columns

close to upper corners were noticed. The peak lateral strength in the positive and

negative directions was measured as 188.7 kN at 0.33% drift and -177.5 kN at

-0.35% drift, respectively. Corner crushing initiated at 0.5% drift manifesting itself

by peeling off the plaster and local buckling of the mesh reinforcement in restricted
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areas close to the ends of the upper beam. The gap formed between the infill and the
upper corner at the leeward column side was large enough to see through. When the
drift reached 1.0%, corner crushing at the upper corners become more prominent.
Crushing of brick units was inspected at corners at 1.5% drift. Under increasing
displacement reversals, no additional wall damage was noticed. Infill panel response
was governed by sliding under the upper beam, reduction of the contact length due
to increasing disintegration of the infill panel from the bounding frame and limited
corner crushing at upper corners. No diagonal or horizontal cracking of the plaster

covering bilaterally attached steel mesh reinforcement was noticed.

0.35% 0.5% 1.0%
1.5% 2.0% 2.5%
3.0% 3.5% 4.0%

Figure 5.15. Sequence of damage propagation for CBMR
b) Frame Damage

Damage to frame members was summarized in Figure 5.16. Hairline shear cracking
at beam ends and flexural cracking at column bottoms were confirmed at 0.35% drift.
The flexural cracks at column lower ends spread along the entire height of columns
at 0.5% drift. In addition to widening shear cracks, distinctive flexural cracks
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extending through the slab were noticed at beam ends at 1.0% drift. Additionally,
several new flexural cracks were confirmed at the plastic hinge region of column
lower ends. When the drift level reaches 1.5%, flexural cracks appeared at column
upper ends and additional shear and flexural cracks opened at beam ends and column
lower ends. Initiation of flexural cracking at column upper ends was another
observation. When the drift level reaches 2.0%, several new flexural cracks appeared
within the plastic hinge region of column lower ends. Crushing of cover concrete at
beam ends and initiation of additional flexural cracks at column upper ends were
confirmed at 2.5% drift. Cover concrete crushing of column lower ends was observed
at 3.5% drift. When the drift level reaches 4.0%, buckling of longitudinal

reinforcement at column lower ends and beam ends was observed.

1.5% 2.5% 4.0% 4.0%

Figure 5.16. Propagation of damage for CBMR frame

525 HCB Infilled Frame with Continuous Steel Ties (TieC)

Three layers of horizontal steel ties (i.e., perforated plates) placed along every other
bed joint were locked mutually into closed steel channels anchored to the inner faces
of columns for the TieC frame specimen. No plaster was applied and the wall was
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whitewashed for better identification of cracks. The estimated compressive strength
of the mortar at the frame test day was 2.6 MPa (Table 4.6).

Backbone curves corresponding to first and second cycles of infilled frame (IF) and
infill wall (IW), distribution of base shear among the wall and the bounding frame,
and energy dissipation of the wall and the frame at target drifts are illustrated in

Figure 5.17. Yielding of the frame corresponds to first strain jump in frame members.
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Figure 5.17. Load-displacement response of TieC specimen

a) Wall Damage

The infill panel response of TieC was governed by successive sliding along ties
without diagonal cracking or corner crushing damages (Figure 5.18). The first sliding
plane was formed at the top tie level at 0.35% drift. The second sliding plane was
activated at 1.0% drift along with the bottom tie level. The peak lateral strength was
reached at 122.7 kN (-139.5kN) lateral force and 0.96% (-1.00%) lateral drift in the
positive (negative) direction. Outer layers of individual bricks started to peel off at
1.5% drift located below the activated slip planes. Brick units started falling off and

one can see through the wall at 2.5% drift. The third sliding plane was activated at
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3.5% drift along with the middle tie level. Ultimate damage was reached at a 4.0%
drift level by the formation of successive slip planes at horizontal steel tie levels,

peeling off the outer layers of brick units and falling of bricks, especially under the

upper beam.
0.35% 0.5% 1.0%

Figure 5.18. Sequence of damage propagation for TieC

b) Frame Damage

The evolution of damage at beam ends and column lower ends were shown in Figure
5.19. First flexural cracks emerged at beam ends and column upper ends at 0.35%
drift. Flexural cracking at column lower ends started at 0.5% drift and spread through
the mid-height of the columns at 1.0% drift. Beam flexural cracks extended through
the slab and diagonal hairline shear cracks were confirmed at beam-column joints at
1.5% drift. Several new flexural cracks were confirmed at plastic hinge regions of
columns at 2.0% drift. Flexural cracks at column upper ends appeared and cover
concrete crushing initiated at column lower ends at 2.5% drift. Concrete crushing at
beam ends and cover concrete spalling at column lower ends leading to the exposure
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of longitudinal and transverse steel bars were confirmed at 3.0% drift. When the drift
reached 3.5%, crushing and spalling of concrete at column lower ends developed
further. At the ultimate drift cycle of 4.0%, exposed longitudinal bars started
buckling at column lower ends. Severe damage in terms of crushing and spalling of

concrete cover and exposure of reinforcement at beam ends and bar buckling at

column lower ends were observed at the ultimate drift of 4.0%.

3.0% 3.5% 4.0%

Figure 5.19. Propagation of damage for TieC frame

5.2.6 HCB Infilled Frame with Staggered Steel Ties (TieS)

Four layers of perforated plates attached to steel channels at one end and free at the
other were used for TieS frame specimen. The plates were placed along every other
bed joint in staggered orientation. No plaster was applied and the wall was
whitewashed for better identification of cracks. The estimated compressive strength
of the mortar at the frame test day was 3.0 MPa (Table 4.6).

Backbone curves corresponding to first and second cycles of infilled frame (IF) and

infill wall (IW), distribution of base shear among the wall and the bounding frame,
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and energy dissipation of the wall and the frame at target drifts are illustrated in

Figure 5.20. Yielding of the frame corresponds to first strain jump in frame members.
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Figure 5.20. Load-displacement response of TieS specimen
a) Wall Damage

The cyclic response of the TieS frame specimen was dictated by successive slip
planes created at tie levels (Figure 5.21). The first horizontal sliding crack was
observed at 0.35% along the bottom plate. As the amplitude of displacement cycles
increased, additional slip planes created along other ties. The peak lateral strength
was reached at 104.1 KN (-109.7 kN) lateral force and 1.50 % (-1.00%) lateral drift
in the positive (negative) direction. Some brick units gradually started to peel off at
2.0% drift and some others fall off when the drift reaches 4.0% drift.
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0.35% 0.5% 1.0%

1.5% 2.0% 2.5%

3.0% 3.5% 4.0%

Figure 5.21. Sequence of damage propagation for TieS
b) Frame Damage

The development of column and beam damages on frame members were illustrated
in Figure 5.22. Flexural hairline crack initiated at column lower ends and beam ends
at 0.35% drift were followed by propagation of flexural cracks to the mid-height of
the columns at 0.5% drift. When the drift reached 1.0%, several new flexural cracks
appeared at the plastic hinge region of column lower ends and beam ends. The
flexural cracks on the tension side of the column lower ends propagated through the
geometric center of the column section. Horizontal cracks at column upper ends
appeared and beam flexural cracks propagated into the slab at 1.5% drift. Cover
concrete started to crush at column lower ends at 2.0% drift. Diagonal shear cracks
initiated at beam-column joints and cover concrete at beam ends started to crush at
2.5% drift. When the drift reached 3.0%, the cover concrete at column lower ends
started to spall, making some reinforcing rebars expose. The first longitudinal bar

buckling was observed at 3.5% drift at leeward column. Column lower ends were
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severely damaged by the crushing of cover concrete in both directions and buckling

of several longitudinal bars at 4.0% drift.

Figure 5.22. Propagation of damage for TieS frame

5.2.7 LB Infilled Frame with Plaster (LBP)

The infill panel was constructed with a special type of HCB where a dry locking
mechanism is present in bed joints. 10 mm thick ordinary plaster was applied on both
faces of the wall. The estimated compressive strength of the mortar was 6.2 MPa
(Table 4.6).

Backbone curves corresponding to first and second cycles of infilled frame (IF) and
infill wall (IW), distribution of base shear among the wall and the bounding frame,
and energy dissipation of the wall and the frame at target drifts are illustrated in

Figure 5.23. Yielding of the frame corresponds to first strain jump in frame members.
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Figure 5.23. Load-displacement response of LBP specimen
a) Wall Damage

Damage propagation of LBP is illustrated in Figure 5.24. An obvious sliding crack
at the frame-wall interface under the upper beam was observed at 0.35% drift. First
horizontal sliding cracks emerged from the inner column face and extended to the
wall mid-length at 0.5% drift. The peak lateral strength was reached at 119.7 kN (-
111.4 kN) in the positive (negative) direction at 0.50% (-0.47%). Emerged horizontal
cracks widened and extended, merging at the center and dividing the wall
horizontally into two pieces at 1.0% drift. Mortar begins to spall and bending cracks
emerged at the bottom of columns and spread towards the middle of the column at
the same drift level. When the drift reached 1.5%, the upper part of the horizontally
divided wall starts to slide over the bottom part. When the drift reached 2.0%,
corresponding to 28.8 mm lateral displacement, some bricks were crushed and the
outer layers of some others started to peel off. Sliding between the upper and the
bottom pieces of the wall was measured as 25 mm by drawing a vertical line passing

through the major horizontal crack at the undeformed position of the wall (i.e., at
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zero drift). Spalling of mortar and crushing of brick units extended at 2.5% drift.
When the drift reaches 3.0%, corresponding to 43.2 mm lateral displacement, sliding
between the upper and the bottom pieces of the wall was measured as 40 mm. Some
bricks were crushed and fall off, forming openings in the wall. Another major
horizontal crack emerged when the drift reached 3.5%, dividing the wall into three
pieces. Crushing and spalling of brick increased and the wall is damaged very
seriously, jeopardizing its integrity. When the drift reached 4.0%, sliding over two
horizontal sliding layers was distinguished. Crushing, spalling and holes on the wall

increased.

0.35% 0.5% 1.0%

3.0% 3.5% 4.0%

Figure 5.24. Sequence of damage propagation for LBP
b) Frame Damage

Small bending cracks appear at the bottom of the columns and shear/flexural cracks
initiated at the beam ends at 0.35% and 0.5% drift levels. Flexural cracks on column
lower ends spread through the mid-height, the first hairline shear crack observed at

the beam-column joint and bending cracks on the beam ends extended to the slab at
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1.0% drift. When the drift reached 1.5%, several new flexural cracks emerged within
the plastic hinge region of column lower ends and the existing cracks widened and
extended towards the geometric center of the column. The crack pattern on RC
members remained unchanged from this drift level on, with the width of the existing
cracks kept widening under the increasing displacement reversals. When the drift
reached 2.0%, the bending crack width at the beam end widened to 1.5 mm. When
the drift reached 3.5%, spalling of the concrete cover was observed at column bases
and some longitudinal and transverse bars were exposed (Figure 5.25). When the
drift reached 4.0%, buckling of longitudinal reinforcement took place at the bottom
of the column. Spalling of the concrete cover was observed at column lower ends

and some longitudinal and transverse bars were exposed.

0.35% 2.5% 4.0%

Figure 5.25. Propagation of column damage for LBP

528 ACB Infilled Frame (AB)

Half-scaled aerated concrete blocks of 350 kg/m® dry density and 2.5 MPa
compressive strength were utilized to construct the infill panel. 20 mm isolation gap
(40 mm for unscaled frame) was left between the upper beam and the wall. Flexible
polyurethane foam was sprayed to fill the gap. The surface of the aerated concrete
blocks was whitewashed with lime to identify wall damage better. Unlike other
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frame specimens, in-plane testing of this specimen was stopped at 3.0% drift to test
the damaged specimen in an out-of-plane direction. Weight blocks were removed,
and a vibration generator was attached to the slab (Figure 5.26). Five one-way
accelerometers were utilized to measure floor and wall accelerations. Dynamic
loading of the frame under harmonic force generated by the vibration generator was
conducted under varying frequencies. Unfortunately, due to the 20 mm gap under
the upper beam and cracking of the interface between the columns and the infill
panel, imposed harmonic forces on the slab could not be transferred to the infill

panel.

Figure 5.26. OOP testing of damaged AB frame with vibration generator

Backbone curves corresponding to first and second cycles of infilled frame (IF) and
infill wall (IW), distribution of base shear among the wall and the bounding frame,
and energy dissipation of the wall and the frame at target drifts are illustrated in

Figure 5.27. Yielding of the frame corresponds to first strain jump in frame members.
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Figure 5.27. Load-displacement response of AB specimen
a) Wall Damage

Infill panels constructed with aerated concrete blocks behave extremely brittle due
to the fragile nature of blocks and thin and strong mortar layers not allowing any
relative motion between blocks such as sliding or rotation. Diagonal cracking
dominated the infill wall response for the tested specimen. Several diagonal cracks
emerged and widened with increasing drift in both directions of loading (Figure
5.28). Despite the 20 mm thick flexible joint under the upper beam, cracking of the
wall initiated very early at 0.13% drift. The same cracking pattern was preserved
with increasing crack widths until 1.0% drift. The positive and negative peak lateral
strength was measured as 136.7 kN at 1.95% drift and -123.2 kN at -0.98% drift,
respectively. When the drift reaches 1.5%, a major diagonal crack splitting the wall
into two pieces emerged in the pull direction. A second major diagonal crack was
initiated parallel to the first one at 2.0% drift in the pull direction. Response in the
push direction was governed by a corner diagonal crack close to the bottom left

corner up to 2.0% drift. This crack separated the right-bottom corner units from the

145



wall, which indicates the rocking behavior of the panel. A second major crack
initiated close to the upper left corner at 2.5% drift.

0.35% 1.0%

1.5% 2.0% 2.5%

3.0%

Figure 5.28. Sequence of damage propagation for AB
b) Frame Damage

Beam and column end damages of the infilled frame specimen are illustrated at
different drift levels in Figure 5.29. Hairline flexural cracks emerged at 0.35% and
0.5% drift levels at beam ends and column bottoms become easily detectable with
the naked eye at 1.0% drift. Flexural cracks at beam ends propagated into the slab
and new flexural cracks opened at column tops at 1.5% drift. When the drift level
reached 2.0%, several new flexural cracks emerged within the plastic hinge region
of the column bottoms. Concrete crushing initiating at column bottoms at 2.5% drift
ends up spalling cover concrete at 3.0% drift. As the test was terminated at this drift
level, no buckling of reinforcement was observed.
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1.0% 2.5% 2.0% 3.0%

Figure 5.29. Propagation of damage for AB frame

5.2.9 ACB Infilled Frame with Isolation Joint (ABI)

Half-scaled aerated concrete blocks were utilized in the construction of the infill
panel. 20mm isolation gap (40 mm for unscaled frame) was left between the
columns, upper beam and the infill panel. Flexible polyurethane foam was sprayed
to fill the gap. The surface of the AAC blocks was whitewashed with lime to identify

wall damage better.

Backbone curves corresponding to first and second cycles of infilled frame (IF) and
infill wall (IW), distribution of base shear among the wall and the bounding frame,
and energy dissipation of the wall and the frame at target drifts are illustrated in
Figure 5.30. Yielding of the frame corresponds to first strain jump in frame members.
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Figure 5.30. Load-displacement response of ABI specimen

a) Wall Damage

The crack pattern and damage evolution for the wall and the RC frame were

illustrated in Figure 5.31 and Figure 5.32, respectively. Although the wall panel was

isolated from the frame, cracking started unexpectedly as early as 0.35% drift,

corresponding to 5 mm lateral displacement. Diagonal cracks passing through the

blocks and the bed joints emerged perpendicular to compression diagonal close to

the corners of the wall. The same crack pattern was observed with increasing crack

widths until 2.5% drift (36 mm lateral displacement), where a major diagonal shear

crack appeared in the pull direction. The lateral load continued to increase until
3.07% (-3.29%) drift, corresponding to a peak resistance of 115.1 kN (-133.9 kN).
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3.5%

Figure 5.31. Sequence of damage propagation for ABI

Ultimate wall damage was achieved by attaining two new diagonal shear cracks
parallel to the initial major diagonal crack and crushing at corner zones of the infill.
A high level of pinching was observed as the opening and closing of the cracks were
delayed due to the presence of the gap. Sliding of the wall panel on top of the RC
foundation was observed until the closing of the isolation gaps, followed by the
activation of the wall panel.

b) Frame Damage

The initial flexural cracks were confirmed at the RC frame's column bases and beam
ends around 0.35% drift. New flexural cracks appear, and the original cracks
gradually widen at 0.5% drift. Flexural cracks at column bases penetrated from the
outer edge to the geometric center, the flexural cracks at beam ends extended towards
the slab and hairline shear cracks emerged at beam-column joints at 1.0% drift. When

the drift reaches 1.5%, flexural cracks at beam ends and column bases reached 1.0
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mm in width and several flexural cracks emerged at the top of columns. Crushing of
cover concrete at column bases initiated at 2.5% drift. Spalling of concrete and
exposure of the bars took place at column ends at 3.0% and 3.5% drift levels.
Spalling of concrete at beam ends was observed. No buckling took place in any of
the RC member reinforcements. Severe damage in terms of crushing and spalling of

concrete cover and exposure of reinforcement was confirmed at beam ends and

column bottoms at the ultimate drift of 4.0%.

2 50 3.0% 4.0%

Figure 5.32. Propagation of damage for ABI frame

5.2.10 ACB Infilled Frame with Fiber Mesh Reinforced Plaster (ABRP)

A fiberglass reinforced plaster was applied over the infill panel constructed with
aerated concrete blocks. The compressive strength of the plaster was 1.0 MPa and
the tensile strength of the fiber mesh was 20 N/mm. A 20 mm gap was left under the
beam to represent typical construction practice in Tiirkiye for AAC utilized infill
panels. Backbone curves corresponding to first and second cycles of infilled frame

(IF) and infill wall (IW), distribution of base shear among the wall and the bounding
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frame, and energy dissipation of the wall and the frame at target drifts are illustrated
in Figure 5.33.
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Figure 5.33. Load-displacement response of ABRP specimen
a) Wall Damage

Fiberglass mesh reinforcement of the plaster suppressed the cracking of the infill
panel until the termination of the displacement reversals at 4% drift (Figure 5.34).
Wall response was characterized by successive disintegration from the bounding
frame, sliding under the beam and corner crushing at increased lateral displacements.
The only noticeable wall damage was the sliding crack under the upper beam up to
1.0% drift, after which initiation and development of corner crushing were
confirmed. The peak lateral strength reached 118.5 kN in the positive direction at
0.94% drift and -132.2 kN in the negative direction at -0.97% drift.

Spalling of the plaster was first confirmed at 1.5% drift followed by crushing of the
aerated brick units at the upper corners at 2.0% drift. Corner crushing spread to all
corners and become more visible after 3.0% drift. Despite the crushing corners, the

unity of the infill panel was preserved until the end of displacement excursions.
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2.5%

3.0% 3.5% 4.0%

Figure 5.34. Sequence of damage propagation for ABRP
b) Frame Damage

The evolution of damage on frame members was illustrated in Figure 5.35. Flexural
cracking at column bottoms and flexural/shear cracking at beam ends were observed
at 0.35% drift. Hairline flexural cracks at column bases spread through full column
height at 0.5% drift. Additional flexural cracks confirmed at beam ends and
disintegration of the infill panel from the bounding frame at corners become visible
at this level. When the drift reaches 1.0%, the beam flexural crack closest to the joints
become extensive and several new cracks appeared close to the mid-length of the
beam. New flexural cracks were confirmed at column tops. First hairline shear cracks
were confirmed at beam-column joints. At 1.5% and 2.0% drifts, beam flexural
cracks propagated into the slab. When the drift reaches 2.5%, concrete crushing
begins at beam ends and shear cracks widen at beam-column joints. Crushing of
column base concrete started at 3.0% drift followed by spalling cover concrete and
buckling of longitudinal reinforcement at 3.5% drift. Cover concrete crushed, spalled
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and several bars at column bases buckled at 4.0% drift. Severe damage to beam ends

and column bottoms was observed at the ultimate damage state.

1.5% 3.5% 2.0% 4.0%

Figure 5.35. Propagation of damage for ABRP frame

5211 Summary of IP Damage Propagation

The ultimate damage states of the infilled frame specimens are illustrated in Figure
5.37. A summary of structural and infill wall damages experienced by tested frame

specimens is shown below:

The bare frame (BF) experienced a typical ductile flexural frame response with

localized damages at member ends through plastic hinges. The column and beam
ends were yielding around 0.7% and 1.3% drift levels. Maximum capacity reached
at 82.2 kN (-82.2 kN), corresponding to 1.4% (-1.9%) drift. Crushing of column
bottoms initiated at 2.0% drift, followed by the buckling of longitudinal bars at 2.5%.

Clay brick infilled frame (CB) experienced a sliding dominated panel response

accompanied by rotation of brick units due to vertical orientation. The vertical
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arrangement of brick units made the infill wall more accommodating for the lateral
displacement by disturbing the formation of compression diagonal through the
rotation of brick units. Suzuki (2017) compared the seismic response of % scaled
infilled frames with brick units' vertical and horizontal orientation. They concluded
that vertically stacked walls did not show a diagonal strut unlike horizontal stacking
due to the rocking of each independent brick unit, as illustrated in Figure 5.36. The
contribution of the horizontally stacked wall to lateral strength was 25% higher than
the vertically stacked wall. As a result, the vertically stacked infill wall's seismic
performance was lower than that of the horizontally stacked wall. The maximum
capacity of the tested frame specimen was reached at 121.6 kN (-112.7 kN),
corresponding to 1.0% (-1.0%) drift. After reaching the peak strength, brick units at
the top layer started to crush and spall progressively, leading to a vulnerable situation
for OOP failure at 2.0% drift. Increasing drift cycles end up with a complete loss of

the top layer of bricks and the infill contribution diminished.

(a) Bare frame (b) Horizontal stacking (c) Vertical stacking
S
Z8s
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5c3 -~ 300u
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PO I P B 2
2o 7 B
EE
= ©
55 - L
ad =
Ve 19-0 kN (1.5%) V_ =522 kN (1.0%) V=459 kN (1.5%)

V ,=2L0KkN (-15%)  V_ =-58.7kN(-L5%)  V_ =-49.9 kN (-1.5%)

Figure 5.36. Influence of brick stacking direction (Suzuki et al. 2017)

Clay brick infilled frame with plaster (CBP) showed a completely different panel

failure mechanism compared to the abovementioned specimen due to the inclusion
of the plaster restricting individual rotation of brick units. The damage progression

of the brick infilled panel with plaster was characterized by diagonal cracking

154



followed by crushing damages at four corner zones. Maximum capacity was reached
at 112.8 kN (-138.2 kN), corresponding to 0.98% (-0.7%) drift. Spalling off the
plaster initiated at 1.5% drift close to the upper corners progressed into crushing and
falling of the brick units starting from 2.0% drift. After losing the wall area at
corners, the major diagonal strut was interrupted and infill contribution decayed

rapidly.

Clay brick infilled frame with bilateral mesh reinforcement (CBMR) showed a

superior seismic response by preventing early cracking of the wall under early drifts
corresponding to moderate earthquake and preserving integrity and contribution of
the wall under increased drifts corresponding to design level earthquake. Due to the
increased capacity and stiffness of the clay brick panel, the peak lateral strength was
reached at 188.7 kN (-177.5 kN), corresponding to 0.33% (-0.35%) drift. The base
shear capacity of the bare frame was increased by 130% compared to a 68% increase
in the absence of mesh reinforcement. After reaching peak strength, a rapid
degradation started, yet no diagonal cracking or horizontal sliding of the wall was
visually observed under increasing load reversals. The dominant wall response was
the detachment of the wall from the frame with local corner crushing damage. The
strengthened infill wall stayed intact until the end of the loading protocol
corresponding to 4% lateral drift. Although diagonal shear cracks were initiated at
beam ends at early drifts, failure of the beam was flexure-dominated (i.e., bar
buckling). The column and beam ends yielded around 0.85% and 1.6% drift levels.
Crushing started at 2.5% drift, leading to buckling of longitudinal bars at column
bottoms and the beam ending at 4.0% drift. Damage on beam ends was more severe

than the previously mentioned frame specimens.

Aerated concrete block infilled frame (ACB) behaved extremely brittle due to the

fragile nature of blocks and thin and strong mortar layers not allowing any relative
motion between blocks. Diagonal cracking dominated the infill wall response for the
tested specimen. Several diagonal cracks emerged and widened with increasing drift
in both directions of loading. Despite the 20 mm thick flexible joint under the upper

beam, cracking of the wall was initiated very early at 0.13% drift. Maximum capacity
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was reached at 136.7 kN (-123.2 kN), corresponding to 1.95% (-0.98%) drift.
Different cracking patterns, such as rocking and diagonal cracking, observed in the
push and pull directions led to different capacities attained at different drift levels in
opposite directions.

Aerated concrete block infilled frame with isolation gap (ABI) cracked unexpectedly

early at 0.35% drift corresponding to 5 mm lateral displacement. Emerged diagonal
cracks close to the corners separated the corner units from the wall, indicating the
rocking behavior of the isolated panel. Closing of the gaps and activation of the
diagonal strut started at 1.5% drift, corresponding to 21.6mm lateral displacement,
followed by a major diagonal shear crack that appeared in the pull direction at 2.5%
drift. Maximum capacity was reached at 115.1 kN (-133.9 kN), corresponding to
3.07% (-3.29%) drift. The formation of two parallel distinctive diagonal cracks
characterized the ultimate damage pattern. A high level of pinching was observed as
the opening and closing of the cracks were delayed due to isolation gaps. Sliding of
the wall panel on top of the RC foundation was observed until the closing of the
isolation gaps, followed by the activation of the wall panel. Late activation of the
diagonal strut prevented the progression of frame damage such that no bar buckling

occurred, unlike all other tested frame specimens.

Aerated concrete block infilled frame with fiberglass mesh reinforced plaster

(ABRP) performed very well in suppressing the visual damage on the infill panel,
whose response was characterized by successive disintegration from the bounding
frame, sliding under the beam and localized corner crushing at increased lateral
displacements. Maximum capacity was reached at 118.5 kN (-132.2 kN),
corresponding to 0.94% (-0.97%) drift. Corner crushing spread to all four corners
intercepting the diagonal strut action at 3.0% drift. Despite the crushing corners, the
unity of the infill panel was preserved until 4.0% drift. As for confining frame,
hairline shear cracks confirmed at beam-column joints and beam ends at early drifts
did not dictate the response. Plastic hinges were formed at member ends. Most severe

damage was experienced at column bottoms, at which crushing started around 3.0%
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drift followed by complete crushing of cover concrete and buckling of several bars
at 4.0% drift.

Locking clay brick infilled frame with plaster (LBP) experienced an apparent sliding

dominant panel failure due to the dry-locking mechanism presented in the bed joints.
Horizontal cracking on bed joints emerged from the column inner faces at 0.5% drift,
where the peak lateral strength was attained in push (119.7 kN) and pull (-111.4 kN)
directions. Emerged horizontal cracks progressed into slip planes leading to the
decaying of the lateral capacity. Deformation of the wall concentrated on the slip
plane created on the fourth bed-joint layer from the bottom at 1.5% drift. The second
slip plane was formed along with the second bed-joint layer from the bottom at 3.5%
drift. The ultimate damage pattern was reached by localized crushing of brick units
between the formed slip planes. As for the bounding RC frame, severe plastic
hinging of column bottoms with spalling of concrete cover (at 3.5% drift) and

buckling of several longitudinal bars (at 4.0% drift) were documented.

Clay brick infilled frame with continuous horizontal steel tie (TieC) response was

governed by successive sliding along with continuous ties without diagonal cracking
or corner crushing damages. The formation of distinctive slip planes at the upper,
lower and middle tie levels occurred at 0.35%, 1.0% and 3.5% drift levels,
respectively. Maximum capacity was reached at 122.7kN (-139.5kN), corresponding
to 0.96% (-1.0%) drift. Outer layers of individual bricks started peeling off at 1.5%
drift and improved by falling brick units at 2.5%. Ultimate damage was reached at
4.0% drift by the formation of successive slip planes at horizontal steel tie levels,
peeling off the outer layers of brick units and falling of brick units, especially under
the upper beam. Frame damage was concentrated at member ends in terms of plastic
hinges. Spalling of cover concrete at beam ends and buckling of several bars at

column bottoms were observed at ultimate drift.

Clay brick infilled frame with stepped horizontal steel tie (TieS) behaved similarly

to the abovementioned specimen. Slip planes were created along with 1%, 3, 4" and
2" ties from the bottom of the wall at 0.35%, 0.5%, 2.0% and 3.0% drift levels,
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respectively. As lateral drift demand was accommodated by four slip planes, wall
damage in terms of spalling and crushing was decreased. Maximum capacity was
reached at 104.1kN (-109.7kN), corresponding to 1.5% (-1.0%) drift. The bricks
gradually started to peel off and some brick units fall off, forming holes on the infill
panel at 2.0% and 4.0% drift. Bounding frame damage was similar to the

abovementioned specimen (i.e., plastic hinges at member ends, severe damage in

terms of bar buckling at column bottoms).

ABRP

Figure 5.37. Ultimate IW damages under IP loading

5212 Summary of Measured Response

The hysteresis response of the tested frames and extracted hysteresis response of
infill walls are illustrated in Figure 5.38 and Figure 5.39, respectively. Infill wall
response was identified by subtracting the hysteretic response of bare frame from
infilled frames.
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Figure 5.38. Hysteretic response of tested RC frame specimens

159



base shear (kN) base shear (kN) base shear (kN)

base shear (kN)

200
150
100

50

-50
-100
-150
-200

200
150
100

50

-50
-100
-150
-200

-4% -3% -2% -1%

0%
drift

1% 2% 3% 4%

-4% -3% -2% -1%

0%
drift

1% 2% 3% 4%

-4% -3% -2% -1%

0% 1% 2% 3% 4%

base shear (kN) base shear (kN) base shear (kN)

base shear (kN)

200
150
100

50

-50
-100
-150
-200

200
150
100

50

-50
-100
-150
-200

200
150
100

-100
-150
-200

200
150
100

50

-50
-100
-150
-200

CB

-4% -3% -2% -1% 0%

drift

1% 2%

3% 4%

4% -3% -2% -1% 0%

drift

1% 2%

3% 4%

4% -3% -2% -1% 0%

drift

1% 2%

3% 4%

4% -3% -2% -1% 0% 1% 2%

3% 4%

drift drift
200 200
150 ABI 150 ABRP
100 Z 100
T 50
2 o
2 50
-100 & -100
-150 -150
-200 -200
4% 3% 2% -1% 0% 1% 2% 3% 4% 4% 3% -2% -1% 0% 1% 2% 3% 4%
drift drift
/A Maximum Wall Force —— Backbone (1st cycle) --- Backbone (2nd cycle)

Figure 5.39. Extracted hysteretic response of infill walls
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The bare frame's maximum capacity (BF) reached 1.4% lateral drift and a 20%
reduction of base shear capacity was observed at the ultimate drift of 4.0%.
Excluding the specimen with the isolated infill wall (ABI), all infilled frames reached
their capacities under 1.0% lateral drift. The strength deterioration of the infilled
frames after reaching their capacities was more rapid than the BF. Hysteretic
responses of all infilled frames exhibited apparent pinching behavior. Infill walls
increased the base shear capacity of the BF 1.64 times on average. The minimum
increase is observed for TieS (1.3 times) and the maximum increase is observed for
CBMR (2.3 times).

The BF hysteresis loop is narrower than the infilled frames and encloses smaller
cyclic loop areas, indicating a lesser energy dissipation. CBMR, ABRP, and TieC
walls with thicker hysteresis loops exhibit superior hysteretic behavior in dissipating
energy, particularly as drift levels increase. The high amount of pinching observed
for all infilled frames at significant drifts can be explained by the opening and closing
of gaps at interfaces, the presence of friction between masonry infill and the
enclosing structural frame, the opening and closing of cracks on the wall surface,

and bar slip at the column bases.

Measured displacement envelopes for the tested infilled frames and extracted infill
walls derived by averaging the absolute values at target displacements corresponding
to push and pull directions are presented in Figure 5.40 for the first and second
loading cycles. It is observed that infill wall strength deteriorates rapidly after
reaching peak strength, and its contribution is almost completely lost after 2.5% drift
with the exception of the isolated frame (ABI), in which effective infill contribution
began after 1.5% drift and reached its maximum at 3.5% drift. All other infills
attained their peak strengths at about 0.4% drift followed by a sudden strength drop
resulting in 50% reduction in their contributions around 1.6% drift.
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200 200

180 [1st Cycle] 180 - [2nd Cycle]
160 160
140 140 -
= 120 = 120 -
< 100 < 100 4
2 g0 AN e mm - = =S 2 ]
<5 80 e <5 80
60 60 -
40 4 40 A
20 20

0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
IDR (%) IDR (%)

Infill Wall Response

200 200
180 - [1st Cycle] 180 - [2nd Cycle]
160 160
140 A 140 4
= 120 = 120 1
< 100 - < 100 -
>§ 80 - >§ 80 A
60 - 60 A
40 4 40 A
20 20 4
0 - T T T T T T 7 0 T T T . T —
0 05 1 15 2 25 3 35 4 0O 05 1 15 2 25 3 35 4
IDR (%) IDR (%)
----- RC Frame CB ——CBP ——CBMR ——TieC
TieS —— LBP —— AB ABI —— ABRP

Figure 5.40. Averaged backbone curves

Load displacement response parameters such as initial stiffness (Ki), secant stiffness
(Ksec), maximum base shear (Vmax), base shear at yielding of the first frame member
(Vy) for the tested infilled frames are summarized in Table 5.2 and extracted response

parameters of infill walls are outlined in Table 5.3.

Deviation from the initial lateral stiffness of the infilled frames corresponded to the
attainment of 40% of the maximum IF capacity (Vmax). Consequently, the initial
stiffness of the infilled frames (K;) was determined using 10% and 40% Of Vmax in
the first displacement cycle's push direction. Deviation from the initial lateral

stiffness implicates deviation from the composite behavior of the infill wall and the
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boundary frame manifested by cracking due to sliding under the upper beam and
disintegrating the infill wall from the bounding frame. The attainment of the infill
wall's maximum capacity (Vw,max) Was accompanied by apparent visual damage. For
the tested specimens, drift levels corresponding to the yielding of the first RC
member (6Vy) were higher than the attainment of wall capacities (8Vwmax),
indicating that infill walls are more sensitive to damage than the structural
components, thereby they may undergo apparent damage before the yielding of the

reinforcement in RC members.

Table 5.2. Load displacement response parameters under IP loading

Frame Ki* Ksec? V3 ovy® Vinax Svmax

ID | kKN/mm) (KN/mm)  (kN) %) (kN) (%)
BF 12.9 4.0 63.7 0.67 82.2 1.41
CB 57.3 8.4 88.1 0.39 121.6 1.00
CBP 46.2 13.7 121.8 0.40 138.2 0.70
CBMR 62.6 39.6 169.7 0.85 188.7 0.33
TieC 30.2 8.9 108.8 0.54 139.5 1.00
TieS 34.5 4.8 97.0 0.60 92.5 1.00
LBP 455 16.6 95.0 0.49 119.7 0.50
AB 15.7 4.8 87.6 0.44 136.4 1.96
ABI 17.4 2.6 91.5 0.67 133.9 3.29

ABRP 86.7 8.7 109.5 0.65 132.2 0.97

Linitial stiffness calculated between 0.1-0.4Vmax at positive dir. (i.e. Ki= [Vo.avmax -Vo.1vmax] / [80.4vmax - 8 0.1vmax]).
2 Secant stiffness (Ksec) calculated at maximum base shear (i.e. Ksec = Vmax/ Svmax) at positive direction.
3 Corresponds to the yielding of the first RC member determined from strain gauge readings.

The drift level at which the infilled frames (Vmax) and the infill walls (Vw,max) reach
maximum capacity are often different. For CBMR, LBP and ABI, the maximum
capacity of the infilled frames was determined by the attainment of the peak strength
of the infill wall. Whereas for other infilled frames, mutual influence of the infill
wall and the RC frame was observed, such that peak lateral strength was reached at

a displacement between the maximum capacity of the infill wall (6Vwmax) and the
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BF (8Vmax srF). Principal parameters impacting the drift associated with the
achievement of the IF lateral capacity are the relative strength and stiffness of the

wall and the boundary frame, as well as the failure mode of the wall.

Table 5.3. Extracted load-displacement response parameters of infill walls

First cycle Second cycle
Wall
ID Vw,max OV, max Vw,max Ovwmax  005Vwmax  00.2vw,max
(kN) (%) (kN) (%) (%) (%)

CB 47.1 0.35 32.5 0.35 1.45 2.15
CBP 79.8 0.35 64.8 0.50 1.26 2.04
CBMR 138.1 0.33 95.8 0.35 1.56 NA
TieC 72.3 0.32 53.0 0.50 2.41 NA
TieS 36.1 0.35 27.2 0.50 1.94 3.68
LBP 65.1 0.35 43.6 0.35 0.88 2.19
AB 55.1 1.96 37.7 1.00 241 -
ABI 59.0 3.28 37.3 3.50 NA NA
ABRP 72.2 0.32 50.5 0.35 1.80 3.60

The degradation of lateral stiffness of the tested frame specimens was provided
against imposed drifts in Figure 5.41. The stiffness degradation at target
displacements was calculated considering averaged secant stiffnesses for the push
and pull directions of the envelope curve. IF specimens exhibited an initial lateral
stiffness five times that of the BF on average. However, the initial lateral stiffness
reduced 3.5 times upon attainment of wall capacities around 0.4% drift. The lateral
stiffness of infilled frames converged to BF around 2.5% drift level except for ABI

and CBMR specimens.

The energy dissipation characteristics of the tested frame specimens were provided
against imposed drifts in Figure 5.42. Overall, TieC and CBRP infill specimens

performed the best and all infilled frames dissipated more energy and responded
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stiffer than the BF as expected, except isolated specimen (ABI), which acts similarly

to the BF until considerable interaction was gained around 1.5% drift.
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Figure 5.41. Stiffness degradation of tested infilled frames
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Figure 5.42. Energy dissipation of infill walls
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The relative contribution of the infill wall and bounding RC frame to the lateral load
resistance considering the first loading cycle at each target displacement, is
demonstrated in Figure 5.43. In order to reveal the in-cycle deviation, the second
loading cycles are also presented in the figure with dashed lines. Such visualization
of measured experimental data allows a better perception of the load distribution
among the infill wall and the bounding frame, whose maximum capacities were
reached at different drift levels. Although tested infill walls were made of light
materials, the walls resisted half the lateral load imposed on the IF specimens at
0.35% drift. Reduction and total dissipation of infill wall contribution to the lateral
resistance around 2.5% lateral drift are observed excluding ABI, CBMR and Tie

systems.

Similar comparisons were made between the energy dissipation capacities of the
infill walls and the bounding RC frame for the initial and second loading cycles at
each target displacement (Figure 5.44). The energy dissipation at a particular target
drift was computed for the first and second displacement cycles. The region
encompassed by a closed hysteresis loop indicates the dissipated energy during the
cycle. For cycles with low amplitude, the infill walls dissipated more energy than the
RC frame. Due to the plastic hinging of frame members and the quick deterioration
of the infill wall, the RC frame dissipates the majority of the energy as drift increases.
Due to the possible smoothing of crack surfaces, repeated cycles at the same drift
level resulted in smaller hysteretic loops for the infill walls. Consequently, far less
energy was dissipated during the second cycle of target displacements, particularly
below 1.0% drift. Due to the dominance of sliding in its reaction, LBP and tie
systems exhibited limited in-cycle degradation of dissipated energy. Similarly, the
inclusion of mesh reinforcement increased the ductility of the masonry wall, limiting

the in-cycle reduction in energy dissipation.
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Figure 5.44. Distribution of energy dissipation among IW and bounding frame
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5.3  Out-of-Plane Monolithic Loading Test Results

The wall surface was subjected to out-of-plane seismic forces via an airbag-induced,
uniformly distributed loading. Transfer joints were used to restrain lateral movement
of the upper beam aimed at preventing OOP bending of the RC test frame, which
was secured to the ground with prestressed bolts. Before building the wall, the
columns were loaded up to 17.5% of compressive capacity in the vertical direction
and steel weight blocks were laid on the slab idealizing live and dead slab loads.
Figure 5.45 illustrates the OOP testing environment, while Chapter 3.3.1.2 details of

the testing assembly.

Figure 5.45. Front and back views of OOP test setup

Loading was imposed by a controlled increase of the air pressure inside the airbag
until the failure of the wall. OOP displacements were measured with 13 LVDTSs
attached at different locations on the wall's surface. OOP force was measured using
a 10-ton capacity load cell mounted between the reaction frame and the wooden OOP
loading assembly resting on a linear guide (Figure 5.46). In order to avoid damage
during a collapse, the LVDTSs were fixed to a platform placed 1.5 m away from the
specimen and connected to the rods planted at the specified points with epoxy using

piano wires.
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ld LVDT X Y
N 7 71 (mm) | (mm) | (mm)
° B ° s 62 | 100 0 0
66 65 63| 100 | -383 | -217
75 E 74 * . i 70 76 64 | 100 | 383 | -217
el o e ° ° 65 | 100 383 217
Cc;) 63_ 64 66 | 100 -383 217
— 67 ] 68 (N 69 67 50 -767 -433
. . 6o |20 | 767 |43
2300 mm 70] 50 | 767 | 0
71 50 767 433
Channel 61 OOP load on the wall (loadcell - 10t) 72 50 0 433
Channel 62-74 | LVDT's attached to wall for OOP disp. 73 50 -767 433
Channel 75-76 | LVDT's attached to frame for OOP disp. 74| 50 767 0
Channel 77 Additional LVDT at the center (10 mm) ;g 38 _11225(()) 8
Channel 78-79 Vertical load on columns (loadcell - 30t) 77 10 0 0

Figure 5.46. OOP Instrumentation

The infill walls tested under increasing OOP pressure are illustrated in Table 5.4
below. The weight of the walls was determined by measuring wall debris after the
finalization of the tests. The compressive strength of the mortar (fic) is the average

of the mortar prism tests conducted at the frame test date.

Table 5.4. OOP monolithic tests

Wall

Tested Wall . fme .
Wall Unit Plaster Weight (MPa) Retrofit Test Date
(kg)
CB HCB No 297 5.61 No 05-05-2016
CBP HCB Yes 445 3.44 No 29-04-2016

CBMR HCB Yes 465 5.78 Steel mesh overlay  24-05-2016
TieC  HCB No 280 6.93 Horizontal steel plate 25-07-2016
LBP LB Yes 484 5.58" Dry bed joints 16-05-2016

ABRP ACB Yes 200 8.40  Fiber mesh overlay 12-01-2017

*Mortar was only used at head joints for the LBP specimen.
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531 Damage Propagation

The ultimate damages of specimens tested under OOP loading are illustrated in

Figure 5.47 below.

a4

LBP ABRP

Figure 5.47. Ultimate infill damages under OOP loading

The ultimate damage patterns of tested specimens are illustrated in Figure 5.48. In

CB, CBP, and TieC specimens, a significant central horizontal crack appeared at a

171



displacement of 2 mm OOP, or 0.15 percent OOP drift. Bricks in the bottom row of
the CB and TieC specimens were crushed, forming a three-joint arch mechanism. In
the CBP specimen, the bottom row crushing was accompanied by a vertical crack.
Although LBP prevented the crushing of brick units, the development of vertical
cracks after two significant horizontal fractures led to a sudden failure. Specimens
with surface overlays, namely CBMR and ABRP, reached the collapse state through

arching in the horizontal direction without sudden collapse but with gradual

degradation under increasing displacement demands.
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Figure 5.48. Ultimate damage patterns of infills under OOP loading

These observations are confirmed by the displacement contours shown in Figure 5.49

for the onset of cracking and failure stages.
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Figure 5.49. OOP displacement profile of infills
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The top line of the infill wall tends to deflect freely because there is no contact
between the infill and the upper beam for the CB, CBP, CBMR, and LBP specimens,
according to the observed displacement pattern at 2 mm central displacement, which
corresponds to the onset of major crack formation. However, the sides and the
bottom are supported (Figure 5.49). While the observed displacement for the CB,
CBP, LBP, and ABRP specimens resembled a two-way mechanism at the time of
failure, the TieC and CBMR specimens showed signs of a one-way mechanism in
the horizontal and vertical directions, respectively. The contact between the infill and
the upper beam was understood to be maintained for the CB, CBP, and LBP

specimens despite increased displacements after the infills cracked.

5.3.2 Load-Displacement Response

The measured total load versus central deflection is shown in Figure 5.50. The out-
of-plane loads were measured with a 10-ton capacity load cell pin connected to the
wooden assembly supporting the airbag. The displacement was measured at the
central node and the drift was calculated by dividing the central displacement by the
height of the wall.

The load - displacement parameters of the tested specimens are shown in Table 5.5.
In this table, dy and dy represent the cracking and collapse displacements at the wall
center, fy and fy represent the wall cracking and collapse strengths, respectively.
Initial stiffness (Ki) was calculated between two points corresponding to 5% and

50% of the wall capacity (fu).

CB and TieC specimens were constructed without plaster. Thus, their initial
stiffnesses were smaller than the others. However, yield displacement and ultimate
displacement of all the specimens were close to each other. By comparing the
capacities of CB and CBP specimens, it can be concluded that plaster (10 mm on
each face) increased the OOP capacity by 43%.
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Figure 5.50. Load displacement curves in OOP direction
Table 5.5. Load displacement response parameters for OOP loading
Wall Ki dy dy fy fu
Specimen (KN/mm) (mm) (mm) (kN)  (kN) dufdy  fulty  fulfuc
CB 8.75 187 170 187 383 9.09 205 1.00
CBP 13.6 2.07 235 287 547 114 191 143
CBMR 19.9 321 220 570 698 685 122 182
TieC 7.86 2.34 245 214 442 105 2.07 115
LBP 25.1 383 209 531 580 546 1.09 151
ABRP 16.8 292 189 340 497 647 146 130
Ave 15.3 271 211 355 525 828 163 144
St.dev 6.06 068 258 147 101 217 039 0.23
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5.3.3 OOP Response Summary

The first reaction of the tested systems to the OOP loading was forming an arching
mechanism in horizontal and vertical directions. The linear trend in load-
displacement response is disturbed by the appearance of a visible crack along bed
joints at mid-height for all tested systems. The rate of increase of load slowed down
in response to rapidly increasing displacement demands after the first crack.
Following this phase, differences were observed in the failure mechanisms of tested

systems.

CBMR and ABRP specimens released the load under increasing displacements
rather than sudden collapse upon reaching displacement capacity. Tested infill walls
failed at a rate of 1.4% to 1.8% of the wall's height. Ultimate displacements were 8
times larger than the cracking displacements. Maximum load capacities are 1.63

times larger than cracking loads on average.

The infilled specimens CB, CBP, and LBP suddenly collapsed following the brick
crushing at the lower course, forming a three-pinned arch mechanism in the short
direction (Figure 5.47).

Although the TieC specimen experienced a similar three-pinned arc mechanism,
taking advantage of the horizontal steel plates, more ductile behavior was observed

with increased displacement and load capacities.

CBMR and ABRP specimens did not collapse but deteriorated under increasing

displacements where rigid wall blocks separated by yield lines were easily identified.

Additional OOP monolithic tests conducted by Selin Aktas (2023) using the same
test setup with perforated masonry walls with window and door openings are

recommended to identify openings' influence on the OOP response.
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5.4  Simultaneous Bidirectional Loading Test Results

In order for infill walls to contribute IP resistance of bounding frames, lateral drift
levels should be limited and OOP stability should also be preserved. Due to the
biaxial nature of seismic loads and IP drift reversals, walls are exposed to OOP forces
treating stability. For the IP response, the behavior is driven by lateral story drift,
which is a displacement quantity. Yet, in the OOP direction, behavior is driven
instead by inertial forces dependent on floor level acceleration in building frames
(Giilkan et al. 2015).

In order to investigate the influence of prior IP damage on the OOP capacity of the
infilled frames, six specimens which are shown in Table 5.6, were tested under
constant OOP and cyclic IP loading. Applied forces in the IP and OOP directions
were measured using load cells on all specimens. LVDTs were positioned at the
centroid of the slab to measure IP story displacements and at 15 different locations
on the wall surface to measure OOP wall displacements. Measurements were
recorded until the out-of-plane collapse of the wall or a sudden degradation of the

wall capacity of more than 20 %.

The identical IP displacement history applied to IP-only tests was utilized in IP
direction and the out-of-plane pressure was maintained at a constant 1/3 or 2/3 of the

infill wall's OOP capacity which were determined in the OOP-only tests.

Details of the test setup, loading protocol and instrumentation were illustrated in
Chapter 3.3.1.3.
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Figure 5.51. Test setup for combined IP and OOP loading of infilled frames

Table 5.6. Biaxial infilled frame tests

OOP Wall Wall ;
Specimen  Load Unit Plaster Weight (M'Efa) Retrofit Test Date
Ratio* (kg)
CBP_0.33 033 HCB Yes 445 5.65 No 08-06-2016
CBP_066 066 HCB Yes 445 582 No 20-06-2016

CBMR_0.33 033 HCB Yes 465 4.37 Steel mesh overlay 16-10-2019
TieC 033 033 HCB No 280 3.75 Ho”zglnattae' steel 05122016
LBP 033 033 LB Yes 484 547 Drybedjoints 01-07-2017

ABRP_0.33 033 ACB Yes 200 8.40 Fiber mesh overlay 03-02-2017

e Ratio of constant OOP load to OOP capacity

178



54.1 Damage Propagation

The ultimate damages of specimens tested under combined loading are illustrated in

Figure 5.52 below. Inter story drift ratio (IDR) where the collapse takes place is also

identified in the same figure for all tested specimens.

LBP_0.33 (IDR=0.5%) ABRP_0.33 (IDR=1.0%)

Figure 5.52. Ultimate infill damages under combined loading
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CBB_0.66 and LBP_0.33 specimens reached their ultimate capacities through
crushing bricks at the bottom layer similar to OOP only loading and CBP_0.33
experienced failure following crushing bricks in the upper side of the compression
diagonal. Failure of all mentioned specimens was sudden. Infill walls improved with
horizontal steel plates and surface overlays experienced a strength degradation
instead of total collapse. CBMR_0.33 specimen experienced a sliding failure. The
infill wall was displaced in the OOP direction as a rigid body. TieC and ABRP
underwent excessive bulging, yet the integrity of the infills was preserved. Cracking

and crushing damage on the walls before failure is shown in Figure 5.53.

CBMR_0.33 (IDR=2.0%) TieC_0.33 (IDR=2.0%)

ERERARGNENNENEN

LBP_0.33 (IDR=0.5%) ABRP_0.33 (IDR=1.0%)

Figure 5.53. Ultimate damage patterns of infills under combined loading
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The OOP displacement pattern of the tested walls corresponding to the push direction
of the first cycles at 0.35%, 0.50% and 1.00% target drifts are illustrated in Figure
5.54 below. Rotation of the wall from the base is observed for CBMR in the cycles
following 0.35%. TieC and LBP specimens were dominated by arching in the short
direction, whereas CBP specimens experienced arching in the long direction and loss
of contact with the upper beam.

IDR=+0.35% IDR=+0.50% IDR=+1.00%

CBP_0.33

CBP_0.66

™
™
o
[ad
=
m
O

TieC_0.33

Figure 5.54. OOP displacement profile under combined loading
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54.2 Load Displacement Response

The influence of IP damage on the OOP displacements is investigated by drawing
OOP displacements against increasing IP drifts at target IP drifts (Figure 5.55). OOP
central displacement increase as a result of IP damage. As each IP displacement cycle
is repeated twice at predefined targets, OOP displacements also increase within a
cycle. The IP drift levels given in Figure 5.55 correspond to the push and pull
directions of first and second cycles at target IP drifts. It can be inferred from the
figure that CBMR and TieC systems were able to increase the displacement capacity

of the wall and resulted in failures at more prominent IP and OOP drifts.

80 6%
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& S
O 30}
@) 1 2%
(@]
20 |
1 1%
10 }
O 1 1 1 1 O%
0.35%  0.50%  1.00%  150%  2.00%
IP Drift

Figure 5.55. OOP central displacement under increasing IP drift
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5.4.3 Failure Envelope

The obtained interaction diagram derived from IP only, OOP only and combined
testing of the specimens is shown in Figure 5.56. In-plane capacity is represented by
IDR in the horizontal axis and the vertical axis represents OOP load capacity ratio
(i.e., the ratio of the out-of-plane load applied during the test to the out-of-plane load
capacity of the infill determined from the out-of-plane only test). IP capacity of the
walls in the absence of OOP forces relied upon the near collapse damage state of
walls from IP-only test results and performance criteria set of infill walls (Figure
6.2). It can be inferred from the figure that OOP loading has a negative impact on

the IP drift capacity and that the interaction depends on the selected infill system.
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Figure 5.56. IP and OOP interaction diagram
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CHAPTER 6

PERFORMANCE ASSESSMENT

6.1 Introduction to Performance Assessment of Infill Walls

Numerous researchers noted the significance of infill walls on the seismic
performance of framed RC buildings. Calvi and Bolognini (2001) stated that for
damage or serviceability limit states, the effects of infills are often so strong that the
ductility of the structural systems and even the seismic force for which the bare frame
was designed to have little impact on the final performance. The influence of infills
frequently determines the buildings' damage limitation or serviceability limit state.
The possibility of immediate use or a short-term repair largely depends on the
damage sustained by each infill panel. Sucuoglu (2013) highlighted infill wall
performance from the viewpoint of the residents, claiming that following a moderate
earthquake, even though the structural system was undamaged, occupants left the
building due to infill damage. The failure of the seismic codes to define performance
for infill walls, particularly for moderate-level earthquakes, is because of the
difference between the structural engineer's performance aim and the performance
perception of the occupants. In this respect, unless infill contribution is taken into
account, present seismic design and evaluation philosophies based purely on RC
member ductility principles may be insufficient to forecast the real projected
damage. It is crucial to include infill wall damage in the formulation of the global
limit state because failing to consider infill walls can result in substantial risks to

human life and building occupancy (Tiziana Rossetto 2004).

This chapter aims to summarize the previous studies on the performance assessment
of infill walls, and propose a new methodology to examine the IP seismic
performance for infill wall systems constructed with different materials and easy-to-

apply retrofit techniques introduced in Chapter 3.2.
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6.2 Previous Studies on the Seismic Performance of Infill Walls

Evaluation of a building's performance necessitates establishing performance goals
and quantifying the acceptable level of damage. Damage limit states (DLSS)
designate the severity of damage to structural and non-structural elements and the
viability of repair measures. The DLSs should be correlated with structural response
parameters such as displacements, rotations, and accelerations. In seismic codes,
strain or rotation limits for steel and RC structural members were defined for each
performance level after extensive research. However, damage quantification for
masonry infill walls is more difficult due to multiple parameters that complicate their
response. Key challenges include the heterogeneous and brittle nature of masonry
walls, the variability of its components and quality of construction, the interaction
with the surrounding frame, and the interaction between IP and OOP damages (Gu
and Lu 2005).

Multiple attempts have been made to define DLSs for infill walls. The commentary
section of ASCE41 (2017) provides simple definitions of acceptable IP damage for
infill walls corresponding to different performance levels. The immediate occupancy
(10), life safety (LS), and collapse prevention (CP) performance levels were
associated with significant visual cracking, substantial cracking, and damage,
indicating a high likelihood of local or total OOP wall collapse.

Some researchers define different damage states (DS) through a broad description of
the extent and severity of infill damage; others additionally relate such damage levels
to the peak load of the infill or the attainment of specified strength reduction ratios
(De Risi et al. 2018). However, there is no scientific consensus on the definition of
DS for masonry infills, and not every researcher has correlated their proposed DS
with seismic code-defined performance levels. A summary of various DS definitions
for different performance levels is presented in Table 6.1 based on a comprehensive

literature survey.
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Table 6.1. Definition of infill wall damage for different performance levels

DS | DS1 (Slight-Negligible) DS2 (Light) DS3 (Moderate) DS4 (Severe)
Author | diate O Life Saft Near Coll
. mmediate Occupancy ife Safety ear Collapse
PL Operational (Damage Limitation) (Significant Damage) |(Collapse Prevention)
Cracks up to 2 mm due to Separation cracks (width>2 mm).
Baggio et al. upto. - Diagonal cracks of a few mm. Visible Damages heavier than the
separation, slight diagonal . - ) .
(2007) - ; - crushing at panel corners and previous ones, including collapse.
cracking with widths <1mm - .
localized expulsion.
Hairline cracks up to 2mm Beginning of significant diagonal Wide diagonal cracks (> 4mm)
Chiozzi & wide, concentrated in mortar | cracks >2mm wide, possible but very with significant sliding and
Miranda joints, plaster or along the limited sliding btw joints and widespread crushing/spalling.
(2017) interfaces. Very light repair | localized crushing of units. Heavier Repair not feasible,
needed. repair. reconstruction advised.
Cracking extended to 25-
Detachment between the . -
: 35% of the panel area. Crushing and spalling of
Gaudio et al. p?”e' apd the RC ffaf”e- Failure of corner brick | brick units at 30% of the IPor OOP collapse
(2019) Light diagonal cracking . of the panel.
with widths <1mm units at 10% of the panel panel area.
' area.
i i 0,
Separation of the infill Extensive diagonal Bgﬁzlsgzlrlr']g? cartu?;ﬁl/r: of
Cardone & from top beam and mid- | cracking (<2mm) at 25- P i ! £l | 9. In-ol r
Perrone height columns, light 30% of panel area, spal_(;pg 0 ahrge plaster, n_? ane OIIOUH’ )
(2015) diagonal cracking possible failure of brick sliding in the mortar plane collapse.
- - joints. Repair not
(width<1 mm) units at 10% of panel area. feasible
Slight cracking . Severe and widespread
. Repairable damage due to .
st | ottt song 90 | agomczckngor | TS9% LU | g
! - . sliding. Very limited " - masonry panel area
Sassun etal. | upper height. A cosmetic crushing and spalling of a panel highly be required. is crushed/spalled
(2016) damage WIthOUi_ﬁ the need few units at upper corers. Spalll_ng_and cr_ushlng of
for repair. limited bricks.
Lo Extensive cracks with So many broken
Onset qf crackm_g in the Moc_ie_rate cracks l:_)efore tensile splitting and bricks repair
Colangelo bricks, the first attaining the maximum -
- . o falling of the outer layer unreasonable,
(2013) noticeable stiffness strength of the infilled F a few brick .
reduction frame of a few bricks. reconstruction
: ’ Repairable. needed.
Cracking at wall-frame Increased crushing of Extensive panel
interfaces or opening bricks at upper corners. | cracking, falling bricks, -
REolssetto & corners. Diagonal Start of structural damage. | OOP bulging. Partial Near total infill
nashai King of | Di I'sh Kina of | infill failure. heavi failure. RC member
(2003) cracking of panel. iagonal shear cracking o infill failure, heavier failure in shear
Limited crushing of RC members at exterior damage in frame '
bricks at upper corners. frames. members.
Minor cracks and falling of | . ... . .
. Significant cracking and | Wall panel loses its
Gu & Lu small pieces of plaster. - - b . :
(2005) - Only local repair work is fl_a_kmg but wnth_out integrity leading to
stability loss. Repairable. collapse.
needed.
Calvi & No panel damage. Fully Light panel damage. Severe pane_l da’T‘age not Very heavy panel
Bolognini operational Operational threatening lives. damage. Life danger
(2001) P : P : Repairable. ge. ger.
. Existing cracks e .
The infill wall is slightly Diagonal and stepped propagate with widths T_he infill wall is
separated from the cracks are formed, >3.0 mm. Obvious slightly separated
Lu & Zha frams there are hairline width<3.0 mm. Limited slidih of Bricks in the from the frame, and
(2021) ! sliding of the bricks in the 9 there are hairline

cracks with a width of
less than 1.5 mm.

mortar joints, and local
crushing of corner bricks.

mortar joints, progressed
crushing and spalling of
bricks

cracks with a width
of less than 1.5 mm.
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Calvi and Bolognini (2001) related the infill wall DLSs to specific points on the axial
stress-strain curve of the compression diagonal. No damage, light damage, and
severe damage were associated with the infill wall reaching its maximum capacity,
a 50% decrease in capacity, and a complete loss of capacity, respectively (Figure
6.1a).

Gaudio et al. (2019) visually quantified infill damage and proposed four DS based
on the physical infill damage severity. He determined visually inspected DS's on the
force- displacement envelope of infill walls derived from the difference between the
IF and the bounding RC frame by analyzing 105 experimental tests presented in the
literature. According to the data gathered, the drift values for slight damage (DS1),
light damage (DS2), severe damage (DS3), and collapse (DS4) were approximately
0.25, 0.80, 2.50, and 4.10 times the drift at the in-plane capacity of the solid infill
walls (Figure 6.1b).

De Risi et al. (2018) analyzed 60 collected tests to characterize infill wall response
and identify four DLS's primarily based on the ratio of cracked and crushed area to
the total wall area of the infill wall, as proposed by Cardone and Perrone (2015). In
the absence of reliable experimental data to identify drift ratios corresponding to
defined DS's, they employ strength reduction ratios depicted on the generalized

strength-deformation relationship for infill walls (Figure 6.1c).

Gu and Lu (2005) differentiated three performance levels, namely functional,
damage control, and collapse, for damage quantification of infill walls corresponding
to peak strength reduction ratios of 0%, 30%, and 70%, respectively, based on an

extensive survey conducted to evaluate the IP lateral displacement capacities.

6.3 A Methodology for Performance Assessment of Infill Walls

DLSs for the weak infill wall systems utilized in the ductile test frame in this study
is determined based on the specified points located on the normalized lateral load-

displacement envelopes. Four points (A, B, C, and D) on the extracted load-
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displacement curve of infill walls differentiate the DS's for operational, immediate

occupancy, life safety, and near collapse performance limit states (Figure 6.1d).

G ‘DSl DS4 Vi “DSJ DS4
C‘max == A 1 .
|
0.50 e i
max l |
/ el | \ ,
Eaxi; 0.250.8 25 41 IDR/IDRpe;k
(a) Calvi and Bolognini (2001) (b) Gaudio et al. (2019)
VW A Vw A
. - DS1 DS4 v. | s DS4
1.0 1.0 =
0.7 |-
04 05 |42 e
0.3 I N \
/ N 02 / 2
IDR [%] IDRpeak IDR [%]

(c) Cardone and Perrone (2015) (d) Demirel et al. (2023)

Figure 6.1. Definition of damage states for infill walls

The suggested DLSs, corresponding damages observed during tests and appropriate
repair procedures are illustrated below:

Point A (DLS1) relates to operational (OP) PL, where continuous operation and
services should not be disturbed following an earthquake. The first decrease in lateral
stiffness in the force displacement response of tested infilled frames identifies this
PL. According to the results of frame specimen testing, cracking strength was
reached at approximately 0.08% drift, which roughly corresponds to 50% of peak
wall strength (0.5Vw,max). Previous research (Dolsek and Fajfar 2008; Alwashali et
al. 2018; De Risi et al. 2018) suggests a cracking to peak strength ratio of between
0.6 and 0.8 for infill walls; however, a lower ratio is observed, possibly due to the

use of weak infill walls. Since the initial drift cycle of the applied loading protocol
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begins at 0.35%, it was not possible to create a detailed damage description for the
OP DS. Analysis of video recordings revealed hairline cracking under upper beam

infill wall interface.

Due to the different stiffness characteristics of the infill walls and the surrounding
frames, it is inevitable that the plaster will crack at the interface between the wall
and the frame. Interface cracking can be considered light damage that can be repaired
cosmetically with minimal effort and expense. At this damage limit state, a decrease

in the structure's lateral load carrying capacity is not anticipated.

Point B (DLS2) is related to the attainment of maximum infill wall capacity (Vw,max)
and is associated with 10 PL. On the average, point B corresponded to 0.40% drift
(Table 7.3) for the tested infill walls, with the exception of ABI where the infill is
isolated. Observed damage manifested as complete interface cracking along the
wall's perimeter, the initiation of horizontal or diagonal hairline cracks revealing the
dominant wall damage mechanism, localized spalling of plaster and peeling off of
the outer layer of individual bricks under the beam and close to the upper corners.
Since no deterioration has yet occurred, infill damage is minimal and infill capacity
is maintained despite a reduction in stiffness.

Local plastering of the cracks and spalled areas is deemed to be an appropriate
minimal repair measure. In spite of the fact that infill damage is reparable, as the
compression diagonal reaches its ultimate capacity, deficient frames may experience
shear failures at beam-column joints and/or member ends, which may initiate a
decline in global structural capacity. The global system's lateral rigidity is reduced
as a result of the cracking of the infills altering the dynamic response due to period
change.

Point C (DLS3) separates LS and CP performance levels and corresponds to a 50%
reduction in infill wall capacity (0.5Vwmax). Except for isolated infill (ABI), tested
specimens reached point C around 1.5% drift (Table 7.3). At this point, the damage
mechanism of the infill walls was clearly identified. This limit state is characterized

by corner crushing, spread and enlargement of cracks, spalling of the plaster to a
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greater extent, crushing of wall units, and localized wall area loss. Reduced infill

wall capacity indicates permanent damage.

Restoration of the initial capacity and rigidity necessitates extensive repair measures,
including removal of the plaster, demolition of the loosened wall area, local
reconstruction or grout injection for the demolished region, and application of new
plaster and paint. Although the infill wall retains 50% of its capacity, the OOP
stability of the wall is compromised by the increased in-plane damage, which could
lead to weak story formation during the earthquake excitation, as stated by Dolsek
and Fajfar (2001) based on the damage observations after the 1999 Kocaeli (Mw=7.4)
earthquake. This performance level may indicate the onset of significant building
damage.

Point D (DLS4) marks upper limit for CP performance level, identified by 80%
reduction in the infill wall capacity (i.e., 0.2Vwmax). This limit relates to the integrity
loss of the infill wall. Tested specimens reached this level at about 2.5 % drift on the
average (Table 7.3). Almost all of the infill wall's contribution to lateral load
resistance was lost, indicating severe damage. During tests, crushing and subsequent
falling of brick units as well as extensive cracking were observed. Significant loss of
infill contribution indicates the failure of the strut mechanism, so the lateral
displacement demands imposed by the enclosing frame must be satisfied by rigid
body motion within the wall body, such as sliding over horizontal/diagonal cracks or

rocking motion.

A repair may not be possible due to the smoothed sliding joints, widened cracks, and
spalled large wall areas. It is advised that the wall be demolished and then rebuilt.
Almost the entirety of the contribution of the infill wall to lateral stiffness, strength,
and energy dissipation is lost. The structural period increased, and the RC frame is
solely responsible for the global structural response. Depending on the number of
infill walls, the building could experience a significant reduction in lateral strength
and deformation capacity.
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DSZ (Vw, max)

DS3 (0.5Vw,max)
(Immediate Occupancy)

(Life Safety)

DS4 (0.2Vw,max)
(Near Collapse)

2.38% (-1.94%)

0.72% iOSS%l 1.81% ilSS%l

2.18% (-2.36%

CBMR

2.87% (NA

TieC

0.33% lOZG%I 1.33% (-1.46%
0.35% i032%l
0.35% iOSB%l 1.89% (-2.07%

0.35% (-0.33%) 1.04% (-0.60%)

1.46% (-1.92% 3.34% (NA

TieS

NA (-3.48

LBP

2.55% (-2.37%)
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DSZ (Vw,max) DS3 (O.SVW'max) DS4 (O.ZVW‘max)
(Immediate Occupancy) (Life Safety) (Near Collapse)

Test terminated at 3%

2.45% (-2.00%)

2l

3.02% (-3.28%)

i —

S T

0.32% (-0.32%) 1.30% (-1.53%) 2.18% (NA)

ABRP

Figure 6.2. Infill wall damages for proposed DLS’s: push (+), pull (-)

Location of proposed DLS’s on the backbone of second cycle for tested infilled
frames are illustrated in Figure 6.3. Comparison of the proposed limits with similar

studies in the literature is given in Table 6.2 below.

Table 6.2. Mean IDR associated with damage states for solid infill walls

Gaudio Sassun Cardone Lu Shah De Risi .
Damage Colangelo Demirel
State etal. etal. Perrone (2013) Zha et al. et al. (2023)
(2019) (2016) (2015) (2021) (2021) (2018)
DS1
(Ligy 008 018 015 003 020 - 008 008

Mo 033 046 040 035 050 038 034 040

ooy 097 105 100 085 100 182 087 150

DS4
(Collapse) 1.72 1.88 1.75 1.62 200 237 1.61 2.50

193



200
150
100

50

-50
-100
-150
-200

Base Shear (kN)
o

200
150
100

50

-50
-100
-150
-200

Base Shear (kN)
o

200
150
100

50

-50
-100
-150
-200

Base Shear (kN)
o

200
150
100

50

-50
-100
-150
-200

Base Shear (kN)
o

200
150
100

50

-50
-100
-150
-200

Base Shear (kN)
o

CB

4 32101 2 3 4
IDR (%)

4 32101 2 3 4
IDR (%)

TieS

4 3210 1 2 3 4
IDR (%)

4 3210 1 2 3 4
IDR (%)

4 321012 3 4
IDR (%)

Base Shear (kN) Base Shear (kN) Base Shear (kN)

Base Shear (kN)

¢ bsi1 O bLs2 [0 bpLs3
Figure 6.3. Proposed DLS’s on infilled frame backbone (2nd cycle)
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CHAPTER 7

CONCLUSION

Half-scaled RC frame specimens infilled with various wall units and improved infill
systems were tested under IP, OOP and combined loading. Methods for improving
seismic performance of infilled frames such as isolation of the infill from the
bounding frame, application of mesh overlays on the wall surface, and creation of
horizontal slip planes were investigated. High ductility design requirements were
followed in RC frame design. Additional shear reinforcement was provided at beam
and column ends to ensure flexure dominated response without shear failure. Column
dimensions were 200 mm x 200 mm with a reinforcement ratio of 1.0% and axial
load ratio was arranged to 0.175% before implementing lateral load reversals. Beam
dimensions were 150 mm x 200 mm and the reinforcement ratio was 1.0%. The
aspect ratio of the infill walls (i.e., length divided by height) was 0.56. Light infill
units such as ACB and HCB were utilized.

IP loading was simulated with repeated increasing displacement reversals at target
displacements imposed by servo-controlled piston and OOP loading was simulated
with an airbag pushed against the wall monolithically. Displacements, strains and
forces were tracked by various measurement devices attached to member ends and

the surface of the wall during testing.

The development of RC frame and infill wall damage in response to increasing
displacement reversals was reported. In order to extract the experimental hysteretic
responses of the infill walls, the bare frame response was subtracted from the infilled
frame response using polynomial equations fit to corresponding hysteresis curves.
Under increasing drifts and displacement cycles, the relative contribution of the bare

frame and the infill wall to lateral resistance and energy dissipation was identified.
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Specific consideration was given to the definition of appropriate damage states for
infill walls that meet the general performance requirements stipulated by

international standards.

Structural Damage under IP Loading:

The test results indicated that the bare frame and boundary frames of the infilled
frame specimens experienced plastic hinging of member ends as expected. No shear
failure of frame members or rupture of reinforcement was observed in any tests.
Flexural cracks emerged at column bottoms and hairline cracks initiated at beam
ends in all tested frame specimens within the first cycle of displacement reversals
corresponding to 0.35% lateral drift. Flexural cracking was observed in a restricted
member end region for the bare frame. Yet, boundary frames of the infilled
specimens experienced flexural cracking spreading up to the mid-height of the
columns. Yielding of frame members initiated within second and third displacement
cycles corresponding to 0.5% and 1.0% drifts. On average, beam ends of the tested
infilled frames experienced early yielding at 0.62% drift, followed by column
bottoms at 0.86% drift.

Structural damage at increasing drifts was concentrated on column bottoms where
cover concrete crushing, spalling of crushed concrete, exposure of reinforcement and
buckling of longitudinal bars were observed in all tested frame specimens except no
bar buckling was experienced in infilled frame specimen with isolation gap. Concrete
crushing of column bottoms was initiated at 2.5% drift leading to bar buckling
around 3.5% to 4.0% drift levels (Table 7.1).

Drift levels corresponding to severe damage on RC frame members were between
2.0% to 4.0% drifts and were similar for all tested frames. Experiencing similar
structural damages for drift levels larger than 2.0% can be explained by loss of infill
contribution and the lateral resistance provided solely by the bounding frame after
2.0% lateral drift.
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Table 7.1 Lateral drift at first bar yielding of the frame member

RC  BE CB CBP CBMR TieC TieS LBP AB ABI ABRP
Member
Columnl 65 039 067 121 085 1.09 078 071 076 067
bottom
Column2 467 080 064 085 163 134 094 NA 067 065
bottom
Co't‘f)rgnl 141 192 312 NY NY 177 240 244 NY NY
Co't‘gS”Z 086 190 367 NY NY NY 243 NA 236 149
Brei";rr?tl 116 076 066 NY 060 120 040 045 111 044
el 134 039 040 156 112 066 048 NA 067 128

Key: NY - Not Yielded, NA - Not Available

Infill Wall Damage under IP Loading:

The maximum capacity of the bare frame was reached around 1.5% drift and a
limited reduction in base shear capacity was observed under increasing displacement
cycles afterward (i.e., 20% capacity drop at the ultimate drift, 4.0%). Excluding the
specimen with an isolated infill panel, all infilled frames reached their capacities
under 1.0% lateral drift and the strength reduction of the infilled frames after
reaching their capacities was much faster than the bare frame. Reduction of lateral
stiffness and strength of infilled frames after reaching the peak strength can be
associated with damages to infill panels such as diagonal cracking, sliding, crushing
and spalling of units, especially near corners and under the upper beam. Hysteretic
responses of all infilled frames showed apparent pinching behavior independent of
the failure type of the infill panel. Infill panels increased the base shear capacity of
the bare frame 1.6 times on average. A minimum increase is observed for clay brick
infill with stepped horizontal steel ties (1.3 times) and the maximum increase is

documented for clay brick infill with bilateral steel mesh reinforcement (2.3 times).
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All the IF specimens experienced early cracking (i.e., below 0.35% drift) at beam-
wall interfaces due to differences in the stiffnesses of the bounding frame and the
infill wall. Debonding of the infill wall from the bounding frame manifested itself
by opening gaps close to upper leeward corners visually inspectable from 0.5% drift.
Due to the stiffer character of masonry walls, the maximum capacity of the walls
reached around 0.35% to 0.5% drifts, accompanied by the initiation of horizontal or
diagonal cracks revealing the dominant damaging mechanism of the wall. Horizontal
ties and locking bricks ensured sliding failure of the wall, whereas surface overlays
such as bilateral mesh reinforcement and textile reinforced mortars resulted in corner
crushing failure of the wall. Diagonal cracking and sliding were observed in all the

remaining infill systems.

Although tested infill walls were light, their presence dominated the lateral response
in terms of added lateral stiffness and strength until reaching the maximum capacity
of the walls. The bare frame reached its maximum load capacity at 1.4% (-1.9%)
drift, whereas the infilled frame specimens reached their capacities around 1.0% (-
0.8%) drift on average. The only exception was the isolated frame at which peak
resistance was attained at 3.1% (-3.3%) drift (Table 7.2). The contribution of the
infill wall to the lateral stiffness and capacity starts decaying rapidly upon reaching
the peak strength of the wall as the wall damage progresses in terms of initiation of
new cracks, widening of existing cracks, spalling of plaster, spalling of outer layers
of brick units and crushing/falling of wall units. The contribution of the infill wall to
the lateral resistance diminishes at around 2.5% drift, after which the infill wall
becomes vulnerable to out-of-plane failure due to excessive in-plane damage unless
proper improvement measures such as surface overlays and horizontal steel plates

are implemented.

The inclusion of fiberglass or steel mesh reinforcement overlays was highly
beneficial in suppressing visual damage to the infill panel and preserving the unity
of the panel under increasing displacement reversals. Despite the superior
performance of these panels, their contribution to lateral capacity decayed rapidly
due to the crushing damages observed at corners and the reduction of the contact
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length resulting in reduced strut widths. Using horizontal steel ties or locking bricks

enforced sliding dominant panel behavior under in-plane loading cycles through

horizontal slip planes. Despite unexpected early cracking, infilled frame with

isolation joints performed well under large drifts. Retarded contribution of the infill

wall initiated at 2.0% drift to lateral resistance avoided the rapid decay of stiffness

and capacity of the infilled frame and postponed the severe damage to structural

members.

Table 7.2 IDR (%) for the major frame and wall damages for IP tests

BF CB CBP CBMR TieC TieS LBP AB® ABI ABRP
Ze Max. capacity (+ dir) 141 1.00 098 096 150 050 0.33 1.95 3.07 0.94
Ed Max. capacity (- dir) 191 1.00 0.70 1.00 1.00 0.47 0.35 0.98 3.29 0.97
Column bot. yielding! | 0.67 0.39 0.64 0.85 0.79 1.07 0.78 0.71 0.67 0.65
Column top yielding* 0.85 190 312 NA NA 201 240 255 236 149
Beam end yielding* 1.16 0.39 040 156 054 040 0.49 045 0.67 0.44
% Beam end shear crack - - 035 035 035 05 0.5 - - 035
Ié_ Joint shear crack 20 20 10 15 15 10 10 25 10 10
Cover concrete crushing | 20 25 25 25 25 20 30 25 25 25
Cover concrete spalling | 20 3.0 35 35 30 30 35 30 30 35
Bar buckling 25 30 40 40 40 35 40 NA - 35
Failure mode? sioc pcxcc CC  SL SL  SL DC DC CC
Major wall crack 1.0 1.0 - 10 15 10 035 25 -
% Plaster spalling NA 15 05 NA NA 15 NA NA 15
= NA
€ | Unit peel off 1.0 - - 15 20 25 - - -
Unit crushing 15 20 15 20 25 30 - 25 20
Unit fall off 15 25 - 25 40 30 - - -

! According to strain gage measurements placed on longitudinal bars at member ends
2 Key: SL — Sliding, DC — Diagonal Compression, CC — Corner Crushing, NA — Not Applicable
3 Test terminated at 3.0% drift
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Infill Wall Performance under IP Loading:

Specific points on the normalized experimental force-displacement curve of tested
infill walls were correlated with four damage states corresponding to operational,
immediate occupation, life safety, and near-collapse performance levels. Damage
states DS1 through DS4 were associated with the initial change in elastic lateral
stiffness of the IF, the attainment of maximum strength, and a 50% reduction and a
80% reduction in maximum strength of the wall, respectively. The average drift limit

values for each DS are described in Table 7.3 below.

Table 7.3. IDR (%) corresponding to proposed DLS’s of tested infill walls

Dir., DLS CB CBP CBMR TieC TieS LBP AB ABI ABRP Ave.

DLS2 035 0.76 033 035 035 035 196 3.02 032 040

? DLS3 1.73 180 133 146 189 104 245 NA 130 151
DLS4 238 217 287 334 NA 25 - NA 218 258
DLS2 -0.67 -0.35 -0.26 -0.32 -0.33 -0.34 -0.95 -3.28 -0.32 -0.37

E DLS3 -1.42 -155 -146 -192 -2.07 -0.60 -2.00 NA -153 -151

DLS4 -1.94 -236 NA NA -348 -194 - NA NA -243

Isolation joints and bilateral mesh reinforcement were found to have the most
significant impact on the seismic response of the tested infill wall systems. Both
techniques prevented the premature cracking of infill walls, which is the most
significant and widespread damage observed in infilled RC frame buildings
following moderate earthquakes. The contribution of infill wall to lateral capacity
for isolated, bilateral mesh reinforced and continuous horizontal steel plate installed
specimens sustained even at deformation demands over 2% drift which is a sign of

their accountability during extreme seismic events.
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The contribution at large drifts is crucial from the perspective of global structural
response considering the prevention of soft story formation that can result from the
significant reduction or total dissipation of infill wall resistance at the ground story.
Isolation joints are more appropriate for new construction, while mesh overlays and
tie systems can be suggested for both new and existing buildings. Both methods can
be implemented affordably with readily available materials and equipment without

requiring skilled labor.

The suggested strengthening techniques succeed in improving the in-plane and out-
of-plane strength of conventional unreinforced infill walls. Additionally, they enable
damage management under low drift needs by reducing wall cracking and structural

safety under high drift demands by maintaining wall integrity.

Infill Wall Performance under IP+OOP Loading:

The outcomes of parallel experiments showed that infilled frames' OOP capacity is
significantly influenced by IP damage. It has been noted that IP drift capacity
approximately drops to half when infilled frames are loaded with 33% of their
capacity in an OOP direction. This discovery so strongly implies that the relationship
between IP and OOP should be taken into account when estimating infilled frame

performance.

Mesh overlays or horizontal tie systems were effective in decreasing the reduction

in OOP capacity due to previous IP damage.

Limiting IP drift and examining OOP capacity are the traditional methods used in
today's earthquake-resistant design guidelines to determine the seismic safety of an
infilled frame. Most analytical and experimental research on the seismic behavior of
infilled frames examines IP and OOP responses independently. Our experimental
findings indicate that interactions between IP and OOP responses have an impact
and should be considered when assessing the performance and capacity of infilled

RC frames.
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Findings in the Light of Recent Earthguakes and Recommendations for Future

Earthquakes in Turkiye:

During the course of this study, the author was involved in several post-earthquake
damage survey studies after destructive earthquakes in Tiirkiye as a member of the
METU Earthquake Engineering Research Center (EERC), including 2011 Van-Ercis
(Mw=7.2), 2011 Van-Edremit (Mw=5.6), 2020 Elaz1iz (Mw=6.5), 2020 Samos
(Myw=6.9) and 2023 (Mw=7.7 and Mu=7.6) Kahramanmaras earthquakes. All
mentioned earthquakes except the latter developed ground accelerations on urban
cities below the prescribed design values defined in the corresponding Turkish
seismic codes and the final resulted in spectral accelerations above the design level

earthquake.

Due to the inherent vulnerabilities of deficient buildings in Tiirkiye, widespread
building damage and collapses have been observed after sizable earthquakes.
Generally speaking, buildings with poor compliance to the 1997 Turkish Earthquake
Code (ABYYHY 1998) or designed according to previous design regulations can be
considered to have poor construction and material quality, poor detailing, low
ductility, and a higher chance of heavy damage or collapse in the case of a strong
earthquake. In comparison, buildings constructed with strong adherence to the 2007
Turkish Earthquake Code (DBYBHY 2007) and 2018 Turkish Earthquake Code
(TBDY 2018) seismic codes can be expected to sustain acceptable damage or satisfy

life safety performance after a strong earthquake.

During damage surveys of mentioned earthquakes, the importance of the infill walls
to the final performance of framed RC buildings was clearly experienced. A broad
evaluation in the light of all damage surveys for the resilient and deficient RC
buildings under moderate and strong earthquakes can be made as follows. The
structural system of framed RC buildings in Turkiye did not have sufficient lateral
stiffness to limit interstory drift demands below acceptable levels (i.e. 0.5%) and

infill walls were inevitably and widely damaged.
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Tiirkiye is one of the most seismically prone countries in the world. Millions of
people living and working in residential, public and commercial buildings in
metropolitan cities face seismic risk. The majority of RC frame buildings in Tiirkiye
use infill walls at the facades and within the plan. These walls existing in deficient
buildings pose an essential potential for feasible and efficient seismic upgrading.
Developing and implementing viable and innovative improvement techniques for

infill walls on a large scale could prevent the collapse of such buildings.

Considering the social, psychological and economic impact of infill wall damage
after moderate as well as strong earthquakes, the interaction between the infill walls
and RC frame should be eliminated by isolation joints or improved systems needs to
be implemented for wall construction to mitigate the damage for new construction.
Construction guidelines for infill walls should be implemented in seismic regulations
to prevent infill induced irregularities in the structural system. Improved infill wall
systems should be promoted and design and construction guidelines should be

developed for them.
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