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ABSTRACT

In most design codes, infill walls are considered as non-structural elements and thus
are typically neglected in the design process. The observations made after major
earthquakes (Duzce 1999, L’Aquila 2009, Christchurch 2011) have shown that even
though infill walls are considered to be non-structural elements, they interact with the
structural system during seismic actions. In the case of heavy infill walls (i.e. clay
brick infill walls), the whole behaviour of the structure may be affected by this
interaction (i.e. local or global structural failures such as soft storey mechanism). In the
case of light infill walls (i.e. non-structural drywalls), this may cause significant
economical losses. To consider the interaction of the structural system with the ‘non-
structural ’infill walls at design stage may not be a practical approach due to the
complexity of the infill wall behaviour. Therefore, the purpose of the reported research
is to develop innovative technological solutions and design recommendations for low
damage non-structural wall systems for seismic actions by making use of alternative

approaches.

Light (steel/timber framed drywalls) and heavy (unreinforced clay brick) non-
structural infill wall systems were studied by following an experimental/numerical
research programme. Quasi-static reverse cyclic tests were carried out by utilizing a
specially designed full scale reinforced concrete frame, which can be used as a re-
usable bare frame. In this frame, two RC beams and two RC columns were connected
by two un-bonded post tensioning bars, emulating a jointed ductile frame system
(PRESSS technology). Due to the rocking behaviour at the beam-column joint
interfaces, this frame was typically a low damage structural solution, with the post-
tensioning guaranteeing a linear elastic behaviour. Therefore, this frame could be
repeatedly used in all of the tests carried out by changing only the infill walls within
this frame. Due to the linear elastic behaviour of this structural bare frame, it was
possible to extract the exact behaviour of the infill walls from the global results. In
other words, the only parameter that affected the global results was given by the infill

walls.
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For the test specimens, the existing practice of construction (as built) for both light and
heavy non-structural walls was implemented. In the light of the observations taken
during these tests, modified low damage construction practices were proposed and

tested. In total, seven tests were carried out:

1) Bare frame , in order to confirm its linear elastic behaviour.

2) As built steel framed drywall specimen FIF1-STFD (Light)

3) As built timber framed drywall specimen FIF2-TBFD (Light)

4) As built unreinforced clay brick infill wall specimen FIF3-UCBI (Heavy)

5) Low damage steel framed drywall specimen MIF1-STFD (Light)

6) Low damage timber framed drywall specimen MIF2-TBFD (Light)

7) Low damage unreinforced clay brick infill wall specimen MIF5-UCBI (Heavy)

The tests of the as built practices showed that both drywalls and unreinforced clay
brick infill walls have a low serviceability inter-storey drift limit (0.2-0.3%). Based on
the observations, simple modifications and details were proposed for the low damage
specimens. The details proved to be working effectively in lowering the damage and
increasing the serviceability drift limits. For drywalls, the proposed low damage
solutions do not introduce additional cost, material or labour and they are easily
applicable in real buildings. For unreinforced clay brick infill walls, a light steel sub-
frame system was suggested that divides the infill panel zone into smaller individual
panels, which requires additional labour and some cost. However, both systems can be
engineered for seismic actions and their behaviour can be controlled by implementing
the proposed details. The performance of the developed details were also confirmed by
the numerical case study analyses carried out using Ruaumoko 2D on a reinforced
concrete building model designed according to the NZ codes/standards. The results
have confirmed that the implementation of the proposed low damage solutions is
expected to significantly reduce the non-structural infill wall damage throughout a

building.
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NOTATION

: Shear area of anchorage (timber-to-concrete anchor)

: Area of opening in an infill panel

. Area of infill panel

: Total area of the transverse steel supplied at a section

: Modified equivalent diagonal strut width due to opening

: Compression strut width

: Design inter-storey drift

: Previous drift amplitude

: Next drift amplitude

: The required gap width to accommodate the design inter-storey drift
: As built unreinforced clay brick infill wall drift level in the formulation of
Magenes and Pampanin (2004)

: Effective depth of an RC section

: Diagonal strut length (from centroidal points)

: Modulus of elasticity for the diagonal strut

: Modulus of elasticity of the masonry infill in horizontal

: Modulus of elasticity of the masonry infill in vertical

: Approximate modulus of elasticity for concrete

: Energy dissipated at a cycle
: Maximum strain energy at a cycle

: Strut strain in the formulation of Magenes and Pampanin (2004)
. Calibrated yield strength of the diagonal strut in Wayne Stewart
degrading stiffness rule

: Ultimate flexural strength

- Yielding strength of the transverse steel
: Compressive strength of masonry

: Sliding shear strength of mortar joints

- Yield strength of steel
: Concrete compressive strength

: Shear strength from diagonal compression test
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G

h

he, hw, H
Hs

lp

|

K1, K2
KX

: Shear modulus of the masonry infill

. Inter-storey height (from centroidal points)

- Infill wall clear height (From the faces of the RC beams)

: The building height

: Moment of inertia for the columns

: Moment of inertia of any given section

: Calibrated coefficients

. Calibrated stiffness of the diagonal strut in Wayne Stewart degrading
stiffness rule

- Infill wall length in the formulation of Magenes and Pampanin (2004)
: Relative stiffness between the infill and the frame

: Clear story height

: Opening height in the infill wall

: Bending moment at the bottom of the column
: Bending moment at the top of the column

: Poisson’s ratio

: Reduction factor for equivalent diagonal strut width due to opening
: Equivalent diagonal strut strength

: Vertical stress on the wall

: Angle between the diagonal strut and the horizontal

: Ultimate shear strength

: Thickness of the infill wall

: Supplied shear capacity by the steel

: Supplied shear capacity by the steel in column members
: Supplied shear capacity by the steel in beam members

: Ultimate shear capacity per anchorage

: Equivalent viscous damping

: Uniformly distributed load

Note: the used notations are also given where they are used for ease of reference while

reading
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CHAPTER 1
INTRODUCTION

Aerodynamically, the bumble bee shouldn't be able to fly,

but the bumble bee doesn't know it so it goes on flying anyway.

Mary Kay Ash
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1 INTRODUCTION

The design of reinforced concrete structures for seismic actions has become a major
research area in the last few decades, gaining more interest and recognition around the
world and even more so with each catastrophic earthquake that takes place. The 1931
Napier earthquake in New Zealand initiated significant changes towards reinforced
concrete construction after many years of unreinforced masonry construction practice
in the country (Figure 1.1). Earthquakes have been major causes of change towards the
understanding of earthquake engineering globally, as it is with New Zealand. The
current main philosophy behind seismic design methods is collapse prevention and life
safety, which focuses on preventing the full collapse of a structure and the loss of life.
According to this design philosophy, some damage is allowed in discrete parts of a
structure up to an extent, such as plastic hinges at beam ends. However, most of the
researches in structural engineering focus on the structural skeleton itself. The
interaction of the structural skeleton and the non-structural components that are in
contact is, in comparison, a relatively neglected topic.

Figure 1.1. Napier Earthquake 1931 (Source: Christchurch city library)

As new building design methodologies and technologies are developed, structures can
now be built to survive moderate-to-severe seismic events. Although structures are
able to survive such events, the resulting damage to non-structural components may
prevent the immediate usage of a building after an earthquake. In addition, the
resulting cost and downtime may exert a serious burden for the economy and the
society. Recent researches have shown that the costs related to the failure of non-
structural components in a building may easily exceed the replacement cost of the
whole building [1]. As shown in Figure 1.2, the costs associated with the loss of the

non-structural components approximately constitute 62% for offices, 70% for hotels,
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48% for hospitals [2]. By examining these figures, it can be concluded that prevention
of damage to non-structural components is an important concern for the seismic

performance of new buildings.

100% ~

80% +

60% +

40% +

20% + | '@mContents

B Nonstructural

0% | @ Structural

Office Hotel Hospital

Figure 1.2. Cost breakdown of office buildings, hotels and hospitals from Taghavi and Miranda [2]

Non-structural components consist of a large variety of building parts: Partitions,
ceilings, power/gas lines, water and sewage systems. Among these, the partition walls
are one of the major elements that interact with the structural system and suffer
damage due to the imposed drifts on the structure. In this reported PhD work, partition

walls are the main area of interest.

Non-structural partition wall practice differs in every country depending on individual
preferences. They can mainly be constructed by using unreinforced clay bricks,
reinforced concrete block masonry or drywall systems. The materials for these most

common practices are shown in Figure 1.3.

a)

Figure 1.3. a) Clay brick, b) Concrete block, c) Drywall (Light gauge steel framed)
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1.1 Evolution of Construction Practice in New Zealand

The Napier Earthquake in 1931 showed the susceptibility of unreinforced masonry
(URM) buildings and resulted in the development of the first construction standards,
which favoured the use of reinforced concrete (RC) construction [3]. Prior to the
1930s, clay brick was a common construction material in New Zealand both for URM
(as part of the structure) and for RC buildings (as non-seismic resisting walls or infill
walls). However, between the 1930s and 1950s, concrete blocks replaced clay bricks as
the more commonly used infills. These two types of heavy infill options, blocks or
bricks, were mostly used as infill walls in the external frames of buildings before
claddings became the popular way to “dress” a building. For internal frames, light-
weight drywalls have been preferred in most cases since the introduction of gypsum

plasterboard to New Zealand in 1927.

In order to create an inventory of pre-70s RC buildings, a structural survey/preliminary
assessment for critical RC buildings in Christchurch City Business District (CBD) was
carried out as part of an FRST-funded research project (FRST Retrofit, 2010). This
survey was carried out right after the 4™ September Darfield earthquake in 2010. A
total of 64 buildings were inspected from exterior only without any drawings. Some of
these buildings, one of which collapsed (PGC, Figure 1.4), suffered significant damage
after the 22" February Christchurch earthquake in 2011. As part of the survey,
different types and configurations of infill types for these older vintage RC buildings
were sampled. Figure 1.5 shows the distribution of different infill types and the
common critical structural deficiencies in these buildings. Short column effect, a result
of the presence of half-height infill walls or spandrel beams, is the most common type

of critical weakness observed.

(22) CAMBRIDGE 233

Number of Storeys 5

Structure Type R/CFrame

Infill Type Unknown
Configuration Vertical Irregularity
Function Office

Possible Deficiencies Soft Storey
Observed Damage After

2010 Darfield Earthquake

Figure 1.4. The observations for the PGC building after 4™ September 2010 Darfield earthquake
(Photo by Tasligedik, A.S.)
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]
Infill Wall Type Possible Deficiencies

Figure 1.5. Infill wall types and possible observed deficiencies (Since the survey is exterior only, no
information could be given regarding the partitions used inside the buildings)

In addition, the building code requirements in relation to the infill practice in New
Zealand, starting from the NZS 95 [3] up to the present NZS 4230 [4] were reviewed
to obtain a clear overview of the changes made to the practice over time. A summary
of the major modifications in the building standards is reported below.

According to the standard NZS 95 Part V and VI (1935), panel walls should be
constructed of stonework, brickwork, concrete or a combination of them and panel
walls shall be properly secured to the concrete frame. Those panel walls can either be
constructed of a single skin wall or a cavity wall (double skins with a cavity in
between). Usually, the interior walls were constructed as single skin and the exterior
walls were constructed as cavity walls for water proofing purposes. Surprisingly, NZS
95 also stated that it was possible to construct infill walls as reinforced brickwork, for
increased lateral and out-of plane resistance against earthquake. Note that the
definitions given before mentioning the reinforced brickwork referred to unreinforced
masonry panel walls, which meant that the usage of unreinforced masonry infill panels

were allowed in the code.

No separate standard specification for concrete bricks and concrete blocks existed until
NZSS 595 (1952) [5] and it introduced the following definitions:
* ‘Concrete brick’ means a solid or hollow concrete masonry unit of nominal
dimensions of 9 in. in length (228.6 mm), 4.25 in. in width (107.95 mm), and
3in. in depth (76.2 mm)
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* ‘Concrete block’ means a solid or hollow concrete masonry unit, any one of
the nominal dimensions of which differs from the corresponding dimensions

of a concrete brick

In 1964, many important definitions for practices in wall construction were made in
NZSS 1900 [6]:

* ‘Infilling Panels’ means any wall between beams, columns, or floors which
by virtue of its position and construction is subject to induced and/or applied
loadings (Figure 1.7a)

» ‘Partition Wall’ means a wall which by virtue of its position and construction
does not contribute to the strength or rigidity of a structure (Figure 1.7b)

* ‘Reinforced Grouted Brick Masonry’ means a construction of two or more
skins of brick between which reinforcing steel is embedded in grout (Figure
1.7¢c)

* ‘Reinforced Hollow Masonry’ means masonry of cellular units having
reinforcement in filled cells (Figure 1.7d)

* ‘Reinforced Masonry’ means any masonry in which reinforcing steel is so
bedded and bonded that the two materials act together in resisting forces

* ‘Shear Wall’ means a structural wall which because of its position and shape,

makes a major contribution to the rigidity and strength of a building

An observation was made after the examination of the 1960s structures; there were still
many buildings with unreinforced clay brick infill walls although the first concrete
block and brick standard was passed down in 1952 (Figure 1.6). On the other hand,
after the introduction of NZSS 1900:1964, use of concrete block masonry flourished,
and the number of projects that used concrete block masonry as infill increased. In
addition, in those years, a new type of seismic resisting system, which relied on
reinforced concrete block masonry for lateral stiffness and strength, without RC

framing, was also introduced and widely used [7].
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Figure 1.6. Some example buildings with unreinforced clay brick infill walls in Christchurch CBD: a)
8 Cathedral Sq., b) 159 Manchester St., ¢) 210 Hereford St., d) 172 Manchester St.

In NZS 4230:2004, the word ‘masonry’ was used for many types of infill wall or wall
construction materials. ‘Masonry Unit> was defined as ‘a preformed component
intended for use in reinforced concrete masonry construction with cells laid in the
vertical direction and with face-shell-bedded joints’. It should be noted that NZS
4230:2004 superseded NZS 4230P [8] with few changes considering the infill walls.
Therefore, it can be deduced that the first standard to give guidelines for the design of
infill walls in reinforced concrete frames was NZS 4230P:1985 and with only few

changes in the 2004 edition, largely remains the current state-of-the-art.

Currently in New Zealand, partition walls, or non-structural infill walls, are mostly
light steel/timber framed drywalls. These walls can also be used in exterior frames of a
building in combination with many available cladding options. The first examples of
drywalls were manufactured and used in 1927 and have been popular in New Zealand.
The specifications for these non-structural wall types are given by the manufacturers
and the main parameters are dependent on acoustic and thermal insulation capabilities
of the walls without any comments on their seismic capabilities. Light steel framed
drywalls are specified as non-load bearing elements and are the preferred drywall type
to be used in commercial buildings. On the other hand, timber framed drywalls are
specified as load bearing elements due to their structural use in residential
construction, but their use as non-structural walls in buildings are still allowed [9]. For
many parts of the world, such as southern Europe, Mid-East Asia, and South America,
the use of unreinforced masonry bricks/blocks as infill walls is still a major element of

infill practices.
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a)

c)

Ventilation
Cavity

—

Design Std.
NZS 4210:2001 b)

Reinforcement |
(Hor., Vert.,)

Starter Bars

Wall Tie

Design Std.
NZS 4230:2004

d

I—|Acoustic Sealant |-
Sound Control Infill

Framing Stud | |
(Light Steel/Timber)

Design Std.

Manufacturer
Specification

Reinforcement |
(Hor., Vert.)

—

Starter Bars

Design Std.
NZS 4230:2004

Figure 1.7. a) Unreinforced Masonry Infill, b) Light Steel/Timber Framed Wall, c¢) Reinforced

Grouted Brick Masonry, d) Reinforced Hollow Masonry

Table 1.1. NZ Typical dimensions for the wall types in Figure 1.7

—

: Mortar Thickness

m
Infill Type tn(mm) Chan: Chav - G P di: Wall Tie Spacing in Horizontal
a) (mm) — (mm) d,: Wall Tie Spacing in Vertical
Unreinforced <10 <600, 400 <800, 75 dy: Vent!lat!on Cav!ty Spgcmg
Masonry h,.: Ventilation Cavity Height
dis(mm  t, (mm) h, (mm) ti; (mm) t, (mm) d;(mm) dy: Framing Stud Spacing
t,: Expansion Gap at the Top of the Frame
b) Light h,: Wall Height
Steel/Timber <600 15 <3600 75 10,13 tei: Sound Control Infill Thickness
Framed Wall t,: Thickness of Linings
d;: Fastener Spacing
c) Reinforced Quths Oww t,,: Wall Thickness
il s w
Grouted tr(mm) (mm) ty(mm) - & (mm) S (mm) ¢: Reinforcing Bar Diameter
Brick S: Reinforcing Bar Spacing
<10 <600,400 =140 >12 <400
Masonry
d) Reinforced .
Hollow <10 140 512 <400 For More Information Refer to _the Related Standards
Shown in the Figures
Masonry

Due to their popularity overseas and in New Zealand, the light gauge steel framed

drywalls, timber framed drywalls and unreinforced clay brick infill walls were studied

in the reported PhD work. Therefore, they will be the main focus of the reported work.

However, the results and analogies can be extended to any other type of infill walls.
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1.2 Definitions of Light and Heavy Partitions

Heavy and light are used in order to qualitatively describe different issues that may
arise due to the failure of each component;

e Heavy: Failure of which may threaten life safety of people and may affect
the structural response due to their high strength and stiffness. Therefore,
heavy has been used in order to refer to such materials (i.e. Concrete blocks,
clay bricks, concrete claddings/panels)

e Light: Failure of which may not necessarily cause life safety issues, but

rather economical issues. Therefore, light refers to such materials (i.e.

Drywalls)

1.3 Scope

By virtue of their material properties and behaviour, different types of partition walls
raise different issues during and after a moderate-to-severe seismic event. Partition
walls constructed of heavy masonry brick/block materials increase the lateral stiffness
and contribute to lateral load resisting capacity of the structure. This effect is valid
until the infilled frame reaches its load bearing capacity. After this point, a sudden
strength degradation is observed with increasing displacement demands, which may
likely cause local or global failure mechanisms in a structure [10]. During a seismic
event, a structure should be able to sustain its strength with increasing displacements,
or ductility [11] (a ductile wall behaviour is shown in Figure 1.8a). Extensive research
has been carried out worldwide focusing on strengthening of infill walls over the years.
As observed in most of these studies, the brittle nature of infill partition walls could not
be prevented, or this issue was not addressed at all. In Figure 1.8b, hysteresis curves
for bare frame, infilled frame, strengthened infilled frames have been shown as an
example [12]. Therefore, the behaviour of an infilled frame is usually a brittle one
when heavy materials are used such as concrete block or clay brick. After a moderate-
to-severe seismic event, these materials may pose as a significant threat to life safety of
people inside and outside a building as well as a threat to global stability of the

structure itself.
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Figure 1.8. Sample hysteresis curves: a) Ductile wall by Paulay and Priestley [11], b) Strengthening
of infilled frames by Ozden et al. [12]

Although partition walls constructed of drywalls with light steel or timber framing are
weak enough not to modify the lateral load capacity of a structure, the interaction with
the surrounding frame may cause extensive non-structural wall damage, or even
impairing the serviceability of a structure. Thus, these types of light partition walls

have potential economical impacts.

In most of international design codes, infill walls and partitions, heavy or light, have
been considered as “non-structural elements” and thus tend to be mostly neglected in
the structural design process. However, the observations made after major earthquakes
have shown that even though infill walls might be considered to be “non-structural”
elements, their interaction with the structural system during seismic actions can modify
the overall bare frame system response, potentially leading to unexpected and
undesired failure mechanisms at high drift demands ([10, 13-18]). These mechanisms
can be either at a local level (e.g. shear failure in captive columns, damage to joint
region) or at a global level affecting the structure’s seismic response (e.g. soft storey
mechanism). On the other hand, under low-to-moderate shaking intensity, infills can
provide additional stiffness and strength to the building before reaching their capacity,
which is followed by a brittle failure mechanism. The positive or negative effects of
infills on the seismic response of a structure still represent a controversial topic among

the research community.

A typical approach in modern code provisions is to either require the engineer to
consider and model the interaction of the infills in the overall seismic response in the
design phase, which is practically not carried out, or alternatively to provide adequate
separation to minimize that interaction [4], which is more likely to be adapted by
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practitioners. However, the separations may introduce other issues to be addressed

such as acoustic, thermal and fire resistance.

Considering the above mentioned effects of ‘non-structural’ infill walls on life safety
and global stability of the structure, code provisions are stated in Section 12.5 of NZS
4230:2004 [4]:

a) When infill panels are constructed without full separation from the frame, the
composite action must be considered in analysis and designed accordingly.

b) It should be noted that even where sufficient separation is provided at the top
and at the lateral ends of a panel, the panel will still tend to stiffen the
supporting beam considerably, concentrating frame potential plastic hinge
regions in short hinge lengths at each end, or forcing migration of hinges into

columns, with a breakdown of the weak-beam, strong-column concept.

Although these two alternatives have been contemplated in NZS 4230, there is in
general a lack of comprehensive guidelines to support the implementation. Therefore,
the motivation of this research has focused on minimizing the interaction between the
non-structural walls and the structural system in order to develop low damage
solutions for both heavy and light partition/infill walls. This could only be achieved by
developing state-of-the-art methods and solutions capable of surviving the earthquake
induced drift demands, examples of such research and technologies are still a few [19-
21]. However, the potential of applicability and use of such outcomes have gained

importance after the seismic events in Christchurch in 2011.

During the progress of this research, Christchurch was hit by a series of strong seismic
events starting from the main shock on 4" September 2010. Among them the 22"
February (aftershock) earthquake in 2011 was the most destructive one. Although the
research was disrupted by these seismic events, they gave the author valuable
opportunities to observe the behaviour of the buildings and non-structural elements in
the Christchurch City Business District (CBD). These observations validated the

necessity of this research and emphasized the susceptibility of vertical ‘non-structural’
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elements to damage caused by seismic actions. These observations made it evident that
further study was required on the subject.

1.4 Objectives

The conceptual idea for minimizing damage can be achieved by altering the non-
structural wall behaviour by using innovative details. The behaviour can be modified
into a more favourable behaviour that can accommodate the deformations caused by
seismic actions. Therefore, the damage to non-structural walls can be prevented or
minimized. In order to show the resulting effect of the developed solutions, a sample
envelope curve is shown in Figure 1.9a. In this conceptual figure, the solutions (Figure
1.9b) minimize the interaction between the structural and the non-structural systems.
This shows that the behaviour modification pushes the original infilled frame
behaviour towards the bare frame behaviour though it can never be exactly equal to the
bare frame, resulting in modified frame response. Nonetheless, the desired
modification is capable of resulting in minimized damage to non-structural walls as

well as minimized non-structural wall and structural frame interaction (Figure 1.9a, b).
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500 = |nfilled Frame _| ey =
b = Modified Frame : i 3
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Figure 1.9. Conceptual explanation of low damage-low interacting solutions: a) A sample base shear
vs. lateral drift envelope curve for infilled and bare frames (Original graph for bare and infilled frame
is taken from Magenes and Pampanin 2004 [10], b) Conceptual representation of minimized
interaction, minimized damage solutions

In Figure 1.10, the behaviour of three types of infill walls is compared in order to give
the reader an opinion about how low damage, low interacting solutions can be
achieved. Although these figures are for unreinforced clay brick infill walls, a similar

analogy was used for non-structural drywalls and they will be presented in their
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respective chapters. As it can be seen in Figure 1.10a, an existing as built masonry
infill wall practice does not have much deformation capacity and results in brittle
mechanisms, which is being addressed in the reported research. The solution in Figure
1.10b was already investigated by Mohammadi and Akrami [21]. However, this
system may have significant out-of-plane issues, which may not be easily addressed in
practical applications. Moreover, at high drift levels, the system had a possibility to
induce shear failure in the columns. After studying the performances of different infill
wall systems and the infill panel zone behaviour, a low damage infill wall system
consisting of multiple cantilever panels were seemed more appropriate by the author.
In order to give the reader an introductory overview, a rough sketch of the developed
low damage system is shown in Figure 1.10c. More details about these low damage

solutions are given in their respective chapters.

Niz,
=T

As Built Infill Wall Sliding Infill Wall Rocking Infill Wall (Low Damage)
-Brittle strut mechanism  -Ductile sliding mechanism  -Ductile caltilever wall mechanism
-Low deformation capacity -Low-moderate deformation -Moderate-high deformation capacity
-Brittle diagonal cracking  capacity (Controlled by the amount of gaps)
-Potentially brittle column -Delayed strut action by vertical gaps
shear failure (low damage)
a) b) c)

Figure 1.10. Behaviour of different masonry infill wall types: a) Diagonal cracking mechanism of as
built masonry infill (undesired), b) Behaviour of modified infill walls with sliding details to increase
deformation capacity (undesired), c) Behaviour of infill walls constructed as multiple cantilever walls
with design gap (desired and followed analogy in this research) Note: The plots show axial force at
the diagonal strut vs. inter-storey drift

Consequently, the objective of the reported research is the development of low damage
solutions that are able to survive low-to-moderate earthquake induced drift demands

for both heavy and light non-structural wall systems. In order to achieve the described
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objective, the following research tasks were aimed to be accomplished at the end of the
research:

1) Classify the main typologies of panels, panel to structure connections.

2) Obtain cyclic behaviour information of the most common NZ connection
(panel-to-structure) typologies and proposals of enhanced solutions. It will be
based on the literature as well as experimental data. Focus will be given to
heavy unreinforced infill walls and light partition walls.

3) Analytically and experimentally evaluate the interactions and their effects on
the overall system response.

4) Propose innovative solutions with reduced post-earthquake non-structural
damage for newly designed buildings and enhanced seismic rehabilitation
proposals for existing buildings.

5) Implement simplified analytical models for panels, panel-to-structure

connections to predict the cyclic behaviour of the system.

1.5 Thesis Outline

The thesis organization and the subjects that will be reported in the subsequent

chapters are given below.

Chapter 1 -Introduction, Scope and Objectives
Introduction to the concept and to the methodology of the reported
work.

Chapter 2 -Drywalls: Literature and the Lessons Learnt from Earthquakes

Summarized literature for drywalls and the observations made
during 22" February 2011 Christchurch Earthquake.
Chapter 3 -Unreinforced Clay Brick Infill Walls: Literature and Lessons Learnt
from Earthquakes
Summary of researches focusing on behaviour modification caused
by unreinforced clay brick infill walls and damage summary from
February 2011 Christchurch earthquake.
Chapter 4 - Experimental Programme

Introduction of the test setup and the test specimens
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Chapter 5
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Chapter 7

Chapter 8

Chapter 9

Chapter 10

1.6 References

-As Built Drywall Tests

The specimen details and test results of as built steel and timber

framed drywalls are reported.
-Low Damage Drywall Tests
The development and the details of the low damage solutions for
steel and timber framed drywalls are reported along with the
experimental results and observations.
-As Built Unreinforced Clay Brick Infill Wall Tests
The specimen details and the test results of the as built unreinforced
clay brick infill walls are reported.
-Low Damage Unreinforced Clay Brick Infill Wall Tests
Developed innovative low damage solution for unreinforced clay
brick infill walls is explained. The resulting details and the results of
the test are reported.
-Numerical Case Study Building
The Ruaumoko2D models of the as built and low damage non-
structural wall types are implemented in a typical NZ reinforced
concrete frame building model. The global performance of the
developed low damage solutions and their effects on the global
response are reported.
-General design recommendations and conclusive remarks

In the light of the developed low damage solutions, general design
recommendations are made. The conclusions of the reported work

are summarized.
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CHAPTER 2

DRYWALLS: LITERATURE and
LESSONS LEARNT from
EARTHQUAKES

Bad times have a scientific value. These are occasions a good learner would not miss.

Ralph Waldo Emerson
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2 DRYWALLS: LITERATURE AND LESSONS LEARNT

FROM EARTHQUAKES
2.1 Literature Review

Drywalls are currently the most common partition wall practice in use around the
world. They are especially popular in developed countries such as New Zealand,
United States and European countries. Because of their light weight compared to
heavier options (i.e. clay bricks and concrete blocks), they are usually not considered
to be part of the structural system. Although there are standardized regulations, there is
generally no specific control during the construction and installation of these types of
non-structural walls within a structure, unlike the structural systems. This lack of
quality control can mainly be attributed to the misleading definition of non-structural
elements, which seems to not trigger requirements for adequate check by structural
engineers. In addition to that, the lack of innovative technologies and construction
details for damage mitigation of drywalls contribute to the continuous observation of
poor seismic performances. In spite of their extreme vulnerability to seismic events,
this topic has not been studied extensively by researchers except for a few. In this

section, most of the up to date researches are summarized.

Freeman [22] carried out dynamic tests on drywalls made of different materials and
different connection types (e.g. stud to track connection by friction or pop-rivets) using
a transportable racking test setup in 1971. This is probably the earliest research found
giving information and findings about reverse cyclic behaviour and energy absorption
properties of drywalls with different connection typologies. Rihal [23] followed a
similar testing program with similar drywall types and connections in 1980. The tests
were carried out using quasi-static loading protocol and confirmed the previous work
of Freeman. The types of specimens tested by Freeman and Rihal are given in Table
2.1 and Table 2.2 respectively. In both researches, it should be noted that the gypsum
boards of the specimens were attached to the runners (or tracks) even though they had

friction fitted studs.

Wang [24] reported the cladding performance as a result of a joint project between US

and Japan. The joint project focused on quasi-static testing of cladding and partitions in
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a full scale six storey steel structure. In the research, US practice and Japan practice

were compared. The significance of this research was that the tested vertical non-

structural components were attached to a full scale frame structure.

Table 2.1. Description of wall panels by Freeman in [22] (1971)

Type Wall Stud Wall Remarks 1st Report  1st Report 1stReport
Number Material Material Openings NVO-99-15 JAB-99-35 JAB-99-54
1 1/\,2\,aﬁ;b>$srl$m 3-5/8" None Connection of stud to A3 A-10 b

Metal runner by friction A-19 A-29
(sheetrock)
1/2" Gypsum  3-5/8" Connection of stud to A-23
2 wallboard Metal Door runner by friction A2 A4 A-28°
" " . D
3 1/2" Gypsum  3-5/8 None Connection of st_ud to Al A12 A-30
wallboard Metal runner by pop-rivets X-33P+
1/2" Gypsum  3-5/8" Connection of stud to b
4 wallboard Metal Door runner by pop-rivets A5 ALS A-31
1/2" Gypsum  2x4 b
S wallboard  wood O™ A AL3 A-32
1/2" Gypsum  2x4 b
6 walboard  wood  D° AT A-16 A-33
2x4 A-17 A-34°
" d B " -
7 U2'Pywood . None g nails at 12" centers A-8 A-18 350
8" Concrete No grout, no
8 Block* None reinforcement A9 B -
. N Same as Type 3 with
9 V2" Gypsum - 3-5/8 None wallboard screws to - A-11 A-27
wallboard Metal
runners
Plywood and _ A-25
10 gypsum 24 \yjingow  ONe Side phywood and - A-20 A-36°
wood one side wallboard
wallboard A-37°
_ A-24
1 Plaster and 2x4 None Plate and sill bolted to N A1 A-380*
gypsum lath  wood concrete o
A-39""
12 Plaster and 2x4 Door Plate and sill bolted to N A2 A26
gypsum lath  wood concrete
. 2x4 8d nails at 6" centers, R
17 3@"phwood | g Nome blocking at mid-height - B A-50

D: Dynamic loading

+: Transportable rack system used
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Table 2.2. Description of partition test specimens by Rihal in [23] (1980)
Partition Facing .
No. Size/Ft. Mate rial Studs Opening Remarks Date of Test
P1 8x8 3/8" plywood 2x4  None  Trial specimen only. Aug-79
wood
P2 8x8 5/8" gypsum 3-5/8" None Facing panels placed vertically. Taped Oct-79
wallboard  metal Joints. Connection of studs to runner at top
by friction only
P2A 8x8 5/8" gypsum 3-5/8" None Same as P2, except connection between Oct-79
wallboard  metal gypsum board and runner at top by drywall
screws at 16" o.c.
P3 8x8 5/8" gypsum 3-5/8" None Same as P2, except no gap between studs Oct-79
wallboard  metal and runner at top. Joints not taped.
P3A 8x8 5/8" gypsum 3-5/8" None Same as P2A, except no gap between studs Oct-79
wallboard  metal and runner at top. Joints not taped
P4 8x8 5/8" gypsum 3-5/8" None Facing panels placed horizontally. Oct-79
wallboard  metal Connection between gypboard and runner at
top by drywall screws at 16" o.c. Joints not
taped
P5 8x8 5/8" gypsum 3-5/8" None Facing panels placed vertically. Joints not Nov-79
wallboard  metal taped. Different drywall screw layout.
P6 8x8 5/8" gypsum 3-5/8" None Same as P5 except joints are taped and Nov-79
wallboard  metal different screw layout is used.
P7 8x8 5/8" gypsum 3-5/8"  Door  3'-0" x 6'-8" door opening. Wooden door Jan-80
wallboard metal opening frame
P8 8x8 overall 5/8"gypsum 3-5/8" None Partial height partition. Height of Jan-80
wallboard  metal gypboard=6'-0". Facing panels placed
vertically. Taped joints. Connection of studs
to runner at top by friction only.
P8A 8x8 5/8" gypsum 3-5/8" None Condition similar to P8 except studs fully Feb-80
wallboard  metal covered. Joints taped
P9 8x8 5/8" gypsum 3-5/8" Window 3'-0" x 3'-0" window opening: wooden Mar-80
wallboard  metal frame.
P10 8x8 5/8" gypsum 2-5/8" Door  2'-8" x 6'-8" door opening: metal door May-80
wallboard  metal frame: gypboard placed horizontally.
P11 8x8 5/8" gypsum 2-5/8" Door  2'-8" x 6'-8" door opening: metal door Apr-80
wallboard  metal frame: gypboard placed vertically.

Adham et. al. [25] tested 6 structural light gauge steel framed drywall specimens with
diagonal straps in 1990. In this research, the drywalls were intended to be structural
elements as in a residential house. The results showed that using steel diagonal struts
increased both displacement and load capacity level at which the gypsum linings
cracked (Figure 2.1).
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Figure 2.1. Sample force deflection hysteresis curve for diagonally braced steel frame drywalls by
Adham et. al. [25] (1990)

Kanvinde and Deierlein [26] carried out an analytical research for the development of
analytical models for the seismic performance of gypsum drywall partitions in 2006
using the experimental work reported by McMullin and Merrick in 2001 [27], where
boundary members were used at the sides of the drywall in order to simulate the
restraint provided by perpendicular walls in a real life scenario (Figure 2.2). In their
study, Kanvinde and Deierlein showed that even when they were not designed as
seismic elements, the gypsum drywalls’ contribution to the lateral strength and

stiffness in the wood-frame structures was significant.

Boundary member
intended to simulate
restraint provided by
perpendicular walls

Figure 2.2. Test specimen by McMullin and Merrick [27] (2001)
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Lee et. al. [28] tested 4 full-scale light gauge steel framed drywall partitions following
Japan’s practice within a modified racking test setup in 2006. The setup simulated the
confinement caused by a surrounding frame without moment capacity, where four steel
members were connected by four pins (Figure 2.3). Effects of a door and an
intersecting wall were studied. It was reported that the damage typically concentrated
to perimeter regions in contact with ceiling, floor or columns. Also, the dynamic
loading did not cause any amplification in damage when compared to the quasi-static
test. It was concluded that the repair cost after 2.0% inter-storey drift reached almost

the initial cost of construction for a new drywall infill.
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Figure 2.3. Test setup used by Lee et. al. [28] and the total lateral force vs. story drift curve for a
drywall without opening (2006)

McMullin and Merrick [29] conducted 11 tests using full scale timber framed drywalls
with diagonal straps as bracing elements in 2007. Tests were carried out using the
racking test setup in Figure 2.2. Two failure modes were reported: i) Joint failure with
the individual gypsum linings racking, ii) Pier rotation where all the gypsum linings in
a pier rotated as a unit. Moreover, it was reported that the maximum load occurred at
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drift levels between 0.68% and 1.87% with the initial cracking occurring at 0.25% drift

level.
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Figure 2.4. Hysteretic behaviour of a typical drywall specimen by McMullin and Merrick [29] (2007)

Filiatrault et. al. [30] (2010) tested 36 steel studded gypsum drywall partitions in a
typical racking setup. It was concluded that using slip tracks and gaps at top end of the
drywalls reduce the seismic damage of the drywall type where panels were attached in
vertical orientation. However, it concentrated the damage to the vertical joints between
the drywalls in the orthogonal direction. The hysteresis curves of two partitions and the
test setup are shown in Figure 2.5. Although the research addressed the fragility of the
existing drywalls with different connection types, it did not provide explicit
suggestions on alternative low-damage details for such walls. Also, apparently the
setup adopted in that research could not simulate the confinement effects exerted on
non-structural walls from the surrounding frame, which is likely to affect the behaviour

of such walls and their serviceability limits.
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Figure 2.5. Experimental and numerical comparison of the reverse cyclic behaviour of the partitions
and the used racking setup by Filiatrault et. al. [30] (2010)
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Restrepo and Lang [31] tested two identical rooms consisting of light-gauge steel
framed drywalls in 2011. Testing was carried out using two different quasi-static
testing protocols. The objective was to study the sensitivity of loading protocol on
damage progression, which was concluded to be very small. It was also concluded that
drywalls were prone to failure by slip occurring at top and bottom tracks the most
(Table 2.3).

Table 2.3. Damage progression reported by Restrepo and Lang [31] (2011)
Drift Ratio (%)
Damage State Damage Description  Test Specimen 1l Test Specimen 2

Ds1 Door Jamming 0.1 Not observed
Screw embedding 0.25 0.4
Gypsum board separation 0.28 0.28

DS2 Gypsum panel crushing 0.61 Not observed

DS3 Track slip 0.77 0.82
Column wrap separation 0.82 1.08

Araya-Letelier and Miranda [32] addressed the same problem with drywalls and
developed a novel sliding frictional connection in order to mitigate damage in 2012.
While a conventional drywall specimen suffered damage around 0.1%, with this

sliding frictional connection type, the specimen stayed damage-free until 1.52% drift.
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Figure 2.6. Novel sliding frictional connection for drywalls by Araya-Letelier and Miranda [32]
(2012)

For self-centring systems, Eatherton and Hajjar [33] studied the residual drifts by
considering the effect of non-structural elements in 2011. It was concluded that typical
gypsum interior partitions reduce peak drift and experience strength degradation

without significantly affecting the residual drifts.
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2.2 Lessons Learnt from the Christchurch Earthquakes: Drywall Partitions

Christchurch has recently been struck by an unusual sequence of earthquakes since 4™
September 2010 (M, 7.1). The total number of earthquakes between September 2010
and September 2012 above M, 3.0, 4.0, 5.0 and 6.0 were reported as 4423, 958, 82, 9
respectively (EQC/GNS 2012) [34] with the most intensive and devastating one being
22" February 2011 (M, 6.3, depth 5 km). More details on the 2010-2011 earthquake
sequences and their wider impacts can be found in the two special bulletin issues
published by the NZSEE [35, 36] (Darfield Earthquake Special Issue 2010;
Christchurch Earthquake Special Issue 2011). During the sequence of strong
aftershocks (M,, 5+), one of the most common observations was that many of the
modern buildings suffered moderate-to-extensive damage to drywalls that repeatedly
needed extensive repair or complete replacement. This represented a severe
economical burden required to bring the buildings back to serviceable condition for
reoccupation considering the high costs associated with the loss of the non-structural
components [2] (Percentage of the total cost of a building: 62% for offices, 70% for
hotels, 48% for hospitals).

After the 22" February 2011 Christchurch earthquake, significant damage to drywall
partitions was observed in almost all of the buildings. In order to give an overview of
the observed damage, the photographic records are reported in this section. The most
common damage was cracking at interfaces among adjacent linings. Almost all of the
buildings had drywall partitions cracking in this manner at a certain level. In addition,
cracking at lining corners caused by tightly finished corners is another common
damage observed (e.g. around the corners of windows or doors). In some cases, the
linings detached from the underlying framing due to significant diagonal compression

imposed on the linings, resulting in breaking at lining corners.
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03/03/2011

Figure 2.7. Damage observation after 22" February 2011 Christchurch earthquake: Interface cracking

among adjacent linings
a) b)

Figure 2.8. Damage observation after 22nd February 2011 Christchurch earthquake: a) Interface
cracking among adjacent linings, b) Broken gypsum lining

b)

Figure 2.9. Damage observation after 22nd February 2011 Christchurch earthquake: a) Interface
cracking among adjacent linings, b) Broken gypsum lining
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Figure 2.10. Damage observation after 22nd February 2011 Christchurch earthquake: Interface
cracking among adjacent linings

- i :
Figure 2.11. Damage observation after 22nd February 2011 Christchurch earthquake: a) Lining
cracking due to tightly fixed window corner, b) Lining cracking due to tightly fixed beam corner

07/03/2011

2
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a)
Figure 2.12. Damage observation after 22nd February 2011 Christchurch earthquake: a) Separation
from the perpendicular wall, b) Interface cracking among adjacent linings
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Figure 2.13. Damage observation after 22nd February 2011 Christchurch earthquake: Interface
cracking among adjacent linings

14/03/2011

a) b)

Figure 2.14. Damage observation after 22nd February 2011 Christchurch earthquake: a) Interface
cracking among adjacent linings, b) Lining cracking at tightly fixed door corner

w
g
S
b
&
E
=

a)

Figure 2.15. Damage observation after 22nd February 2011 Christchurch earthquake: a) Broken
gypsum lining, b) Underlying steel framing system
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CHAPTER 3

UNREINFORCED CLAY BRICK
INFILL WALLS: LITERATURE and
LESSONS LEARNT from
EARTHQUAKES

Nothing has such power to broaden the mind as the ability to investigate systematically

and truly all that comes under thy observation in life.

Marcus Aurelius
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3 UNREINFORCED CLAY BRICK INFILL WALLS: LITERATURE

AND LESSONS LEARNT FROM EARTHQUAKES
3.1 Literature Review

In this part of the thesis, a filtered summary of a wide literature survey is reported. The
aim of the survey was to find researches that studied the structural modifications
caused by the changes at infill panel zone content. These researches helped the author
understand the behaviour of the unreinforced masonry infill walls in a behaviour
modification concept so that an innovative low damage seismic solution for
unreinforced clay brick infill walls could be developed. The reported literature
summary is just a portion of the referred research and throughout the reported work;

references are given to other researches as required.

3.1.1 Experimental Considerations for Heavy Infills: Focusing on Behaviour
Modification by Strengthening and Ductility Changes to the Infill Panel

Zone

Langenbach [37] considered old armature cross wall practices, typical in regions like
Turkey, India and Pakistan, and their performances after seismic events. The author
proposed modernized methods based on observations made after major earthquakes
and expressed the importance of learning from past construction practices, which are
considered to be obsolete. The considered ancient practice of armature cross wall is
shown in Figure 3.1 along with an adapted version to a comparably modern building.
According to the International Building Code [38], a cross-wall is defined as an
interior partition wall that is not a shear wall but nonetheless provides structural
support and hysteretic damping. The term “armature” refers to use of a “sub-frame” to
subdivide the masonry walls. Armature cross-walls are thus infill masonry walls
modified by the introduction of a sub-frame of studs and cross pieces and the
deliberate use of a weak lime-based mortar. These studs and cross pieces would be
securely attached to the RC frame, with bricks tightly packed in between. By
generating less initial stiffness than standard infill masonry walls, multi-story frame

can behave as a bare frame rather than an infilled RC frame. Therefore, cross-walls
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reduce the problems and complexities caused by the frame infill interaction, which
could lead to undesired local or global failure mechanisms as shear failure in columns
or a soft storey mechanism. Moreover, the studs and cross pieces prevent the formation
of an equivalent diagonal strut, while substantially increasing the out-of-plane
resistance. The author also stated that weaker timber studs and crosses in the old types
of armature cross walls did not get any damage after earthquakes and this can be
attributed to subdivision of the infill panel into smaller panels using studs and
horizontal members and a low strength mortar, which reduces the initial stiffness and
prevent the formation of diagonal cracking due to prevention of equivalent diagonal
strut formation. In addition, these modifications change the global behaviour of the
structure to a more ductile one, which was stated by the author to be the cause of the

desirable behaviour observed in these old structures.

8

) g
) |

Figure 3.1. a) Armature cross-wall structure at the epicentre after Duzce 1999 earthquake in Turkey
(no damage), b) Armature cross wall structure in Pakistan (the damage to the adjacent URM building
is severe compared to the armature cross-wall, c) Armature cross-wall applied in practice to an RC
structure in 1965. The building suffered soft storey at ground level after 1965 San Salvador
earthquake. However, progressive pancake was prevented due to the infill wall’s being intact with the
sub-framing.

Calvi and Bolognini [39] carried out testing on four RC frame types: bare frame
(benchmark); infilled frame with unreinforced clay bricks (lateral hollow cores),
infilled frame with clay bricks with horizontal reinforcement in mortar layers and
infilled frame with clay bricks with reinforcing mesh on the surface. Quasi-static
response of each type is shown in Figure 3.2. It can be concluded that the reinforcing
mesh on the surface improved both in-plane and out-of-plane response of the infill wall

the most effectively. It can also be observed that the hysteresis given by the reinforcing
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mesh was more stable and ductile. The brittle failure of the infill material was

prevented and a ductile post-peak response was achieved.

Mosalam et al. [40] carried out quasi-static testing of single-storey, one and two-bay
steel frames infilled with unreinforced masonry walls with and without openings in
1997. An interesting observation regarding the effects of the infill walls on the global
response was that openings in infill walls led to a more ductile behaviour and larger
post-cracking force ratio compared to infill walls without openings. The hysteresis

envelopes and effect of openings on cracking patterns have been shown in Figure 3.3.
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Figure 3.2. In-plane quasi-static response of infilled RC frames by Calvi and Bolognini [39] (2001)
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Figure 3.3. Experimental testing of a single storey, one and two bay steel frames infilled with
unreinforced masonry walls by Mosalam et. al. [40]: a) Hysteresis envelopes of the specimens (S2-N-
I1: without opening, S2-SYM and S2-ASYM: symmetrical and asymmetrical openings), b) Effect of
openings in cracking patterns, the specimens from top to bottom: S2-N-Il, S2-SYM, S2-ASYM
(1997)
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Pujol and Fick [41] carried out reverse-cyclic quasi-static testing on a full-scale three
storey-reinforced concrete flat slab building. The structure was tested as bare frame
then as an infilled frame with unreinforced masonry bricks. The aim was to observe the
effects of masonry infills on the structural response. Crack map at the end of the test
and the comparison of the hysteresis curves of bare frame and infilled frame are shown
in Figure 3.4. According to drift levels, the observations given by the authors are
summarized in Table 3.1. In the conclusions, it was stated that the structure retained its
capacity up to 1.5% drift, which is conflicting with the shown hysteresis curves, i.e. the

post-peak response is decreasing after 0.8%-1.0% drift.
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Figure 3.4. Experimental testing of a full scale, three storey, RC flat slab frame structure from Pujol
and Fick [41]: a) Comparison of hysteresis curves of bare and infilled frame, b) Crack map at the end
of the test

Table 3.1. Summary of damage according to drift levels according to Pujol and Fick [41]

Drift (%0) Observed Damage
0.15 Separation between infill wall and columns
Cracks at infill wall
0.2 First abrupt drop in stiffness
0.25 Maximum crack width at infill wall is 4 mm

0.75 Length of separation increased from 1500, 2000 to 1800, 2000 mm
Cracks at infill wall widened

1 Maximum crack width at infill wall is 10 mm

Tasnimi and Mohebkhah [42] tested six full-scale, single-storey, single-bay steel frame
specimens. The first reference test was a bare frame and the second reference test was

an infilled frame without openings. The rest of the specimens had different orientations
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of openings on the infill walls. The experimental results indicated that infill panels
with and without openings can improve the seismic performance of steel frames with
equal cumulative dissipated energy at ultimate state. The authors also concluded that
the ductility of infill walls with openings is not always higher than the ones without
openings. It was stated that the ductility of such frames depends on the failure mode of
infill piers. The test results showed that infilled frames with openings experienced pier
diagonal tension or toe crushing and have smaller ductility factors than infills without
openings. In addition, a simple analytical method was proposed to estimate the
maximum shear capacity of masonry infilled steel frames with openings. A reduction
factor for the equivalent diagonal strut width was also proposed to account for
openings (shown below). The modes of damage, comparison of load-displacement
envelopes and the ratio of energy dissipation to displacement per cycle are shown in

Figure 3.5.

2
For A, <0.4A,, Re =1.49[%j —2.23{%)+1

p p

For A, >0.4A,, R =0

Where: bw  :Equivalent diagonal strut width
bwm : Modified equivalent diagonal strut width due to opening
Re  : Reduction factor for equivalent diagonal strut width due to opening
A,  :Area of opening
A,  :Areaofinfill panel
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Figure 3.5. Experimental testing of a single-storey, single-bay steel frame infilled with unreinforced
clay bricks from Tasnimi and Mohebkhah [42]: a) Cracks and activated stress fields at infill wall, b)
Load-displacement envelopes and comparison of the ratio of energy dissipation to displacement (2A)
per cycle

Mohammadi and Akrami [21] experimentally investigated a method in order to change
the infill wall behaviour to a ductile one. The concept was to introduce an element to
the infill wall, referred to as friction sliding fuses (FSFs). Conceptually, the fuse acts
before infill corner crushing and controls the infill so that it is not overloaded. As a
result of that, deformation capacity increases and strength deterioration decreases. The
achieved strength and ductility can be adjusted by controlling the friction between the
surfaces. The infill can be made of either bricks or concrete. The infill type
investigated in this research was a concrete infill, following on the authors’ previous
work where clay brick infill was used. Authors also observed that if the friction slider
adjustment is not properly made, crushing at the lower boundary of the wall occurs.
The details and a sample hysteresis curve obtained in this study are shown in Figure
3.6.
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Figure 3.6. Experimental testing of a steel frame with friction sliding fuses by Mohammadi and
Akrami [21]: a) Detail of the specimen and the slider, b) Hysteresis curve obtained from one of the
specimens, c) Photographic view of the specimens

Aliaari and Memari [20] analytically investigated the performance of an isolation
method for masonry infill walls. The system was named seismic infill wall isolator
sub-frame (SIWIS). The system consisted of two vertical and one horizontal light-
gauge steel studs connected to a surrounding frame. Then the isolator was to be placed
between the sub-framing and the masonry infill. The isolator was designed to fail at a
specified load limit after which the behaviour turned suddenly into bare frame
behaviour (Figure 3.7). However, the method was later tested experimentally in 2007
[19] and it was observed that the SIWIS added a very brittle nature to the global
behaviour, which may be considered to be an undesirable effect for such type of

modifications.
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Advanced Infill Load-Deflection Relation for Single-Bay, Single-Story
Wall Subframe _ Infilled Steel Frame with SIWIS System
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Figure 3.7. a) SIWIS isolator detail, b) Analytical load deflection curve compared to experimental
bare frame curve (from Aliaari and Memari [19, 20])

3.1.2 Numerical Considerations for Heavy Infills: Focusing on the Modifications

on the Dynamic Properties of Structures

Kose [43] analytically investigated the effects of different parameters on the
fundamental period of RC buildings with infill walls. The studied parameters were the
building height (Hg), the number of bays (B), the ratio shear walls’ area to floor areas
(S), the ratio of infilled panels to the total number of panels (I) and the type of frame

(F). The Following formula was proposed for the calculation of fundamental period

(T).

T =0.0935+0.0301H; +0.0156B + 0.0039F —0.1656S —0.02321 , H (m), S(%)

It was concluded that the number of floors is the primary parameter affecting the
fundamental period. The percentage of the shear walls was identified as the second
most important parameter. The percentage of infill walls and the number of bays

almost had the same effect on the period Figure 3.8.
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Figure 3.8. a) Sensitivity of fundamental period with respect to selected parameters, b) Architecture
of artificial neural network (ANN) model used for sensitivity analysis from (Kose, [43])

Ricci et al. [44] carried out modal analyses on 3D-reinforced concrete frame building
models with different geometrical properties (height, surface area, aspect ratio of the
plan) and infill wall characteristics. Simplified formulas based on regression analyses
were proposed. Furthermore, these expressions were compared to similar numerical
expressions and experimental data. The authors suggested that analytical evaluation of
the elastic period of infilled buildings had to be based on uncracked infill stiffness, or
initial tangent stiffness. If another stiffness was assumed, the obtained numerical
formulas overestimated the empirical data by 200% (Figure 3.9a). Moreover, assuming
cracked stiffness at each storey did not represent the actual dynamic properties of a
damaged infilled RC building. According to the authors, the distribution of damage at
infill walls was not uniform along the height of the structure, but rather concentrated at
the lowest storey (usually). As a result of the study, the following formulas were
proposed by the authors:

Cracked infills without openings : T, =0.026H,, T, =0.036H,
Cracked infill with openings : T, =0.034H,, T, =0.048H,

Simplified formula for infill without openings : T =0.031H; (independent of dir.)
Simplified formula for infill with openings : T =0.041H; (independent of dir.)

Where: xandy : corresponds to longitudinal and transverse directions
Hg :the building height
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A plot of these expressions is shown in Figure 3.9b along with their comparison to

experimental results from the literature.
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Figure 3.9. Comparison of numerical expressions proposed by Ricci et. al. [44] and other researchers
with experimental observations (the proposed expression stays within the zone bounded by the
experimental observations)

Hashemi and Hassanzadeh [45] analytically investigated the performance of a steel
building with braces and brick infills. The considered building survived Bam
earthquake in 2003. It was concluded that infill panels played a crucial role in
preventing the structure from collapse. A view from the corner of the building is
shown in Figure 3.10a, where steel sections and brick infills can be seen. Moreover,
computed energy dissipated by each component in the structure is shown in Figure

3.10b, where the infills contribute to energy dissipation the most.

Dissipated Energy %

1 2 3 4
Elements

Figure 3.10. Analytical work of Hashemi and Hassanzadeh [45]: a) View from a corner of the
building (Steel braces and brick infills can be seen), b) Energy dissipated by each component in the
structure
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3.2 Lessons Learnt from the Christchurch Earthquakes: Heavy Masonry Infill

Walls

Although heavy masonry infill walls are not the most popular cladding type currently,
there was a large number of building stock suffering damage to their heavy masonry
infills after Christchurch earthquake in 22" February 2011. The most common
masonry infill type for old buildings was unreinforced clay brick infills. For newer
buildings, reinforced grouted hollow masonry infill walls were the most common type.
However, these two types of infill walls have very similar damage and failure
mechanisms. The damage to these masonry infill walls is photographically

summarized in this section.
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Figure 3.11. Observed damage on masonry infills after the 22" February 2011 Christchurch
earthquake: a) Diagonal cracking, b) Close up view of the diagonal cracking
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Figure 3.12. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Sliding shear crack, b) Overall corner damage
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02/03/2011

Figure 3.13. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a-b) Diagonal cracking

02/03/2011

Figure 3.14. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Diagonal cracking, b) Damage to column due to infill

02/03/2011 03/03/2011

a) b)

Figure 3.15. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Sliding shear and column damage, b) Sliding shear and diagonal crack
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a) b)

Figure 3.16. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Corner crushing, b) Stepped cracks

01/03/2011 02/03/2011

b)

Figure 3.17. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a-b) Diagonal crack

\

\ y
\ 15¢03/2011

a) b)

Figure 3.18. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Diagonal crack, b) Short column
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10/03/2011

a) b)

Figure 3.19. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Corner crushing, b) Diagonal cracking

y8/03/2011 28/03/2011

a) b)

Figure 3.20. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a-b) Sliding shear crack

J

a) b)

Figure 3.21. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a-b) Diagonal crack
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11/03/2011 11/03/2011

a) b)

Figure 3.22. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Diagonal crack, b) Vertical splitting

11/03/2011 17/03/2011

a) b)

Figure 3.23. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Corner crushing, b) Diagonal cracking

£ 3 08/2011
L -

ul o

&

Figure 3.24. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Short column, b) Diagonal cracking
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28/03/2011

a) b)

Figure 3.25. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Separation, b) Diagonal cracking

a)

Figure 3.26. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a-b) Diagonal cracking

a) b)

Figure 3.27. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Diagonal cracking, b) Diagonal cracking and sliding on top
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a) b)

Figure 3.28. Observed damage on masonry infills after the 22nd February 2011 Christchurch
earthquake: a) Short column, b) Out-of-plane failure of the clay brick infill wall
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CHAPTER 4
EXPERIMENTAL PROGRAMME

The best scientist is open to experience and begins with romance - the idea that

anything is possible.

Ray Bradbury
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4 EXPERIMENTAL PROGRAMME

In order to determine the cyclic performances of different non-structural infill wall
types, a quasi static testing programme was followed. A specially designed full scale
structural testing frame was utilized throughout the study. Within this testing frame, as
built (existing) practices of light and heavy non-structural walls as well as the proposed
low damage solutions were installed and tested. In this chapter, the details of the

experimental programme are reported.

4.1 Test Setup

To test the reverse cyclic performances of non-structural infill walls, a reusable full
scale reinforced concrete PRESSS frame [46] was specially designed to be utilized in
the experimental programme. The structural frame, acting itself as the testing rig,
consisted of two precast RC columns and beams (f’:=50 MPa, f,=500 MPa) connected
by two D40 Macalloy 1030 unbonded post tensioning bars [47], one per each
connection with a post tensioning force of 80 kN. The adoption of this structural
system had the following benefits:

1) The precast RC frame behaved elastically and re-centred without undergoing
any permanent damage and residual displacement. As such, it could be used
multiple times with only the infill wall requiring to be substituted.

2) Since the behaviour of the frame always remained linear elastic, the behaviour

of the infill walls could easily be extracted from the global behaviour.

In order to prevent different rates of beam elongations and the resulting clamping
effect to the columns, pivot points were provided at the lower beam ends. Therefore,
the beam elongation only occurred at the upper beam without any clamping effect on
the columns. The resulting frame was connected to the strong floor by two pin
supports. A hydraulic jack of 1000 kN capacity was used to impose in-plane
displacements on the structural frame. In order to constrain the frame against out-of-
plane deformations, four rollers (two on each side) were placed at the upper beam

level. The deformed shape of the setup simulated the inter-storey drift at an inner
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storey of a multi-storey structure. The test setup is schematically and photographically

shown in Figure 4.1 and Figure 4.2 respectively.

Front Elevation Side Elevation Connection Details
’ Steel Frame for A\ I ~ "
- Pins ——— Rollers for —— Out-of-Plane xq e ] f:li;;g,";",‘,;,fnfﬁzm
1 out-of-Plane || £ Y 1] 160x160x60 — p
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Figure 4.1. Test setup and the top beam-to-column connection detailing
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Figure 4.2. Photographic view of the setup

The columns and the beams were designed to resist the forces to be exerted by all of
the different non-structural infill wall types, planned to be tested as part of the
experimental campaign, namely as built drywalls and unreinforced clay bricks as well
as the low damage solutions developed for each. The moment capacity of the
connections was similar to that of a typical RC frame and it can be controlled by
changing the post-tensioning force of the unbounded post-tensioning bars. The
connections exhibited rocking type behaviour, i.e. gap opening/closing, and cause the
initial post tensioning forces to increase with the applied drift increments. Due to this
increase, an additional confinement requirement, as stated by ETA 07/0046 [47], was
provided in the form of helix shaped confining reinforcement as suggested by ETA

07/0046. The details of the beam-column connection are given in Figure 4.1.
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In terms of loading protocol, the recommendations of ACI1374.1-05 [48] was followed
with the simplification of not including the intermediate small cycles between two
consecutive drift amplitude levels. For the selection of the applied drift levels,

ACI374.1-05 requirement is as follows:

1.25-D, <D, <1.5-D; (4.2)

where D, :Previous drift amplitude

D, , - Nextdrift amplitude

i+1
Following the above criterion, the drift history shown in Figure 4.3 was prepared and
used in the tests.

2.5
2
15
1
0.5
0
-0.5
-1
-1.5
-2
-2.5

Applied Drift (%)

Time (secs)
Cycle Series 1123|456 |7 |89 10fI11]12

Number of

. 31313133333 (3]3]|3
Repeatitions

Drift (%) 0.1010.1510.2010.3010.4010.5010.7511.001 1.2511.5012.0012.50

Figure 4.3. Applied drift history

All test specimens were monitored using 3 load cells, 5 rotary pods and 57
potentiometers. Among those, one rotary pod recorded the top deflection occurring at
the level of the applied load and two were placed at the beam levels to be able to
calculate the inter-storey drifts imposed on the structure (all of them were installed on
the right RC column in Figure 4.4). The general layout of the instrumentation is shown
in Figure 4.4. 1t should be noted that this layout is a general scheme developed for all
wall types planned in the experimental campaign and not all of the instruments were
essential in each test.
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Figure 4.4. General instrumentation scheme
4.2  Test Specimens

Both heavy and light non-structural infill wall practices, i.e. steel and timber framed
drywalls and unreinforced clay brick infill walls, were covered in the research. The
construction details of each will be given in different chapters. These specimens are
summarized in Table 4.1. The materials used for the construction of these wall types

are given in the next section.

The notation used in naming the specimens is given below:
BF
FIFi-Type
MIFi-Type
where BF :Bare Frame
FIF : Fully Infilled Frame (Conventional/As built practice)
MIF : Modified Infilled Frame (Low damage solution)
i : Specimen number
Type : STFD for Steel Framed Drywall
TBFD for Timber Framed Drywall
UCBI for Unreinforced Clay Brick Infill wall
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Table 4.1. Summary of the test specimens
Panel Panel Panel
Test No Specimen Explanation Thickness Length Height
(mm) (mm)  (mm)
Test 1 BF Bare Frame - - -
Test2 FIF1-STFD Conventional Steel Framed Drywall 120 3400 2550
Test3 FIF2-TBFD Conventional Timber Framed Drywall 120 3400 2550
Test4 MIF1-STFD Low Damage Steel Framed Drywall 120 3400 2550
Test5 MIF2-TBFD Low Damage Timber Framed Drywall 120 3400 2550
Test6 FIF3-UCBI Fully Infilled Unreinforced Clay Brick Masonry 140 3400 2550
Test 7 MIF5-UCBI Low Damage Unreinforced Clay Brick Masonry 140 3400 2550

Note: Clay brick infill walls are built as double skinned cavity walls with an internal cavity of 10 mm.
If the gap is also considered, the total thickness of the infill becomes 150 mm

4.3 Materials

The reinforced concrete members were cast by the precast concrete company Stahlton

in Christchurch, New Zealand. For the concrete, a self compacting concrete mix was

used targeting a characteristic strength ;=50 MPa on 28" day. As for the reinforcing

steel, deformed steel with the characteristic yield strength f,=500 MPa was used. The

stress strain plot for the steel and the concrete compressive strength test results on the

testing day of the bare frame (average of 6 cylinders taken during the casting of the

members) are shown in Figure 4.5 along with a summary shown in Table 4.2. The

concrete cylinder specimens had 100 mm diameter and 200 mm height and the

strength values were calculated accordingly.
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Figure 4.5. a) Stress-strain property of the steel (Average of 3 bars), b) Concrete cylinder test results
(Average of 6 cylinders) on the testing day of the bare frame
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Table 4.2. Summary of material strengths
Material Average Characteristic Strength (MPa)

Concrete 50.8
Steel HD 25 534
Steel HD 12 550

4.4  Design of the Bare Frame

Due to the intended repetitive usage of the test setup, the bare frame had to be designed
for the worst possible case situation, i.e. inducing structural damage to the frame. The

following considerations were made while designing the setup:

e Highest internal moments develop in the RC members when the bare frame
is considered.

e Highest shear forces develop in the RC members when the frame with
unreinforced clay brick infill wall is considered.

e There are basically four types of failure for fully infilled frames with
unreinforced clay bricks; crushing at the centre, crushing at the corners,
sliding shear, diagonal tension (Figure 4.6). Each of those failure modes may
induce different local shear forces on the RC members, which may cause

unexpected premature local failures in the RC framing.
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Sliding shear failure Diagonal cracking

Figure 4.6. Failure types for frames fully infilled with unreinforced clay bricks
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These different failure types may affect the shear demand transferred to the frame by
changing the clear story height (lc) as suggested in the capacity design principles by
Paulay and Priestley [11], which is shown in the equation below (The change in I; by I,

resulting from different failure types of the infill is shown in Figure 4.6):

Vg = M; + Mg
le (4.2)
Where; M, . Bending moment at the top of the column

M, :Bending moment at the bottom of the column
: Clear story height (=I, for different infill failures)
: Opening height in Figure 4.6

In equation 2, the clear story height, I, may differ for each of the failure types
depending on the expected failure modes as shown in Figure 4.6. In each of these
failure modes, the clear height may be reduced due to the openings formed as a result
of the failure of the clay brick infill and it may result in an increased shear demand on
the columns, which may also cause diagonal compression struts to form at these
locations. In Figure 4.7, some examples of column failures caused by the local and

global failure of the infill walls are shown.

Figure 4.7. Local and global failures caused by the infill walls: a-b) Corner crushing resulting in short
column effect and resulting increased shear demand on columns, c) Global soft storey collapse
mechanism (Photos are from Magenes and Pampanin [10])
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Due to these issues caused by the failure of the clay brick infill walls, in the design of
the members of the RC frame, a conservative overdesign was necessary in order to
utilize the test setup repetitively. The possibility of a certain level of cracking in the
RC framing existed due to the low tensile strength of concrete in the unconfined cover
region. However, the development of cracks was expected to cease in progress after
testing the bare frame a couple of times whereby its behaviour would remain linear

elastic at each test due to the self-centring provided by the post-tensioning bars.

4.4.1 Calculation of the Infill Wall Capacity

The failure strength for each of the above mentioned failure types can be given by the

following equations as reported by Bertoldi et. al. [49]:

Crushing at the center . AL (4.3)
K, +K,4h
. 1.12f*, sin@-cosd
Corner crushin = w 4.4
t T T K, (Ah) °2 1+ K, (2h)°8 (44)
Slldlng shear G, = (1.23|n o+ O.45C059) fwu Ay 03O'V (45)
b, /d,
Diagonal cracking Lo, = 06f,,+0.30, (4.6)
b, /d,
P E,t, Sin(26) 4.7)
4E.1 h,
4 =4
E,= COS 0, SIN 0 | co20-sin?0.| L_2.Y (4.8)
EWh va G va
b, = (ﬁ + KZJdW
Ah
(4.9)

Table 4.3. Values of K1 and K2 given by Bertoldi et. al. [49]
Ah<3.14 3.14<)\h <7.85 Ah > 7.85

K, 1.3 0.707 0.47
K, -0.178 0.01 0.04
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Figure 4.8. Geometrical dimensions used in the unreinforced clay brick infill strut formulations and
calculations

Where: o, - Equivalent diagonal strut strength

: Compressive strength of masonry

- Sliding shear strength of mortar joints

o, . Vertical stress on the wall

: Shear strength from diagonal compression test

Ki, Kz : Calibrated coefficients by Bertoldi et. al. [49]
A Relative stiffness between the infill and the frame
0 : Angle between the diagonal strut and the horizontal
h - Inter-storey height (from centroidal points)
by : Compression strut width
dy : Diagonal strut length (from centroidal points)
Ew : Modulus of elasticity for the diagonal strut
Ewn : Modulus of elasticity of the masonry infill in horizontal
Ew : Modulus of elasticity of the masonry infill in vertical
tw  : Thickness of the infill wall
E. : Approximate modulus of elasticity for concrete
I, :Moment of inertia for the columns
hy  : Infill wall height
G  : Shear modulus of the masonry infill

Y : Poisson’s ratio
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For design purposes, the unreinforced clay brick material data reported by Kaushik et.
al. [50] was used and are shown in Figure 4.9.
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Figure 4.9. Clay brick material data by Kaushik et. al. [50]: a) Brick compressive strength by different
manufacturers, b) Modulus of elasticity vs. compressive strength, c) Clay brick compressive stress vs.
strain, d) Mortar stress vs. strain

When Kaushik’s data was considered, the following could be extrapolated and
assumed from the results in order to calculate the required material properties of the
clay brick infills;

fw= 20 MPa (Compressive strength of the masonry)

E,, = 300f; =6000MPa (Modulus of elasticity of masonry in vertical) (4.10)

Using the data above, two capacity calculations were made for unreinforced clay brick
infill wall. One with a typical mortar strength of 300 kPa, and the other one being 3100
kPa, as reported by Kaushik et. al. [50]. Table 4.4 and Table 4.5 show the tabulated
results. It can be observed that the change in mortar strength does not cause a
significant change in the governing failure mode, which is diagonal cracking or shear
sliding that is expected to occur in the order of 250 kN diagonal strut force. However,
due to the scattered material properties of clay bricks, these formulas only give an
approximation rather than an exact estimation and were only used for an overall idea

of the magnitude of the shear forces to be resisted by the columns and beams.
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Table 4.4. Unreinforced clay brick diagonal strut failure strengths using 300 kPa mortar strength (A

typically assumed mortar strength value)

INFILL PROPERTIES

hw (m)= 2.55 Infill Height

w (m)= 3.4 Infill Length

dw (m)= 4.85 Diagonal Length

tw (m)= 0.14 Infill Thickness

h (m)= 3 Interstorey Height (CENTER TO CENTER)
I (m)= 3.8 Span Length (CENTER TO CENTER)

Ewh (kPa)= 2773000 Masonry Panel Horizontal Modulus of E
Ewv (kPa)= 6000000 Masonry Panel vertical Modulus of E

G (kPa)= 2500000 Shear Modulus

v= 0.2

Ec (kPa)= 21000000 Concrete Modulus

bc (m)= 0.4 Column Width

he (m)= 0.4 Column Height

fwh (kPa)= 1849 Compression Strength in the horizontal

fwv (kPa)= 20000 Compression Strength in the vertical

fwu (kPa)= 300 Mortar Joint Strength

ov (kPa)= 100 Vertical Compression Stress Due to Grav Loads
fws (kPa)= 570 Shear Strength from Compression Diagonal Test

FAILURE STRENGTHS

Compression at the center of the panel

ow (kPa)= 11866.46 1879.89 kN
fw= 9571.275

Compression at the corners

ow (kPa)= 8104.964 1284 kN
Sliding shear

ow (kPa)= 1538.826 243.782 kN
Diagonal tension

ow (kPa)= 1594.411 252.588 kN

Note: Clay brick material data except for the
mortar are chosen considering Kaushik 2007.
For mortar typical values from literature are
assumed

Table 4.5. Unreinforced clay brick diagonal strut failure strengths using 3100 kPa mortar strength

value given by Kaushik et. al. [50]

INFILL PROPERTIES

hw (m)= 2.55 Infill Height

w (m)= 3.4 Infill Length

dw (m)= 4.85 Diagonal Length

tw (m)= 0.14 Infill Thickness

h (m)= 3 Interstorey Height (CENTER TO CENTER)
I(m)= 3.8 Span Length (CENTER TO CENTER)

Ewh (kPa)= 2773000 Masonry Panel Horizontal Modulus of E
Ewv (kPa)= 6000000 Masonry Panel vertical Modulus of E

G (kPa)= 2500000 Shear Modulus

v= 0.2

Ec (kPa)= 21000000 Concrete Modulus

bc (m)= 0.4 Column Width

he (m)= 0.4 Column Height

fwh (kPa)= 1849 Compression Strength in the horizontal

fwv (kPa)= 20000 Compression Strength in the vertical

fwu (kPa)= 3100 Mortar Joint Strength

ov (kPa)= 100 Vertical Compression Stress Due to Grav Loads
fws (kPa)= 570 Shear Strength from Compression Diagonal Test

FAILURE STRENGTHS

Compression at the center of the panel

ow (kPa)= 11866.46 1879.89 kN
fw= 9571.275

Compression at the corners

ow (kPa)= 8104.964 1284 kN
Sliding shear

ow (kPa)= 14701.11 2328.96 kN
Diagonal tension

ow (kPa)= 1594.411 252.588 kN

Note: Clay brick material data and the mortar
values are chosen considering Kaushik 2007

4.4.2 Shear and Moment Capacities of the RC Columns and RC Beams

The calculated strut failure force, in the range of 250 kN, can be reached under 520 kN

total lateral load applied on the structure as shown in Figure 4.10a, which is a very

rough estimation. Also, this results in shear forces developing in the order of 500 kN in

the column and 300 kN in the beam elements. Therefore, the RC members were design

to carry such magnitude of shear forces. The test specimen was idealized as a

monolithic RC frame without taking into account the gap opening and closing action

of the connections. This approach gives the highest expected member design moments
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that can develop in the RC members so that a conservative design can be carried out,
facilitating repetitive use of the test setup. The maximum moments that can be
imposed on this idealized system is in the order of 480 KNm, which can be reduced by
choosing different levels of post tensioning during the testing phase. However, the
capacity supplied for columns and beams are in the order of 450 KNm (Figure 4.13),
which was sufficient enough to resist even the most undesirable conditions for the bare

frame.

520
_ 200.11
-203.70 S
R &
9 % S 122.96 203.70
AN\ T

-554.21

Clay brick infilled frame e - Clay brick infilled frame 2
Axial force (kN) Shear force (kN)

a) b)

Figure 4.10. Member force diagrams under 520 kN total lateral loading on the frame with diagonal
strut: a) Axial force, b) Shear force
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Figure 4.11. Member force diagrams under 520 kN total lateral loading on the bare frame: a) Shear
force, b) Moment
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While designing for shear, the highest expected shear force on the system was
considered (520 kN). To account for the possible additional shear demand that can be
caused by different failure modes of the clay brick infills, this number was multiplied
by 1.5 and the contribution of concrete was neglected. Also, for ease of construction,
the beams were reinforced for the same amount of shear demand as the columns. The
resulting section details are shown in Figure 4.12.

RC Columns RC Beams
D60 50 150 150 50
50100 100 10050 i R s
50
50 100
100
150 @ 450
100 , OHD25
100 100
50 50
400
400 3 HD12/100mm
All units are in mm
a) b)

Figure 4.12. Member details: a) RC columns, b) RC beams
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Figure 4.13. Moment curvature graphs of the resulting sections: a) RC columns, b) RC beams

The resulting shear capacities of the given sections can be calculated as (without taking

concrete into account):

V, =%- £ -d (4.11)
2
V,, = 4”1715/4-500- 350x10° = 792kN >1.5-520= 780kN
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4.7-12°/4
T

-500-400x10"* =90%N >1.5-300= 450kN

Vs : Supplied shear capacity by the steel

Vs : Supplied shear capacity by the steel in column members
Vg : Supplied shear capacity by the steel in beam members
fyw 1 Yielding strength of the transverse steel

d : Effective depth of the section

Asw : Total area of the transverse steel supplied at a section

4.5 Construction of the Bare Frame

The bare frame (BF) is the structural part of the test setup and it was repeatedly used
by only changing the infill panel content. In order to determine its reverse cyclic
behaviour, the bare frame was tested as the first test specimen. The construction

sequence of the bare frame is summarized in Figure 4.14.

The construction was carried out in four steps. In the first step, the pin supports were
fixed to their positions and locked in place so that the rotation at pins was constrained.
Then, two external steel columns were placed next to the pin supports, to which the
reinforced concrete columns were secured for additional safety. In the second step, the
lower reinforced concrete beam was placed onto the steel corbels provided on
columns. In the third step, the upper beam was placed onto the upper steel corbels on
the columns. This was followed by placing post tensioning bars at both beams with a
small amount of post tensioning to hold the system together. In the fourth step, the two
external steel columns were removed and the second out-of-plane steel column at the
middle part of the specimen was installed and another steel beam was fixed between
the reaction frame and this column. Lastly, the rollers were placed at the upper beam
level in order to prevent out-of-plane deformation of the specimen. The details of the

used rollers and pin supports are shown in Figure 4.15.
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Step 1: Fixing the columns to the locked pin supports and
fixing the columns to external steel columns

Step 2: Placing the lower beam on the corbels
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Step 3: Placing the upper beam on the corbels and securing both
beams by post tensioning bars by a small amount of
post-tensioning

Step 4: Placing the second steel column and beam at the middle
of the specimen and attaching the rollers at the upper
beam level (for preventing out-of-plane movements)

Figure 4.14. Construction sequence of the bare frame and completed view (For out-of-plane rollers

and pin support details, refer to Figure 4.15)
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Figure 4.15. Out of plane rollers and pin supports of the setup
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4.6 Instrumentation

The finished bare frame specimen was instrumented to measure:

a) The rotations developing between beams and columns by using 30 mm
potentiometers

b) The bending at column ends by using 30 mm potentiometers

c) Shear deformation at beam column joints by using 30 mm potentiometers

d) Lateral deformations by using rotary pots at the level of the actuator (+300
mm) and the RC beams (£150 mm)

e) Load cells at actuator (800 kN capacity) and the post tensioning bars (500 kN
capacity)

These instruments are summarized in Figure 4.16. The numbers shown at each

instrument designates the data logger channel numbers for that specific instrument.
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14 f14 3 cl4, 5 el .
LC o =5 14 el’ O_Dfl-fl3 (1+/_ 300 mm Potentiometer
800 kN ot f5 el6 oo v2
= 16 £l 3
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i 2 LC +/- 150 mm "
500 kN
g6 g g4 g LC
Load Cell

Potentiometer Distances at
Zero Displacement (mm)
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3: 105 f14: 465 el4: 105 f12:470
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f16 gl 2 23 £5: 195 el6: 193
ed ¢9 e2 f16: 185 ¢7:193 g2: 185 e12:200
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Figure 4.16. Instrumentation scheme for Bare Frame and photo of the instrumentation at the lower
beam column connection
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4.7 Test Results

The test was carried out on 17" October, 2011. The specimen was post-tensioned with
a post-tensioning force of 80kN, which was roughly 10% of the yield strength of the
post-tensioning bars. The drift history, which was previously given in Figure 4.3, was
applied on the specimen. The testing took two days to complete. During the test, the
bare frame behaved as expected, linear elastically with very minor flexural cracking at

the cover concrete (Figure 4.17).
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Figure 4.17. Bare Frame test results
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In Figure 4.17, the lateral force and inter-storey drift graph shows the linear elastic
behaviour of the bare frame without any dissipative properties, which means no
damage. In addition, it can be seen that the provided pivot points at the ends of the first
level beam prevented beam elongation effectively. Beam elongation only occurred at
the upper beam level. Therefore, the bare frame behaved as intended and showed no
damage at even 2.5% drift level.

4.8 Numerical Model Calibration

In order to numerically calibrate the future infill wall models using the experimental
results, the numerical bare frame model was required to be calibrated with the
experimental bare frame result. Therefore, the bare frame model, to be utilized as is by
only changing the infill wall panel content, was implemented in Ruaumoko 2D [51]

using the following lumped plasticity model with elastic properties.
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Figure 4.18. Sketch of the numerical model of bare frame implemented in Ruaumoko 2D

Since the bare frame remained linear elastic, all the components in the system were
modelled as elastic elements without any inelastic response (Giberson beam elements
for beams and concrete beam-column elements for columns). This is also valid for the
rotational springs assigned at the beam ends due to the chosen low post-tensioning
force value and early gap opening, i.e. to get an elastic response from the bare frame.
The model was calibrated to match the experimental behaviour and compared to the
experimental result (as shown in Figure 4.19a). In the rest of the research, this bare
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frame model was used as is by incorporating different infill wall struts for different

infill wall types.
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Figure 4.19. a) Comparison of numerical force displacement curve to the experimental force
displacement, b) Effective stiffness vs. inter-storey drift plot of the bare frame (The slight drop in the
effective stiffness is caused by the losses occurring in the post-tensioning during the test)

As can be seen in Figure 4.19b, the bare frame had almost constant effective stiffness

(around 0.6 kN/mm), which made it possible to extract the future infill wall behaviour

from the obtained global force displacement graphs. Therefore, the only parameter

affecting the behaviour was given by the infill wall content, reducing the inherent

complications given by the structural frames in other test setups [52].
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CHAPTER 5
AS BUILT DRYWALL TESTS

Research is what I'm doing when | don't know what I'm doing.

Wernher von Braun
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5 ASBUILT DRYWALL TESTS
5.1 As Built Steel Framed Drywall: FIF1-STFD

5.1.1 Construction

For the drywall framing, light gauge steel tracks and stud elements with 30x92x0.55
mm cross sectional dimensions were used (Figure 5.1a-b). Standard gypsum
wallboards of 13 mm thickness were chosen as the lining. Three types of anchorages
and fasteners used in this installation are shown in Figure 5.1c. Among them, the top
two, e.g. steel-to-concrete fasteners, are typically used in fixing the steel elements to
the surrounding structural frame. In this particular case, the second option with a
predrilled and pre-installed capsule was selected due to ease of removal, which is an
HRD frame anchor. The third anchor type is a Philips-head self drilling screw for

fixing the steel elements to each other.

Figure 5.1. As built steel framed drywall FIF1-STFD: a) Steel track, b) Steel stud, c) Anchors used
from top to bottom: Top two are used for steel-to-concrete, the last one is Phillips self drilling screw
used for steel-to-steel

The construction started by fixing the steel tracks to the upper and the lower beams
using the steel-to-concrete fasteners (Step 1 in Figure 5.2). Then the vertical steel studs
were fitted into these tracks (Step 2 in Figure 5.2). In common practice, the contractors
tend to fix these studs to the tracks using self drilling Philips-head screws shown in
Figure 5.3b. After the studs were fixed to the tracks, linings were attached on both
sides using the self drilling drywall screws (Step 3 in Figure 5.2). The construction
procedure is summarized in Figure 5.2 and the connections of the members are shown
in Figure 5.3. The finishing on the drywall is summarized in Section 5.1.2.
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Construction video: http://youtu.be/EHINFs6vfIQ
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Figure 5.2. Construction sequence of as built steel framed drywall FIF1-STFD and close-up details of
the perimeter connections (Note: The gypsum linings were installed on both sides of the wall)
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M 5S3

a) b) c)

Figure 5.3. As built steel framed drywall FIF1-STFD: a) Connection between steel track and
concrete, b) Connection between steel stud and track, c) Connection between gypsum lining and steel
frame

5.1.2 Standard Finishing of the Drywall

For drywalls, the preferred method of finish is a flushed wall surface and square stops
at wall ends. The finishing was done by applying the plaster at any of the desired
lining-to-lining or lining-to-concrete interfaces. Then the paper tape was applied on the
plaster using another thin layer of the plaster on the tape. The porous structure of the
paper tape allows for the penetration of the plaster and provides a tight fixing to the
lining. The used materials and the installation procedure are shown in Figure 5.4. After
this phase, the specimens were painted using a thin coat of white paint to allow for

ease of visibility for damage and crack marking.

a) b) c)
Figure 5.4. Standard finishing for drywalls: a) Paper tape, b) Plaster, c) Application
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5.1.3 Instrumentation

In order to measure the relative horizontal movement between the linings and the
reinforced concrete beams, horizontal potentiometers were installed at the lower and
upper lining-to-RC beam interfaces (910, gl1, g12, g16, hl, h2). In addition,
potentiometers were installed at mid-height level between the linings (g13, g15) to
measure possible lateral deformations among the linings. Vertical potentiometers were
installed between the linings and RC columns to measure the corresponding relative
deformation (h5, h9, h13, h8, h12, h16). Finally, four potentiometers were installed
vertically between the bottom and top border of the linings A and C in order to
measure possible uplift of the lining (h6, h7, hl4, hl5). The instrumentation is
summarized in Figure 5.5. Potentiometers h10 and hll were installed in order to

capture the strain resulting from potential bowing at lining A and C.

Potentiometer Distances at
Zero Displacement
g10: 190 h1: 190 hl0: 190
gl1: 185 h2:200 hll: 195
g12: 185 h5:185 hi12:195
g13: 190 h6: 195 hl3:190
g14:190 h7:195 hl4: 190
¢15:195 h8: 190 hl5: 195
g16:200 h9: 185 hl6: 190

Figure 5.5. Instrumentation of the as built steel framed drywall specimen FIF1-STFD
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5.1.4 Test Results

5.1.4.1 Damage Observations

The specimen was subjected to the previously given displacement history. At the initial
cycle of 0.1% drift, there was no apparent damage to the drywall. At 0.15% drift, the
first hairline cracking was observed along the perimeter of the drywall. At 0.2% drift,
the first cracking at the interface between the lining A and lining B was observed (refer
to Figure 5.5 for the naming of the linings). The observed damage up to this point was
within tolerable levels. However, at 0.3% drift, the cracked vertical lining interface
deformed significantly and started to push against the lining A and B resulting in
bowing at the interface between the linings. At the same level of drift, initiation of
minor damage to a few fasteners was also observed. 0.3% drift also corresponded to a
slight strength loss, followed by a ductile post-yield behaviour. At 0.4% drift, the
bowing damage at the lining A and B interface progressed further and lining A started
to rock on the lower beam causing some toe crushing at the bottom right corner.
Further damage concentrated mainly around lining A and lining B. From 0.3%
onwards, the testing continued until 2.5% drift level without further loss in strength.
The damage to the drywall was severe at the end of the test, serviceability loss
occurring at 0.3% drift level. The stage-by-stage progress of damage on the specimen
is schematically shown in Figure 5.6. The resulting physical damage on the drywall

and the damage mechanism is summarized in Figure 5.7.
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Video of the test: http://youtu.be/FqgU3c0zfkM8
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Figure 5.6. Damage progress and the total damage map at the end of the test for as built steel framed
drywall specimen observed in the front face of the specimen FIF1-STFD
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End of the Test, Drift=2.5%

Figure 5.7. Damage at the end of the test of as built steel framed drywall specimen FIF1-STFD

5.1.4.2 Behaviour Explanation

As seen in the photos of damage, the drywall suffered severe damage from 0.3% drift
level onwards. At the end of the test, the damage was extensive (Figure 5.6). Most of
the damage concentrated at the lining interfaces with the major one being between the
lining A and lining B. The cause for concentration of the damage to the lining
interfaces can be deduced with the aid of inspection of deformability of the underlying
framing. As shown in Figure 5.3b, the steel framing was constructed by attaching the
steel tracks and the studs with single screws. Because of this connection type, the studs
had a degree of freedom to rotate at the stud ends, which caused the linings to rock and

get damage at lining interfaces along with toe crushing (Figure 5.8).
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L s L

Lining toe crushing by rocking of the linings

Figure 5.8. Damage mechanism for as built steel framed drywall FIF1-STFD

The hysteresis behaviour and other measurements taken are shown in Figure 5.9,
Figure 5.10 and Figure 5.11. The significant horizontal displacement demand between
the infill panel zone and the lower/upper RC beams are shown in Figure 5.10, where
the potentiometers reached their maximum recording limit of +15 mm at 0.75%
imposed drift level. In addition, the displacement demand imposed to the vertical
potentiometers between the infill panel zone and the RC columns is also shown in
Figure 5.10. As stated previously, most of the damage concentrated to lining-to-lining
interfaces, suggesting a rocking behaviour at the linings. In this specimen (FIF1-
STFD), lining A had the most pronounced rocking, and therefore the lateral
potentiometer readings recorded at g10 and g16 (Lining A) were lower than g11, g12
and h1, h2 (Linings B and C). This suggests a more dominant rocking mechanism for
Lining A and more dominant sliding for Linings B and C, which was confirmed by the

recordings in Figure 5.10.
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Figure 5.9. Test results for as built steel framed drywall specimen FIF1-STFD

The hysteresis behaviour of the infill content was extracted from the global behaviour
and shown graphically for both horizontal and diagonal directions in the infill panel
zone in Figure 5.11. As it can be noted, the as built steel framed drywall behaved very

much in a ductile manner, sustaining its strength with increasing displacements.
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Figure 5.10. Most significant potentiometer measurements taken for horizontal and vertical
movements in the infill panel zone for as built steel framed drywall FIF1-STFD (Locations of the

potentiometers are shown above)
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Figure 5.11. As built steel framed drywall FIF1-STFD: a) Lateral force exerted on the infill panel
zone obtained by subtracting the bare frame from the total, b) Diagonal force exerted on the infill

panel, projection of a) in diagonal dir.
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5.1.5 Numerical Model Calibration

For numerical purposes, the experimental results were used to calibrate a diagonal
spring added to the developed bare frame model in order to model the diagonal strut
mechanism. Because of the significant pinching, as seen in Figure 5.11b, the hysteresis
rule used to describe the behaviour of the strut was Wayne Stewart degrading stiffness

model available in Ruaumoko 2D [51].

Diagonal Spring Data

|

Yy |
/
dl

min

ky=Funikofrko

Pk .
Tri%o +F

ﬂdn’u’n

Wayne Stewart Degrading Hysteresis

Key Parameters of Wayne Stewart Degrading Hysteresis

All to be calibrated to match the experimental results for as-built steel and timber framed drywalls. Then
the same models will be adapted for the low damage options only by adding the slackness (GAP)
parameters. Note that the elastic and post-yield strut stiffness are defined elsewhere in the models.

FU Ultimate force or moment ( > 0): Calibrated to match the experiments
FI Intercept force or moment (> 0): Calibrated to match the experiments
PTRI Tri-linear factor beyond ultimate force or moment : N/A
PUNL Unloading stiffness factor (> 1): Calibrated to match the experiments
GAP+ Initial slackness in positive axis, Diagonal gap ( > 0): Introduced directly
GAP- Initial slackness in negative axis, Diagonal gap ( < 0): Introduced directly
BETA Softening factor (> 1): Calibrated to match the experiments
ALPHA Pinch power factor ( < 1): Calibrated to match the experiments
LOOP 0 for the unmodified loop, 1 for the modified loop: 1 for all specimens

Figure 5.12. Wayne Stewart degrading stiffness model from Ruaumoko 2D by Carr [51]

For simplicity, a single diagonal strut was added to the existing bare frame model. The
hysteresis rule was defined by calibrating the diagonal infill force-displacement data
given in Figure 5.11b where the positive direction describes elongation of the spring
and the negative direction describes compression of the spring. However, the same
model can be adapted as two separate diagonal compression-only (no tension) struts
placed in both diagonal directions by using the corresponding-data for each (positive

or negative direction of loading). The calibrated model is shown in Figure 5.13. The
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calibration was carried out to match the experimental results and the hysteresis curve
given in Figure 5.14 was obtained. The parameters describing the model are also given

in Figure 5.13 for use in full scale building models.

As previously shown in the damage mechanism of the steel framed drywall specimen
(Figure 5.8), the failure mode of the steel framed drywall is governed by the
deformation of the vertical lining interfaces due to the rocking of the linings.
Therefore, it can be stated that the capacity is proportional with the non-structural wall
height. Although the dimensions in a real building model may vary, the given
experimental results in Figure 5.11b can be approximately adapted to real buildings for
modelling and assessment purposes. For this, the following modification of the yield
strength (F,") and stiffness (KX), without change in drift, can be carried out (Modifies

the yield strength and the resulting stiffness, only valid for as built steel framed

drywalls):

(hc)ReaISTFD (51)

( I:U-*— ) RealSTFD — (FU+ ) FIF1-STFD * h
( c ) FIF 1-STFD

(FJ) reatsteo
(KX reatsro = = 1 2
RealSTFD (F5 ) erastro / (KX)kr1steo

Where; (he)rir1-step: Clear height of the non-structural wall=2550 mm or 2.55 m
(FuriFssTrp: Calibrated Yield strength of the diagonal strut=1.13x40 kN
(KX)FIF1-STFD: Calibrated stiffness of the diagonal strut=15000 kN/m

1.13 is the yield strength calibration coefficient as shown in Figure 5.13
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Figure 5.13. The numerical model of as built steel framed drywall FIF1-STFD for Ruaumoko 2D
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Figure 5.14. Hysteresis behaviour of the numerical model compared to the experimental result for as

built steel framed drywall FIF1-STFD
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5.2 As Built Timber Framed Drywall: FIF2-TBFD

5.2.1 Construction

In this drywall type, timber elements of 45x90 mm cross sectional dimensions were
used for the construction of the underlying framing. The lining type was the same as
the one used in the steel framed drywall (standard gypsum wallboard of 13 mm
thickness). The materials and the anchor types of this drywall are summarized in
Figure 5.15. In Figure 5.15b, either of the top two anchors is typically used to fix the
border timber elements to the surrounding structural frame. In the reported work, the
second anchor type, a self drilling HUS-H universal screw, was used due to ease of
removal. The third type of anchors shown, nails, were used to fix the vertical and
horizontal timber elements to each other. The last ones were self drilling screws for

fixing the gypsum wallboards to the timber framing.

a) b)

Figure 5.15. As built timber framed drywall FIF2-TBFD: a) Used timber elements to construct the
timber framing, b) Used anchor types

The construction procedure for the timber framed drywalls is similar to the steel
framed counterpart. The procedure started by fixing the timber elements at the borders
(Figure 5.16-Step 1). Then the vertical elements were installed (Figure 5.16-Step 2).
The horizontal timber elements were installed after the vertical elements were all in
place (Figure 5.16-Step 3). Finally, the linings were attached to the formed timber
framing (Figure 5.16-Step 4). Close up details of the connections used in the specimen
are shown in Figure 5.17. The finishing of the drywall was completed in the same way
as summarized in 5.1.2.Standard Finishing of the Drywall.
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Construction video: http://youtu.be/ WAV7m4 E-0
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Figure 5.16. Construction sequence of as built timber framed drywall specimen FIF2-TBFD and
close-up details of the perimeter connections
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a) b) c)

Figure 5.17. As built timber framed drywall FIF2-TBFD: a) Connection between timber and concrete,
b) Connection between timber elements, c) Connection between gypsum lining and timber frame

5.2.2 Instrumentation

In order to measure the relative horizontal movement between the linings and the
reinforced concrete beams, horizontal potentiometers were installed at the lower and
upper lining-to-RC beam interfaces (g10, g12, g16, h2). As no significant deformations
were measured in FIF1-STFD, the potentiometers installed at mid-height level
between the linings were not installed for this specimen (913, g14, g15). Vertical
potentiometers were installed between the linings and RC columns to measure the
corresponding relative deformation (h9, h12) as well as between the linings to measure
the possible relative deformation (h10, hll). Finally, eight potentiometers were
installed vertically between the lower and upper border of the linings A and C in order
to measure possible rocking of the linings (h5, h6, h7, h8, h13, h14, h15, hl6). The

instrumentation scheme is graphically shown in Figure 5.18.
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Potentiometer Distances at
Zero Displacement
g10: 190 h9: 190
g12: 190 h10: 190
g16: 195 h11: 195
h2: 195 h12: 190
h5: 190 h13: 182
h6: 190 h14: 192
h7: 190 h15: 185
h8: 190 h16: 185

Figure 5.18. Instrumentation of the as built timber framed drywall specimen FIF2-TBFD

5.2.3 Test Results

5.2.3.1 Damage Observations

The specimen was subjected to the same displacement history as the other tests.
However, the behaviour of this specimen was rather different from its steel framed
counterpart. At 0.1% drift, the first damage was observed in the form of perimeter
cracking between the linings and the RC frame. After this, at 0.3%, minor crushing at
the bottom right corner of the lining C initiated. The existing damage slightly
progressed until 0.75% drift, at which severe corner crushing and corner bowing at
linings were observed, which corresponded to a sudden loss in strength and a brittle
behaviour. Therefore, there was a more significant strut effect, which affected the

global behaviour and the failure mode. The damage progress is schematically
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summarized in Figure 5.19. The observation of the damage at the end of the test is

shown in Figure 5.20.

Video of the test: http://youtu.be/vGsYnFtr6Cl

T

J ‘.

vl

4|\

»

0.1%, F*,, =30kN

0.3%, F',,, =S8kN

0.4%, F',,, =65kN

\

\ V r I

L

P | '} q

0.5%, F",,, =67kN

1.0%, F",,.=75kN

0.75%, F",,,.=78kN

NN

o

p 5

1.25%, F",,.=72kN

2.0%, F',,, ~85kN

1.5%, F",, =70kN

r

AN -

L

2.5%, F',,..=98KkN

End of Test

Figure 5.19. Damage progress and the total damage map at the end of the as built timber framed
drywall test FIF2-TBFD
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End of the Test, Drift=2.5%
Figure 5.20. Damage at the end of the as built timber framed drywall test FIF2-TBFD

5.2.3.2 Behaviour Explanation

When the test was over and the deconstruction was carried out, it was found that the 3
anchors fixing the lateral timber member to the lower RC beam had failed in shear at
the interface with the RC beam (Figure 5.21b).
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Figure 5.21. a) Damage mechanism for as built timber framed drywall FIF2-TBFD: b) Failed anchor
compared to an intact timber to concrete anchor

Unlike the as built steel framed drywall specimen FIF1-STFD, the as built timber
framed drywall specimen FIF2-TBFD behaved in a more brittle manner. The
difference between the behaviour of the timber framed and the steel framed specimens
can be attributed to the differences in the boundary conditions and the underlying
frame systems: i) due to the additional horizontal timber elements, the timber framed
system was stiffer, ii) this specimen had moment resisting connections among its
elements and with the surrounding structural frame (Figure 5.17). The resulting shear
failure observed at the timber-to-RC beam connections at the lower beam can be
shown as a proof of the pronounced strut action and stiffness. This shear failure can

also be associated to the brittle behaviour of the timber framed specimen.

When the shear capacity of these anchors are examined:

by NZS3404 [53] 7, =0.62- (5.3)
V,=17,-A (5.4)
where 7, = Ultimate shear strength
f, = Ultimate flexural strength ~ 480 MPa for mild steel

V, = Ultimate shear capacity per anchorage

A = Shear area of each anchorage (d=9.5 mm)

7, = 0.62x480=298 MPa for mild steel considering code definition
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7, = 230 - 240MPa , was extrapolated from the manufacturer’s specification for the

9.5 mm diameter 88.9 mm embedment length considering 50 MPa concrete

compressive strength (Figure 5.22)

PERFORMANCE TABLE

Ultimate Tension and Shear Values (Lbs/kN) in Concrete

ANCHOR EMBEDMENT Tc= 2000 PSI (13.8 MPa) Tc= 3000 P51 (20.7 MPa) Tc= 4000 PSI (27.6 MPa)
DIA. DEPTH TENSION SHEAR TENSION SHEAR TENSION SHEAR
In. mmi In. (mm Lbs. I(NE Lbs. (kN Lbs.‘kN Lbs.ikN Lbs.ikN Lbs. ItNI
@5 | -2 @38 1336 (59) 2108 (04) 1652 (13) 1768 (123) 198 (88) 3416 (152)
1 508) 142 (66) 3m6 (135) 204 90 38 (144) 51 (114 340 (152)
17 (639) 33 (166) 331 (4) 38 (167) 3360 (150) 3760 (167) 348 (152)
3.1/2 wﬂl '{W (24 0} 31312 (147 £ 624 (20 0} W {15 0} 7 R0) (34 Q) 478 (18 2)
72 027) 7 608) 3580 (159) Se (5]) 3908 (174) 6512 (290) 136 (188) 7380 (18)
37 (889) 751 G23) 6436 (286) 800 (358) 7288 (24) 5836 (393) 8140 (362)
12 (a3) 0176 453) 7380 (328) 0382 (460 7968 G54) 048 (46]) 852 (80)
58 (159) | 234 (699) 5106 (B5) 865  (383) 6560 (92) N6 (492) 784 (348) Ba6 (599)
37 (889) 7971 (355) 0224 (455) oM8  (438) 2 (a0 nm (522 14060 (625)
12 (143) 1n568 (515 12316 (548) 13431 (508) 13580 (604) 6892 (50) 1430 (66.0)
e 000) | 34 (826) 6876 (306) L0 @318 0756  (434) 0728 @) 126% (52 14316 (636)
412 (1143) 10304 (458) 110 (584) AN (642) 16868 (750) 1850 (89 0612 @)
s (1387) B (580) %8 (197) 1815 (303 N8 (%9) B (1309 B652 (1141

Figure 5.22. Anchor specifications given by Red Head [54]

Considering the code definition: V, = 2908 x107° - 7-9.5% / 4 = 21kN per anchor

Considering the manufacturer’s values V, = 240x107° - 7-9.5° /4 =17kN per anchor

There were 3 anchors connecting the bottom part of the timber framed infill to the RC

beam. Therefore, the total shear carried by the three bolts was equal to:

D'V, =21x3=63kN, considering code definition

Or ZVU =17x3=51kN , considering manufacturer’s values

These numbers are consistent with the measured force-deflection curve for the infill
panel zone of the as built timber framed specimen FIF2-TBFD in Figure 5.25a. In this
figure, the highest lateral force carried by the infill wall approximately corresponds to
60 kN. Therefore, it can be deduced that at 0.75% drift, the boundary anchors between
the timber and lower beam progressively started to rupture under shear, which caused
the observed brittle behaviour on the global response. After 0.75% drift, this resulted in
an increased deformation demand between the wall and the lower RC beam. This

demand resulted in crushing of the corner of the linings in the next cycles.
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The hysteresis behaviour and potentiometer measurements are shown in Figure 5.23,
Figure 5.24 and Figure 5.25. The significant horizontal displacement demand between
the infill panel zone and the lower/upper RC beams are shown in Figure 5.24, where
the potentiometers reached their maximum recording limit of 15 mm at 1.0%
imposed drift level. In addition, the significant displacement imposed to the vertical
potentiometers between the infill panel zone and the RC columns is also shown in
Figure 5.24.

The horizontal potentiometer readings at the lower and upper boundaries of the infill
panel zone shows that g10, g12 (lower boundary) g16 and h2 (upper boundary)
recorded approximately the same deformation values suggesting rigid lateral
translation of the drywall in the infill panel zone. It should be noted that in the as built
timber framed specimen, the damage concentrated to the corners of the drywall with
very minor lining-to-lining interface damage as summarized in Figure 5.19 and Figure
5.20. In other words, the drywall remained monolithic internally and the whole wall
showed lateral rigid body translation. It can also be observed that the differential
vertical displacement between the timber framed drywall and the adjacent RC column
is smaller compared to the steel framed drywall. This can be supported by the vertical
potentiometer measurements in Figure 5.24 (h9, h12), which confirms the higher

rigidity and stiffness of the inner framing of the timber framed drywall.

The hysteresis behaviour of the infill content was extracted from the global behaviour
and shown graphically for both horizontal and diagonal directions in the infill panel
zone in Figure 5.25. As can be seen in Figure 5.25, as built timber framed drywall
behaved in a brittle manner due to the shear failure of the anchors at the lower

boundary of the wall, losing its strength with increasing displacements.
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Figure 5.23. Test results for the as built timber framed drywall specimen FIF2-TBFD

101




Damage Mitigation Strategies for Non-Structural Infill Walls

Ali Sahin Tasligedik
Chapter 5

N
o

Lower Horizontal
Potentiometer Measurements (mm)

-10

-20

1.0%

Vertical Potentiometer
Measurements (mm)

4000 6000 8000 10000

Step Number

2000 4000 6000

Step Number

8000

N
o

Upper Horizontal
Potentiometer Measurements (mm)
=
o o

1
[N
o

.0%

-20
0

!h‘)

10000

2000

Infill Panel Zone

‘ L ‘ L
4000 6000 8000 10000
Step Number

gl6 h2

hlli

glo gl2
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5.2.4 Numerical Model Calibration

The same diagonal spring model used for the as built steel framed drywall was
modified by considering the behaviour of the as built timber frame drywall. The
experimental results of the as built timber frame drywall FIF2-TBFD in Figure 5.25b
was used to modify the implemented strut model.

The resulting model is shown in Figure 5.26. The model was calibrated to match the
experimental results and the hysteresis curve shown in Figure 5.27 was obtained. The
parameters describing the model are also shown in Figure 5.26 for use in full scale
building models. However, the numbers given here need to be modified in a real
building. Depending on the number of anchors used to fix the timber framing to either
lower or upper beams, the shear failure force of the anchors will define the strength
given by the infill in horizontal direction (Figure 5.25a). For the as built timber framed
drywall FIF2-TBFD, the numerical shear failure force of the three anchors that were
used to fix the timber framing to lower or upper RC beam ranged from 51-63 kN
(Explained in 5.2.2), which confirmed the experimental observation given in Figure
5.25a. Then, this value can be projected to the diagonal direction of the related infill
panel zone dividing by the cosine of the angle between the diagonal and the horizontal
axes (cos 41.42°). Therefore, the force values to be used in defining the range of
parameters of the strut model can be obtained. The same model given here can also be
adapted as two separate diagonal compression struts placed in both diagonal directions
by using the corresponding data for each and assuming the struts do not carry any

tension (compression only).

In the light of the explanation given above, the given calibrated strut model data for as
built timber framed drywall specimen FIF2-TBFD can approximately be modified for
a building as follows:

Assuming the number of anchors between the timber frame and the RC beam is
directly proportional with the length of the wall, the peak diagonal strut strength (F,")
and stiffness (KX) can be approximately calculated by (only valid for timber framed

drywalls);
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+ + ( LC) ea
(Fu )ReaITBFD = (FU )FIF 2-TBFD ° (L)Rﬂ (5-5)
¢/ FIF 2-TBFD
F +
(KX )ReaITBFD — ( U )ReaITBFD (57)

(FJ ) FIF 2-TBFD /( KX ) FIF 2-TBFD

Where; (Lc)rearterp: Length of the non-structural wall in a real structure
(Fu)rearterp: Peak strength of the diagonal strut in a real structure
(Lc)rir2-terp: Length of the non-structural wall=3400 mm or 3.4 m

(Fu)rir2-terp: Calibrated peal strength of the diagonal strut=1.25x80 kN
(KX)FIF2-TBFD: Calibrated stiffness of the diagonal strut=15000 kN/m

1.25 is the peak strength calibration coefficient as shown in Figure 5.26.
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Figure 5.26. The numerical model of as built timber framed drywall FIF2-TBFD for Ruaumoko 2D
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Figure 5.27. Hysteresis behaviour of the numerical model compared to the experimental result for as
built timber framed drywall FIF2-TBFD
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5.3 Observations, Energy Dissipation and Effective Stiffness Properties of the As

Built Steel and Timber Framed Drywall Specimens

5.3.1 Observations and Comparisons

One of the most important observations is that at very low drift levels, these as built
walls suffer level of damage which would require repairing intervention, exceeding the
designed serviceability limit state,. The as built steel framed specimen FIF1-STFD lost
its serviceability at 0.3% drift and the as built timber framed specimen FIF2-TBFD lost
it at 0.75% drift. According to the Table C1 in NZS1170.0 [55], plaster/gypsum walls
(in plane) are expected to suffer lining damage/serviceability loss at mid-height

deflection of Height /300. In the tested specimens, the infill wall height was 2550 mm.

Therefore, the resulting mid-height deflection is 2550/300=8.5 mm, which corresponds
to 8.5/1275x100~0.667% inter-storey drift level. These values are summarized in the
total force envelope curves shown in Figure 5.28. It can be seen that the limit given by
this equation does not provide a reliable serviceability drift limit for the steel framed
drywall specimen FIF1-STFD. On the other hand, for the timber framed drywall

specimen, FIF2-TBFD, it provides a conservative underestimation.
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Figure 5.28. The envelope curves of the bare frame, as built steel framed drywall specimen FIF1-
STFD and timber framed drywall specimen FIF2-TBFD
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5.3.2 Energy Dissipation and Stiffness Degradation Properties

Because of the inevitable interaction between the infill wall and the structural frame,
the drywalls also provided some level of energy dissipation. The equivalent viscous

damping (&, ) of the tested specimens were calculated by using the standard area-based

method suggested in literature (i.e. Chopra 2001 [56]):

1 E,
—_— D 5.8
e (58)
where E, :Energy dissipated at a cycle

Eso : Maximum strain energy at a cycle

The calculated values for £ and g, were averaged at the applied drift amplitudes and

plotted in Figure 5.29. As it can be seen, the steel framed and the timber framed
drywall specimens have similar energy dissipation trends initially (0.1% - 0.3%) and at
later cycles (1.5% - 2.5%). The difference is given by the different serviceability loss

levels of the two specimens, 0.3% for steel and 0.75% for timber framed drywall
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Figure 5.29. Average dissipated energy (Ep) and average equivalent viscous damping (&e)with
respect to inter-storey drift for as built steel framed drywall specimen FIF1-STFD and as built timber
framed drywall specimen FIF2-TBFD

The effective stiffness values were calculated using the points on the total lateral force

(=) and lateral infill force (F,) envelope curves of each specimen and the resulting
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graph is shown in Figure 5.30. In the reported work, the effective stiffness of the bare
frame is 0.55 kN/mm and due to the linear elastic behaviour of the setup, it remains
approximately constant at each displacement stage. Depending on the bare frames with
different stiffness, these curves may shift. In the reported study, the bare frame was a
very flexible bare frame which was used to observe the wall behaviour and its

interaction.
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Figure 5.30. Stiffness degradation for as built steel framed drywall specimen FIF1-STFD and as built

timber framed drywall specimen FIF2-TBFD with respect to the inter-storey drift, plotted using total
lateral force (left axis) and using the lateral force exerted by the infill wall (right axis)

5.4 Conclusions

The existing (as built) construction practice is to completely fix the drywall system to
the surrounding structural frame. This results in a non-negligible interaction between
the drywall and the structural system. Until now, this interaction has generally been
assumed to be relatively small and thus somehow negligible, but this is possibly based
more on intuitive judgement than on empirical observation. In addition, the
earthquakes have repeatedly shown that these walls suffer moderate-to-severe damage
at very small drift levels, which has also been confirmed by the experiments reported

herein.

Since the bare frame behaved elastically, the behaviour of the infill walls was extracted

from the global force-deflection curves, which can analytically be described by Wayne
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Stewart degrading stiffness hysteresis rule due to the similar pinching of the system. It
was confirmed that the drywall systems adopted in the current practice for commercial
buildings is susceptible to a level of damage which would require repairing
interventions at low drift levels. The steel framed drywall lost serviceability condition
at 0.3% inter-storey drift level with a ductile post-yield behaviour. On the other hand,
the timber framed drywall lost serviceability at the higher drift level of 0.75% with a

brittle behaviour.

The difference in the behaviour of the as built timber framed drywall specimen can be
attributed to; i) the stiffer timber-to-timber connections, ii) the stiffer inner framing due
to the horizontal timber elements in the framing and iii) the resulting shear failure of
the lower anchors between the timber frame and lower RC beam, which agreed well
with the achieved strength value in this specimen. As a result of this, it may be stated
that as long as the linings and the timber frame are still intact to sustain the strut action,
the strength of timber framed drywalls are governed by the dowel shear capacities
given by the anchors. For existing and new buildings, depending on the relative
stiffness between the drywall and the surrounding structural frame, this brittle
behaviour may lead to structural issues to be addressed such as, in the extreme case
scenario, soft storey mechanisms [10]. The assumption that these light infill walls does
not affect the structural response may, in general terms, need to be revisited. On the
other hand, for the as built steel framed drywall specimen, the rotation of the steel
studs at the single-screw track connections imposed significant movement to the lining
interfaces prior to damaging the boundary anchors. Therefore, their behaviour was

ductile compared to that observed in the timber framed drywalls.

The above mentioned difference also showed that in the table C1 of AS/NZS
1170.0:2002 Plaster/Gypsum walls (in-plane) [55], the generalized serviceability limit
state criterion might need to be revisited. The criterion in the Standard assumes the
serviceability limit state is reached for a mid-height deflection of height/300. Although
the test setup was more flexible than a typical multi-storey frame, this formula
overestimated the limit state for the as built steel framed drywall specimen, the
common drywall partition type in the commercial construction. For the as built steel

framed drywalls, this criterion may need to be modified. On the other hand, the
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existing criterion gave a reasonably accurate result for the timber framed drywalls.
Therefore, it may be more realistic to give limit states for these two different types of
drywalls under two different categories. This may require further testing and numerical

study in order to strengthen the conclusions.

The tests once again showed that these non-structural walls are extremely susceptible
to drift and suffer significant damage at very low drift levels (0.3%-0.75%).
Considering that the costs associated with the loss of non-structural components are
much higher than the structural components, it is very important to develop

technological solutions to minimize the seismic damage to non-structural walls.

5.5 References

[10] G. Magenes and S. Pampanin, "Seismic Response of Gravity-Load Design
Frames with Masonry Infills,” in 13th World Conference on Earthquake
Engineering, Vancouver, B.C., Canada, 2004.

[51] A. J. Carr, "Ruaumoko 2D-Computer Program for Inelastic Time History
Analysis of Structures,” ed. Christchurch, New Zealand: University of
Canterbury, 2013.

[53] NzS3404.1, "Steel Structures Standard,” vol. 3404, ed. New Zealand Standard:
Standards New Zealand, 1997.

[54] RedHead, "Large Diameter Tapcon Anchors (LDT): Specifications," ed.

[55] AS/NZS1170.0, "Part 0: General Principles,” in Structural Design Actions vol.
1170, ed: Australian/New Zealand Standard, 2002.

[56] A. K. Chopra, Dynamics of Structures: Theory and Applications to Earthquake
Engineering, 2nd Edition ed. New Jersey: Prentice Hall, 2001.

110



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 6

CHAPTER 6
LOW DAMAGE DRYWALL TESTS

Each problem that I solved became a rule, which served afterwards to solve other

problems

Rene Descartes
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6 LOW DAMAGE DRYWALL TESTS
6.1 Low Damage Steel Framed Drywall: MIF1-STFD

6.1.1 Development and Construction

After studying the behaviour of the as built drywall practice, it was observed that the
horizontal displacement demand imposed at the lower and upper boundaries of the
infill panel zone was significantly high as shown by the related potentiometer readings
in the previous chapter. The fasteners used to fix the gypsum linings to the steel
framing started to loosen even from the initial cycles, damaging the gypsum lining
(Figure 6.1). Also, the screws used to fix the steel studs to the steel tracks remained in
place, but they caused stud rotation as drift amplitudes were increased. This further
imposed damage to lining-to-lining interfaces since the vertical steel studs were free to

rotate about these screws.

Figure 6.1. Damage at the fasteners observed at as built steel framed drywall FIF1-STFD

Therefore, considering these observations and the given damage mechanism for as
built steel framed drywall specimen FIF1-STFD, modifications to the existing practice
were required. The inherent vulnerability of the as built system had to be eliminated
without introducing additional cost or complicated details. The developed system had
to be easily applied by the contractors with the readily available materials on site. The
modifications developed and designed for this specimen are summarized and explained
in Figure 6.2.
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Figure 6.2. Modifications to the as built steel framed drywall practice

In order to accommaodate any desired inter-storey drift, the required gap at the left and

right lining borders, Ag, can be calculated as given below:

h, 1
A;=D-—=%.— 6.1
© 2 100 (©.1)
Where D : Design inter-storey drift limit in % after which damage is acceptable

h. : Infill wall clear height (2550 mm for the test specimen)

For this specimen, D=1.5% drift was chosen. Using the equatio

n above, the side gaps

necessary to accommodate 1.5% inter-storey drift were calculated to be 20 mm (40

mm gap in total). In order to see whether the necessary gaps can

distributed to the adjacent internal lining joints, two 15 mm gap

work effectively when
s were provided at the

external edges of the linings A and C, near RC columns. Two 5 mm gaps were

provided in the interior lining-to-lining interfaces, i.e. interface of the linings A-B and

linings B-C. Also, in order to show different connection typologies, half of the

connections were made fire rated and the other half was non-fire rated. Fire rating was

achieved by using strips of gypsum boards to prevent exposing of the steel frame. The

linings were only fixed to the vertical studs so that the wall was
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steel tracks with increasing inter-storey drift levels. In Figure 6.3, the resulting details
of the specimen are shown. As can be seen in these details, the total gap of 40 mm is
shared between the four connections, two of which are 15 mm (shared by the external

connections) and the remaining 10 mm is shared by the two inner connections as 5 mm

gaps.
L_Cﬂ . . [‘_eﬂ . . Bottom Connection-No Fire Rating
External Connection-No Fire Rating Internal Connection-No Fire Rating
15 mm Side Gap 5 mm Internal Gap Linings Not Fixed
= / to the Track
_S. Aliifhiniim 13 mm Bottom Gap
S L-Trim Finish - ==
U
4
Right Right Top Connection-Fire Rated
Internal Connection-Fire Rated External Connection-Fire Rated
5 mm Internal Ga; ; 15 mm Side Ga
P 2 Strips of \ P RCB 2 Strips of
41— Gypsum Board = 7 £ 41" Gypsum Board
L) - H| 2 +=+H—— 13 mm Top Gap
- Aluminium —t O [
s Fins o | ™~ Linings Not Fixed
L-Trim Finish ! gl H+ p ¢ £
| — e — 2 to the Track
__\[L ] Gap Above Studs

Figure 6.3. Connection details used in low damage steel framed drywall specimen MIF1-STFD

Construction was carried out using the same type of steel tracks, studs and anchors as
the steel framed drywall specimen FIF1-STFD. The studs were combined in order to
obtain the special H-studs required between the linings (Figure 6.4). It should be noted
that the studs were cut so that some gap was left above the studs to allow for thermal

expansion and vertical isolation from the structure (As shown in top connection detail

in Figure 6.3).

a)
Figure 6.4. a) Formation of the special H-studs used in low damage steel framed drywall, b)
Completed fire rated H- stud to be used at the fire-rated internal connection, ¢) Completed non fire
rated H-stud to be used at the non-fire-rated internal connection
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Similar to FIF1-STFD, the construction of the low damage steel framed drywall MIF1-
STFD started by fixing the fire rated top, right and non-fire bottom, left border
elements (Step 1 in Figure 6.5). Then, the prepared studs were friction fitted between
the top and bottom tracks (Step 2 in Figure 6.5). Finally, the gypsum linings were cut
according to the required gap dimensions and fixed only to the vertical studs. The
procedure is summarized in Figure 6.5. Close ups of the connections of the specimen
are shown in Figure 6.6.
Construction video: http://youtu.be/FXShuxRWPdg
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Figure 6.5. Construction sequence of low damage steel framed drywall specimen MIF1-STFD, for
details refer to Figure 6.3

6.1.2 Finishing of the Drywall

Since the drywall had no flushed connection between linings (all had gaps in between),
no paper tape application was applied at internal lining edges. The drywall screws
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were simply flushed by using gypsum plaster and the gaps between the linings did not
require any finishing since the lining edges provided a good finish here (Figure 6.6g).
For the edges of the linings at the external gaps, aluminium L-trims were used to finish
the rough edges left from the cutting of the linings (Figure 6.3 and Figure 6.7)

P
4

Figure 6.6. Close ups of the connections of low damage steel framed drywall specimen MIF1-STFD:
a) External fire rated connection, b-c) Friction fitted stud, d-e) Fire rated H-stud, f) Linings connected
to non-fire rated H-stud, g-h) Internal and external gaps
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a) b)

Figure 6.7. a) Finishing scheme, b) Aluminium L-trim specification, used at the edge of the external
gypsum linings (GIB-www.gib.co.nz)

6.1.3 Instrumentation

With the significant lateral displacement demand imposed to the infill panel zone
known, the instrumentation of this specimen was modified in order to monitor the
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deformations occurring at the provided gaps. Potentiometers h5, h9, h13, h8, h12 and
h16 were placed at the external gaps in order to measure the lateral deformation of
these gaps relative to the RC columns (Left of lining A and right of lining C). The
potentiometers h6, h10, h14, h7, h1l and h15 were placed in order to measure the
deformation of internal gaps relative to the adjacent linings (Left and right of lining B).
The modified instrumentation scheme is shown in Figure 6.8. The measurement range

of all the potentiometers was +10 to +15 mm.

[

Figure 6.8. Instrumentation of the low damage steel framed drywall specimen MIF1-STFD
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6.1.4 Test Results

6.1.4.1 Damage Observations

No damage was observed until 1.0% drift level. At 1.0% drift, minor plaster cracking
occurred at L-trim finish of lining C. Following this, at 1.25% drift, similar damage
occurred at the L-trim finish of the lining A. However, this damage was very minor
and caused by the closing of the side gaps on top and bottom, which were two 15mm
gaps corresponding to 1.25% drift. At 1.5% drift, the internal gaps between the
adjacent linings closed as designed and no further damage was observed. At 2.0%
drift, existing plaster damage at L-trims progressed further and damage initiation at a
few lining fasteners occurred since all the gaps were closed, which was expected since
the design of the gaps were made for 1.5% drift level. Finally at 2.5% drift, not much
additional damage occurred except for the progress of L-trim cracks. In overall, the
drywall did not suffer any severe damage, performing very well until very high drift
levels. The only problem observed was anchor pull out of the external studs on the RC
columns at 2.0% drift level. However, this problem was later solved in the low damage
timber framed drywall specimen MIF2-TBFD. The damage is summarized in the
damage map given in Figure 6.9. The photographic report of the status of the specimen
at the end of the test is shown in Figure 6.10.

Video of the test: http://youtu.be/Qw5eRRNWbvY
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Figure 6.9. Drift based damage at the end of test of low damage steel framed drywall MIF1-STFD

6.1.4.2 Behaviour Explanation

As shown in the damage observations, the ability of the low damage drywall to
adaptively deform according the inter-storey drifts significantly prevented the damage.
The behaviour mechanism of the low damage steel framed drywall specimen MIF1-
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STFD is visually explained in Figure 6.11. Most of the plaster damage occurred after
all of the provided gaps were closed in the system. Closing of the gaps initiated the
rocking of the linings. Therefore, the cracks at L-trims occurred after 1.5% drift level.

The obtained hysteresis curve and the measurements taken are shown in Figure 6.12.

External stud pull-
out from the RC

column

End of the Test, Drift=2.5%

Figure 6.10. Damage at the end of the test of low damage steel framed drywall specimen MIF1-STFD

MIF1-STFD: Low Damage Steel Framed Drywall \. Anchor pull out and plaster damage at high
~ drift levels (1.5-2.5%) due to lining rocking
caused by the closing of the gaps
(Solved in MIF2-TBFD)

ji Linings have freedom for rocking that is to
be utilized when the supplied external side
gaps are closed in the storey

~== Linings and studs have freedom for
movement in horizontal that is utilized all
the time when drift is imposed

Figure 6.11. Behaviour of low damage steel framed drywall specimen MIF1-STFD
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Figure 6.12. Test results for the low damage steel framed drywall specimen MIF1-STFD

The potentiometer measurements recorded during the test also confirmed the

behaviour of the low damage drywall system. When the external potentiometers h5, h8

and h13, h16 at the lower and upper levels were inspected (Figure 6.13), it was seen
that the 15+1.5 mm of external gap closed at about 1.00 to 1.25% drift level, which

was approximately calculated as:

p=2
h

C

‘A

2
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Figure 6.13. Lower and upper potentiometer readings at the external gaps and the locations of the
potentiometers for low damage steel framed drywall specimen MIF1-STFD

Similarly, when the internal potentiometers h6, h7 and h14, h15 at the lower and upper

levels were inspected, 5+1.5 mm of internal gap closed at about 1.50 to 2.00% (Figure

6.14), which was the approximate drift value at which the 5mm gap closed

theoretically:
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Figure 6.14. Lower and upper potentiometer readings at the internal gaps for low damage steel
framed drywall MIF1-STFD (for potentiometer locations, refer to Figure 6.13)
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When the potentiometer readings were inspected in overall, the drift values at which
the external and internal gaps closed approximately matched the theoretical values
(1.25% for exterior gaps, 1.5% for interior gaps). However, due to the pull out of the
RC anchor observed at the external studs (Figure 6.10 and Figure 6.19) and the sliding
ability of the wall, there were minor residual displacements over the gaps. When the
specimen was brought back to zero displacement, the gaps were 5mm for the external
and 3mm for the internal (Figure 6.15). Except for the RC anchor pull out, this was an
expected and tolerable result. The RC anchor pull out problem was later addressed and

solved in the low damage timber framed drywall specimen MIF2-TBFD.
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Figure 6.15. Potentiometer measurements taken at the gaps (MIF1-STFD, for locations refer to Figure
6.13): a) Exterior gaps, b) Interior gaps

Il ‘ Il
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In order to obtain the hysteresis behaviour of the infill content, the bare frame
hysteresis was subtracted from the total hysteresis, shown in Figure 6.16a. Then the
result was projected into the diagonal direction for use in modelling applications,
shown in Figure 6.16b. As it can be seen from these figures, the contribution of infill
panel zone content was minimized due to the significantly reduced interaction with the
structural system, which prevented any significant damage to the low damage steel

framed drywall specimen MIF1-STFD.
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Figure 6.16. Low damage steel framed drywall MIF1-STFD: a) Lateral force exerted on the infill
panel zone obtained by subtracting the bare frame from the total, b) Diagonal force exerted on the
infill panel, projection of a) in diagonal direction

6.1.5 Numerical Model Calibration

The existing numerical model for as built steel framed drywall (FIF1-STFD) was
modified by introducing the gap parameter in the Wayne Stewart degrading stiffness
model (Figure 6.17). The provided total horizontal gap of 40+5 mm was projected into
the diagonal direction with the cosine of the angle between the diagonal and the
horizontal, which is (40+5)/cos(41.42°)=60 mm. An assumption of 5 mm error interval
was made to account for the errors occurring in the construction stage. As shown in
Figure 6.18, the model fits the experimental data with minimal calibration. This is a
practical result considering that the same model can represent both the as built and the
low damage specimens with the inclusion of a gap parameter. In addition, due to the
significantly reduced interaction between the structural frame system and the non-
structural drywall (infill), the low damage non-structural drywall can be neglected in
the modelling for the seismic design of multi-storey buildings.
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Figure 6.17. The numerical model of the low damage steel framed drywall specimen MIF1-STFD for
Ruaumoko 2D
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Figure 6.18. Hysteresis behaviour of the numerical model compared to the experimental result for low
damage steel framed drywall specimen MIF1-STFD
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6.2 Low Damage Timber Framed Drywall: MIF2-TBFD

6.2.1 Development and Construction

Following the good performance of the low damage steel framed drywall specimen
MIF1-STFD, the same solution was adapted for its timber frame counterpart.
However, the low damage solution for the steel system had to be modified to address
the minor issue of the anchor pull out at the external stud on the RC column (Figure
6.19).

Figure 6.19. Anchor pull out of the external stud in low damage steel framed drywall specimen MIF1-
STFD

The pull out issue was solved by adding two studs near the side edges of the drywall
and the gypsum linings were fastened to those studs, which are friction fit to allow
sliding between steel tracks on top and bottom RC beams. The studs on the RC
columns were still used, but with no attachment to the gypsum linings, such that they
only behaved as shear keys for out of plane. The reason for connecting the linings only
to the vertical studs between the steel tracks was to allow the wall to slide between the
upper and lower tracks. Moreover, for a better architectural finish, the required total
gap of 40mm was only distributed to the exterior sides of the drywall. Therefore, this
specimen had a flushed surface with two 20 mm side gaps at the edges of the gypsum
linings. All of the modifications made are summarized in Figure 6.20 and resulting

details are shown in Figure 6.21.

126



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik

Chapter 6
RC Beam Modifications on
. . e . - .« .- .‘;y ——-—-Gap around the lining ] the drywall:
: U ” l I : edges —> Prevented strut
Te IS ' s Studs are friction fit into formation
gf & i + " + W B [ E steel channels
:8‘ : I :: | :: I : S Linipgs are attached to the Added degree of
g‘ I i I 1 il g vertical studs only freedom to slide
i i I8 i | UL A secondary stud is
Il - .+ - " added into the steel tracks  |—>Prevented anchor
i u o - - - o and Iinings are attached to it pull out of the stud
- o " . instead of the stud on the on the RC column
RC Beam RC column
/17, Z
e, e
K% a \
Ty, Friotion Fitted Stulds:with
4 b gap on top: Studs are free to slide
U, < 9
'7?70&, A Gypsum Linings are
Z; " //\ Attached only to the vertical
2, % S"’d e L@ studs, but not attached to the outermost
0&&7‘ SRS e P stud that is anchored to concrete column
e IS A, Side, upper and lower gaps
40170,%/ /‘ around the edges of the linings
'Ioﬁ ¢ -
0,
’ Gap between the outermost stud and
the first internal stud to allow for
free sliding (A mid-height pivot can be
& i introduced for centring the drywall after
Ce/ 7 seismic movements

Figure 6.20. For low damage timber framed drywall; Modifications to the as built timber framed
drywall to achieve a low damage solution for timber framed drywall (Modifications were made
considering also the behaviour of the low damage steel framed drywall MIF1-STFD)
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Figure 6.21. Connection details used in low damage timber framed drywall specimen MIF2-TBFD
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For the construction, first, the fire rated top and non-fire rated bottom steel tracks were
installed on the RC beams (Step 1 in Figure 6.22). In the second step, the timber studs
were friction fitted between the steel tracks, horizontal elements were pre-installed on
the studs for ease of construction (Step 2 in Figure 6.22). Lastly, the linings, which are
cut to size considering the gaps at the edges, were installed on the formed timber
framing system (Step 3 in Figure 6.22). Sample photos of the used elements and the

connection types are shown in Figure 6.23 as close up views.

Construction video: http://youtu.be/NIxsYaKRdvw
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Figure 6.22. Construction sequence of the low damage timber framed drywall specimen MIF2-TBFD

(for details refer to Figure 6.21)
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Figure 6.23. Low damage timber framed drywall specimen MIF2-TBFD: a-b) Fire rated external stud
and installation, ¢) Gypsum lining is not fastened to the fire rated stud on RC column, d-e) Friction
fitted studs into the steel channels

6.2.2 Finishing of the Drywall

The finishing of the linings was carried out by paper tape application on the lining
interfaces, the same as the finishing of as built steel and timber framed drywall
specimens FIF1-STFD and FIF2-TBFD. Similar to the low damage steel framed
drywall specimen MIF1-STFD, at the exterior edges of the linings (Linings A and C),
aluminium L-trims were applied to cover the rough edges caused by cutting the
linings. The overall scheme of the finishing applied is summarized in Figure 6.24.

Aluminium L-Trim
Lining ¢ Lining | Lining§ Paper tape
A B C
\ ”
1 |

Figure 6.24. Finishing scheme of the low damage timber framed drywall specimen MIF2-TBFD
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6.2.3 Instrumentation

The same instrumentation scheme given in 6.1.3 was used for this specimen as well.
The only behavioural difference expected in this specimen was the potentiometer
readings taken at the lining-to-lining interfaces. In the low damage steel framed
drywall specimen MIF1-STFD, these connections had 5mm gaps among the linings.
However, in the low damage timber framed drywall specimen MIF2-TBFD, all the
required floor gap was provided at the edges of the linings with a completely flushed
drywall surface at the internal lining connections. Therefore, the expected
deformations at these locations were very minor compared to their steel framed

counterpart.

6.2.4 Test Results

6.2.4.1 Damage Observations

In this specimen, the low damage detailing used in the previous test was improved.
The gaps placed at the sides of the gypsum linings closed, as per design, at around
1.5% drift level. No damage was observed until 2.0% drift level. Starting at 2.0% drift
level, the only damage occurred at L-trim plaster finish together with damage initiation
at a few gypsum lining fasteners. As a result of the adopted detailing, there was no
pull-out of the side studs (Figure 6.26) and the system remained as it was built with no
loss in strength and negligibly low damage. Overall, the drywall remained intact and
serviceable. The damage map of the specimen is shown in Figure 6.25 and the damage
photos taken at the end of the test are shown in Figure 6.26.

Video of the test: http://youtu.be/KXYVw5iyzho
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Figure 6.25. Damage map at the end of the test for low damage timber framed drywall specimen
MIF2-TBFD

130


http://youtu.be/KXYVw5iyzho

Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 6

End of the Test, Drift=2.5%

Figure 6.26. Damage photos at the end of the test (MIF2-TBFD)

6.2.4.2 Behaviour Explanation

The experiment also confirmed the mechanism of the drywall system. The drywall slid
in the provided steel channels at the infill panel zone. Instead of fixing the linings to
the end studs on the RC columns, they were fixed to the added alternative end studs
placed between the top and bottom steel channels close to RC columns. Therefore, the
anchor pull out observed in MIF1-STFD did not reoccur. An additional improvement
(optional) could be the addition of pivot points at mid-height of the wall between the
alternative end stud and the end stud on the RC column, which would introduce some
level of self centring to the drywall system. The behaviour mechanism of the low
damage timber framed drywall is summarized in Figure 6.27. The hysteresis curve and
the bare frame measurements are shown in Figure 6.28.
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Figure 6.27. Behaviour mechanism for the low damage timber framed drywall specimen MIF2-TBFD
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Figure 6.28. Test results for the low damage timber framed drywall specimen MIF2-TBFD
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Potentiometers h5, h8 and h13, h16 show the displacement of the provided external
gaps at lower and upper levels of the drywall (Figure 6.29). Inspecting the
potentiometers h6, h7 and h14, h15 (lower and upper level at interior lining interfaces),
it can be seen that no displacement was imposed on these lining joints until the end of
the test (Figure 6.30). The only displacement demand imposed on the infill panel zone
occurred at the external gaps (Figure 6.29). Moreover, the potentiometer readings
taken at the mid height of the exterior gaps confirmed the sliding action of the whole
drywall without forcing the internal lining joints (Figure 6.31). The maximum
displacement that could be measured was +15 mm due to the capacity of the
potentiometers and the provided gaps were closed during the test at about 1.5% drift
level (Figure 6.29).
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Figure 6.29. Lower and upper potentiometer readings at the external gaps and the locations of the
potentiometers (MIF2-TBFD)
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Figure 6.30. Lower and upper potentiometer readings at the internal lining joints (MIF2-TBFD, for
potentiometer locations, refer to Figure 6.29)
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Figure 6.31. Potentiometer measurements taken at the mid height of the wall for the low damage
timber framed drywall specimen MIF2-TBFD: a) Exterior gaps, b) Interior gaps (For locations refer to
Figure 6.29)

In order to obtain the hysteresis behaviour of the infill itself, the bare frame hysteresis
was subtracted from the total hysteresis, as shown in Figure 6.32a. Then the result was
projected into the diagonal direction for use in modelling applications, shown in Figure
6.32b. It should be noted that these results were the same as the low damage steel
framed drywall specimen MIF1-STFD. The contribution of infill panel zone content
was minimized due to the further reduced interaction with the structural system.
Damage to the non-structural wall was prevented except for the very minor L-trim

plaster damage that occurred at 2.0% drift level.
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Figure 6.32. Low damage timber framed drywall MIF2-TBFD: a) Lateral force exerted on the infill
panel zone obtained by subtracting the bare frame from the total, b) Diagonal force exerted on the
infill panel, projection of a) in diagonal dir. (MIF2-TBFD)

6.2.5 Numerical Model Calibration

Similar to 6.1.5, the existing numerical model for as built timber framed drywall
specimen FIF2-TBFD was modified by introducing the gap feature of the Wayne
Stewart degrading stiffness model (Gap+, Gap- in Figure 6.33). The provided total
horizontal gap of 40+5 mm was projected into the diagonal direction with the cosine of
the angle between the diagonal and the horizontal, which is (40+5)/cos(41.42°)~60
mm. The model fit the experimental data without needing to calibrate further as it was
the case for the low damage steel framed drywall specimen MIF1-STFD. The
comparison of the numerical and the experimental hysteresis is shown in Figure 6.34.
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Figure 6.33. The numerical model of the low damage timber framed drywall specimen MIF2-TBFD
for Ruaumoko 2D
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Figure 6.34. The hysteresis behaviour of the numerical model compared to the experimental result for
the low damage timber framed drywall specimen MIF2-TBFD
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6.3 Observations, Energy Dissipation and Effective Stiffness Properties of the

Low Damage Steel and Timber Framed Drywalls

6.3.1 Observations and Comparisons

The experiments showed that the as built drywall solutions can easily be modified and
turned into low damage solutions. In the as built specimens, the serviceability loss
occurred at 0.3% drift level for the steel framed and 0.75% drift level for the timber
framed drywalls. The New Zealand code NZS1170.0 [55] estimated a serviceability
loss drift level of about 0.66% for drywalls in general. On the other hand, the
serviceability loss did not occur at all in low damage solutions, remaining operational
even at high drift levels (2.5%).
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Figure 6.35. Comparison of the as built and low damage drywall specimen global force-displacement
envelopes: a) As built steel framed drywall specimen FIF1-STFD and low damage steel framed
drywall specimen MIF1-STFD, b) As built timber framed drywall specimen FIF2-TBFD and low
damage timber framed drywall specimen MIF2-TBFD

When the results were compared to the as built specimens, it was seen that both of the
low damage solutions behaved similarly to the bare frame until 1.5% design drift limit
of the low damage solutions (Figure 6.35). From this point onwards, due to the closing

of the gaps, the low damage solutions started to take force.
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6.3.2 Energy Dissipation and Stiffness Degradation Properties

The equivalent viscous damping values (&, ) of the tested specimens was calculated as

mentioned previously. The resulting averaged energy dissipation (E,) and equivalent

viscous damping values (&, ) are shown in Figure 6.36. When compared to the as built

specimens, the dissipated energy was much less for the low damage solutions due to
the reduced interaction of the structural and the non-structural system. The reduced
interaction was also observed when the effective stiffness curves were compared. In
Figure 6.37, the low damage solutions show very close effective stiffness values to the

bare frame.
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Figure 6.36. Average dissipated energy (Ep) and average equivalent viscous damping (&g) with
respect to inter-storey drift for low damage steel MIF1-STFD specimen and timber framed drywall
MIF2-TBFD specimen
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Figure 6.37. Stiffness degradation comparisons of as built and low damage solutions for steel framed
(FIF1-STFD, MIF1-STFD) and timber framed drywalls (FIF2-TBFD, MIF2-TBFD), plotted using
total lateral force (left axis) and the lateral force exerted by the infill wall (right axis)
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6.4 Joint Details of the Generalized Low Damage Non-Structural Drywall
Solution
Considering the tested specimens, the following details can be summarized in order to

design a low damage steel or timber framed drywall (Figure 6.38). The necessary

exterior gaps for the edge of the linings can be calculated by:

NPT
2 100
Where D : Design inter-storey drift level in % after which damage is acceptable

h, : Clear height of the non-structural wall

The detailing can be done as shown in Figure 6.38. In this figure, the first two figures
depict a scenario where the non-structural drywall is bounded by either structural
members (RC columns, beams, or floor slabs). The third Figure depicts a plan view

scenario where the non-structural drywall is bounded by another drywall.

PROPOSED BASIC FIRE RATED CONNECTION DETAILS-SUMMARY

Plan View: External Connection-Fire Rated Elevation View: Top Connection-Fire Rated Plan View: Drywall-to-Drywall Connection-Fire Rated
Side Gap AG A - The same connections shown before
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50-100 \ \js another drywall
= J0- mm X T(7 Gﬂ \
= ] gap (A pivot can RC Beam P8P r ! -
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Strip/s of Gypsum Board N (Optional for Hiding the Gap) according to the commercial practice as

Paper Tape long as the sliding ability of the studs and
(Optional for Hiding the Gap) the edge gaps for the gypsum linings are
provided

Figure 6.38. Proposed low damage non-structural drywall connection details
6.5 Conclusions

It has been shown that low damage solutions for steel and timber framed non-structural
drywalls can easily be achieved. The developed low damage solutions were designed
to eliminate the interaction until 1.5% drift level, which was the side gap closing drift

for the gypsum linings. However, specimens remained un-damaged until 2.0% drift

139



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 6

level. From 2.0% onwards, the only damage observed was very minor cracking at

aluminium L-trim finishes of the linings.

These solutions were achieved with no extra cost, material or labour. They can easily
be adopted in real life applications by the contractors. The design can simply be carried

out by the engineer.

The low damage drywall computer models can directly be modified from the as built
models just with the introduction of the gap feature of the Wayne Stewart degrading

stiffness hysteresis rule.

In most real life applications of low damage solutions, modelling the low damage
drywall system (light) would not be required since their interaction with the structural
system is negligibly small. Therefore, it is relatively safe to conclude that the low
damage solutions isolated the non-structural wall from the structural system effectively
and their effect on the global response can safely be neglected in order to simplify the

design and/or analysis of buildings.

Due to the effective isolation of the non-structural walls, both low damage steel and
timber framed drywalls showed the same force displacement response, which was very
close to the response of the bare frame (Figure 6.35). Therefore, the low damage

systems yielded the same behaviour independent of the underlying drywall framing.

6.6 References

[55] AS/NZS1170.0, "Part 0: General Principles,” in Structural Design Actions vol.
1170, ed: Australian/New Zealand Standard, 2002.
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CHAPTER 7
AS BUILT UNREINFORCED CLAY
BRICK INFILL WALL TEST

Anybody who has been seriously engaged in scientific work of any kind realizes that
over the entrance to the gates of the temple of science are written the words: 'Ye must

have faith.'.

Max Planck
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7 AS BUILT UNREINFORCED CLAY BRICK INFILL WALL TEST
7.1  As Built Unreinforced Clay Brick Infill Wall: FIF3-UCBI

7.1.1 Construction

Unreinforced clay brick infill walls have been obsolete for a long time as non-
structural infill walls for buildings in New Zealand. Nevertheless, it is still a very
common practice around the world (i.e. Mediterranean countries, South America, India
etc.). Most of the buildings with unreinforced clay brick infill walls in New Zealand
are of pre 60s. St. EImo Courts was the oldest RC building in Christchurch (1930s),
but was demolished due to the extensive damage suffered after 22 February 2011
earthquake in Christchurch (Figure 7.1). The type of unreinforced clay brick infill wall
used in that specific building was cavity wall, which is a double skinned wall. The
same wall type was also observed in other structures around the Christchurch Central
Business District (CBD) during the building assessments. As a result of lack of current
practice, these old examples were used for the construction of the test specimen. For
the construction of the specimen, the specifications contained in the unreinforced
masonry wall construction standard NZS 4210 (“Masonry Construction in Materials
and Workmanship”) was followed and complied [57].

: () ) e

a) b)
Figure 7.1. a) Damage photos from St. EImo Courts building after 22 February 2011 Christchurch

earthquake, b) Diagonal cracking at ground level, c) The revealed wall tie used in the unreinforced
clay brick cavity wall (double skinned wall)
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In the construction of the infill wall, standard clay bricks of 70 mm width, 75 mm
height and 220 mm length were used. This was the same clay brick type used in St.
Elmo Courts as well as for the construction of the masonry veneers in most of the

residential houses in New Zealand (Figure 7.2).

Figure 7.2. Used clay brick type (70x75x220 mm), Portland cement and fine sand

The binding mortar was composed of Portland cement and fine sand mixed 1 to 4
weight ratios accordingly (Figure 7.2). The water content was arranged according to
the workability of the mix by the contractor. In the construction of the infill wall, no
specification was given to the contractor with the intent to respect the real life

construction practice for brick work as much as possible.

The bricks were laid from the lower corners of the infill panel zone to meet at the mid-
span of the RC beam, i.e. four courses at a time. Steel ties were placed between the two
skins of the wall at every fourth course of clay bricks laid in vertical. The steel ties
were placed 600 mm apart from each other horizontally. The average thickness of the
mortar layers was about 10 mm. Including the 10 mm cavity in between the two skins,

the total thickness of the infill wall was 150 mm (Figure 7.3).
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Construction video: http://youtu.be/4xRWa77iZfE

Figure 7.3. The construction of the double skinned unreinforced clay brick infill wall, as built
unreinforced clay brick infill wall FIF3-UCBI

7.1.2 Finishing of the Wall

For finishing, only a thin coat of white paint was applied on the wall for ease of crack
visibility. As in overseas practice, a mortar based plaster layer could be made both
inside and outside of the wall. Since this could affect the results of the tests, this option
was not chosen. Moreover, in New Zealand, these types of walls were usually built
without any external plaster in the past due to its architectural appeal. The completed

state of the infill wall is shown in Figure 7.4.

Figure 7.4. Completed unreinforced clay brick infill wall before the white paint was applied FIF3-
ucsl
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7.1.3 Instrumentation

The specimen was instrumented to observe the deformations caused by the cracking at
mortar layers. The cracking pattern of the infill wall at failure cannot exactly be
predicted due to the high number of failure planes that can occur along the mortar
joints. Therefore, the potentiometers were installed at locations where there is a high
likelihood of cracking. Horizontal potentiometers were installed to measure the
deformations caused by the vertical cracking and vertical potentiometers were installed
to measure the possible deformations that might occur in vertical due to uplift (Figure
7.5). The potentiometers were mostly installed to understand the behaviour of the

unreinforced clay brick infill panel so that a low damage solution could be developed.
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Figure 7.5. Instrumentation of the as built unreinforced clay brick infill wall specimen FIF3-UCBI

7.1.4 Test Results

7.1.4.1 Damage Observations

The same displacement protocol used in the previous tests was applied to the
specimen. In the first drift level of 0.1%, boundary cracks occurred between the infill
wall and the RC frame. Until 0.2% drift, minor but many vertical cracks formed at
vertical mortar joints. In the negative cycle of 0.2% drift (pulling cycle), a diagonal

crack formed stretching from the lower left corner to the upper right corner of the infill
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wall. The width of the diagonal crack at this level of drift was 0.35-0.8 mm near the
lower left corner and 1.5-2.5 mm at the middle of the infill panel zone. In the positive
0.3% drift level (pushing cycle), another diagonal crack formed stretching from lower
right corner to upper left corner of the infill wall panel. The width of this crack was
0.4-0.5 mm near the corners of the specimen and 1.5 mm at the middle of the infill
panel zone. Then, in the negative cycle of 0.3% drift, additional diagonal cracks
formed in parallel to the previous one, stretching from lower left to upper right corner
of the infill wall. It was mainly from 0.3% drift level onwards that sliding cracks
started to form at different levels of the infill wall. In some cases, these sliding cracks
were forming in combination with additional diagonal cracks. However, the formation
of the sliding cracks only continued till 1.25% drift level. From 1.25% drift level till
2.5% drift, short but many vertical cracks formed at vertical mortar joints. At 2.0% and
2.5% drift level, the corner crushing occurred at the lower and upper corners
accordingly. At 2.5% drift level, the test was finalized.

The progress of damage on the unreinforced clay brick infill wall panel is summarized
in the damage map sequence shown in Figure 7.6. In the same Figure, all of the
damage progress till the end of the test is combined and showed as end of the test

damage map.
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Video of the test: http://youtu.be/804H7uckzgE
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Figure 7.6. Damage progress of the as built clay brick infill wall specimen FIF3-UCBI
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End of the Test, Drift=2.5%

Figure 7.7. Damage photos at the end of the as built unreinforced clay brick infill wall test FIF3-
uCBI

7.1.4.2 Behaviour Explanation

Considering the observations taken, the infill wall reached its diagonal cracking
capacity at 0.2 and 0.3% inter-storey drift levels. It should be noted that there were also
horizontal sliding cracks at the upper part of the infill wall that occurred with the
diagonal cracks simultaneously (0.2 and 0.3% drifts in Figure 7.6). After the formation
of the diagonal cracks, the infill wall basically used up its diagonal load bearing
capacity as shown in Figure 7.11b, which was around 250 kN and was also
approximately estimated by the equations in 4.4.1 reported by Bertoldi et.al. [49].
From this drift level onwards, the infill wall redistributed the exerted displacements to
different horizontal mortar joints, causing more sliding cracks. In some cases, these
sliding cracks were forming in combination with diagonal cracks. This was most likely
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due to the infill wall’s behavioural attempt to find the weakest planes of failure that
can be utilized as compression struts to resist the imposed displacements. However,
this redistribution via sliding cracks only continued till the end of 1.25% drift. Since
the infill wall used all its resistance capacity given by the diagonal and sliding cracks at
mortar layers, the only remaining resistance was given by the strut action forming due
to extreme displacements (2.0 and 2.5% drift levels). Due to these high displacements,
crushing at the clay bricks in the corners of the infill panel zone occurred at 2.0 and

2.5% inter-storey drifts.

The most important outcome in these observations was that unreinforced clay brick
infill walls may show a number of failure modes triggered by the increasing
displacement demands in a structure. A structure that experiences only 0.3% drift may
only exhibit diagonal cracking. However, another structure that experiences 1.0% drift
level, the cracking mode may seem like sliding cracks. Similarly, a structure
experiencing 2.0% drift may further develop corner crushing. In this particular case,
these failures were not exactly different and exclusive failure modes, but rather
incremental members of a chain of consecutive failures starting with the weakest one,

I.e. diagonal cracking.

0

>

In the structural frame, the lower
beam elongation was prevented.
However, fully infilling the infill
panel zone introduces
unaccounted beam elongation at
the lower beam

Figure 7.8. Damage mechanism for as built unreinforced clay brick infill wall specimen FIF3-UCBI

The specially designed test setup used in this test revealed another important
observation. In the bare frame, the beam elongation was prevented at the lower RC
beam level. The only beam elongation was given by the upper RC beam in order to
enable the re-centring effect of the post tensioning. However, when the infill panel

zone was fully infilled, as in this specimen FIF3-UCBI, the infill panel zone introduced
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an unaccounted beam elongation at the lower beam level, possibly affecting the upper
beam also. This phenomenon is explained in Figure 7.8. Therefore, it is was deduced
that any low damage solution existing for the structural frames require similar low
damage solutions in its non-structural components if stiff (heavy) partitions are
adopted. Considering the PRESSS system [46], using fully infilled heavy non-
structural walls may affect the post-tensioning values when deformations are imposed
on the structure, which may introduce complications in the behaviour of the PRESSS
or similar low damage structural solutions. As stated in NZS4230 (2004) [4], this
complication should either be taken into consideration during the design, or sufficient
separation should be provided between the non-structural wall and the structural frame.
The effect of the fully infilled panel zone on the beam elongation and the resulting post
tensioning values can be clearly seen in Figure 7.9b. The global hysteresis curve of the
specimen is also shown in Figure 7.9a. The exerted lateral and diagonal force by the

infill panel zone is shown in Figure 7.11.
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Figure 7.9. Test results for as built unreinforced clay brick infill wall specimen FIF3-UCBI: a) Global
force vs. inter-storey drift hysteresis, b) Post tensioning and beam elongation vs. inter-storey drift

Considering the potentiometer measurements, except for the potentiometers gl11, hl
(Lateral deformation of infill panel relative to the RC frame) and g13, gl14, g15
(Sliding at the middle mortar joint), the other measurements were negligibly small.
The displacements measured at these potentiometers are reported in Figure 7.10. In
this figure, inspecting g13, g14 and g15, it can be clearly seen that the sliding crack
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measurements started after 0.2% and 0.3% inter-storey drift levels, which confirmed

the damage progress shown in Figure 7.6 and the redistributive behaviour mechanism

explained earlier.

Figure 7.10. The potentiometer readings taken during the testing of the as built unreinforced clay
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Figure 7.11. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) Lateral force exerted
on the infill panel zone obtained by subtracting the bare frame from the total, b) Diagonal force
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7.1.5 Numerical Model Calibration

The unreinforced clay brick infill was modelled simply using a single strut, acting both
in tension and in compression, as in previous specimens. As mentioned previously, one
can model the infill wall as two compression-only (no tension) struts in order to see the
effect of infill wall on the columns and beams. For simplicity in calibrating the
numerical model with the experimental results, the use of a single strut was adequate
and provided a very close result to that of the experiment. Wayne Stewart degrading
stiffness showed to simulate the behaviour of the infill panel very closely to the
experimental observation. Using the given unique test setup, it was possible to purely
extract the behaviour of the clay brick infill wall from the global response (Figure
7.11), which may not be easily achieved in other types of test setups with conventional
RC frames due to the frame non-linearity. This property of the test setup eliminated the
behaviour contribution given by the structural frame and made it possible to choose the

most suitable hysteresis model for the infill panel.
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Figure 7.12. The numerical model of as built unreinforced clay brick infill wall for Ruaumoko 2D
(fully infilled in the infill panel zone)
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Using the experimental results in Figure 7.11b, the strut model was calibrated to match
the experimental results. The parameters used for the numerical model are shown in
Figure 7.12. As shown in Figure 7.13, the numerical model closely matched the
experimental result. The asymmetric behaviour of the experimental result was partly
due to the single sided point of application of the loading on the test setup and the
damage to the specimen in the previous half cycle affecting the following cycle.
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Figure 7.13. Hysteresis behaviour of the numerical model compared to the experimental result for as
built unreinforced clay brick infill wall specimen FIF3-UCBI

7.2 Observations, Energy Dissipation and Effective Stiffness Properties of the As

Built Unreinforced Clay Brick Infill Wall

7.2.1 Observations and Comparisons

Although unreinforced clay brick infill wall construction is not allowed for new
buildings in New Zealand, there is a suggested serviceability limit state criterion given
for masonry walls (in plane) in NZS1170.0 [55]. This criterion is defined as the top

deflection of Height /600. For the unreinforced clay brick infill wall specimen, this

value was 2550/600=4.25mm, which was equivalent to 4.25/2550x100=0.2% drift.

According to the standard, at this limit, noticeable cracking on the wall was expected.
Although, this limit state criterion was meant for masonry walls, it also yielded a
reasonable approximation for unreinforced clay brick infill wall specimen (Figure
7.14).
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Figure 7.14. The envelope curves of the bare frame and as built unreinforced clay brick infill wall
specimen FIF3-UCBI

7.2.2 Energy Dissipation and Stiffness Degradation Properties

The resulting averaged energy dissipation (E, ) and equivalent viscous damping
values (&, ) were calculate and are shown in Figure 7.15. Unlike the drywall

specimens, the as built unreinforced clay brick infill wall specimen showed a rather

constant averaged equivalent viscous damping value, &, =0.08, independent of the

different inter-storey drift levels. The calculations were carried out over the global
hysteresis curves. However, the dissipation can be assumed to be given only by the
non-structural infill wall due to the linear elastic behaviour of the bare frame (i.e.
negligible dissipation given by the bare frame Ep=0). Also, the range of average
energy dissipated in the specimen was about five times higher than the as built
drywalls. The difference in energy dissipation may be attributed to the high number of
possible failure planes that can be utilized by the clay brick infill wall when compared
to the drywall solutions. As for the stiffness degradation properties, this specimen had
values four times higher than those for the drywall specimen, which was expected. The
effective stiffness with respect to the applied inter-storey drift levels is shown in Figure
7.16.
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Figure 7.16. Stiffness degradation with respect to the inter-storey drift, plotted using total lateral force
(left axis) and using the lateral force exerted by the infill wall (right axis) for as built unreinforced clay

brick infill wall specimen FIF3

7.3 Conclusions

-UCBI

Unreinforced clay brick infill walls were shown to have a very low drift level, 0.2-

0.3%, at which they lose their capacity and serviceability. The behaviour was rather

brittle since the infill wall cannot sustain its strength with increasing displacements,

which partly conflicts with the overall earthquake resistant seismic design philosophy

where structures are expected to behave in a ductile manner. As built practice of

unreinforced clay brick infill walls can in fact change the global response, resulting in
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possibly deficient and brittle earthquake responses. Even new structural designs could
be affected from such a modification, which confirmed the necessity of reduced
interaction with the structural system and the resulting low damage solutions for such

heavy masonry infill walls.

The major failure type of the unreinforced clay brick infill wall specimen was diagonal
cracking. However, considering the observations made during the test, it could be
concluded that diagonal cracking did not occur itself. It was observed that the
behaviour was rather similar to the concept of a progressive redistribution starting with
the mortar layers. Since the main action on the infill panel zone was via the diagonal
struts, initially the cracks were very close to the diagonals. However, after using this
capacity, the additional demand acting on the infill panel zone was redistributed to
other horizontal mortar joints and caused sliding cracks after 0.3% drift level. In
certain cases, the sliding cracks formed in combination with diagonal cracks.
Formation of sliding cracks were not only limited to the mid-height of the wall, but
they formed at different heights at different drift levels. Only after the utilization of all
the possible horizontal and diagonal mortar joints, widespread cracking in the clay
bricks themselves was observed (instead of the mortar cracks), which were the last
redistributive elements. This continued until 1.5% drift level. At 2.0 and 2.5% drift
levels, the clay bricks at the corners of the infill panel zone crushed. This behaviour is

graphically summarized in Figure 7.17.
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Figure 7.17. Summary of the unreinforced clay brick infill wall specimen FIF3-UCBI behaviour

It was also concluded that when infill panel zone was fully infilled with as built
unreinforced clay brick wall, the infill wall contributed to the beam elongation
occurring in the structural frame. In the utilized test setup, the beam elongation at the
lower level was prevented by using pivots at the ends of the beam. Unlike the other
specimens, the clay brick infill was strong and stiff enough to induce beam elongation
at the lower level beam. According to this result, the behaviour of the structures can be
further complicated by this aspect of the as built clay brick or any other type of
relatively strong infill walls. It can also be stated that low damage solutions for non-
structural vertical elements, capable of reducing the interaction between the main
structure and the non-structural infill walls, are important new features to be
considered for all types of structures including low damage systems (i.e. PRESSS
[46]). For example, this unaccounted effect on the beam elongation may alter the
behaviour of the post tensioning tendons and thus the re-centring mechanism of
PRESSS structures.

Considering the limit state criteria given in NZS1170.0, the criterion given for

masonry walls deforming under in-plane load was shown to give a realistic in-plane
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serviceability loss drift value for unreinforced clay brick infill walls. This value was
confirmed by the observed experimental serviceability loss drift level.

As a final remark, the test of the as built clay brick infill wall specimen helped further
understand the behaviour of this wall type when fully infilled within a structural frame.
It is based on this understanding that a low damage seismic solution could be
developed for unreinforced clay brick infill walls, which has been developed and will

be discussed in the next chapter.
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CHAPTER 8
LOW DAMAGE UNREINFORCED
CLAY BRICK INFILL WALL TEST

A scientific truth does not triumph by convincing its opponents and making them see
the light, but rather because its opponents eventually die and a new generation grows

up that is familiar with it.

Max Planck
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8 LOW DAMAGE UNREINFORCED CLAY BRICK INFILL WALL

TESTS
8.1 Low Damage Unreinforced Clay Brick Infill Wall: MIF5-UCBI

8.1.1 Development and Design

As shown in the previous chapter, unreinforced clay brick infill walls behave in a
rather brittle manner in structures. This brittle behaviour is usually due to the brittle
properties of the clay bricks and the used mortar. Hence, this wall type, as it currently
is, has not well suited in a seismic design philosophy since 1960s, which is based on
ductile design. If used as infill walls in ductile structures, heavy masonry bricks or
blocks may change the response from a ductile behaviour to a brittle one, which is not
desired for seismic performance (Sudden loss of strength at infilled frames in Figure
8.1). Their design and interaction with the surrounding structural system have been a
complicated research topic with no unified results since 1960s (i.e. [58], [59], [60]).
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Figure 8.1. Comparison of base shear vs. drift for bare frames and clay brick infilled frames by
Magenes and Pampanin [10]

To address this problem regarding unreinforced clay brick infills, there have been
suggestions made in codes. NZS4230:2004 [4] suggests to either reinforce these infill
walls with reinforcing steel and to make them an integral part of the structural system
or to isolate them from the structure, without mentioning the modelling aspect of the
integral solution. However, due to their brittle properties, clay bricks are not well

suited to be engineered in the context of integrating them with the structural system.
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As per the development of innovative low damage solutions for clay brick infills, only
very few researches are available in literature [19, 20] and [21], as summarized
previously in Chapter 3. The solution developed herein was typically and
fundamentally inspired from the old construction practice of armature cross walls and
recent rocking structural systems [46, 61]. As summarized by Langenbach [37], sub-
framing masonry walls was a very old practice of construction especially in old
structures in Turkey. After 1999 Duzce earthquake in Turkey, there were houses of this

type without significant damage (Figure 8.2).

Figure 8.2. Armature cross walled structure at epicentre after the Duzce 1999 earthquake in Turkey
from Langenbach [37]

Therefore, initially the behaviour of armature cross walls was investigated by the
author with the aim to develop a modernized low damage solution for unreinforced

masonry infill walls.

Referring to the equations of Bertoldi et. al. [49] for the capacity calculations of
unreinforced clay brick infill walls, given in Section 4.4.1, certain parameters were
studied, i.e. wall thickness, mortar strength, axial load on the wall. It was found that the
strength of any given unreinforced clay brick infill wall was affected more by its
geometry, i.e. thickness, and axial load rather than the material properties of the infill
wall. As an example, using two different values of mortar strength for two different
infill wall thicknesses, it was found that the change in strength given by the increase in

mortar strength was negligible. On the other hand, just a fraction of change in
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geometry, i.e. 20 mm increase in wall thickness, yielded much higher strength values,
as graphically shown in Figure 8.3. As can be seen, the strength values shown in both
figures are almost the same for very different mortar strength values while the strength

is much higher for the 20 mm thicker wall.
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Figure 8.3. Change of governing failure modes of clay brick infills relative to change in thickness
t,=70 to 90mm and change in mortar strength 0.3 to 3.1 MPa (The material data has been taken from
Kaushik et. al. [50] and N stands for the vertical axial load on the clay brick infill wall in kN)

Using this observation, it can be assumed that the behaviour of unreinforced clay brick
infill walls is largely affected by their geometry and the boundary conditions with the
beams, as axial load is transferred from the beams. A low damage solution that does
not depend on the material properties but rather depends on the geometry can make the
design and construction of such walls much easier for the engineers. Based on this
observation, the sub-framing idea of armature cross walls may be effectively working
since it also modifies the geometry of the wall itself. This idea was adapted for use
with unreinforced clay brick infill walls by subdividing the infill panel zone into 3 or
more by using vertical joints between each infill panel. The structural vertical joints in
structural walls was theoretically studied by Cholewick [62] as well as reported by
Glogau for the notes on partition wall isolation systems/requirements [63]. Therefore,
the low damage system shown in Figure 8.4 was developed. The system consists of a
light gauge steel sub-framing with three individual cantilever infill panel zones
separated by isolation gaps. For sub-framing, commercially available light gauge steel

channel sections of 50x75x0.75 mm were chosen. The available sizes are shown in
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Figure 8.5. In order to ensure the sub-framing to carry out of plane weight of the
unreinforced clay bricks, the capacity of the provided studs and the RC anchors at the

borders had to be checked. These checks are summarized in Figure 8.6 and Figure 8.7.
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Figure 8.4. Developed low damage solution for unreinforced clay brick infill wall specimen MIF5-
UCBI with four 10 mm width isolation gaps between the individual infill panels
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Figure 8.5. Used light gauge steel channel section by USG [64] (50x75x%0.75 mm was chosen)

Dividing the infill panel zone into individual cantilever macro elements prevents the
formation of a brittle diagonal strut mechanism, i.e. squat walls. The imposed
deformations on the structure are resisted by the rocking action of each of the
cantilever infill wall panels, ductile flexural behaviour. In this system, the addition of a
secondary sub-framing and polyurethane joint sealant in the vertical joints between the
wall panels increases the out-of-plane stability and confinement of the infill panel
zone. Moreover, these vertical joints with the provided elastic structural sealant
prevent stress concentrations occurring due to different contact lengths between the
infill wall the structural system, unlike the as built option. This system was tested and
proved to work effectively as reported further in this chapter.

166



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik

Chapter 8
Shear Moment Section A-A
(kN)  (kNm)
Al TE_A X—+—F—@t—F—"FX
] 106072 126072
— | & £ =530mm =630 mm
L > | E N
—1 |8 2 Ixx=8.49x10"'m#
Wmax_, E " g £,=220 Mpa
- |5 9 |
— |2 g Winax=J.7 kKN/m
1 |= b= > Winax=3.7%2.65=15kN
— E
)
N * Weight;,q,=1.36 (kN/m*)x(0.53+0.63) (m)x 2.65 (m)
X =4 KN<< ) W =15kN OK
B IdeahiedCS}:ud | Checked: Stud and stud combinations can carry more than
etween the Channels the weight of the unreinforced clay brick infill panel out-of-plane

Figure 8.6. Capacity check for the stud members between the top and bottom steel channels
(Calculations were carried out for a single skin of the infill wall)
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Figure 8.7. Capacity check for the RC anchors at top and bottom steel channels (Calculations were
carried out for a single skin of the infill wall and it has been assumed that the whole weight of the
infill panel zone will be carried by the constructed steel sub-frame)

After the capacity of the designed sub-frame was checked and confirmed, the details
were finalized. Using this sub-framing, the infill panel zone was divided into three
panels. Each of these panels was separated from the adjacent member by a 10 mm gap,
summing up to 40 mm in total. The 40 mm total isolation gap corresponded to an
allowable drift limit of 1.5%, the same as the low damage drywall specimens (MIF1-
STFD and MIF2-TBFD). At each of these gaps, a strip of gypsum board was placed in
between the two skins of the infill wall for additional fire rating. Then, these gaps were
reduced by placing polyethylene foam, which also helps for thermal insulation. As the

final step for preparing the gap for structural/seismic actions, the gap was filled with
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fire rated polyurethane joint sealant, fire rated Sikaflex construction AP (Figure 8.9).

The resulting details are shown in Figure 8.8.
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Figure 8.8. Details of the low damage solution for double skinned unreinforced clay brick infill wall
specimen MIF5-UCBI

Figure 8.9. Polyurethane joint sealant application (Fire rated Sikaflex construction AP)

8.1.2 Construction

In general, the construction consisted of only two steps. First, the light gauge steel sub-
frame was constructed by following the developed details. Then, the clay brick wall
was constructed inside the sub-frame. Clay bricks were laid the same way as FIF3-
UCBI, with wall ties at every fourth course in vertical and 600 mm apart in horizontal.
However, no mortar was used at the bottom and top of the infill panel zone to allow
sliding. Instead of a single infill panel, the wall was constructed as three separate
cantilever panels as shown in Figure 8.10. Seven days after the infill wall was finished,

the gaps were filled with polyethylene foam and polyurethane joint sealant.
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Figure 8.10. Construction process of the low damage unreinforced clay brick infill wall specimen
MIF5-UCBI

Once the joint sealant set within two weeks’ time, the infill wall was completely
integrated with the structural frame due to these flexible joints. The Phillips-head self
drilling screws were then removed from the sub-frame, adding sliding capability to the
infill wall. The photos from the various stages during the construction are shown in
Figure 8.11 and Figure 8.12. The finishing was carried out in the same way as the as
built specimen with a thin coat of white paint to allow for crack visibility.

b) - | c)

Figure 8.11. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI: a) Connection of
stud to the top track, b) The lower right corner of the infill panel zone after the construction started, c)
General view during the construction

169



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 8

Figure 8.12. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI: a) Polyethylene
foam installation, b-c) External and internal joints after the polyurethane joint sealant application, d)
General view after the construction was finished

8.1.3 Instrumentation

The specimen was instrumented in order to measure the same displacements as FIF3-
UCBI. In addition to those, potentiometers h10 and h11 were installed to measure the
vertical displacements between Panel A-B and Panel B-C. The potentiometers h6, h7
and h14, h15 were installed to measure the uplift at the lower and upper levels of the
Panel B, which is the centre panel. The instrumentation scheme and the specimen

before the test are shown in Figure 8.13.
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7 9 \\hsg h2:190  his:185
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Figure 8.13. Instrumentation of the low damage unreinforced clay brick infill wall specimen MIF5-
ucCBl
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8.1.4 Test Results

8.1.4.1 Damage Observations

The displacement protocol was applied to the specimen as in the other tests. The
specimen did not show any significant damage until the end of the test at 2.5% drift. At
0.75% drift, one minor horizontal mortar crack at the top right corner of the Panel C
was observed. Then at 1.5% drift, two other minor mortar cracks were observed at the
bottom left and top right corners of the Panel A. 1.5% drift was the drift limit until
which the interaction with the structural system was minimized. After this, the
individual infill wall panels engaged with the structural system. Following this, another
horizontal crack and minor toe crushing occurred at the top right corner of the Panel C,
which was caused by the rocking of the panels and the interaction with the structural
system. Similar horizontal cracks formed at the top left corner of the Panel A at 2.5%
drift level. Overall, the infill wall did not suffer any serious in-plane damage and it did
not lose its out of plane capacity, which was due to the in-plane integrity of the clay
brick infill wall and the integrity of the sub-frame system. The damage progress and

the end of the test photos of the specimen are shown in Figure 8.14 and Figure 8.15.

Video of the test: http://youtu.be/1h97J9Y gFSlI

— — »  So———

|
0.75%, F' . .=56kN 1.5%, F' . .=120kN 2.0%, F",,.=160kN

= = eI R
=2 ot i oo
2.5%, F' ., .=250kN End of the Test

Figure 8.14. Damage progress of the low damage unreinforced clay brick infill wall specimen MIF5-
ucCBl
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End of the Test, Drift=2.5%

Figure 8.15. Damage photos of low damage unreinforced clay brick infill wall specimen MIF5-UCBI
at the end of the test

8.1.4.2 Behaviour Explanation

The adopted details worked effectively and prevented the formation of in-plane
damage. As a result, the solutions preserved the out-of-plane capacity, which was
dependent on the in-plane strength of the infill wall and the condition of the sub-frame.
The system worked as it was intended; the infill wall panel had degree of freedom to
slide, and the polyurethane joint sealant acted as a bumper for sliding. In addition, the
infill panels were able to rock as sliding action reached its limit, which started when
the compressibility of the polyurethane reached its limit. At the end of the test very low
and minor damage was observed at the specimen. Also, polyurethane joint sealant

proved its strong bonding capabilities within the given low damage concept (Figure
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8.16b). At the end of the test, the joint sealant was intact and functional. The behaviour

of the specimen is schematically summarized in Figure 8.16a.

== Sliding * 1l ’

r Rocking Infill Panels

i |, Due to the deformability of the
/| specimen and the provided

i| gaps, no beam elongation was

i imposed and very low damage
| was observed after 1.5% drift

| level

B
a) b)

Figure 8.16. a) Behaviour of the low damage unreinforced clay brick infill wall specimen MIF5-
UCBI, b) The deformation of polyurethane joint sealant at +2.5% drift level

Structurally, the effect of these flexible gaps was observed in the resulting global
hysteresis curve, shown in Figure 8.17a. As design suggested, the interaction of the
infill panel zone with the structural system was minimized until the design drift limit of
1.5%, theoretical gap closing drift. After this drift, the infill panel zone started to
interact with the structural system. However, even the highest drift limit of 2.5% could
not cause a serious damage to the developed low damage infill solution. The infill
remained intact and serviceable both structurally and architecturally. The beam
elongation was also prevented until the gap closing drift level (1.5%), reducing the
effect of the infill panel to the beam elongation effects and thus to the level of post
tensioning (Figure 8.17b). In Figure 8.18, the lateral force exerted by the infill panel
zone and its projection into diagonal direction are shown for numerical modelling

purposes.

When the potentiometer readings of h6, h7 and h14, h15 were inspected, the uplift
occurring at lower and upper part of the Panel B could easily be observed, which
shows the rocking observed in the panels. This can also be seen when h10 and hll
were checked, showing the relative vertical deformation occurring between the panels
(Figure 8.19). In addition to rocking at panels, the infill panel zone also showed some

sliding behaviour as intended by the design (Figure 8.19d).
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Figure 8.17. Test results for low damage unreinforced clay brick infill wall specimen MIF5-UCBI: a)
Global force vs. inter-storey drift hysteresis, b) Post tensioning and beam elongation vs. inter-storey
drift.
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Figure 8.18. a) Lateral force exerted on the infill panel zone obtained by subtracting the bare frame
from the total, b) Diagonal force exerted on the infill panel zone, projection of a) in diagonal dir.
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Figure 8.19. Potentiometer readings taken at the shown locations: a-b) Uplift at bottom and top, ¢)
Relative vertical deformation between the Panel A and B, the Panel B and C, d) Sliding at top and
bottom of the infill wall

8.1.5 Numerical Model Calibration

The model used for FIF3-UCBI was modified with the introduction of the gap

parameter in Wayne Stewart degrading stiffness hysteresis rule. As in the low damage

drywall solutions, the provided total gap of 40mm was projected into diagonal
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direction. The required gap in the diagonal was approximately 50 mm when 40 mm
was projected. Unlike the low damage drywall solutions, the gap was filled with the
polyurethane joint sealant. This sealant had an elastic behaviour and very strong bond
properties with the structural materials. Due to the presence of this elastic material in
the gaps, the provided gap of 40 mm could not freely act. Therefore, the gap parameter
was reduced and calibrated to match the experimental result. Calibration showed that
0.85 times the provided diagonal gap length (52 mm) matched the experimental and
theoretical gap opening at 1.5%. Also, the analytical diagonal strut strength value
multiplied by 1.28 resulted in a good match to the experimental hysteresis.The
parameters of the calibrated model are given in Figure 8.20 and the comparison of the

numerical and the experimental results are shown in Figure 8.21.
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Figure 8.20. The numerical model of low damage unreinforced clay brick infill wall specimen MIF4-
UCBI for Ruaumoko 2D (Strut model with a +gap to account for the vertical isolation joints)
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Figure 8.21. Hysteresis behaviour of the numerical model compared to the experimental result for low
damage unreinforced clay brick infill wall specimen MIF5-UCBI

8.2 Observations, Energy Dissipation and Effective Stiffness Properties of the

Low Damage Unreinforced Clay Brick Infill Wall

8.2.1 Observations and Comparisons

The experiments showed that as built clay brick infill walls can easily be turned into a
low damage seismic infill wall type. The developed low damage solution remained
serviceable even at the highest drift of 2.5% with very minor cracks. The low damage
solution minimized the interaction with the structural frame, resulting in behaviour
close to the bare frame until the design drift limit of 1.5%. After 1.5%, the infill wall
interacted with the structure due to the activated strut action. This aspect of the
developed low damage solution suggests that the system is an effective low damage
non-structural wall solution. After the design drift level, it turns into an additional
structural component in the system, a back up element. Accordingly, it can be stated
that the system can well be an alternative dissipative solution to be utilized/activated
when the inter-storey drift level in the structure exceeds the design drift level.The
performance of the low damage solution is compared to the as built specimen and
shown in Figure 8.22. Also, this solution does not apply only to unreinforced clay
bricks, but to any kind of panels that can be installed as non-structural walls with
enough strength and dissipative properties to be utilized as structural elements also (i.e.

timber panels, steel plate shear walls, reinforced concrete panels, etc.)

177



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 8

Lateral Top Displacement (mm)
-100-75 -50 -25 0 25 50 75 100

250 T ‘ T ‘ T ‘ T ‘ T ‘ % ‘ T T
200 —— Bare Frame
AAA MIF5-UCBI 0.29% NZS1170

&6© FIF3-UCBI . Serviceability Loss

[N
a1
o

=
gl O
o O

0.3% Diagonal Crack
----- Serviceability Loss

. Lateral Force (kN)
: o
T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T

FIF3-UCBI
50
100 1.5% Low Damage
150 Design Limit
Gap Closing
-200 MIF5-UCBI
_250 PR N I AT I | \: I P R
-3-25-2-15-1-050 051 152 253

Inter-Storey Drift (%)

Figure 8.22. The envelope curves of the bare frame, as built and low damage unreinforced clay brick
infill wall specimens (FIF3-UCBI and MIF5-UCBI) along with the key drift values

The efficiency of the low damage solution can also be shown by using the axial strut
strain (eyw) in relation to the drift (3) and aspect ratio (L/H) of the infill panel zone
using equation 8.1 shown below suggested by Magenes and Pampanin [10]. Low
damage design drift directly adds up in the given equation so that it causes an
increased drift capacity for each level of strain. This modification given by the low
damage solution is shown in equation 8.2. The graphical comparison of these two
equations, using a low damage design drift of 1.5%, summarizes the effect of the low

damage solution compared to the as built option in Figure 8.23.

L ) L.,
5=ﬁ—\/(1—8w) '(1+(ﬁ) )-1 8.1)
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For the tested specimens, the aspect ratio (L/H) was 1.33, which corresponded to a
diagonal strut strain of 0.002 at 0.4% drift level (Figure 8.23a). Incorporating the low
damage solution increased this drift limit to approximately 2.0% (0.4%+1.5% design
drift=1.9%) for the same strain of 0.002. These results also confirmed the experimental
observations since the damage to the infill wall started only after 2.0% drift level while

the interaction was minimized until 1.5% drift level.

8.2.2 Energy Dissipation and Stiffness Degradation Properties

When compared to as built specimen FIF3-UCBI, the use of the elastic polyurethane
joint sealant and sub-framing the infill panel zone into three separate panels introduced
a 12 to 25% higher equivalent viscous damping in the system until engaging with the
structure at 1.5% design drift limit (Figure 8.24b). After 1.5% drift (i.e. activation of
diagonal strut), the equivalent viscous damping dropped significantly. However, due to
the reduced interaction and damage, the dissipated energy was approximately 50% less
than in the as built specimen (Figure 8.24a).
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Figure 8.24. The low damage unreinforced clay brick infill wall compared to as built (MIF5-UCBI
and FIF3-UCBI): a) Average dissipated energy vs. the inter-storey drift, b) Average equivalent

viscous damping

The significantly reduced interaction with the structural system is also evident when

the stiffness degradation properties are inspected. As it can be seen in Figure 8.25, the

effective stiffness values are very close to the bare frame and significantly lower than

the as built unreinforced clay brick infill wall specimen (FIF3-UCBI).
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Figure 8.25. Stiffness degradation vs. inter-storey drift compared to as built specimen, plotted using
the total lateral force (left axis) and using the lateral force exerted by the infill wall (right axis),
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8.3 Conclusions

The old practice of armature cross walls and the concept of rocking systems were
adapted to be used in modern structures in order to obtain a low damage solution for
unreinforced clay brick infill walls. The low damage solution concept was developed
by dividing the infill panel zone into three using light gauge steel sub-framing. The
three panels were separated by 10 mm vertical gaps from each other and from the RC
columns. These gaps were filled with polyurethane joint sealant, a very elastic
structural joint sealant. The achieved low damage system was, in principle, a rocking
infill wall system, which can further be studied for added external dissipaters to the
infill wall system (Figure 8.26).
To see how the system works: http://youtu.be/1h97J9YgFSI

Dissipation by Steel Devices
Between the Panels

Dissipative Materials
at Panel-to-Panel

Interfaces

Conceptual methods for implementing the panel-to-panel
relative deformation for energy dissipation

Figure 8.26. Conceptual added external dissipation options for the suggested low damage solution for
unreinforced clay brick infill wall panels (instead of clay bricks, CLT panels can also be used as infill
walls)

The low damage system proved its effectiveness and remained serviceable even at high
drift levels (2-2.5% drift) imposed during the test. Until the design drift limit of 1.5%,
the low damage system’s behaviour was very close to the bare frame, which meant the
interaction between the structural frame and the non-structural wall was minimized.
After the design drift (gap closing), the low damage infill wall started to take forces by
the activation of a strut action. This observation had another implication in addition to
the low damage property of the system. The low damage non-structural wall solution
worked as a low damage system until the design drift limit was reached and the gaps
were fully closed. After the design drift level, the system acted as a structural

component. Therefore, they may behave as backup or secondary seismic resisting
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structural elements that activate as a structure experiences extreme drifts provided that
they do not develop brittle local or global mechanisms. Other than clay bricks, this
solution can also be applicable to other types of materials that can be used as structural
infill panels by selecting appropriate materials for this purpose (i.e. timber walls, steel

plate shear walls, RC panels, etc.).

As it was observed in as built unreinforced clay brick infill wall specimen FIF3-UCBI,
the as built infill panel imposed beam elongation at the lower beam level due to the
interaction with the structural system though this elongation was prevented in the bare
frame. With the developed low damage solution, the interaction with the structural
system was minimized until 1.5% drift level and the beam elongation given by the
infill panel was also minimized. However, after 1.5% drift, the low damage infill wall
interacted with the structural system and had the same level of beam elongation as the
as built specimen at 2.0 and 2.5% drift levels.

For energy dissipation, the polyurethane joint sealant introduced 12-25% higher
equivalent viscous damping, but 50% less hysteretic energy dissipation when
compared to the as built option. Until 1.0% drift level, the low damage solution gave
approximately 12% to 10% equivalent viscous damping (whereas this number was

approximately 8% for as built option)
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CHAPTER 9
NUMERICAL CASE STUDIES

What is a scientist after all? It is a curious man looking through a keyhole, the keyhole

of nature, trying to know what's going on.

Jacques Yves Cousteau
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9 NUMERICAL CASE STUDIES

The seismic performance of the as built non-structural walls and the performance of
the developed low damage solutions were numerically studied using a typical multi
storey building for New Zealand. The aim was to confirm the global benefits arising
from the implementation of the proposed and tested low damage solutions. The models
of the infill walls, calibrated using the experimental results, were implemented in a 10
storey bare frame model. Then, 16 ground motion accelerations were used to carry out

time-history analyses in order to observe the resulting inter-storey drift levels.

9.1 Case Study Building: 10 Storey NZS 3101 Compliant Redbook Building

The selected building was a case study RC frame building designed according to the
guidelines given in NZS 3101 [65]. The design and the detailing of this example
building are reported in details in the ‘Redbook’ by Bull, D. [66]. Due to the well
defined design and ease of modelling, this building was chosen to be a good
representative of the buildings resulting from the application of the New Zealand
Reinforced Concrete Design Code (NZS3101). Section sizes, plan and elevation view
of the building are shown in Table 9.1 and in Figure 9.1. For the analyses, the finite

element dynamic structural analysis software Ruaumoko 2D was used.

Table 9.1. Section sizes of the modelled building

Section Area 0.6l Axlg (X) BxIg (y) Comment
900x460 0.414  0.0168 - - Exterior Column (x)
900x460 0.414  0.0044 - - Exterior Column (y)
900x400  0.360 - (A=0.4), 0.0097 (B=0.4), 0.0019 Exterior Beam
750x530  0.431 - (A=0.35),0.0078  (B=0.35), 0.0033 Interior Beam

For modelling, a lumped plasticity approach was implemented in Ruaumoko 2D.
Structural elements were modelled elastically with concentrated plasticity at member
ends where Takeda hysteresis rule was assigned for beams and columns. As per the
diagonal struts for non-structural walls, the calibrated Wayne Stewart degrading
stiffness models were added to all the bays and the floors of the bare frame model. The

weight contribution given by the non-structural drywalls was neglected since these are
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very light elements compared to the weight of the structural elements. The additional
weight given by the unreinforced clay bricks were considered in the building model.
The building model was assumed to have fixed base supports with no soil structure
interaction and the damping was typically assumed as 5%. The RC frame section
details and their behaviour are shown in Figure 9.2 and Figure 9.3. More details about
this building can be found in [66]. For reference, the Ruaumoko2D model of the
building with as built steel framed drywalls is given in the Appendix H. The strut data
can be replaced by any of the other given models to obtain the other building models

adopted in the study reported herein.

- - As-Built Low Damage
3.7 3.6 : :
Options Solutions
3.6 . (Added Gaps)
7.35 3.6
m |
i LK
3.6 FIF-STFD MIF-STF
7.35
3.6
i |
3.6
m |
7.35 3.6 FIF-TBFD™  MIF-TBF
3.6
37 r Analysed Frame 1 4
| e ———— R N e
| ! | | FIF-UCBI MIF-UCB
3. 7.35 7.35 735 ¥ 735 7T 735 7T 735 7

Figure 9.1. The plan and elevation view of the modelled exterior bare frame
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Figure 9.2. The details and the moment curvature of the RC beams from Bull and Brunsdon [66]
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Figure 9.3. The details, the axial force-moment interaction and moment curvature diagrams of the RC
columns from Bull and Brunsdon [66]

9.2 Applied Earthquakes

Recently, Christchurch has been struck by an unusual sequence of earthquake events
starting with 4™ of September 2010. The total number of earthquakes above the
magnitude 3.0, 4.0, 5.0 and 6.0 were reported as 4423, 958, 82, 9 respectively
(EQC/GNS [34]) with the most intensive and devastating one being February 22, 2011
(My 6.3, depth 5 km). One of the most common observations was that during the
sequence of strong aftershocks (M,, 5+), many if not most of the modern buildings
suffered moderate to extensive damage to the non-structural walls that needed
repeatedly extensive repair or complete replacement. Among these earthquakes, two
were outstanding considering their destructive intensity and the resulting levels of
imposed drifts on the buildings. These two earthquakes were the 4™ September 2010
(main shock) and the 22" February 2011 (aftershock) earthquakes in Darfield and
Christchurch respectively. The aftermath of these series of earthquakes was well
reported by the Royal Commission of Canterbury Earthquakes in 2012 and by the New
Zealand Society for Earthquake Engineering (NZSEE) in two special issues of the
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bulletin [35, 36, 67]. Due to their relevance, 8 ground motion records taken during
these two earthquakes were primarily chosen for the analyses. In order to investigate
the seismic response of the structure under different type of earthquake ground
motions, 8 additional records were chosen, which were compatible with the
acceleration and displacement response spectrum suggested by the NZS1170.5
guidelines. It should be noted that these ground motions were selected such that they
follow approximately the acceleration response spectrum for NZ. The purpose of the
analyses was to show the performance of the developed low damage solutions when
compared to the as built and the bare frame options by comparing the resulting

maximum inter-storey drift profiles.

The adopted ground motion records are listed in Table 9.2. The ground motions of the
given earthquakes, NZS1170.5: 2004 acceleration and displacement response spectrum
[68] are summarized in Figure 9.4 (i.e. compatible with 1/500 year spectrum) and in
Figure 9.5 (i.e. compatible with 1/2500 year spectrum). For the NZS1170.5
acceleration and displacement response spectrum, soil type D and the post earthquake
seismicity of Z=0.3 was adopted. The ground motion data for Christchurch
earthquakes (EQ1-EQ8) was obtained from Canterbury Earthquakes and Ground
Motion Prediction Data given by Bradley [69] and the remaining earthquake data
(EQ9-EQ16) was obtained from PEER Ground motion database [70].

Table 9.2. List of the earthquakes

# Earthquake Station Notation PGA(g My
EQ1 Darfield 2010 Christchurch Cathedral College EQ1-DAR-CCCC-1 0.23 7.1
EQ2 Darfield 2010 Christchurch Hospital EQ2-DAR-CHHC-2 0.15 7.1
EQ3 Darfield 2010 Christchurch Resthaven EQ3-DAR-REHS-1 0.25 7.1
EQ4 Darfield 2010 Christchurch Botanic Gardens EQ4-DAR-CBGS-1 0.15 7.1
EQ5 Christchurch 2011 Christchurch Cathedral College EQ5-LYT-CCCC-1 05 6.3
EQ6 Christchurch 2011 Christchurch Hospital EQ6-LYT-CHHC-2 0.38 6.3
EQ7 Christchurch 2011 Christchurch Resthaven EQ7-LYT-REHS-1 0.71 6.3
EQ8  Christchurch 2011 Christchurch Botanic Gardens EQ8-LYT-CBGS-1 0.57 6.3
EQ9 Imperial Valley 1979 El Centro Array EQ9-IMPV-ECA 0.53 6.5
EQ10  Northridge 1994 LA Dam EQ10-NTHR-LD 0.42 6.7
EQ11  Erzincan, Turkey 1992 Erzincan EQ11-ERZTR-E 0.49 6.7
EQ12  Chi-Chi, Taiwan 1999 TCUO76 EQ12-CCTW-TCUOQ76 0.3 7.6
EQ13  Tabas, Iran 1978 Tabas EQ13-TIR-T 0.81 73
EQ14  Loma Prieta 1989 LGPC EQ14-LP-LGPC 0.94 6.9
EQ15  Northridge 1994 Rinaldi Receiving EQ15-NTHR-RR 0.87 6.7
EQ16  Kobe, Japan 1995 Takatori EQ16-KBJP-T 0.6 6.9

PGA: Peak ground acceleration
Mw: Richter magnitude

190




Damage Mitigation Strategies for Non-Structural Infill Walls

Ali Sahin Tasligedik
Chapter 9

These 16 earthquake records were used for the analyses of 7 models namely: Bare
frame, frame infilled with as built steel/timber framed drywalls, frame infilled with as

built unreinforced clay brick infill wall, and the low damage versions of these infill

wall types. A total of 112 time history analyses were carried out.
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Figure 9.4. Recorded ground acceleration data, acceleration and displacement response spectrum for
EQL, EQ2, EQ3, EQ4 and EQ9, EQ10, EQ11, EQ12 (set compatible with 500 year return period

spectrum)
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Figure 9.5. Recorded ground acceleration data, acceleration and displacement response spectrum for
EQ5, EQ6, EQ7, EQ8 and EQ13, EQ14, EQ15, EQ16 (set compatible with 2500 year return period

spectrum)

9.3 Results for As Built and Low Damage Drywalls

Using the calibrated models for as built and low damage steel/timber framed drywalls

(Described by STFD and TBFD), diagonal struts were assigned to all the bays and the

floors in the building. The weight contribution was neglected since these are very light

elements compared to the weight of the structural elements. Then the given ground

motion accelerations were applied to the structure. The results are summarized in
Figure 9.6 for EQ1-EQ4, EQ9-EQ12 (500 year-NZ spectrum compatible set) and in
Figure 9.7 for EQ5-EQ8, EQ13-EQ16 (2500 year-NZ spectrum compatible set).
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Figure 9.6. Comparison of as built and low damage drywall solutions using EQ1-EQ4 and EQ9-EQ12

(Set compatible with 500 year response spectrum)

193




Damage Mitigation Strategies for Non-Structural Infill Walls

Ali Sahin Tasligedik
Chapter 9

EQ5-LYT-CCCC-1

EQ6-LYT-CHHC-2

As built and Low Damage Steel
Framed Drywalls

As built and Low Damage Timber
Framed Drywalls

Inter-Storey Drift (%)

10 | — As Built 10 | — As Built
9 | = Low Damage 9 | = Low Damage
8 - --Bare Frame 8 - - - Bare Frame
| |
7 | 90% 7 | 0%
@2 6 H As Built @ 6 . As Built
S H Damage < H Damage
@ 5. @ 5 H
1 UL e g I
4 0% 4 %
3 Damage at 3 H Damage at
e Low Damage o Low Damage
2] Solution 2 Solution
1. n 1
QT T T T o T T
0 1 2 3 4 5 0 1 2 3 4 5

Inter-Storey Drift (%)

As built and Low Damage Steel
Framed Drywalls

[N
o

— As Built
= Low Damage
- -~ Bare Frame

90%
As Built
Damage

Levels

O P N WSO N ©©

0%
Damage at
Low Damage
Solution

1 2 3 4
Inter-Storey Drift (%)

o

5

Levels

O P N WU OO N ®O

As built and Low Damage Timber
Framed Drywalls

[
o

— As Built
= Low Damage
- -~ Bare Frame

70%
As Built
Damage

0%
Damage at
Low Damage
Solution

L N I I
1 2 3 4
Inter-Storey Drift (%)

5

EQ7-LYT-REHS-1

EQ8-LYT-CBGS-1

As built and Low Damage Steel
Framed Drywalls

As built and Low Damage Timber
Framed Drywalls

As built and Low Damage Steel
Framed Drywalls

As built and Low Damage Timber
Framed Drywalls

10 | — AsBuilt 10 | — As Built 10| | — AsBuilt el — As Built
9 : | — Low Damage 9 | — Low Damage 911 — Low Damage 9 | — Low Damage
8 s - - - Bare Frame 8 - -- Bare Frame 8 e i - - -Bare Frame s [ - - - Bare Frame
e wo |7 i 80% | 0% | 0%
26 i - AsBuilt P : . AsBuilt @2 g It '} As Built @ gl H As Built
S | [ Damage)g O i | Damage g L 1§ Damage e Ol 1 Damage
g sl 5 1 ao S|
4 4, 4l 0% 4 0%
. ro ' D t : D t
3 L ~0% Plaster 3 . 0 Y ~0% Plaster 3 L: | Lo;/nggriaage 3 Lol Loin‘Sg;:ge
20 Damage at 20 1 Damage at 2 | Solution I Solution
b Low Damage| - Low Damage 1 e
1) Solution 1 | Solution | L H
0 —H e o ol T T T o T T
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%)
EQ13-TIR-T EQ14-LP-LGPC
As built and Low Damage Steel  As built and Low Damage Timber As built and Low Damage Steel  As built and Low Damage Timber
Framed Drywalls Framed Drywalls Framed Drywalls Framed Drywalls
10 — As Built 101 | — As Built 10] | — As Built O | skt
9 — Low Damage 9 — Low Damage 9|: | = Low Damage 9 : — Low Damage
8 I - - - Bare Frame 3 = - - - Bare Frame 8 - - --Bare Frame s | - - - Bare Frame
70 100% 70 70% 70 90% 70 80%
v g As Built w As Built > o | _ As Built Lo _ AsBuilt
T L Damage  |'@ 6 L Damage e 6 | | | Damage (2 6 | : Damage
~0% ~0% 41 | ? i 4 o ’
3 Damage at [ Damage at i Damage at i S Damage at
L Low Damage 8 L Low Dfmage 3 L} | Low Damage || ! 3 | | Lo;\g B?ifgsge
2 B Solution 2 | Solution 2 Solution 2 |
1] 1 1 ‘ 1 |
o T T T o T T T T T T T T T RaasEEE
0 1 2 3 4 5 0 1 2 3 4 5 OO 1 2 3 4 5 O0 1 2 3 4 5
Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%)
EQ15-NTHR-RR EQ16-KBJP-T

As built and Low Damage Steel
Framed Drywalls

As built and Low Damage Timber
Framed Drywalls

Inter-Storey Drift (%)

10 | — As Built 10 | — As Built
9| | = Low Damage 9 | = Low Damage
8 . - -- Bare Frame 8 - -- Bare Frame
7 . | 90% 7 I 50%
" . | AsBuilt | | As Built
= 6 Damage |5 6 Damage
g 5 g s
4 Y =
4] 4
3 ? 3/ |2
2 It Damage at 0 o Damage at
Ly | Low Damage i L | Low Damage
1 Solution i 1 Solution
T T T T T T T T
0 o T T
0 1 2 3 4 5 0 1 2 3 4 5

Inter-Storey Drift (%)

As built and Low Damage Steel
Framed Drywalls

=
o

— As Built
= Low Damage
- - - Bare Frame

90%
As Built
Damage

Levels

O RPN WM O N ®©©

|
[} 0%
Damage at
Low Damage
Solution

|

R EE e
1 2 3 4
Inter-Storey Drift (%)

5

Levels

O P N WA U O N O ©

As built and Low Damage Timber
Framed Drywalls

[N
o

— As Built
= Low Damage
- --Bare Frame

80%
As Built
Damage

0%
Damage at
Low Damage
Solution

T
1 2 3 4
Inter-Storey Drift (%)

o

5

As Built Damage Drift
0.3% for STFD and 0.75% for TBFD

Low Damage Solution Design Drift 1.5%

Figure 9.7. Comparison of as built and low damage drywall solutions using EQ5, EQ6, EQ7, EQ8
and EQ13, EQ14, EQ15, EQ16 (Set compatible with 2500 year spectrum)
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From the results of Figure 9.6 and Figure 9.7, it can be concluded that both the as built
and the low damage drywalls do not affect the resulting inter-storey drift profiles of the
structure significantly, except for the as built timber framed drywall, which contributes
slightly to reduce the inter-storey drifts. A slight change in the natural period of
vibration of the structure was also observed in the results of the analyses. The bare
frame and the frame infilled with the low damage solutions had a natural period of
1.95s. On the other hand, the as built steel and timber framed drywall infills resulted in
a period of 1.74s (10% less than the bare frame).

Considering the extent of overall damage, it can be seen that the damage ratio of the as
built steel framed drywalls were in the range of 60 to 100 percent. In other words, the
number of floors where the inter-storey drift exceeded the damage drift was between 6
to 10 storeys. For the as built timber framed drywalls, these numbers were ranging
from O to 80 percent. Compared to those, as expected, the low damage solutions
performed very well with negligible damage during these earthquakes (Table 9.3).
However, since there were no experimental observations about the damage state of low
damage solutions after 2.5%, the damage estimations for higher drift levels is unknown
(especially if higher than 3.0%). For those high drift levels, it was assumed that the L-
trim plaster cracks progressed with no significant damage to linings. The statistical
distribution of these results is summarized in Figure 9.8 using the given mean (u) and

standard deviation (o) values in Table 9.3.

Table 9.3. Summary for the percentage of the damage to non-structural walls in the model building

As Built STFD As Built TBFD Low Damage Low Damage
Earthquakes T=1.74s T=1.74s STFD TBFD
Drift > 0.3% Drift > 0.75% T=1.95s T=1.95s

EQ1-EQ4(1/500) 60-80% 0-50% 0% 0%
EQ5-EQ8(1/2500) 90% 70-80% ~0% ~0%
EQ9-EQ12(1/500) 70-90% 50-60% ~0% ~0%
EQ13-EQ16(1/2500) 90-100% 50-80% ~0% ~0%
p and o for 1/500yr u=75%, 6=10% u=40%, 6=20% 0% 0%
pand o for 1/2500yr | p=91.25%, 6=3.3% n=71.25%, 6=9.3% 0% 0%

Note: The damage percentage was calculated by dividing the number of floors exceeding the damage
drift to the total number of floors

STFD : Steel Framed Drywall,

TBFD : Timber Framed Drywall,

~0 : Stands for Minor Damage (i.e. plaster cracks)
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Figure 9.8. Distribution of the damage percentage for as built steel and timber framed drywalls for
1/500 year and 1/2500 year events

When EQ5-EQ8 and EQ13-EQ16 were applied on the structure, the damage to both
the as built steel and timber framed drywalls was very high, which was expected due to
the extreme intensity. The steel framed experienced 90% damage without any
exception. The timber framed drywalls experienced damage ranging from 60 to 80%.
On the other hand, again, the low damage solutions would provide superior seismic
performance by very minor damage such as plaster cracks, which were observed in the
experimental campaign after 2.0% drift. The low damage solutions caused no
impairment to the serviceability of the drywalls when the global behaviour of the
model building was inspected. It also confirmed the global benefits of using such walls
in reducing the damage/costs associated with the failure/serviceability loss of these

components.
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9.4 Results for As Built and Low Damage Unreinforced Clay Brick Infill Walls

Using the calibrated models for as built and low damage unreinforced clay brick infill
walls (Described by UCBI), diagonal struts were assigned to all the bays and the floors
in the building. The weight contribution given by the unreinforced clay brick infills
was added to the existing building model. Then the given ground motion accelerations
were applied on the structure. The resulting inter-storey drift profiles are summarized

in Figure 9.9 and Figure 9.10.

As built and Low Damage Unreinforced Clay Brick Infill Walls

EQ1-DAR-CCCC-1 EQ2-DAR-CHHC-2 EQ3-DAR-REHS-1 EQ4-DAR-CBGS-1
o — As Built W | —assun OF | e 0 | —assui
9k = Low Damage 9 — Low Damage 9 | — Low Damage 9 | — Low Damage
8 I - - - Bare Frame 8 I - -~ Bare Frame 8 - -~ Bare Frame sl - -~ Bare Frame
| I | | Lk |
L A Al R e L S0 I po Bt
2 g ; © g As Built © 6 As Built L g D
[3 5 | Damage < 5, | Damage Q 5 | Damage L 5 | amage
L N 9] CH . £ N
= UL L - | R I o = A
a4 4 a4l 4
3| Damage at 31T Damage at 3Y Damage at 3 | Low Damage
2 r Low Damage 2 ] Low Damage 20 Low Damage 2 Solution
| Solution | Solution H Solution |
HIR i il | |
! b ; g P aaa s M T M
0O 1 2 3 45 6 7 00 1 2 3 45 6 7 012 3 456 7 01 2 3 456 7
Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%)
As built and Low Damage Unreinforced Clay Brick Infill Walls
EQ9-IMPV-ECA EQ10-NTHR-LD EQ11-ERZTR-E EQ12-CCTW-TCUO076
10 — As Built 10 | — As Built 10 | — As Built 100f | — As Built
9 — Low Damage 9 | — Low Damage 9 | — Low Damage 9l | — Low Damage
all: - --Bare Frame 8 - - -Bare Frame 8 - --Bare Frame gl - --Bare Frame
K | N
i ' 70% 70% ki
1% SO T As Built ! As Built ML o
0 v As Built » H «» ; P . As Built
T 6|: Damage K 6 L Damage T 6|: Damage E 6 K Damage
@ 5/ @ 5(. & 5. @ 5.
- ; R 0% | R
' ' D t ' '
A PR R I O~ A el A 1
' ' | = Soluti ' ~U% ' |
o ! LEV%mDaf;:;e o : oltion o I Damage at of I} 4 Low Damage
: i Solution H L | Low Damage L Solution
1) I 1. I 1! | Solution 1 !
o P o P o Pt 0 e —
01 2 3 456 7 01 2 3 4567 012 3 4586 7 01 2 3 4567
Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%) Inter-Storey Drift (%)
. . . I . . .
: As Built Damage Drift 0.3% for UCBI | Low Damage Solution Design Drift 1.5%
o No Significant Drift Reduction by Low Damage Max. Drift Reduction by Low Damage

System under 1.5% System above 1.5%

Figure 9.9. Inter-storey drift profile comparisons using EQ1-EQ4 and EQ9-EQ12, Soft storey
mechanism at as-built and bare frame in EQ11 (Set compatible with 500 year spectrum)
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Figure 9.10. Inter-storey drift comparisons using EQ5-EQ8 and EQ13-EQ16, Soft storey mechanism
at as built and bare frame in EQ7, EQ14 and EQ15 (Set compatible with 2500 year spectrum)

Although the EQ1-EQ8 were not as destructive as EQ9-EQ16, the damage to the
unreinforced clay brick infill walls were significant due to the inherent vulnerabilities
of the as built infill wall system and their low drift capacity (~0.3%). The extent of
damage to the as built clay brick infills were in the range of 20-60% for EQ1-EQ4 and
60-70% for EQ9-EQ12. In these events, the low damage solutions performed well and
remained almost undamaged. For EQ1-EQ4, the low damage solution resulted in very
similar inter-storey drift profiles to the bare frame due to the effectiveness of
isolation/low damage system until 1.5% drift (The infill panel does not engage with the
structural system until design drift). When the other earthquakes are inspected (EQ5-
EQ8 and EQ13-EQL16), it can be observed that the as built infill walls suffered much
higher damage rates due to the much higher ground accelerations caused by these
ground motions. The extent of damage to the as built clay brick infilled structure was

in the range of 70-90%. The low damage clay brick infill wall solution again showed
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approximately 0% damage for most cases. However, due to the lack of experimental
evidences on the level of damage for drift levels higher than 2.5%, an exact damage
percentage could not be given for these walls at extreme inter-storey drift levels and
they have been identified with a question mark in the given inter-storey drift profiles.
The overall damage summary is shown in Table 9.4. The statistical distribution of
these results is summarized in Figure 9.8 using the given mean (u) and standard

deviation (o) values inTable 9.4.

Table 9.4. Summary of the percentage of the damage to non-structural walls in the model building

As Built UCBI, T=1.28s
Earthquake . Low Damage UCBI, T=1.96s
Drift > 0.3%
EQ1-EQ4 20-60% 0%
EQ5-EQ8 70-80% ~0%
EQ9-EQ12 60-70% ~0%
EQ13-EQ16 70-90% ~0%-?
pand o for 1/500yr u=52.5%, 0=19.2% -
pand o for 1/2500yr pn=77.5%, 0=6.61% -
UCBI : Unreinforced Clay Brick Infill Wall
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Figure 9.11. Distribution of the damage percentage for as built unreinforced clay brick infill walls for
1/500 year and 1/2500 year events
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If the inter-storey drift profiles in Figure 9.9 and Figure 9.10 are studied, the effect of
the low damage solution on the global response is evident. For earthquakes that impose
inter-storey drift levels less than the design drift level (1.5%), the low damage solution
provides full isolation between the infill panel zone and the structural system. This
results in the same drift profiles for the bare frame and the low damage solution (i.e.
EQL-EQ4 in Figure 9.9). In the same earthquakes, although the as-built clay brick
infills reduce the global drift profiles, they suffer in-plane damage, impairing their
serviceability even if the building survives the event. The low damage non-structural
unreinforced clay brick infill wall solution engages the structural system after the
structure exceeds the design drift level, turning into a back up structural element. The
reserved in-plane capacity is utilized from this drift level onwards, causing an adaptive
bracing system that activates only at the required floor levels where the inter-storey
drift level is higher than the design drift level, reducing the inter-storey drift level. For

other floors with inter-storey drift levels smaller than 1.5%, they behave as bare frame.

Overall, this structural modification on the global behaviour results in more uniform
inter-storey drift profiles. In some cases, this can prevent the formation of a soft-storey
mechanism that develops in the as built option or the bare frame. The prevention of the
soft-storey mechanism can clearly be observed in the inter-storey drift profiles under
EQ11 in Figure 9.9 and EQ7, EQ14 in Figure 9.10. These analyses confirmed the
global performance of the low damage solutions in both preventing infill wall damage
and improving the global seismic performance. The inter-storey drift profiles shown in
Figure 9.6, Figure 9.7 and Figure 9.9, Figure 9.10 are numerically summarized in
Table 9.5 for EQ1-EQ8 and in Table 9.6 for EQ9-EQ16.
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Table 9.5. Numerical summary of the inter-storey drift profiles for EQ1-EQ8
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Table 9.6. Numerical summary of the inter-storey drift profiles for EQ9-EQ16

aures  pafigu youg Ae]) paosouasun Mg S 190N A3 aures paqIyu eI pawres] J2qURT Mg SV Q91 13 aures pa[Iyu [eaviIq pawres] (223§ 3N SY QAL J14 sweiarg qg N

9103-€103 PUE §03-C03 €6= @39l 411 £¢= QilS 414 (3R]

SuuapISU0) UOREIAR( PIEPUEIS PUE BB CT1i= @49l 414 $T16= @ALS 414 [CAL

0 08 0 08 0 06 - é oL é 05 é 06 - é oL 0% 08 0% 06 - 0 06 o~ oL o~ 001 - ummwwo
[¥SE0 SSLI0 FSE0 129T0 +#5€0 CTISTO 619€0  19TC0 €8I0 10FCO SOTO TSSO ISICO SLTCO  6S0F0 10ST0 EL¥E0 LISIO0 6CFE0 LIOTO ¥60E0  COSHO LTTTO €650 LTIEO €660 TH9E0 98€0 OITAT
85690 LOSTO €689°0 SISFO £689°0 LCLCO TLTLO  $E0F0 910 6EIF0 LOSE0 FIF0 #SL£0 TITHO  TOSLO TE610 10890 TT6E0D 6VE00 SSOSO $ET90  T9TL0 TIEO FL6FO +SSHO +i6v0 16870 T6v0  6IAT
1660 90¥C0 L¥S60 6TSS0 L[¥S60 61680 I€OT SLO0 TPETO 99/C0 TSSSO TSSO 6950 688C0 TEOT S8ETO LSTT TSELO 6L0T TELSO €30°1 6507 +5950 TSLO 9TTO0 ITLLO £9690 T8O  SIAT
€T STOT 1T T60T  1TIT 90T 9911 69760 T6LY0 S9SL0 TEFO0 TLOLO LISOO LLILO 6VTT 86950 96€T THLT PLYT WLVT SSLT €8YT 9090 TSTT 01T TTT LOTT LIST LIANT
FT 90FT SLET 6IET  SLET  S6TT  H0ST 99TT 1TEL0 (8860 $0I90 #0660 I+ISO 61560 6Y9T (V90 (¥6T STTE 980C 19TE  6SHE W1 ST £T6T  ST6T  €T61  SEST 1107 9TAT
SPCT TZ9T €901 6PLT S9LT 9891 168 96T €680 98CT I¥660 1651 SET  66CTT S0¢  ICT  €86E 0T SI9C L€ TUIY ¥I81 €991 TWOT 90T 610T LL6T 860T SIAT
C6CT  €I8T €T61 00T €T61 681  T0T 68LT S891 6LOE 9ST SLOE S6LT OLIE 619°C SITS Iv6E FEPY SL6E  9T0F  SLFY P61 $80T TOIT LSOT EIIT 650T $61T HINT
99CT S6LT 69LT €T6T 69LT +OST ISTT 16T T8E 6LV OFFY SHPY  LSTY  ¥8CT (38 6059 EE0F I9SE  SHOF  FEIT P ¥0T €T SFIT SLIT 61T 91T 1TT €A
[T S0ST  TOVT  SYST  T0FT  SIFT IFT S€ET 1907 T0ST 1ILY  90SH SOVt 09 SLE 66C9  LELE 99T LS TWSE  10TF CL6T YT €161 8861 EI6T  S961 SI0T  TINT
SL0T SL960 (Y660 6T0T L[F660 10T  LIOT (99°C STTE 969°C SLLE SOLE  L9€  I8LE SFTE  168C C6I'E  €99€ TUTE LTE  TLEE 9191 T60T T09T LOST TOOT SIST TELOT  TIAT
00 100 @Il @Il @iIS QIS Jd 1900 1900 @Idl @Il QiIS QLS Jd 1900 100 @igL @Idl QilS Q@IS 49 1900 100 @il @Idl QilS QIIS 39 syuqg
AW Jd AW Jd AW Jd AW Jd JW AN Jd W Jd AW JW Jd W Jd AW JEd AN Jd faaoyg
L-drai-91dI WMI-YHINSTOT 2d9TdTHIOI I-¥MIL-€103 Praie i |

7103-604 PUE 10T 103 07= Q441 413 01= Q41S 413 (BB

Suuapisuo) UoREIA3( PIEPUEIS PUE UEAJN 0p= Q9L 313 (= @A1S 414 (op)

o~ 09 0~ 0 o~ oL 5 o~ 0 0% 0 0-i 08 - 0 oL 0 09 0 06 = 0 09 0 oS 0 08 2 umm%ma
98810 69710 SLSI0 €910 SLSI0 SOFIO CI610  9S9T0 €6CI0 GSSST0 1ICO SS810 SP6I0 65610 €IT0 £6C10 9YITO €IST0 9¥ITO CO610 S9ITO  1SCTO Y600 SPCCO SLC10 CFCTO0 9LLTO STTO  OIIAT
6700 19910 ¥L0T0 €8ITO ¥L0TO +00TO 91ITO  S6EC0 90TO0 6T9T0 899TO0 SSCTO +09T0 LI9TO  OTICO €610 +ISO T90E0 IS0 OWTE0 T6IEO  SCCE0 +6TI0 9050 $9STO 90€0 TLLTO 60€0  6IAT
95550 95610 899T0 L9STO 9S9TO 9LSTO 9LTO L9860 SPETO TISCO SPE0 9EICO SL6€0 €99F0  ITCHO TO6TO LT6SO SSYO LT6CO THLFO S6LE0  [P6S0 L6ST0 TEIF0 6VE0 6V6E0 L9EE0 €660  STIAT
€880 T6YTO 68IS0 L9EEO S9ICO E€THO 896+0 [S8T TOTEO SEET 86190 LOTI CISSO0 LHTT 90SL0 STLEO ¥659°0 FOEL0 16590 69EL0 SSE90 L6680 9S9TO SOE90 SOFFO 6L090 6LISO 9090 LIAT
SOTT TSIF0 8S68°0 1190 80680 1890 L6680 6VET €TT90 SHLT EHST  Y9LT  €TCT  IS0°E 10T 65560 T0S60 L60T T0S60 €80T 95560 SPET PEOF0 810 17690 SOL60 PEISO 160 9TAT
€6€T ISCO0 8T FLOT  6LET  SSTT 6671 69T €507 SITE TUFE LECE  SOFE  £99°€ 9ICT €€ TI  6T¥l  #TT 8T  IST €8CT LSOL0 TIST H6ET €8T OF9T LS6T  CIAT
PECT 91680 6VLT SSCT  LPLT  TWOT 6681 1687 (TFE 60VE TE6E OMFE  L9CE  SCLE IWFT 9897 tRY1 6691 tRFT  TOCT  EECTT Y81 THOT  SPIT 1661 F9IT  1S0T 86TT  VIAT
COLT SSOT  IS6T 6981 TS6T  ¥8ST 01T 96LT TOLE OIIE 8€8E C9TE TEE STHE FFT TSLT PIOT 66CT IOl 9SHT  60LT 96T LSET  S61T SFTT 61TT 1STT 1667 €IAT
W1 8901 I¥6T 61  Sv61  VIET ¥LOT WHT veFE 9T TS 8£9T ISLT LLT S8F1  ISCT  8SCT LT SSCT  HTHT L9 16T 96FT  SIIT LF1T TEIT 60T 69TT TINT
LFT [9T80 SPOT  FLOT SHOT T LELT €681 TE6T LIOT SLIT TWOT 990T 110T FE1 920 PLTT F60T  HLTT 9FTT  SHET TLT STT 9S8T  I48T  ISST  LIST $S6T  TIAT
o0 10N @Idl @idl QiIS QIS Jd 1900 1900 @il @idl QilS QiIs Jd9 1900 1900 @il @Idl QilS QiIs Jd 1900 100 @Il @Idl QilS QIIS 39  syuqg
N Jd AW Jd IN Jd AW Jd AW AN Jd AW Jd AW Jd AN Jd W Jd AN JEd AN Jd faaoig
9L0NDI-MIDDTIdT TALZIITIOT QT-YHIN-0TO3 YOI AINI-601 -

202



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Chapter 9

9.5 Conclusions

The numerical case study analyses on a typical NZ reinforced concrete building model,
once again, confirmed the significant vulnerability possessed by the as built non-
structural walls even for minor or moderate intensity earthquakes. Although the
September earthquake (Darfield 2010) was not a very destructive earthquake, it caused
widespread non-structural wall damage and the same observation was made by the
results of the given numerical case study.

The developed low damage solutions proved to be very effective isolation systems
between the non-structural walls and the structural system below the design drift limit.
When the structure deforms such that it exceeds this limit, such as the 22" February
2011 earthquake, these low damage non-structural elements interact with the structure.
For non-structural drywalls, this interaction results in negligible effect on the global
behaviour of the structure due to their low strength and stiffness properties. On the
other hand, for the stronger and stiffer low damage unreinforced clay brick infill wall
system, the reserved in-plane strength and the stiffness of the infill wall content turns
the non-structural wall into a back up structural element activating after the design drift
limit (1.5%) is exceeded. This behaviour results in more uniform inter-storey drift
profiles when compared to both bare frame structures and the structure with as built
infill wall content. This can easily be observed when the comparison is made between

the behaviour of the building models.

Soft storey mechanisms inherent in the as built and the bare frame options may be
prevented by the low damage unreinforced clay brick infill wall solution in certain
cases. In the light of the analyses carried out, the captured soft storey mechanisms are
summarized in Figure 9.12. In the shown figure, the soft storey mechanisms are
between floors 6 and 7 for EQ7, floors 4-5 and 5-6 for EQ11, floors 4 and 5 for EQ14,
and floors 3 and 4 for EQ15. These mechanisms occurred either at bare frame or at as
built options. In all of the cases, the low damage solution caused a more uniform drift
profile, preventing the soft storey mechanisms. Although the low damage solution
promises superior low damage and seismic structural performance, an earthquake that
can impose very high drift levels, such as 4-6%, the low damage solution may still fail

in-plane and cause a soft storey. Considering the expected drift limit for a good seismic
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performance is about 2.5-3%, it can be stated that the low damage solution performs

exceptionally in all of the considered cases with favourable seismic performances.

Levels

As built and Low Damage Unreinforced Clay Brick Infill Walled RC Frame Building
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Soft Storey Mechanisms and the Effect of the Low Damage Solution

Figure 9.12. Inter-storey drift profiles for the RC frame with the bare frame, as built and low damage
options using EQ7, EQ11, EQ14 and EQ15 (which cause soft storey mechanisms for either bare frame
or the as built option especially in EQ14: as built soft storey mechanism prevented and drifts were
pulled from about 6.5% to 4% by the low damage solution)
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CHAPTER 10

GENERAL DESIGN
RECOMMENDATIONS,
CONCLUSIVE REMARKS and
SUGGESTIONS for FUTURE
STUDIES

Man is an artifact designed for space travel. He is not designed to remain in his

present biologic state any more than a tadpole is designed to remain a tadpole.

William S. Burroughs
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10 GENERAL DESIGN RECOMMENDATIONS, CONCLUSIVE

REMARKS AND SUGGESTIONS FOR FUTURE STUDIES

10.1 General Design Recommendations for the Low Damage Non-Structural Wall

Solutions

In this section, the behaviour of the developed low damage solutions is summarized
and general design recommendations are given for each of the low damage solutions;

namely drywalls and unreinforced clay brick infill walls.

The low damage drywall solutions can be achieved by friction fitting the studs between
the light gauge top and bottom steel tracks. As a result, the internal framing system
(steel or timber frame) can slide laterally in between the tracks. The gypsum linings
should be attached only to these vertical studs so that the completed system can slide
without any constrain given by the surrounding structural components (i.e. the wall is
integral in itself and non-integral with the surrounding structure). When the gypsum
linings are attached to the framing, the linings should be sized and cut according to the
required gaps around the edges of the linings. The summary of the design and

construction details for low damage drywalls is shown in Figure 10.1.

Similar to the low damage drywalls, low damage capability of the unreinforced clay
brick infill walls can be achieved by giving the infill panel the ability to deform. This
can be achieved by dividing the infill panel zone into individual cantilever panels using
a light gauge steel secondary framing system. The secondary framing system should be
constructed in a way that it should let the individual infill panels behave as rocking
cantilever walls with gaps of an equal width between the individual panels and the
surrounding structure. In this method, the constructed secondary framing system
should have adequate strength and anchorage to carry the out-of-plane weight of the
infill panels completely. Moreover, the gaps should be completely filled with a fire
rated construction sealant, which integrates the individual cantilever panels into one
large deformable infill panel. The summary of this low damage solution is shown in
Figure 10.2.
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LOW DAMAGE DRYWALL DESIGN RECOMMENDATIONS

 Friction Fitted Studs with

" gap on top: Studs are free to slide

Gypsum Linings are attached only to the

\\' vertical studs, but not attached to the (1)

outermost stud that is anchored to concrete
column

. Side, upper and lower gaps around the

" edges of the linings

Gap between the outermost stud and the
_. first internal stud to allow for free sliding
(A mid-height pivot can be introduced for
centring the drywall after seismic

movements)

Detail A:

Friction Fit Detail

Friction Fitted Studs

~ . with gap on top:

Studs are free to slide

Gypsum Linings are
“‘\\attached only to the
vertical studs

Side, upper and lower
-~ gaps around the edges
~ ofthe linings

Design

Calculation of the required gaps at the exterior
side edges of the linings (A ) for a chosen
design inter-storey drift (D)

G

Ag=D /100+h,/2
AG : Exterior side edges of the gypsum linings

h, : Clear height of the infill panel zone
D

: Inter-storey design drift limit

Plan View: External Connection-Fire Rated

Elevation View: Top Connection-Fire Rated

PROPOSED BASIC FIRE RATED CONNECTION DETAILS-SUMMARY

Plan View: Drywall-to-Drywall Connection-Fire Rated

Side Gap AG
|7 ; .//:Aluminium L-Trim Finish

50-100 mm
= =

L5 gap (A pivot can
< g be introduced at
;/ mid-height for

self centering

\Stud is fixed to the column only

not attached to the lining
Strip/s of Gypsum Board

Paper Tape
(Optional for Hiding the Gap)

RC Column

Strip/s of Gypsum Board

Top Gap

=H_

Steel Track

N Paper Tape

Linings Not Fixed to the Track

A— Gap Above Studs

(Optional for Hiding the Gap)

The same connections shown before
applies except the boundary member
is another drywall

| L

/JLThc joint zone can be detailed differently

according to the commercial practice as
long as the sliding ability of the studs and
the edge gaps for the gypsum linings are
provided

|

Figure 10.1. Design recommendations for low damage drywalls (either steel or timber framed)
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LOW DAMAGE UNREINFORCED CLAY BRICK INFILL WALL
DESIGN RECOMMENDATIONS (Shown on a single skin)

Infill panel zone to be constructed by multiple infill
panels with the required design side gap ( A )

___~equally distributed among the clay brick infill panels
g 3 - ’ to achieve rocking cantilever walls: A minimum
é\;\‘é‘\\. \\\\@? < : height to length aspect ratio of 1.5-2.0 is desirable for
QO each sub-panel
oo 360“ <
o The gaps to be filled with Polyurethane Joint Sealant
~ “(Construction AP): Can either be fire rated or non-fire
rated. To ease the application polyethylene foam can be
used to prevent overflow
__~The unreinforced clay bricks to be infilled inside the
" area bounded by the light gauge steel sub-framing
N :
S ° W (Light gauge steel tracks and studs)
; \\\C"b\)«@c‘ - R
VE o W™ All weight of the infill panel zone will be carried by the steel framing
C“Z\e o« 5 system. Therefore, the steel framing system should be attached to the
¥ o surrounding structural system with adequate out-of-plane capacity
& (Area based unit weight~1.36 kN/m?)
ﬂ N :’_4;' Winsin €an be calculated by assuming
Calculation of the required gaps at one of the L= A area based unit weight of the clay brick
exterior side of the infill panel zone(A ;) for ] infills as 1.36 kN/m? and using the
a chosen design inter-storey drift (D) — = tributory area concept per each stud
— =
W A S Winin [ -8 Section A-A: Tributory Area Concept
] =
ool ] — L~
2 I Infill Panel h :: g A | f HE | f A
Zone ¢ >
- L,/2 L,/2
o Ideaﬂ;:i‘_Stud L1: Infill panel width to the left
Ag=D /100+h,./2 for Out-of-Plane L: Infill panel width to the right
Ag : Side gap (Total gap required per floor is 2 A Between the Topand e Depending on the capacity, more
h . : Clear height of the infill panel zone Bottom Channels subdivisions of the infill panel zone may be
D : Inter-storey design drift limit required, which reduces L, and L, per stud

PROPOSED BASIC FIRE RATED CONNECTION DETAILS-SUMMARY

Details in Plan View Details in Elevation View
Upper RC Beam
Light GaugeSteel Channel T=10-15
2A4/m 244/ mm

= . H Polyurethane Joint Sealant-Fire Rated

E _

3 [ I [ [ 1 | Clay Bricks

2
Polyethylene Foam I

: Number of in th 1
n: Number of gaps in the panel zone Liomar RO Basiiss

ALTERNATIVE TOP AND BOTTOM OUT-OF-PLANE SUPPORT DETAILS

|
7

Rather than using a steel channel on upper and lower RC beams, recesses or

grooves can be introduced at the construction stage for ease of installation and
\ for providing a more secure support for the studs to be installed within them,
: which provides an alternative option instead of the steel channels.

Upper RC Beam  Lower RC Beam

Figure 10.2. Design recommendations for low damage unreinforced clay brick infill walls
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10.2 Conclusive Remarks

10.2.1 Steel and Timber Framed Drywalls: As Built Practice and Low Damage

Solutions

It was confirmed that the drywall systems adopted in current practice for commercial
buildings are susceptible to a level of damage which would require repairing
interventions even at very low inter-storey drift levels. The as built steel framed
drywall lost serviceability 0.3% inter-storey drift level with a ductile post-yield
behaviour. On the other hand, the timber framed drywall lost serviceability at a higher
drift level of 0.75% with a brittle behaviour.

Due to the different damage mechanisms associated with the as built steel and timber
framed drywalls; the generalized serviceability limit state criterion in table C1 of
AS/NZS 1170.0:2002-Plaster/Gypsum walls (in-plane) might need to be revisited. The
criterion in the Standard states the serviceability limit is reached when the mid-height
deflection exceeds height/300. Although the test setup adopted for this research was
more flexible than a typical multi-storey frame, this formula appears to overestimate
the serviceability limit state for the steel framed drywalls (i.e. the common drywall
partition type in the commercial construction). On the other hand, the existing criterion
gave a reasonably accurate result for the timber framed drywalls. Therefore, it may be
more realistic to give limit states for these two different types of drywalls under two
different categories. For steel framed drywalls, this criterion may need to be modified
in the standard, which may require further testing and numerical study in order to

strengthen the conclusions.

It was shown that low damage solutions for steel and timber framed non-structural
drywalls can be achieved by simple modifications to the as built practice (i.e. existing
practice). The low damage solutions were designed to eliminate the interaction until
1.5% drift level, which was the theoretical side gap closing drift for the gypsum linings
on the drywall framing. Overall, the low damage specimens remained undamaged until
1.5% drift level. From 1.5% onwards, the only damage observed was very minor
cracking at exterior aluminium L-trim finishes of the linings. These solutions were

achieved with no extra cost, material or labour. They can easily be adopted in real life
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applications by the contractors. Moreover, their design can simply be carried out by the

engineers and the architects.

In most real life applications of low damage solutions, modelling the low damage
drywall system would not be required since their interaction with the structural system
iIs negligible. Therefore, it is safe to conclude that the low damage solutions isolate the
non-structural wall from the structural system effectively. Their effect on the global
response can be neglected in order to simplify the analysis of buildings, which was

also confirmed in the numerical case study building.

10.2.2 Unreinforced Clay Brick Infill Walls: As Built Practice and Low Damage

Solution

It was shown that the as built unreinforced clay brick infill walls have a very low drift
level at which they lose their capacity and serviceability (0.2%-0.3%). The associated
behaviour is rather brittle since the infill wall cannot sustain its strength with
increasing displacements, which conflicts with ductile seismic design philosophy. In
certain cases, they may even affect the global response in a brittle manner and cause
soft-storey mechanisms. Even a new ductile structural design can be affected by their

brittle response and interaction with the structure.

The failure type of the as built unreinforced clay brick infill wall specimen was
classified as diagonal cracking. It was also observed that the complete behaviour was
rather similar to the concept of a progressive redistribution starting with the mortar
layers. Since the main action on the infill panel zone was via the diagonal struts,
initially the cracks were very mainly diagonal. After using this capacity, the additional
demand acting on the infill panel zone was redistributed to horizontal mortar joints and
caused sliding cracks after 0.3% drift level, which was proven by the related
potentiometer measurements in FIF3-UCBI (i.e. the potentiometers g13, g14, g15). In
certain cases, the sliding cracks formed in combination with diagonal cracks.
Formation of sliding cracks were not only limited to the mid-height of the wall, but
they formed at different heights at different drift levels. Only after the formation of all

the possible horizontal and diagonal cracks at mortar joints, widespread cracking in the
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clay bricks themselves was observed (i.e. instead of the mortar cracks), which are the
last redistribution elements. This continued until 1.5% drift level. At 2.0 and 2.5% drift

levels, the clay bricks at the corners of the infill panel zone were crushed.

It was also observed that when the infill panel zone was fully infilled with clay bricks,
the infill wall contributes to the beam elongation occurring in the structural frame. In
the adopted test setup, the beam elongation at the lower level was prevented by using
pivots at the ends of the lower beam. Unlike the drywall specimens, the as built clay
brick infill wall was strong and stiff enough to affect the structural response, inducing
beam elongation at the lower beam. This observation suggests that low damage
solutions are important for all types of structures including low damage structural
systems with rocking/dissipating connections. This unaccounted effect on the beam
elongation may alter the behaviour of the post tensioning tendons and thus the re-

centring mechanism of PRESSS structures.

Considering the limit state criteria given in NZS1170.0, the criterion given for
masonry walls deforming under in-plane load was shown to give realistic in-plane drift
values for unreinforced clay brick infill walls. The code suggested a serviceability drift
limit of 0.2% for a masonry wall of the same geometrical dimensions as the
unreinforced clay brick infill wall specimen FIF3-UCBI. In addition, for unreinforced
clay brick infill wall specimen, the serviceability loss occurred in the range of 0.2-
0.3% drift level.

The old practice of armature cross walls and the concept of rocking structures were
adapted to develop low damage unreinforced clay brick infill walls. The low damage
solution concept was developed by dividing the infill panel zone into three individual
cantilever panels using a light gauge steel sub-frame. The three panels were separated
by 10 mm vertical gaps from each other and from the RC columns. These gaps were
filled with polyurethane joint sealant, an elastic structural joint sealant. In principle, the
achieved low damage system was a rocking multi-panel infill wall system, which was
supported for out-of-plane by a secondary sub-frame made of light gauge steel
sections. The low damage system proved its seismic performance and remained
serviceable even at high drift levels (2-2.5% drift). Until the design drift limit of 1.5%,
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the low damage system behaviour was very close to the bare frame, which meant the
interaction between the structural frame and the non-structural wall was minimized.
After the design drift (gap closing), the low damage infill wall started to take forces by
activation of the diagonal strut. This observation showed another implication in
addition to the low damage property of the system. The low damage non-structural
wall solution works as a low damage system until the design drift limit. After the
design drift level is exceeded, the system can act as a backup structural element and
become a structural component. Therefore, they may behave as back up structural
elements that are activated as the structure experiences high levels of drift. Moreover,
other than clay bricks, this solution can also be adapted to other types of suitable
materials with enough stiffness and strength (i.e. timber walls, steel plate shear walls,

RC panels, etc.).

The beam elongation imposed by the as built unreinforced clay brick infill wall was
also prevented by the developed low damage solution until the chosen design drift
limit (1.5%). After this level of drift, the low damage infill wall interacted with the

structural system and affected the beam elongation of the structural system.

10.2.3 Observations from the Numerical Case Study Building

The numerical case study analyses on a typical NZ reinforced concrete building model,
once again, confirmed the significant vulnerability possessed by the as built non-
structural walls using the given 16 earthquake events. The percentages of overall
damage to the non-structural walls were in the range of 20-60% for EQ1-EQ4, 70-80%
for EQ5-EQ8, 60-70% for EQ9-EQ12 and 70-90% for EQ13-EQ16. These percentages
were calculated by dividing the number of floors where the inter-storey drift exceeded
the damage drift level to the total number of floors. The summary of the numerical

observations on non-structural wall damage is shown in Table 10.1.
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Table 10.1. Summary of the non-structural wall damage in the building resulting from the numerical
analyses of the building

Non-Structural Wall As Built As Built As Built
Damage in Case Study Building Steel Framed Timber Framed Unreinforced Clay
(%) Drywall Drywall Brick Infill Wall
EQ1-EQ4 1 (%) 75% 40% 52.5%
EQ9-EQ12 o (%) 10% 20% 19.2%
EQ5-EQS W (%) 91.25% 71.25% 77.5%
EQ13-EQ16 o (%) 3.3% 9.3% 6.61%

w: Mean of the damage percentage of the as built non-structural walls

o: Standard deviation of the damage percentage of the as built non-structural walls

The developed low damage solutions proved to be very effective isolation systems
between the non-structural walls and the structural system until the design drift limit
(1.5%). When the structure deformed such that it exceeded this limit, such as the
results of 22" February 2011 earthquake (EQ5-EQ8), these low damage non-structural
elements started to interact with the structure. For non-structural drywalls, this
interaction resulted in negligible effect on the global behaviour of the structure due to
their low strength and stiffness properties. For stronger and stiffer unreinforced clay
brick infills, the reserved in-plane strength and the stiffness of the infill wall turned the
non-structural wall into a backup structural element. This backup element activated
once the design drift limit was exceeded in stronger earthquakes (i.e. EQ5-EQ8 and
EQ13-EQ16). This behaviour resulted in reduced and more uniform inter-storey drift
profiles when compared to both bare frame structure and the structure with as built
infill wall. In certain cases, it prevented the formation of soft storey mechanism that
occurred in both bare frame and the frame with as built unreinforced clay brick infill

walls

10.3 Recommendations for Future Studies

The low damage solutions for drywalls were developed considering the professional
and practical recommendations given by Hans Gerlich, technical manager in Winstone
Wallboards Ltd. (GIB), and Bruce Levey, local sales manager in Winstone
Wallboards. The solutions have been planned to be included in the next updated
construction guidelines of GIB and practitioners are being educated about these
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solutions, which can be followed on their website (http://gib.co.nz/systems/gib-fire-
rated-systems/). If these guidelines are published, within two years’ time, non-
structural drywalls for buildings will start incorporating these details due to the high

seismicity of most of the country.

The developed low damage drywall solutions will also be tested in the near future as
part of a two storey low damage frame (low damage frame + low damage non-
structural elements) on the shake table at the University of Canterbury by other post-
graduate research assistant, as part of the SAFER (Significant Advances in Earthquake
Resistance), Concrete Technology Research Project funded by the Natural Hazard
Research Platform (NHRP). The aim is to test the dynamic performance of these
solutions during an earthquake. Moreover, one more recommendation for that study
may be to install the drywall types such that they undergo out-of-plane deformations.
Although, the solutions are expected to stay in-tact for out-of-plane, this may require

experimental confirmation.

Considering the low damage unreinforced clay brick infill walls, the possibility of
using them as backup structural elements that activate after a drift level should be
studied further. They may be tested within a model structure using a shake table in
order to confirm the results obtained herein. Moreover, if the performance of the
system is confirmed and they are studied well, using clay bricks as infill walls can
again be popular in NZ with introduced seismic performance advantages. However,
the acoustic and thermal properties may still need to be studied and improved before
real life applications. One way to address the acoustics issue can be to utilize a suitable

material in between the two skins of clay brick infill wall panels that can act as such.

For low damage unreinforced clay brick infill walls, another recommendation, natural
evolution of this thesis, is to apply the same concept as a retrofit solution on an as built
unreinforced clay brick masonry specimen. The recommended study can investigate
saw cutting (selective weakening) the infill panel zone into smaller panel zones,
securing them for out-of-plane deformations and then studying the resulting structural

performance.
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Dissipation by Steel Devices
Between the Panels
Dissipative Materials
at Panel-to-Panel
Interfaces

Conceptual methods for implementing the panel-to-panel
relative deformation for energy dissipation

Figure 10.3. Possible dissipation options for future studies

The same concept may be improved further by implementing the solution to different
materials that can be used as non-structural infill walls such as timber walls infilled
within a structural frame. Then, external dissipaters can be added to the infill walls
(either at the base or at the interfaces of the infill panels) in order to study whether they
are able to perform as well while adding dissipation to the structure (Figure 10.3). The
dissipaters can be either steel dissipaters or other materials injected with the
polyurethane joint sealant or dissipative rubber blocks. In principle, anything that can
utilize the panel-to-panel relative deformation can be an alternative dissipation strategy

for such walls, which may require further research.

For low damage system with clay brick infill walls, the structural beams can be
produced with grooves such that the secondary framing system can be installed in
these grooves in upper and lower beams. This provides an alternative solution for a
more stable out-of-plane fixing of the low damage multi-panel cantilever infill wall
system even when a different material is used other than clay bricks as shown in Figure
10.2.
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A-Additional Photos for the Bare Frame

Figure 0.2. a) Bare frame specimen BF, b) The reaction frame
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Figure 0.3. Instrumentation layout at the joints
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Figure 0.4. Data collection and control system
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B-Additional Photos for the As Built Steel Framed Drywall Specimen FIF1-

STFD

Figure 0.6. Gypsum lining installation

Figure 0.7. Paper tape application for the finishing of the gypsum lining interfaces
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Figure 0.8. As built steel framed drywall specimen FIF1-STFD after the finishing

N

a) 0.1% b) 0.2%
Figure 0.9. As built steel framed drywall specimen FIF1-STFD: a) 0.1% drift, b) 0.2% drift

a) 0.3% b) 0.4%
Figure 0.10. As built steel framed drywall specimen FIF1-STFD: a) 0.3% drift, b) 0.4% drift
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a) 0.5% b) 0.75% drift
Figure 0.11. As built steel framed drywall specimen FIF1-STFD: a) 0.5% drift, b) 0.75% drift

a) 1.0% b) 1.25% drift
Figure 0.12. As built steel framed drywall specimen FIF1-STFD: a) 1.0% drift, b) 1.25% drift

a) 1.5% b) 2.0%
Figure 0.13. As built steel framed drywall specimen FIF1-STFD: a) 1.5% drift, b) 2.0% drift
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Figure 0.14. As built steel framed drywall specimen FIF1-STFD at 2.5% drift (end of the test)

234



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik
Appendices

C-Additional Photos for the As Built Timber Framed Drywall Specimen

FIF2-TBFD

. | 4 3 o |\ a4 .ri

Figure 0.15. As built timber framed drywall specimen FIF2-TBFD: Installation of the timber
elements

ik i

Figure 0.16. As built timber framed drywall specimen FIF2-TBFD: Installation of the timber-to-
concrete anchors

Figure 0.17. As built timber framed drywall specimen FIF2-TBFD, Installation of the gypsum linings
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a) 0.1% b) 0.2%
Figure 0.18. As built timber framed drywall specimen FIF2-TBFD: a) 0.1% drift, b) 0.2% drift

a) 0.3% b) 0.4%
Figure 0.19. As built timber framed drywall specimen FIF2-TBFD: a) 0.3% drift, b) 0.4% drift

a) 0.5% b) 0.75%
Figure 0.20. As built timber framed drywall specimen FIF2-TBFD: a) 0.5% drift, b) 0.75% drift
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a) 1.0% b) 1.25%
Figure 0.21. As built timber framed drywall specimen FIF2-TBFD: a) 1.0% drift, b) 1.25% drift

a) 1.5% b) 2.0%
Figure 0.22. As built timber framed drywall specimen FIF2-TBFD: a) 1.5% drift, b) 2.0% drift

Figure 0.23. As built timber framed drywall specimen FIF2-TBFD at 2.5% drift (end of test)
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D-Additional Photos for the As Built Unreinforced Clay Brick Infill Wall

Specimen FIF3-UCBI

Figure 0.25. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) Saw cutting the clay
bricks wherever required, b) Wall ties between the two skins of clay bricks

Figure 0.26. Four course laid clay bricks at the lower corners of the infill panel zone
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a) +0.75% b) -0.75%

Figure 0.27. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +0.75% drift (push),
b) -0.75% drift (pull)

a) +1.0% b) -1.0%

Figure 0.28. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +1.0% drift (push),
b) -1.0% drift (pull)

a) +1.25% b) -1.25%

Figure 0.29. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +1.25% drift (push),
b) -1.25% drift (pull)
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a) +1.5% b) -1.5%

Figure 0.30. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +1.5% drift (push),
b) -1.5% drift (pull)

Figure 0.31. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +2.0% drift (push),
b) -2.0% drift (pull)

a) +2.5% b) -2.5%

Figure 0.32. As built unreinforced clay brick infill wall specimen FIF3-UCBI: a) +2.5% drift (push),
b) -2.5% drift (pull)
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E-Additional Photos for the Low Damage Steel Framed Drywall Specimen

MIF1-STFD

a) b)

Figure 0.33. Low damage steel framed drywall specimen MIF1-STFD: a) Installation of the fire-rated
exterior studs, b) Installation of the interior studs and the gypsum lining

Figure 0.34. Low damage steel framed drywall specimen MIF1-STFD: Friction fitted interior fire-
rated stud

lining to the steel studs (no screw to the steel track)
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a) b)

Figure 0.36. Low damage steel framed drywall specimen MIF1-STFD: a) Exterior gap of 15 mm at
the edge of the gypsum lining, b) Interior gap of 5 mm and bottom gap of 13 mm at the edges of the
gypsum linings

Figure 0.37. Finished low damage steel framed drywall specimen MIF1-STFD
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Figure 0.38. Low damage steel framed drywall specimen MIF1-STFD at +2.0% drift: Pull-out of the
exterior studs of the drywall

o NesEng, ' il ﬂ : -A e S
bl - weh
Figure 0.39. Low damage steel framed drywall specimen MIF1-STFD at -2.0% drift: Pull-out of the

exterior studs of the drywall
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Figure 0.41. Low damage steel framed drywall specimen MIF1-STFD at -2.5% drift
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F-Additional Photos for the Low Damage Timber Framed Drywall Specimen

MIF2-TBFD

a) b)

Figure 0.43. Low damage timber framed drywall specimen MIF2-TBFD: a) Installation of the
exterior fire-rated timber stud on the tight RC column (Fire rating given by the two strips of gypsum
boards), b) Installed fire-rated steel track on top and fire-rated exterior stud on the right RC column
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Figure 0.44. Low damage timber framed drywall specimen MIF2-TBFD about to be completed
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Figure 0.45. Low damage timber framed drywall specimen MIF2-TBFDat +2.5% drift (push)
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Figure 0.46. Low damage timber framed drywall specimen MIF2-TBFDat -2.5% drift (pull)
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G-Additional Photos for the Low Damage Unreinforced Clay Brick Infill

Wall Specimen MIF5-UCBI

Figure 0.47. Construction of the low damage unreinforced clay brick infill wall specimen MIF5-
ucBsl

a)
Figure 0.48. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI: a) The sub-frame
system, b) The clay bricks infilled within the sub-frame
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Figure 0.49. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI: The installation
of the polyethylene foam

Figure 0.50. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI after the
installation of the polyurethane structural joint sealant

. f L

Figure 0.51. Completed low damage unreinforced clay brick infill wall specimen MIF5-UCBI
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Figure 0.52. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI at +1.5% drift

Figure 0.53. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI at -1.5% drift
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Figure 0.55. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI at -2.0% drift
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Figure 0.56. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI at +2.5% drift

A —a

Figure 0.57. Low damage unreinforced clay brick infill wall specimen MIF5-UCBI at -2.5% drift
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The strut models previously given for the tested non-structural wall types can be
assigned to the existing bare frame model directly by modifying the related hysteresis

rule.

NODES

Built Steel Frame Struts

1 DESCRIPTION OF THE ANALYSIS

10 STOREY RED BOOK BUILDING WITH AS BUILT STEEL FRAMED DRYWALL STRUTS

UNITS: KNM

DATE: FEB 2011

2 PRINCIPAL ANALYSIS OPTIONS

IPANAL IFMT IPLAS IPCONM ICTYPE IPVERT INLGEO IPNF
2

2 0 1 0 2 0 1 0
3 FRAME CONTROL PARAMETERS
NNP NMEM NIYFE M MODE!1 MODE2 GRAV Ci
190 240 8 4 1 1 9.81 5
4 OUTPUT INTERVALS AND PLOTTING CONTROL PARAMETERS
KP KPA KPLOT JOUT DSTORT DFACT XMAX YMAX
0 500 500 0 1 2 1 1

5 ITERATION CONTROL AND WAVE VELOCITIES
MAXIT MAXCIT FTEST WAVEX WAVEY THETA DXMAX DYMAX

10 5 0.0001 0 0 0
7NODAL POINT INPUT
0
N ™ YN NF1 NF2 NF3 KUP1 KUP2
1 0 -36 1 1 1 0 0
2 1 36 1 1 1 0 0
3 635 36 1 1 1 0 0
4 735 36 1 1 1 0 0
5 835 36 1 1 1 0 0
6 13.7 36 1 1 1 0 0
7 147 -36 1 1 1 0 0
8 15.7 -36 1 1 1 0 0
9 21.05 -36 1 1 1 0 0
10 2205 36 1 1 1 0 0
11 0 26 0 0 0 0 0
12 735 26 0 0 0 0 0
13 147 26 0 0 0 0 0
14 2205 -26 0 0 0 0 0
15 0 -1 0 0 0 0 0
16 735 -1 0 0 0 0 0
17 147 -1 0 0 0 0 0
18 2205 -1 0 0 0 0 0
19 0 0 0 0 0 0 0
2 1 0 0 0 0 0 0
21 635 0 0 0 0 0 0
2 735 0 0 0 0 0 0
23 835 0 0 0 0 0 0
24 13.7 0 0 0 0 0 0
25 147 0 0 0 0 0 0
26 15.7 0 0 0 0 0 0
27 21.05 0 0 0 0 0 0
28 205 0 0 0 0 0 0
2 0 1 0 0 0 0 0
30 735 1 0 0 0 0 0
31 147 1 0 0 0 0 0
32 2205 1 0 0 0 0 0
33 0 26 0 0 0 0 0
34 735 26 0 0 0 0 0
35 147 26 0 0 0 0 0
36 2205 26 0 0 0 0 0
37 0 36 0 0 0 0 0
38 1 36 0 0 0 0 0
39 635 36 0 0 0 0 0
40 735 36 0 0 0 0 0
41 835 36 0 0 0 0 0
42 137 36 0 0 0 0 0
43 147 36 0 0 0 0 0
L 15.7 36 0 0 0 0 0
45 21.05 36 0 0 0 0 0
46 205 36 0 0 0 0 0
47 0 46 0 0 0 0 0
48 735 46 0 0 0 0 0
49 147 46 0 0 0 0 0
50 2205 46 0 0 0 0 0
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209 5 188 189 0 0 0
210 6 189 1%0 0 0 0
211 8 1 2 0 0 0
212 8 4 2 0 0 0
213 8 7 28 0 0 0
214 8 19 40 0 0 0
215 8 2 43 0 0 0
216 8 25 46 0 0 0
217 8 37 58 0 0 0
218 8 40 61 0 0 0
219 8 43 64 0 0 0
220 8 53 76 0 0 0
21 ] 58 70 0 0 0
2 ] 61 82 0 0 0
23 8 73 o 0 0 0
24 8 7 97 0 0 0
25 8 79 100 0 0 0
26 8 91 112 0 0 0
27 8 i) 115 0 0 0
228 8 7 118 0 0 0
29 8 109 130 0 0 0
230 H 112 133 0 0 0
231 8 115 136 0 0 0
232 8 127 148 0 0 0
233 8 130 151 0 0 0
234 8 133 154 0 0 0
235 8 145 166 0 0 0
236 8 148 169 0 0 0
237 8 151 1mn 0 0 0
238 8 163 184 0 0 0
239 ] 166 187 0 0 0
240 8 169 190 0 0 0
! 9 MEMBER PROPERTY TABLES
PROPS
! N MTYPE LABEL
1 FRAME Columa _cl
! 11A BASIC SECTION PROPERTIES
! ITYPE IPIN ICOND [HYST ILOS IDAMG ICOL 1GA IDUCT
2 0 0 4 0 0 0 0 0
! 11B ELASTIC SECTION PROPERTIES
! E G A AS 1 WGT END1 END2 FI1 F2
2.80E+07 1.17E+07 0414 0345 196E-02 9.729 045 0 0 0
! 11C MEMBER BILINEAR FACTORS
! RA RF H1 n H3 H4 HS H6 H7
0.005 0.005 0.484 0
! 11G CONCRETE BEAM COLUMN YIELD SURFACE AT END1 OF MEMBER
! PYC PB MB MIB M2B MO PYT IEND
-18736 -6831 20386 19055  1505.1 84064 20735 0
! HYSTERESIS MODEL
! ALFA BETA NF KKK
0.5 03 1 1! TAKEDA
2 FRAME Columa_c2
1 0 0 0 0 0 0 0
2.80EH07 1.17E+07 0414 0345 1.96E-02 2729 0 0 0 0
3 FRAME Column c3
2 0 0 4 0 0 0 0 0
280E+07 1.17E+07 0414 0345 196E-02 9.729 0 045 0 0
0.005 0.005 0 0484
-18736 -6831 20586 19055  1505.1 84964 20735 0
05 03 1 1! TAKEDA
! N MTYPE LABEL
4 FRAME Beam bl
! 11A BASIC SECTION PROPERTIES
! ITYPE IPIN ICOND [IHYST ILOS IDAMG ICOL 1GA IDUCT
1 0 0 - 7 1 0 0 0
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1 11B ELASTIC SECTION PROPERTIES
L E G A AS I WGT END1 END2 Fl1 F12
2.80E+07 1.17E+07 0414 0345 196E-02 9.729 045 0 0 0
1 11C MEMBER BILINEAR FACTORS
1 RA RF H1 H H3 H4 H5 H6 H7
0.005 0.005 0484 0
1 11G CONCRETE BEAM COLUMN YIELD SURFACE AT END1 OF MEMBER
1 PYC PB MB MIB M2B MO PYT IEND
-18736 6831 2058.6 19055 1505.1 84964 20735 0
! HYSTERESIS MODEL
! ALFA BETA NF KKK
0.5 03 1 11! TAKEDA
2FRAME  Column_c2
1 1] 0 0 0 0 0 0
280E+07 LI17E+07 0414 0345 1.96E-02 9720 0 0 0 0
3 FRAME Column_c3
2 0 0 4 0 0 0 0 0
280E+07 117E+07 0414 0345 1.96E-02 9720 0 045 0 0
0005 0,005 0 0484
(18736 6831 20586 19055 15051 84964 20935 0
03 03 1 1! TAKEDA
1 N MTYPE LABEL
4FRAME Beam bl
! 11A BASIC SECTION PROPERTIES
1 ITYPE IPIN ICOND HYST ILOS IDAMG ICOL 1GA IDUCT
1 0 0 N 7 1 0 0 0
1 11B ELASTIC SECTION PROPERTIES
! E G A AS I WGT ENDI1 END2 Fi1 F12
280E+07 1.17E+07 036 03 9.72E-03 846 045 0 0.00E+00 0.00E+00
1 11C MEMBER BI-LINEAR FACTORS AND HINGE PROPERTIES
1 RA RF H1 H H3 H4 H5 H6 H7
0.001 0.001 0363 0
1 11F BEAM YIELD CONDITIONS
L PYT PYC MY1+ MY1- M2+ MY2- MY3+ MY3- MV4+  MY4
12959  -11512 54 -54 54 -544
! 11L STRENGTH DEGRADATION PARAMETERS (ONLY IF ILOS>0)
L DUCT1 DUCT2 RDUCT DUCT3 RCYC
16.59 4627 0
' 11M STIFFNESS DEGRADATION PARAMETERS (ONLY IF HYST>0)
! ALFA BETA NF
03 02 1 1
! 11N DAMAGE INDEX DATA (ONLY IF IDAMG>0)
! MUT MUC MU+ MUL.  MUX MU2 MU MU MUS MUL  BETAI BETA2
100 100 1659 16.59 16.59 1659
S FRAME Beam b2
1 0 (1] 0 0 0 0 0 0
280E+07 1.17E+07 036 03 9.72E-03 846 0 0 0.00E-00 0.00E-00
6 FRAME Beam b3
1 0 0 4 7 1 0 0 0
2.80E+07 1.17E+07 036 03 9.72E.03 846 0 0.45 0.00E+00 0.00E+00
0.001 0.001 0 0.363
12959  -11512 54 S344 344 544
1659 4627 (]
03 02 1 1
100 100 16.59 16.59 16.59 1659
7FRAME  Column cl
2 (1] (1] 4 0 0 0 0 0
2.80E+07 1.17E+07 0414 0345 196E-02 9.729 0 0 0 0
0.005 0.005 0484 0
-18736 -6831 20586 19055 15051 84964 20735 0
05 03 1 1
L N MTYPE LABEL
§ SPRING STRUT STRUT MODEL
! 12A BASIC SECTION PROPERTIES
1 ITYPE IHYST ILOS IDAMG KX KY GJ WGT RF RT PSX PSY PSZ THETAITRUSS IOP
1 bl 0 0 15000 0 0 0 0.001 0 0 0 0 0 0 0
1 12C YIELD SURFACE
! X+ X Fr+  FY.  Mz+ MZ
s 40 0 0 0 0
1 U f PTRI  PUNL GAP- GAP. BETA ALPHA LOOP
45 0 (] 2 0 0 1.4 02 1
! 21 LUMPED WEIGHTS AT NODES
WEIGHTS 0
! N WX wYy WM
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 (1]
3 0 0 0
6 0 (1] 0
7 0 (1] 0
8 0 0 0
9 0 0 0
10 0 (1] 0
11 0 0 0
12 0 (1] 0
13 0 0 0
14 0 (] 0
15 0 o 0
16 0 0 0
17 0 0 0
18 0 0 0
19 650 0 0
20 0 0 0

2064



Ali Sahin Tasligedik
Appendices

Damage Mitigation Strategies for Non-Structural Infill Walls

o R R R R - R R R I T R R I I R I I - - RN R

L T I R R I = I I I R - -1

e e e B e i e R e R - e = N -
goegess gesgoegeg gesgesgecsg gosgesgess
o o - o o o o o o o w o o o o
ARI R RE R R RN R RTINS IR AN AN R AR R8cUBIBECBRFARTNRRRREZURILEERER

265

650

91



Damage Mitigation Strategies for Non-Structural Infill Walls Ali Sahin Tasligedik

Appendices

92 0 0 0
93 0 0 0
o 630 0 0
95 0 0 0
96 0 0 0
97 650 0 0
98 0 0 0
99 0 0 0
100 650 0 0
101 0 0 0
102 0 0 0
103 0 0 0
104 0 0 0
105 0 0 0
106 0 0 0
107 0 0 0
108 0 0 0
109 650 0 0
110 0 0 0
1 0 0 0
12 650 0 0
113 0 0 0
114 0 0 0
115 650 0 0
116 0 0 0
117 0 0 0
118 630 0 0
119 0 0 0
120 0 0 0
121 0 0 0
12 0 0 0
123 0 0 0
124 0 0 0
125 0 0 0
126 0 0 0
127 650 0 0
128 0 0 0
129 0 0 0
130 650 0 0
131 0 0 0
132 0 0 0
133 650 0 0
134 0 0 0
135 0 0 0
136 650 0 0
137 0 0 0
138 0 0 0
139 0 0 0
140 0 0 0
141 0 0 0
142 0 0 0
143 0 0 0
144 0 0 0
145 650 0 0
146 0 0 0
147 0 0 0
148 650 0 0
149 0 0 0
150 0 0 0
151 650 0 0
152 0 0 0
153 0 0 0
154 650 0 0
155 0 0 0
156 0 0 0
157 0 0 0
138 0 0 0
159 0 0 0
160 0 0 0
161 0 0 0
162 0 0 0
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