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ABSTRACT

SEISMIC STRENGTHENING OF MASONRY INFILLED R/C FRAMES WITH
STEEL FIBER REINFORCEMENT

Sevil, Tugge
Ph.D., Department of Civil Engineering
Supervisor: Assoc. Dr. Erdem Canbay

Co-Supervisor: Prof. Dr. Giiney Ozcebe

February 2010, 224 pages

Seismic resistance of many buildings in Turkey is insufficient. Strengthening using
R/C infills requires huge construction work. Feasible, easy strengthening techniques

are being studied in Structural Mechanics Laboratory of METU.

In this project, it was aimed to develop an economical strengthening method. This
method is based on addition of steel fibers and/or PP fibers in mortar and
application of mortar on masonry wall. Project was sponsored by the Scientific and
Technical Research Council of Turkey (TUBITAK).

Physical properties of cement, aggregate, and mortar used in tests were determined
by material tests. After performing flexural strength and compressive strength tests,
optimum mortar was obtained. R/C frames strengthened by applying the mortar to

brick infilled walls were tested under reversed cyclic loads.



Before the frame tests, two series of panel tests were performed to correctly model
strengthened infill walls and to gather information about behavior of walls under
load. Totally 10 frame tests were done. 4 tests were done as reference tests, and

other 6 were done as strengthened frame tests.

In the analytical part of study, the plastered hollow brick infill wall strengthened by
FRM was modeled as two separate compression struts. First strut was used to model

the plastered hollow brick infill wall. Second strut was used to model the FRM.
This technique is effective in improving seismic behavior by increasing strength,
initial stiffness, energy dissipation, and ductility. Moreover, the method provides

strengthening of the buildings without evacuating the structure.

Keywords: Panel, Strengthening, R/C Infill, Steel Fiber, Polypropylene Fiber.
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DOLGULU BETONARME CERCEVELERIN CELIK TEL DONATI
UYGULAMASI iLE DEPREME KARSI GUCLENDIRILMESI

Sevil, Tugge
Doktora, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Erdem Canbay
Ortak Tez Yoneticisi: Prof. Dr. Giiney Ozcebe

Subat 2010, 224 sayfa

Ulkemizdeki binalarin ¢ogunun deprem dayanimi yetersizdir. Betonarme dolgu
kullanarak giiclendirme fazlaca insaat isi gerektirmektedir. ODTU Yap1 Mekanigi

Laboratuvarinda ekonomik, kolay teknikler tizerinde ¢alisilmaktadir.

Bu projede, ekonomik olarak daha cazip bir gii¢clendirilme yonteminin gelistirilmesi
amacglanmistir. Bu yontem, celik tel ve/veya polipropilen fiberlerin harg igine
eklenerek tugla duvar fiizerine uygulanmasina dayanmaktadir. Proje Tiirkiye
Bilimsel ve Teknik Arastirma Kurumu (TUBITAK) tarafindan desteklenmistir.

Kullanilan ¢imento, agrega ve deneylerde kullanilan harcin fiziksel 6zellikleri
malzeme deneyleriyle belirlenmistir. Egilme dayanimi ve egilme sonrasi basing

dayanimi deneyleri sonucunda optimum harg¢ elde edilmistir. Harcin tugla dolgulu

Vi



duvarlara uygulanmasiyla giiglendirilen betonarme ¢ergeveler tersinir tekrarli yiikler

altinda denenmistir.

Cergeve deneylerinden once g¢ergevelerdeki giiclendirilmis dolgu duvarlarin dogru
sekilde modellenebilmesi ve bu duvarlarin yiik altinda davranislar1 hakkinda bilgi
sahibi olabilmek i¢in iki seri halinde panel deneyleri gerceklestirilmigtir. Toplam 10
adet gerceve deneyi yapilmistir. 4 adeti referans deney, diger 6’s1 ise giiglendirilmis

cerceve deneyleri olarak yapilmistir.

Kuramsal ¢alisma kisminda ise, fiber katkili harg ile giiclendirilmis sivali bosluklu
tugla dolgu duvar iki ayr1 basing ¢ubugu seklinde modellenmistir. ilk cubuk sivali
bosluklu tugla dolgu duvart modellemek igin kullanilmustir. ikinci cubuk fiber

katkili harcin modellenmesi i¢in kullanilmastir.

......

davranigin1  gelistirmekte etkilidir. Ayrica, method yapmin bosaltilmasini

gerektirmeden binanin gii¢clendirilmesini saglamaktadir.

Anahtar Kelimeler: Panel, Gii¢clendirme, Betonarme Dolgu, Celik Tel, Polipropilen
Fiber.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Turkey is located in a very high seismic zone. In addition to the high seismicity
poor construction quality, wrong detailing, and structural mistakes have caused
enormous loss of lives and properties. Therefore, seismic rehabilitation has been a

major topic for civil engineers in Turkey.

Repair of damaged structures after earthquakes has been an important and care
awaiting area. Turkey has gained significant experience on repair of structures.
There is, however, great building stock waiting for strengthening before a major
earthquake struck. Because of this huge demand to strengthening of structures,
several researches have been conducted and researchers have been continuously
working on strengthening of structures at Middle East Technical University. Studies

have focused currently on occupant friendly strengthening techniques.

This thesis, especially, focuses on such an occupant friendly strengthening
technique. The object of this research was to develop an economical, new method
which will provide strengthening of buildings without evacuating the structure and
to prove experimentally that this new method provides necessary strength and
lateral rigidity to the structure. This method is based on addition of steel fibers in

mortar and application of mortar on masonry wall.



1.1.1 Material Overview

The product obtained by randomly adding a small quantity of short fibers to a
cementitious matrix, to improve the mechanical response, is known as fiber
reinforced cementitious composite (FRCC). Commonly, FRCCs exhibit higher
strength and ductility compared to unreinforced mortar or concrete, which fail in
tension after the formation of a single tension crack.

Concrete is a widely used material in the construction area. The brittle behavior of
concrete is one of its limitations. With the low toughness of concrete, cracks can
propagate rapidly resulting in failure. In order to improve the failure behavior, fiber
reinforced concrete (FRC) is made by adding discrete short fibers into the
concrete matrix. These fibers act as bridges across the cracks to delay their
propagation. Thus, a more ductile failure mode with a significant softening response

could be obtained.

Steel fiber reinforced concrete (SFRC) is the most commonly used type of FRC.
When steel fibers are added to concrete mixes, they distribute randomly through the
mix at a closer spacing than conventional reinforcing steel. Depending on their
aspect ratio, fibers decrease the stress at the tip of internal cracks. Steel fibers may
improve the ultimate tensile strength of concrete because much energy is absorbed
in de-bonding and pulling out of fibers from the matrix before the failure of

concrete occurs.

Polypropylene (PP) fibers are used in concrete applications mostly due to their
effectiveness in controlling plastic shrinkage cracking, and also due to their
relatively low cost, alkali resistance, and high elongation. The advantages of PP
fibers are high chemical resistance, high strength after stretching, high resistance to
oxidation, high melting point, easy fibrillation, and the ability to use in conventional

mixing of concrete. Disadvantages are poor fire resistance, sensitivity to



sunlight and oxygen, low modulus of elasticity, and weak bond with the

matrix.

Hybrid fiber reinforced concrete (HFRC) is a FRC obtained by adding two or more
different types of fibers as reinforcement in the concrete mix. A combination of two
or more types or sizes of fibers can improve the composite performance by taking
advantage of benefits of each fiber. A high modulus fiber with a strong
fiber-matrix bond can be combined with a low modulus fiber with a weaker fiber-
matrix bond to produce a composite that is both strong and ductile. Shorter fibers
that increase composite strength by preventing micro-cracks can be combined with
longer fibers that enhance composite ductility by bridging macro-cracks.

1.1.2 Structural Overview

Strengthening of existing R/C-framed buildings to improve the seismic resistance is
an important problem. Many of the existing buildings have inadequate strength
and/or ductility and/or stiffness. The aim of intervention is to upgrade the
insufficient properties of the structure. Different intervention techniques are being
used in practice. These techniques range from conventional techniques, which use
braces, jacketing, or infills, to more recent practices such as base isolation,

supplemental damping devices or advanced materials [1].

Masonry has been a common construction material all over the world for centuries.
Masonry infill panels can be frequently found as interior and exterior partitions in
R/C structures. Since they are generally considered as nonstructural components,
they are ignored in structural analysis. However, they interact with the surrounding

frame when the structure is subjected to earthquake loads.

R/C frames without infill have low lateral stiffness and may show excessive lateral
drifts during earthquakes. Masonry being a stiff but brittle material is weak in shear,

but can carry great in-plane compression if properly confined. The two materials



acting together have much greater strength and stiffness than either of the two
acting independently. The masonry infill provides significant lateral stiffness, thus
reducing lateral drift, while the frame provides confinement and ductility to the
frame-infill system. The infill actually acts as a stiff bracing element and reduces

the deformation of the framed structure when subjected to lateral loads.

However, the masonry infill contributes additional mass and stiffness to the system,
which causes it to attract large seismic forces and reduces the period of the system.
This considerably changes the dynamic response of the structure from that of the
bare frame structure without the infill. Therefore, it is important that the interaction
of the masonry infills with the bounding frames be taken into account while

analyzing or designing buildings.

Based on the relative stiffness of the confining frame and infill, and the nature of
frame-infill interface, the behavior of the composite may vary widely. The lateral
stiffness and load carrying capacity of the infilled frame acting as a unit is much
greater than that of the corresponding bare frame. For seismic design of infilled

frames, either of the following two approaches may be followed.

The frame-infill system may be considered to act as a unit, taking frame-infill
interaction into account. This is true in cases where a positive bond between the

frame and infill elements is provided.

On the other hand, in case of unreinforced masonry infills, where the elements act
separately, the response of the infill may be separated from that of the frame and
modeled accordingly. The behavior of an infilled frame may differ significantly
from that of a bare frame. After the infill panel isolates from the bounding frame, it
may impact against the column causing high moments and shears which leads to
brittle shear failure. The overall frame system may then behave in a brittle manner,

contrary to the design assumption of ductile behavior of framed structures.



1.2 OBJECTIVE AND SCOPE

The main objective of this research is to develop a new, effective, and economical
technique which will provide strengthening of buildings that do not have adequate
seismic resistance without evacuating the structure and to prove experimentally that
the new proposed method provides necessary strength and lateral rigidity to the

structure.

Many studies on more feasible, rapid and easy techniques that do not require
evacuating the structure, have been successfully implemented in Structural
Mechanics Laboratory of METU. Studies on strengthening of masonry infilled
walls with CFRP (Carbon Fiber Reinforced Polymer) or prefabricated panel infills
may be cited in the context of these studies. Those studies have been almost
completed and offer different alternatives for seismic strengthening. Still, it has to
be mentioned that CFRP is an import material and prefabricated panel has to be
attached by means of costly epoxy materials which leads strengthening costs to take

a significant portion among the overall costs.

The scope of this study was to develop a method that gives importance to domestic
materials while using the knowledge acquired from the strengthening methods
being developed. When the number of buildings that have to be strengthened is
concerned, this approach becomes significantly important in terms of country’s

economy.

Steel fiber reinforcements are being widely used in the construction sector. In this
study, possibilities of using steel fiber reinforcements also in the field of
strengthening of structures were investigated. This new proposed method is based
on application of a ‘high strength mortar’, containing ‘steel fibers’ having proper
volumetric ratio, on masonry wall. The aim of this study was to convert masonry
infill wall to a load carrying wall by applying steel fiber reinforced high strength

mortar on the masonry wall.



Physical properties of the cement and aggregate used in the tests and physical
properties of the mortar used in the main tests were determined by the preliminary
material tests. The optimum mortar giving the required strength was selected after
performing flexural strength and compressive strength tests. R/C frames
strengthened by the application of the mortar to masonry walls were tested under

reversed cyclic loads simulating earthquake loads.

Prior to the frame tests, two series of panel tests were performed with the object of
modeling the strengthened masonry walls of the frames truly and gathering

knowledge about the behavior of the walls under load.

Totally 10 frame tests were conducted in the scope of the project. Among the
performed tests, 4 were done as reference tests, and the other 6 were done as

strengthened frame tests.

The main variables were the ratio of fiber (0% and 2%), fiber reinforced mortar
thickness (0 mm, 10 mm, and 20 mm), anchorage (non-anchored or anchored), type

of fibers (steel fiber, polypropylene fiber, and hybrid fiber).



CHAPTER 2

LITERATURE SURVEY

This Chapter briefly summarizes experimental researches conducted on masonry
infilled R/C frames. The main objective is not to give all the researches on this area
but pick up the most relevant ones to this study. Studies performed in the Structural
Mechanics Laboratory of the Middle East Technical University constitute the main

body of this chapter. Studies are given in a chronological order.

Altin (1990) [2] and Altin, Ersoy, and Tankut (1992) [3] investigated the
behavior of infilled frames under seismic loads. For that purpose, fourteen two-
story, one-bay infilled frames were tested under reversed cyclic loading simulating
seismic action. The main variables investigated were, the effect of the type of infill
reinforcement and the connection between the frame and the infill. Four different
types of infill reinforcement and connection details were used in the test specimens.
The effect of column axial loads and flexural capacity of columns on strength and
behavior were the other two variables studied. Test results were evaluated to
understand the effect of infills on stiffness, strength, energy dissipation, lateral drift,

and ductility.

Feasibility of different analytical methods was alsoinvestigated in this study. In the
analytical work, models developed for monotonic loading were adopted to the case
of cyclic reversed loading. Strength and stiffness of the infilled frame specimens
were calculated using the emprical equations proposed by the researchers and

code recommendations. The results obtained using the analytical methods



were compared with the experimental observations. A simple dynamic analysis was
made using the dynamic characteristics observed in tests to predict the behavior of
infilled frames under seismic action. Recommendations were made for the design

and detailing of infilled frames to be used for strengthening purpose.

Haider (1995) [4] studied the in-plane cyclic response of R/C frames with
unreinforced masonry infill. Four full-scale R/C frame assemblies with masonry
infills were designed and tested under reversed cyclic loading. The effect of panel
aspect ratio and the stiffness of the infill relative to the frame were studied in terms
of stiffness, strength, energy dissipation, and failure mode. Based on the test results,
an equivalent diagonal compression strut model was developed to represent the
behavior of masonry infill bounded by an R/C frame and a simplified method for
the linear-elastic analysis of R/C frames with masonry infills was proposed. Using
the experimental load-deformation plots, the hysteretic parameters relating to
stiffness degradation, strength deterioration, and pinching of the hysteretic loops

were identified.

Crisafulli (1997) [5] focused on the seismic behavior of R/C structures with
masonry infills. The properties of masonry and its constitutive materials were
reviewed. Theoretical procedures were developed for the rational evaluation of the
strength of masonry subjected to compressive and shear stresses. Two theoretical
procedures, with different degree of refinement, were proposed in the study for the

analysis of infilled frames.

A test program was implemented to investigate the seismic response of infilled
frames. The main criterion followed for the design was that the R/C columns should
yield in tension in order to obtain a reasonable ductile response under lateral

loading.

A new design approach was proposed for infilled frames, in which two cases were

considered: cantilever and squat infilled frames. In the first case, the ductile



behavior was achieved by yielding of the longitudinal reinforcement, which was
limited to occur only at the base of the columns, and by avoiding large elongations
of the remaining parts of the surrounding frame. In the second case, ductility was
conferred to the structure by allowing controlled sliding of the infilled frame over

the foundation.

The effect of pinching of the hysteresis loops in the response of infilled frames
subjected to earthquakes was investigated. A parametric study was conducted using
a one degree of freedom oscillator subjected to ground accelerations recorded in

five different earthquakes.

Marjani (1997) [6] investigated the behavior of infilled frames under seismic loads.
For that purpose, six two-story, one-bay brick infilled frames were tested under
reversed cyclic loading simulating seismic action. Furthermore, six infill panels
were tested to get primitive information on infill characteristics. Effect of plaster
and concrete quality were the parameters. The behaviors of the frames were
compared with the frames’ behaviors without infills. Analytical works were
performed to determine stiffness, strength, and behavior of the frames. Analytical

calculations were compared with the experimental results.

Dymiotis, Kappos, and Chryssanthopoulos (2001) [7] focused on the
probabilistic assessment of R/C frames infilled with clay brick walls and subjected
to earthquake loading. The adopted methodology extended that was previously
developed by the writers for bare R/C frames by introducing additional random
variables to account for the uncertainty in the masonry properties. Quantification of
the latter was achieved through the use of experimental data describing the
difference in force-displacement behavior between bare and infilled frames. The
vulnerability and seismic reliability of two ten-story, three-bay infilled frames (a
fully infilled one and one with a soft ground story) were derived and subsequently
compared with values corresponding to the bare frame counterpart. It was found

that failure probabilities, especially at the ultimate limit state, were highly sensitive



to the structural stiffness; hence, bare frames benefited from lower spectral
ordinates than infilled ones. Nevertheless, all structural systems studied appeared to

be exposed to a reasonably low seismic risk.

Calvi and Bolognini (2001) [8] presented a research work related to the seismic
response of R/C frames infilled with weak masonry panels. More specifically, the
benefits derived from the insertion of a light reinforcement, in the mortar layers or
in the external plaster, were studied in some detail. Tests were performed on
different types of single-bay, single-story, infilled frames to investigate the in-plane
response at different earthquake intensity levels and the out-of-plane strength as a
function of the in-plane damage. A series of parametric simulations were
performed to evaluate the effects of the different panels characteristics on the
response of whole buildings, with different infill patterns. Both in-plane and the
out-of-plane response were considered. The results were described in terms of peak
ground acceleration required to induce given limit states of serviceability or damage
relatively far from the collapse of the structure, which was governed by the R/C

frame design more than by the infill panels properties.

Sonuvar (2001) [9] constructed five two-story, one-bay, 1/3 scale R/C frames
having the deficiencies observed in common practice in Turkey. The frames were
tested under the reversed cyclic loading until considerable damage was observed,
and then they were rehabilitated by means of cast-in-place R/C infill walls and local
strengthening techniques. Later, the rehabilitated frames were tested under reversed
cyclic loading in order to observe the performance of the specimens. Strength,
stiffness, energy, and story drift characteristics of the specimens were examined by
evaluating the test results. In the analytical part of the study, the simulation of R/C
infills by means of equivalent diagonal struts was studied; and the analytical results
were compared with experimental results and with the results of a well-known

analytical model as well.
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Canbay (2001) [10] investigated the behavior and strength of R/C infill frames
(cast-in-place R/C panels) that are commonly used in Turkey for seismic
strengthening. A test set-up for a multi-bay, multi-story specimen was developed in
which only one bay was infilled. This specimen was tested in a vertical position
under reversed cyclic lateral loads. The test specimen was a three-bay, two-story
frame. The frame was detailed and built to have the deficiencies common to the
buildings in Turkey (low concrete strength, inadequate lateral stiffness, inadequate
confinement, lapped splices at floor levels, etc.). The test frame was 1/3 scale of a

prototype building.

The R/C infill was introduced to the middle bay, after damaging the bare frame
under reversed cyclic lateral loads. The specimen with the infill was tested to failure
under reversed cyclic lateral loads. Since the main objective of the test program was
to observe the contribution of the frame columns to the lateral load resistance, two
special transducers were designed and manufactured to measure the axial force,
shear and moment at the base of frame columns. Analytical tools were used to

predict the behavior of the test specimen.

Strength, stiffness, energy dissipation, and story drifts of the test specimens were
examined by evaluating the test results. In the analytical part of the study, the
simulation of R/C infills by means of limit analysis and computer programs were

done; and the calculated values were compared with the experimental results.

Mertol (2002) [11] used carbon fiber reinforced polymer strengthening in his tests.
The combination of carbon fiber sheets and the masonry infill walls were used. A
behavior like a shear wall behavior was aimed with this combination. For this
purpose, two two-story, one-bay, 1/3 scale R/C frames infilled with plastered brick
masonry were constructed. The frames had poor concrete quality. They did not have
confining of the stirrups at the column and beam ends. The frames were tested
under reversed cyclic loading. One frame was used as a reference frame (tested with

no strengthening) and only infill walls of the other frames were strengthened over
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the plaster. At the end of the tests, strength, stiffness, energy dissipation and story

drift characteristics of the specimens were examined.

Keskin (2002) [12] studied the behavior of brick infilled R/C frames strengthened
by carbon fiber reinforced polymer (CFRP) reinforcement. In the research program,
two one-third scale, one-bay, two-story R/C frames were infilled with hollow clay
tiles and strengthened with CFRP. The main test variable was detailing of
CFRP reinforcement. Test specimens were tested under reversed cyclic loading.
Axial loads were kept constant throughout the tests. One of the test specimens failed
prematurely, whereas the other one performed well. Test results were evaluated in

terms of strength, stiffness, energy dissipation, and interstory drift characteristics.

In addition to experimental study, an analytical study was performed on DBI
Building in Dinar. The building was moderately damaged after the Dinar
earthquake in 1995, and, then, rehabilitated with R/C infill walls. Analyses on
four different arrangements of CFRP reinforcement were performed and compared
with the analysis of the building rehabilitated with R/C infill walls. As a result, a re-

design criterion was suggested for pre-earthquake rehabilitation of structures.

Erduran (2002) [13] applied CPRP on mainly the existing plastered brick infill
walls of brick infilled R/C frames. For this, two one-bay, two-story, one to third
scale specimens were constructed and tested under reversed cyclic loading. The
specimens were constructed with the most common deficiencies observed in
practice. The test results were evaluated in terms of strength, stiffness, interstory
drift, and energy dissipation capacity characteristics. A model for composite
material was derived using the test results. This model was used to develop design

criteria for strengthening of structures using CFRP.
Shing and Mehrabi (2002) [14] summarized some of the recent findings and

developments on the behavior and modeling of infilled structures, and provided

thoughts for future research. Discussed subjects by the authors included the
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following: Masonry infills are frequently used as interior partitions and exterior
walls in buildings. They are usually treated as non-structural elements. The
performance of such structures during an earthquake has attracted major attention.
A number of different analytical models have been developed to evaluate infilled
structures. Nevertheless, most of the models proposed have been validated with
limited experimental data. Limit analysis methods seem to be the most promising
approach. However, these methods need to be further refined. Sophisticated finite
element models have also been developed. While these models are widely
applicable to different types of infilled frames, they should be used with caution

because they could be easily misused.

Anil (2002) [15] investigated the behavior of R/C infilled frames under earthquake
loading. Nine one-bay, one-story R/C infilled frames were tested under
reversed cyclic lateral loads that simulated earthquake loading. Size and place of the
openings in infills were the main variables. The effect of the size and place of the
openings in infills on rigidity, strength, ductility, and energy dissipation capacity of
R/C infilled frames were evaluated. By examining the test results, different
analytical approaches were investigated. The strength’s of specimens were
calculated by using regulations and empirical equations that were suggested by
researchers. Analytical results were compared with experimental results.
Suggestions were constituted for design of R/C infilled frames with openings that

were used for the purpose of strengthening.

Hanoglu (2002) [16] tested 1/3 scale specimens under quasi-static reversed cyclic
seismic loads. Four ductile and four non-ductile framed single-bay, single-story
specimens with and without infill panels were tested simulating the seismic actions
on lowest interior spans of typical of low-rise infilled frame structures. During the
tests on masonry infill material, the testing procedures originally developed for
solid brick masonry were shown unsuitable for the hollow clay tile masonry testing.

A new method for tensile strength testing of the hollow clay tile units was proposed
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and used coupling with finite element models to establish a tile tensile strength

estimate.

Infilled frames with plain hollow clay tile infill were shown to have failure loads
well in excess of the bare frames. Glass fiber woven sheet and CFRP laminates
were used to confine and brace the hollow clay tile infill. Addition of glass-fiber
overlays and carbon fiber laminates increased the strength of the infilled frames
above the conventionally infilled frames. However, the maximum displacement
capacity of the new system reduced due to low compressive strength of the tile
infill, which confined the failures and deformations to infill corners and column
mid-height.

A new finite element modeling approach was developed based on the use of plane
framework analysis methods for plane stress analysis. Two different model scales
were considered to show the capabilities of the proposed approach and the
possibilities of simplification for engineering office use. The results showed a good

agreement with the test results for the detailed model.

Colangelo (2003) [17] dealt with the inelastic analysis of infilled frames. The
author aimed to appraise the effectiveness of existing member-by-member models
and damage indices in representing seismic response and sustained damage. Results
from pseudo-dynamic and cyclic tests on one-story, one-bay, half-size-scale
specimens were the basis for this evaluation. The frame was modelled with linear
beam elements and hysteretic end springs, and the infill with diagonal struts for
which two inelastic behavioral laws were compared. Provided parameters were
carefully calibrated, time-histories of the global response could be traced with an
accuracy that depended on model refinement. Certain indices reflected the visible
damage of structure and infill. Nevertheless, if the structure index was derived from
the calculated local response, even the major damage of the weak beam was not

captured.
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Duvara (2003) [18] aimed to strengthen the buildings by using precast concrete
panels. This is an easy method which results in a rapid construction and least
disturbance is given to the occupants. In the study, two preliminary test were
conducted to verify the proper functioning of the newly developed test setup and
then three hollow clay tile infilled, one-third scale, one-bay, two-story R/C frames
which reflect the common deficiencies of the buildings in Turkey were constructed
as test specimens. First, a reference specimen was tested and the other two
specimens were strengthened by using precast concrete panels. Test results were
evaluated in terms of strength, stiffness, energy dissipation, and interstory drift

characteristics.

Oktem (2003) [19] examined non-linear behavior of structures. Non-linear static
procedure (Pushover Analysis) was applied in the analysis of R/C frame systems.
The infill influence on the behavior of the system subjected to external loads was
examined and base shear-top displacement relations obtained from the bare frame

and masonry infilled frame results were compared.

The second chapter covered the detailed investigation of non-linear behavior of R/C
members. Moment-curvature relationships and yield surface of R/C sections were
obtained by a computer program. Axial force-bending moment interaction diagrams

were also presented in the study.

Erdem (2003) [20] and Erdem, AKyiiz, Ersoy, and Ozcebe (2006) [21] prepared
two-story, three-bay, 1/3 scaled two test frames. The details of the bare frame were
similar to the most of the residential buildings in Turkey. The system
improvement of the R/C frame was investigated. Only the middle bay of the
specimens was infilled. Two strengthening methods were evaluated and compared.
The first frame was strengthened with R/C infill wall. The second specimen was
strengthened with CFRP applied on the hollow clay tile infill. Reversed cyclic
quasi-static load was applied at the second story level of the specimens. Two force

transducers were used at the base of the exterior columns to measure the internal
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forces. Strength, stiffness, and energy dissipation characteristics of the specimens
were investigated. Analytical models were made to simulate the behavior. Test
results were compared with analytical study results.

Ozcebe, Ersoy, Tankut, Erduran, Keskin, and Mertol (2003) [22] discussed
retrofitting of undamaged R/C frames using CFRP. The main objective of the
experimental program was to reinforce the hollow clay tile infill walls. The scope of
the study included testing of seven one-bay, two-story, 1/3 scale specimens which
were constructed and tested under reversed cyclic loading. The specimens were
constructed with the most common deficiencies observed in practice. The test
results were evaluated in terms of strength, stiffness, interstory drift, and energy
dissipation capacity characteristics. A model for composite material was derived
using the test results. This model was used to develop design criteria for

strengthening of structures using CFRP.

Siisoy (2004) [23] aimed to observe the seismic behavior of R/C frames
strengthened by precast concrete panel infills by testing different types of panel and

connection designs in eight single-story, single-bay R/C frame specimens.

Giin (2005) [24] investigated improving shear strength of nonductile R/C frames by
means of infill walls. In strengthening of R/C frames by means of infill walls,
effects of the connection between infill walls and bare frame and additional
boundary column, adjacent to existing column, on behavior and strength were
investigated. Consequently, four R/C frame specimens which consist of two-story,
one-bay were constructed and tested under reversed-cyclic lateral loads simulating
earthquake loads. By evaluating the test results, strength, ductility, rigidity, and
energy consumption capacity of the specimens were examined. Experimental results
were compared with the results of the equations proposed by researchers and the
Turkish Earthquake Code.
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Baran (2005) [25] proposed a strengthening technique in his thesis on the basis of
the principle of strengthening the existing hollow brick infill walls by using high
strength precast concrete panels. The technique would not require evacuation of the
building and would be applicable without causing too much disturbance to the
occupant. For that purpose, after two preliminary tests to verify the proper
functioning of the newly developed test set-up, a total of fourteen one-bay, two-
story R/C frames with hollow brick infill wall, two being unstrengthened reference
frames, were tested under reversed cyclic lateral loading simulating earthquake
loading. The specimens were strengthened by using six different types of precast
concrete panels. Strength, stiffness, energy dissipation, and story drift
characteristics of the specimens were examined by evaluating the test results. Test
results indicated that the proposed seismic strengthening technique could be very
effective in improving the seismic performance of the R/C framed building

structures commonly used in Turkey.

In the analytical part of the study, hollow brick infill walls strengthened by using
high strength precast concrete panels were modeled once by means of equivalent
diagonal struts and once as monolithic walls having an equivalent thickness. The
experimental results were compared with the analytical results of the two
approaches mentioned. On the basis of the analytical work, practical
recommendations were made for the design of such strengthening intervention to be

executed in actual practice.

Giiney (2005) [26] presented a mathematical model for frame elements based on a
3D Hermitian beam/column finite element and an equivalent strut model for the
infill walls. The spread-of-plasticity approach was employed to model the material
nonlinearity of the frame elements. The cross-section of the frame element was
divided into triangular sub regions to evaluate the stiffness properties and the
response of the element cross-section. By the help of the triangles spread over the

actual area of the section, the biaxial bending and the axial deformations were
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coupled in the inelastic range. A frame super-element was also formed by

combining a number of frame finite elements.

Two identical compression-only diagonal struts were used for modeling the infill. A
computer code was developed using the object-oriented design paradigm and the
models were implemented into that code. Efficiency and the effectiveness of the
models were investigated for various cases by comparing the numerical response
predictions produced by the program with those obtained from experimental

studies.

Oztiirk (2005) [27] investigated the contribution of the hollow masonry infill walls
to the lateral behavior of R/C buildings. Two different buildings were chosen as
case studies. Three- and six-story symmetric buildings were modeled as bare and
infilled frames. The parameters investigated were column area, infill wall area,
distribution of masonry infill walls throughout the story. To determine the effect of
each parameter, global drift ratios were computed and compared for each case.

Malekkianie (2006) [28] aimed to find out the effects of infill walls and retrofitted
infill walls with carbon fiber on the response of R/C frames. The non-linear analysis
of R/C frames were performed by means of a computer program. The results of
the experimental study which consisted of bare frame, infilled frame, and
retrofitted infilled frame with carbon fiber were compared with the results of the

theoretical analysis.

Donmez (2006) [29] defined modeling of infill walls and the influence of infill
walls during the earthquake. For that purpose, the R/C building structure which had
been damaged during August 17, 1999 Kocaeli earthquake, was analyzed for four
situations. The program SAP 2000 was utilized in the analysis. The infilled frames
were investigated under different acceleration-time histories recorded during the

Kocaeli and Diizce earthquakes.
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Kara (2006) [30] investigated the strengthening of non ductile concrete frames by
introducing partial infills into existing frames. Nine specimens were tested under
reversed cyclic lateral loads. Parameters of the study were the infill length to height
ratio, the arrangements of infills into frame openings, and the existence of edge
member at the free end of infill. One-bay, two-story reinforced infilled frames were
designed with the common deficiencies seen in our country. Test results showed
that partial infills significantly improved the lateral load carrying capacity, stiffness
and energy dissipation capacity of the bare frame. The more infill length to height
ratio of partial infill was utilized, the more lateral load capacity, stiffness was
observed. The most successful results were obtained when the partial infill wall was
connected to both columns and beams of the frame. In addition, the existence of
edge members affected the specimen’s lateral load carrying capacity, stiffness and

energy dissipation capacity.

AKkin (2006) [31] created a model to provide a simple method to analyze the
behavior of R/C frames with infills in earthquakes. The model was tested using
experimental work done by Benjamin and Fiorato. It was then applied to four
buildings surveyed in Bingol, Turkey, following the May 1, 2003 earthquake. From
these four buildings, three distinct damage states were observed. Using a database
compiled from research done to date on R/C frames with masonry infills, and on
masonry panels, the damage states corresponded to a specific drift range, which
was used to compare the damage found in the buildings, and the drift level
calculated when using the model. From the results, it was apparent that in
earthquake zones where masonry infilled R/C frames were common, it was possible
to accurately model the response of structures to a given ground motion by
including the masonry infills with and without openings, creating a simple check of

the deflection, and damage state expected in a building.
Binici and Ozcebe (2006) [32] proposed analysis guidelines for FRP strengthened

infill walls for use in seismic evaluation methods. For that purpose, a diagonal

compression-strut and tension-tie model was presented to model the strengthened
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infill wall that was integrated to the boundary frame members. The comparisons of
test results with estimated load-deformation curves showed that model was capable
of estimating stiffness, strength and deformation capacity of FRP strengthened R/C
frames with sufficient accuracy. The outcome of this research was believed to
enable the structural engineers to perform retrofit design of deficient infilled R/C

frames with FRPs.

Shaingchin, Lukkunaprasit, and Wood (2007) [33] subjected five R/C structural
wall specimens to cyclic loading in order to study the influence of diagonal web
reinforcement. The experimental parameters included the amount and configuration
of reinforcing bars in the web. The conventionally reinforced wall failed due to web
crushing with an abrupt drop in load capacity, whereas the walls reinforced with
diagonal web reinforcement failed in a more ductile mode. Test results indicated
that the diagonal web reinforcement reduced the shear and sliding displacement
components. The specimens with diagonal web reinforcement exhibited less
pinching in the hysteresis loops than the conventional one. Consequently, the
energy dissipation capacity of the former was superior to the latter. An alternative
web reinforcement configuration which combined the superior performance of the
diagonal reinforcement and the simplicity of placement of the conventional type
was also proposed. Test results revealed that the wall with mixed web
reinforcement exhibited performance comparable with the wall with diagonal

reinforcement.

El-Sokkary (2007) [34] analytically investigated the effectiveness of different
rehabilitation patterns in upgrading the seismic performance of existing non-ductile
R/C frame structures. The study investigated the performance of three R/C frames
(with different heights) with or without masonry infill when rehabilitated and
subjected to three types of ground motion records. The heights of the R/C frames
represented low, medium, and high-rise buildings. The ground motion records
represented earthquakes with low, medium, and high frequency contents. Three

models were considered for the R/C frames; bare frame, masonry-infilled
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frame with soft infill, and masonry-infilled frame with stiff infill. The studied
rehabilitation patterns included (1) introducing a R/C shear wall, (2) using steel
bracing, (3) using diagonal FRP strips (FRP bracings) in case of masonry-infilled
frames, and (4) wrapping or partially wrapping the frame members (columns and

beams) using FRP confinement.

The seismic performance enhancement of the studied frames was evaluated in terms
of the maximum applied peak ground acceleration or velocity resisted by the
frames, maximum interstory drift ratio, maximum story shear to weight ratio and

energy dissipation capacity.

Erduran and Yakut (2007) [35] developed displacement-based damage functions
for the components of R/C moment resisting frames. R/C columns, beams and brick
infills were considered in the study as the structural elements contributing to the
seismic behavior of R/C moment resisting frames. Finite element analyses were
carried out on R/C columns and beams to investigate the effects of their material
and geometrical properties on the behavior of these elements, and also to develop
the damage functions. The independent parameter used in the damage functions
developed for R/C columns was the interstory drift ratio, while rotation was used as
the main parameter to evaluate damage in R/C beams. The equivalent strut models
available in the literature were used to determine the parameters affecting the
damageability of brick infills and to develop drift-based damage functions.
Additional damage functions for shear critical R/C columns and beams were also
developed. The damage functions proposed were validated via comparison to the

test results available in the literature.

Tucker (2007) [36] intended in his research to: (1) translate existing experimental
data into analytical methods for predicting the in-plane stiffness, capacity, and
structural behavior of various types of infill materials and (2) formulate and verify
possible code approaches which might be used by practicing engineers for the

design of new and the analysis of existing infilled frame structures.
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Linear and nonlinear finite element models were developed to analyze the behavior
of masonry infilled frames. The linear model focused on the behavior of the infilled
frame at the first crack load. The nonlinear model focused on the behavior of the

infilled frame at the first crack load and then at the ultimate load.

A new equation was presented for predicting the width of the equivalent diagonal
strut and thus the stiffness of the masonry infilled frame system. Six new equations
were presented for determining the strength of the masonry infilled frame system.

These strength equations were specific to the masonry infill material.

Altin, Aml, Kara, and Kaya (2008) [37] investigated experimentally the behavior
of strengthened masonry infilled R/C frames using diagonal CFRP strips under
cyclic loads. Ten test specimens were constructed and tested under cyclic lateral
loading. Specimens were constructed as 1/3 scale, one-bay, one-story perforated
clay brick-infilled nonductile R/C frames. The aspect ratio (lw/hy, where |, is the
infill length and hy, is the infill height) of masonry-infilled wall was 1.73.

CFRP strips were applied with different widths and with three different
arrangements such as on both sides (i.e. symmetrically) and on the interior side or
the exterior side of the masonry walls. The experimental study investigated the
effects of CFRP strips’ width and arrangement type on specimens’ behavior.
Strength, stiffness and story drifts of the test specimens were measured. Test results
indicated that, CFRP strips significantly increased the lateral strength and stiffness
of perforated clay brick infilled nonductile R/C frames. Specimens receiving
symmetrical strengthening showed higher lateral strength and stiffness. Specimens
at which CFRP strips of the same width were applied to one of the interior or

exterior surface of the infill wall showed similar lateral strength and stiffness.
Puglisi, Uzcategui, and Florez-Lopez (2009) [38] proposed a model of the

behavior of the masonry in infilled frames. The model was based on the theory of

plasticity and the concept of an equivalentstrut. It was first shown that
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the equivalent strut model, in its conventional form, introduced artificial effects
that did not correspond to the observed behavior. The real infill was a unique
element while the conventional model represented it as two independent bars. The
conventional strut model was modified by the inclusion of a new concept: The
plastic concentrator. It was assumed that all inelastic effects could be lumped at the
concentrator. The idea was that plastic concentrators could be compared with the
plastic hinges in the theory of frames. The plastic concentrator linked the two bars
of the strut model and allowed for a transfer of effects between the bars. It was
shown that the use of plastic concentrators lead to a more realistic representation of
the behavior than the conventional models. The new concept could be used to
model in a simplified way the behavior of any infilled frame (i.e. R/C or steel
frame). Finally, it was shown how models with arbitrary force-displacement

envelopes could be modified by the inclusion of plastic concentrators.

Puglisi, Uzcategui, and Florez-Lopez (2009) [39] proposed a model of the
behavior of infill panels in framed structures. The model was based on the
equivalent strut model, the concept of a plastic concentrator, and damage
mechanics. First some fundamental concepts of damage mechanics were briefly
presented. Then, an experimental study for the behavior of masonry specimens
under compressive forces was described. The results were used for the development
of the constitutive law for the equivalent strut bars. The model was analyzed, first in
the case of monotonic loads, and then for cyclic loads. Finally, the model was
validated by numerical simulation of a test carried out on infilled frames subjected
to monotonic and cyclic loads.

23



CHAPTER 3

FRAME TESTS

3.1 INTRODUCTION

Physical properties of the cement, aggregate, and mortar used in the tests were
determined by the preliminary material tests. Using two series of mortar, flexural
strength tests and compressive strength tests using portions of prisms broken in
flexure were performed at 7 and 28 days of age. The mortar containing cement, fine
aggregate, water, and plasticizer, which gave the required strength, was selected as

the optimum mortar to be used in the main tests.

In the main scope of this research, R/C frames were strengthened by the application
of the mortar to masonry walls. The R/C infilled frames were tested under reversed

cyclic lateral loads simulating earthquake loads.

The main test specimens used included 1/3 scale, two-story, single-bay R/C frames
with hollow brick masonry infills. The frames were prepared to reflect typical
characteristics and common deficiencies observed in the frames of R/C buildings
in Turkey. The weaknesses were low concrete strength, poor confinement,
inadequate transverse reinforcement, insufficient lateral stiffness, and non-ductile
members. The frames were infilled with hollow bricks and plastering was applied

on both faces. Continuous reinforcement was used in all of the specimens.
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3.2 MATERIAL TESTS

3.2.1 Introduction

Tests aiming to determine the physical properties of aggregate included sieve
analysis of fine aggregate, determination of lightweight pieces, determination of
unit weight, and specific gravity and absorption of fine aggregate. Tests on cement
to determine the physical properties included normal consistency, setting time,
soundness, density, fineness, and compressive strength. Compressive strength tests

were performed at 7 and 28 days of age.

The mortar used in the tests contained cement, fine aggregate, water, and
plasticizer. Compressive strength tests of mortar were done at 7 and 28 days. To
determine mechanical properties of mortar, flexural strength tests and compressive
strength tests using portions of prisms broken in flexure were conducted.

70x 70x 320 mm prisms were used for the flexural strength tests.

Prior to frame tests, 20 mm thick mortar with 0%, 1%, 2%, and 4% volumetric steel
fiber contents were applied on a wall. In the 4% volume content case, the mortar did
not stick to the wall at all. Consequently, 4% volume content of steel fiber

reinforced specimens were excluded from the test series.

Flexural strength tests and compressive strength tests using portions of prisms
broken in flexure were performed with reference mortar and mortars having 1% and
2% volume contents of steel fibers. These tests were performed at 7" and 28"
days. Moreover, adherence tests on the mortar were carried out in order to
determine the adhesion strength of the mortar. The adherence tests were done for
the reference mortar and mortars having 1% and 2% volume contents of steel fibers.

These tests were performed at 28" day.
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At the end, a new series of flexural strength tests and compressive strength tests
using portions of prisms broken in flexure were carried out with the same mortar
which also included a bonding agent for mortar. The tests were performed for the

reference mortar and mortars having 1% and 2% volume contents of steel fibers.

3.2.2 Material Properties

Chemical and physical properties of all ingredients used in the study are provided in

this section.

a) Cement

Ordinary Turkish Portland Cement, CEM | 42.5 R, was used throughout the

preliminary tests. This type of cement corresponds to ASTM Type | cement.
b)  Fine Aggregate
Natural river sand was used as the fine aggregate in the tests. The specific gravity

and absorption capacity of the aggregate, and its gradation are shown in Table 3.1
and Table 3.2, respectively.

Table 3.1 Properties of Fine Aggregate

Property Determined as
Specific Gravity
Dry 2.46
Saturated Surface Dry 2.55
Absorption, (%) 3.60
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Table 3.2 Sieve Analysis of Fine Aggregate

Sieve No Cumulative Passing (%0)
Fine Aggregate AST_M €33
Requirements

3/8" (9.5 mm) 100 100
No.4 (4.75 mm) 95.90 95-100
No0.8 (2.36 mm) 70.90 80-100
No0.16 (1.18 mm) 47.70 50-85
No0.30 (600 pm) 28.43 25-60
No0.50 (300 pm) 12.33 10-30
No.100 (150 pm) 5.77 2-10

c)  Steel Fiber

Dramix ZP-305 steel fiber that conforms to ASTM A 820 and TS 10513 was used
in the tests. Steel fiber was procured from the BEKSA Steel Cord Manufacturing
and Training Inc. It is a cold drawn wire fiber, with hooked ends, and glued in
bundles. The fibers are filaments of wire, deformed and cut to lengths, for
reinforcement of concrete, mortar and other composite materials. There is no
coating on the fiber. The applications of the fiber are shotcrete, screeds, and

compression layers. The fiber has a length of 30 mm and diameter of 0.55 mm, thus

the aspect ratio is 55. Minimum tensile strength of the fiber is 1100 MPa.

d) Plasticizer

A commercial normal setting plasticizer was used in all mortar mixes. It is a liquid,
ready to use plasticizer that increases the cohesion and workability of cement-sand
It has a specific density of 1.10+0.02kg/l.

masonry mortars, and renders.
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Application dosage of the plasticizer is 0.1%-0.2% by weight of cement. It is added
to the mixing water prior to its addition to the cement-sand mix to provide high

quality mortar.

e) Bonding Agent

A commercial water resistant bonding agent was used in the mortar mixes of the
second series of flexural strength tests and compressive strength tests using portions
of prisms broken in flexure. It is a synthetic rubber emulsion for adding to cement
mortars where good adhesion and water resistance are required. It has a specific
density of 1.02+0.02kg/l. The bonding agent is added to the mixing water within
the range 1:1 — 1:4 depending on application.

f)  Water

Tap water from the city water network of Ankara was used as mixing water in all

mortar mixes.

3.2.3 Experimental Program

a) Applications on Wall

Mortar having 20 mm thickness was applied on a wall with no steel fibers as
reference and mortars having 1%, 2%, and 4% volume contents of steel fibers
(Figure 3.1). The mortar should stick to the wall when it is thrown to the wall by
using a trowel. The reference mortar stuck to the wall easily. However, in the 4%
volume content case the mortar did not stick to the wall, and in the 1% and 2%
volume contents cases the mortar could hardly be fixed to the wall. Consequently;
reference, 1%, and 2% steel fiber contents were selected to be used for the tests.
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Figure 3.1 Applications of Mortars on Wall

b) Compressive Strength

Specimens were taken out from steel forms the next day and were put in saturated
lime water at 23.0+2.0 oC. Compressive strength of the cubical mortars were
measured at 7 and 28 days. Tests were conducted in accordance with ASTM C 1009.

A universal testing machine shown in Figure 3.2 is used for tests.

Total maximum load indicated by the testing machine was recorded and by dividing
the total maximum load to loaded surface area, compressive strength values were

calculated, Equation 3.1.

(3.1)
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where f_ is the compressive strength in MPa, P is the total maximum load in N,

A is the area of loaded surface in mm?.

Figure 3.2 Views of Compressive Strength Testing

Two different mixes for mortar were prepared. The first mix included plasticizer
whereas bonding agent was used in the second mix. First series’ compressive
strength of the mortars, obtained from 50x50x50mm cubic specimens in
accordance with ASTM C 109, at 28 days is presented in Table 3.3.

Table 3.3 First Series” Compressive Strength of Cubic Mortars (MPa)

Average Compressive Strength (MPa)
39.02
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c) Flexural Tensile Strength

Flexural tensile strength of prismatic specimens having dimensions of
70x 70x320mm was measured using a simple beam test with center-point loading
at 7 and 28 days. The distance between supports was 260 mm. Although cross-
sectional dimensions of the prism should be 70 mm, actually it was measured as 75
mm. Tests were performed according to TS EN 196-1. Views of flexural tensile

strength testing are shown in Figure 3.3.

Figure 3.3 Views of Flexural Tensile Strength Testing

Flexural tensile strengths of prism specimens were calculated according to

following equation, Equation 3.2:

F -l p
R M-y 4 o 15xFxl
1 bpd pd

12

3.2)
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where R, is the flexural tensile strength in MPa, F, is the applied load at the

center at rupture in N, | is the span length in mm, and b is the side length of square

cross-section of the prism in mm.

Flexural strength of prism specimens, reference mortar and mortars having 1% and
2% volume contents of steel fibers, at 28 days are provided in Table 3.4. There are
two different test results given in the table. In the first series, the mix includes

plasticizer whereas the second series uses bonding agent instead of plasticizer.

Table 3.4 Flexural Tensile Strength of Prism Specimens (MPa)

Average Flexural Tensile Strength (MPa)
First Series Second Series
Reference Mortar 7.40 6.53
Mortar with 1% Volumetric
_ _ 6.93 6.81
Ratio of Steel Fiber
Mortar with 2 % Volumetric
_ _ 8.57 8.47
Ratio of Steel Fiber

Comparison of the flexural tensile strength tests of mortar shows that adding 1%
volumetric ratio of steel fiber does not change the flexural capacity considerably.
However, 2% steel fiber addition has a noticeable effect which is approximately

20% increase in flexural capacity of unreinforced concrete prisms.

d) Compressive Strength using Portions of Prisms Broken in Flexure

Cube specimens of 75 mm were obtained by cutting ends of each portion of the

prisms. Compressive strengths of the cubic mortars were determined at 7
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and 28 days. Tests were conducted in accordance with TS EN 196-1. A universal

testing machine is used for tests.
Compressive strength, for reference mortar and mortars having 1% and 2% volume

contents of steel fibers, at 28 days are shown in Table 3.5. Plasticizer and bonding

agent are added to the mixes in the first and second series, respectively.

Table 3.5 Compressive Strength using Portions of Prisms Broken in Flexure (MPa)

Average Compressive Strength (MPa)
First Series Second Series
Reference Mortar 41.99 26.51
Mortar with 1% Volumetric Ratio
) 39.73 28.53
of Steel Fiber
Mortar with 2% Volumetric Ratio
) 39.06 31.01
of Steel Fiber

For the first series, addition of steel fiber has no effect on the compressive strength
of mortar. Yet it even decreases the strength approximately 7%. Mortar with
bonding agent (2" series) shows different compressive strength trend with the
addition of steel fiber. 2% steel fiber enhances the compressive strength of mortar
approximately 17%. Since the first series prepared with plasticizer has larger
compressive strength, it was selected as the strengthening agent of masonry infill

wall.

e) Adhesion Strength

Adhesion strength of the mortars were determined at 28 days. Tests were conducted

according to TS EN 1015-12. Views of testing are shown in Figure 3.4.
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Figure 3.4 Views of Adhesion Strength Testing

Adhesion strength was calculated by dividing the maximum tensile load to the
corresponding loading area. Average adhesion strength is calculated by taking
average of adhesion strengths of five specimens for each mortar and rounding this
number to the closest 0.1 MPa.

Adhesion strength of the mortars, reference mortar and mortars having 1% and 2%

volume contents of steel fibers, at 28 days are presented in Table 3.6.

Table 3.6 Adhesion Strength of the Mortars (MPa)

Ave. Adhesion Strength
(MPa) (28 Days)

Reference Mortar 1.02
Mortar with 1% Volumetric Ratio of Steel Fiber 1.73
Mortar with 2% Volumetric Ratio of Steel Fiber 1.92
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As can be seen from the table, addition of steel fiber to the mortar increased the

adhesion strength considerably.

3.3 PREPARATION OF THE MAIN SPECIMENS

Preparation of the test specimens includes following steps: Preparation, making
cage, and placing of reinforcement in formwork, concrete casting, brick laying,
plastering, anchoring, strengthening using mortar containing steel fiber, placing the
test specimen in the set-up, mounting measurement instruments, performing the
test, taking down the test specimen after the test and taking it to the place that it will

be stored temporarily until the end of the project.

3.3.1 Details of the Test Specimens

The frame specimens had a clear span of 1300 mm, and a net story height of 750
mm. The columns were 100 x 150 mm and the beams were 150 x 150 mm. The
rigid foundation beam was 400 x 450 x 1900 mm [25]. First Duvarci [18] used

this size of specimen in his tests. Dimensions of specimens are given in Figure 3.5.

Details of the test specimens were selected by Duvarci [18] to present the lack of
satisfactory qualifications seen in most of the structures in Turkey. For beams, 6¢8
plain bars were used as longitudinal reinforcement. Top reinforcements of the
beams were extended into the columns, bent 90° downwards, and hooked. The
beams’ bottom reinforcement was extended into the columns and their ends were
bent 90° upwards. For columns, 4¢8 plain bars were used as longitudinal
reinforcements. Outer longitudinal reinforcements of columns were bent 90°
inwards and hooked 135°. Columns’ inner longitudinal reinforcements were bent
90° outwards and hooked 135°. For both the columns and beams, ¢4 plain bars

were used as stirrups at 100 mm intervals. Ends of the stirrups were bent only
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90°. Straight portions of the hooks were extended fifteen bar diameters (60 mm)

[25]. Reinforcement patterns of the test specimens are illustrated in Figure 3.6.
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Figure 3.5 Dimensions of the Test Specimens

Reinforcement details of the columns and beams are given in Figure 3.7. Same
reinforcement details were used for all of the test specimens. Reinforcement views

of columns and beams are shown in Figure 3.8.
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Figure 3.7 Reinforcement Details of the Columns and Beams
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View of Column Reinforcement View of Beam Reinforcement
Figure 3.8 Reinforcement Views of the Columns and Beams
3.3.2 Formwork

All of the frame specimens were cast horizontally using steel formwork already
available in the laboratory. The formwork was produced by Duvarci [18] from
2 mm thick steel plates, which were connected with bolts. The formwork was strong
enough to prevent any deformations during concrete casting. The stiffness was
obtained by bending the edge of forms. The width and length of the bent edges were
20 mm and 50 mm, respectively [25].

3.3.3 Foundation

Rigid foundation beams were prepared and cast with each frame. Foundations had
dimensions of 1900 mm length, 450 mm width, and 400 mm height. For the
foundation beam, 10416 deformed bars, being 5 at the top and 5 at the bottom, were
used as longitudinal reinforcement. Deformed bars having 8 mm diameter were
used as stirrups at a spacing of 150 mm. Ends of the stirrups were 135° hooked.
Straight portion of the hook was extended fifteen bar diameters (120 mm). Bottom

and top longitudinal reinforcements of the foundation beams were welded to
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each other using deformed bars of 16 mm diameter [25]. Plan drawing of the
foundation beam is presented in Figure 3.9. Reinforcement views of specimen

foundation are given in  Figure 3.10.
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Figure 3.9 Plan View of the Foundation Beam
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Figure 3.10 Reinforcement Views of the Foundation Beams
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3.3.4 Universal Base

A universal base, already available in the laboratory, was used to fix the frame
specimens. The specimens were mounted on the universal base which was fixed
with steel bolts to the strong floor of the laboratory. The purpose of the universal

base was to prevent movement of the specimens in any direction during the test.

The universal base is an R/C mat having dimensions of 400 x 1500 x 2950 mm.
Dimensions and details of the universal base is shown in Figure 3.11. Ready mixed
self-compacting concrete having strength of 30 MPa was used by previous
researchers for the base.

In order to fix the foundation to the strong floor, six 60 mm diameter holes were left
in the foundation, matching the holes in the strong floor. The foundation was pre-

stressed to the strong floor by 50 mm diameter steel bolts passing through the holes.

The universal base was designed, previously, to be able to fix different specimens.
For this purpose, M38 nuts were used corresponding to the holes of specimens. In
order to fix specimen on the universal base, each specimen had 14 holes. On the
foundation, 34 fastener bolt holes were arranged [18].

3.3.5 Casting of Concrete

Concrete of the frames was produced in the Structural Mechanics Laboratory of the
Middle East Technical University. Concrete of one frame specimen was cast in 3
batches. Formworks of frame and cylinders were oiled; afterwards reinforcement
was placed in the formwork. Then, concrete was cast. To determine the concrete
strength, 3 standard cylinder specimens were taken from each batch. Totally 10
cylinders, including 1 reserve, were taken for one frame specimen. Test cylinders
were 150 mm in diameter and 300 mm in height. Cylinders were kept under same

conditions as the test specimens. Curing was done by covering the specimens
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Figure 3.11 Dimensions and Details of the Universal Base (all dimensions in mm)

with wet burlap in order to maintain moisture [25]. View after concrete casting is

presented in Figure 3.12.

Figure 3.12 View of Frame Specimen after Concrete Casting
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3.3.6 Brick Laying and Plastering

After minimum 7 days of curing, forms were removed and specimens were hold up
in vertical position. After preparation of the frame specimens, brick laying
operations were completed. On the brick walls, plaster having 6 mm thickness was
applied. Brick laying and plastering applications are illustrated in Figures 3.13 and
3.14, respectively.

3.3.7 Anchoring and Strengthening

After completing plastering operations, mortar with 2% volumetric ratio of steel
fibers was applied on original plaster. For comparison purposes, one specimen was
strengthening with 2% polypropylene (PP), another specimen with 2% hybrid fiber

(1% steel fiber + 1% PP), and one more specimen with mortar lacking of any fiber.

To ensure force transfer between frame and strengthened masonry infill wall,
anchorage bars were fixed to the surrounding frame. As anchorage, deformed bars
having 180 mm length and 8 mm diameter were used. Bars were placed at 200 mm
intervals with 60 mm embedded in to the frame and 120 mm remained outside.
Totally 80 anchorage bars were used for one frame.

Anchoring of a frame specimen is shown in Figure 3.15. Strengthening using

mortar with or without fibers is presented in Figure 3.16.
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Figure 3.13 View of Brick Laying Application

Figure 3.14 View of Plastering Application
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Figure 3.15 View of Anchoring Operation

Figure 3.16 View of Strengthening Operation
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3.4 PROPERTIES OF THE MAIN TEST SPECIMENS

Totally 10 frame tests were performed in the scope of the project. Among the
conducted tests, 4 were done as reference tests. Reference specimens were produced
as one bare frame, one non-plastered frame with infill walls, one plastered frame
with infill walls, and one plastered, anchored, 2 cm thickness of mortar without

fibers applied frame.

The other 6 tests were strengthened frame tests. One of the frames was a plastered,
non-anchored, 10 mm thickness of mortar with 2% volumetric ratio of steel fiber
applied frame. Also, one of the frames was a plastered, non-anchored, 20 mm
thickness of mortar with 2% volumetric ratio of steel fibers applied frame. Two of
the frames were produced as plastered, anchored, one of the frames as 10 mm and
the other one as 20 mm thickness of mortar with 2% volumetric ratio of steel fibers
applied frames. Another frame was a plastered, anchored, 20 mm thickness of
mortar with 2% volumetric ratio of PP fiber applied frame. The last frame was
produced as a plastered, anchored, 20 mm thickness of mortar with 2% volumetric
ratio of hybrid fiber, obtained by mixing 1% of steel fibers and 1% of PP fibers,

applied frame.

Properties of the frame tests’ specimens are summarized in Table 3.7,
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Table 3.7 Properties of the Test Specimens

Thickness of
Steel .
] . Plaster ] Polypropylene Fiber
Specimen Brick Anchorage | Fiber . . .
(mm) . Fiber Ratio Reinforced
Ratio
Mortar (mm)
REFBA - - - - - -
REFB + - - - - -
REFBM + 6 - - - -
REF2ABM + 6 + - - 20
SFINABM + 6 - 2% - 10
SF2NABM + 6 - 2% - 20
SF1ABM + 6 + 2% - 10
SF2ABM + 6 + 2% - 20
PPF2ABM + 6 + - 2% 20
HF2ABM + 6 + 1% 1% 20

3.5 MATERIALS

3.5.1 Concrete

Concrete mix design of frames is given in Table 3.8. Materials used are given by
weight for 1 m® of concrete. Target compressive strength of the frame concrete was
determined as 10 MPa. For each frame specimen 10 standard cylinders were taken
in order to determine concrete strength [18]. Concrete strengths of the frame
specimens are shown in Table 3.9. As can be seen in Table 3.9, concrete strength
of frames varied considerably. This variation can be attributed to curing condition,

curing time, temperature difference, and water content difference in sand.
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Table 3.8 Concrete Mixture Design of the Frames

Weight (kN) Ratio by Weight (%0)
Cement 1.54 12
0-3 mm Aggregate 2.43 19
3-7 mm Aggregate 4.86 38
7-15 mm Aggregate 2.56 20
Water 1.40 11
Total 12.79 100

Table 3.9 Concrete Strengths of the Frame Specimens (MPa)

Specimen Average Concrete Strength (MPa)
REFBA 12.7
REFB 13.3
REFBM 12.7
REF2ABM 8.6
SFINABM 9.9
SF2NABM 14.8
SF1ABM 17.0
SF2ABM 13.6
PPF2ABM 10.0
HF2ABM 11.6
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3.5.2 Steel

In specimens ¢4, ¢ 8 plain bars and ¢ 8, ¢ 16 deformed bars were used. In columns
4 and in beams 6 ¢ 8 plain bars were used as longitudinal reinforcement. In
columns and beams, ¢4 plain bars, which had 90° hooks at the ends, were used as
stirrups. In foundation beams, ¢ 16 deformed bars were used as longitudinal
reinforcement and ¢ 8 deformed bars were used as stirrups. They were 135° hooked

at the ends. Longitudinal and transverse reinforcements were produced from the

same steel batch. For the anchoring operations, ¢ 8 deformed bars were used [25].

For each steel 3 test coupons were taken randomly from the batch. Coupons were
tested in tension. Typical properties of steel bars are provided in Table 3.10.

Table 3.10 Properties of Reinforcing Bars

Bar _ Yield Stress, Ultimate Stress,
Property Location
Type fsy (MPa) fsu (MPa)
) Column and Beam
g4 Plain ) 271 398
Stirrup

) Column and Beam
$8 Plain o 365 511
Longitudinal Bars

Anchorage Bar,
¢8 | Deformed Foundation Beam 557 782
Stirrup

Foundation Beam
¢ 16 | Deformed o 453 682
Longitudinal Bar
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3.5.3 Infill

In all of the specimens, hollow brick was used as infill material. Special production
was done and bricks were scaled down (1/3 scale) to simulate real brick. Totally 10
bricks were tested by loading in the direction parallel to holes and average result of
compression tests on tiles are presented in Table 3.11. The dimensions of the
hollow brick used as infill material are shown in Figure 3.17. As can be seen from
Table 3.11, compressive strength of bricks are relatively high. The outer
dimensions of bricks were scaled down by 1/3. But, the thickness of the brick walls
could not be scaled in the same manner. Therefore, their net area is high, which
results in higher gross compressive strength.

Table 3.11 Results of Compression Tests on Tiles

) Gross
Failure ) _
L oad Gross Area | Compressive | Net Area | Net Compressive
oa
() (mm?) Strength (mm?) | Strength (MPa)
(MPa)
Ave. | 738 5865 13.1 2815 27.3

3.5.4 Mortars

Mix proportions of the mortars used are presented in Table 3.12. Compressive
strength of the mortars were determined by testing 3 cylinders having 75 mm
diameter and 150 mm height for each test individually. Test results of cylinders

taken from the mortars of the frame specimens are given in Table 3.13.
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Figure 3.17 Dimensions of the Hollow Brick

Table 3.12 Mix Proportions of the Frame Specimens’ Mortars

Weight (kg)
. Strength Strength Strength
LGicr:( Plastering Mortar Mortar Mortar SJSP%T
Moﬁta% Mortar | with2% | with2% | without | /%28
SF PP Fiber Fiber y

Cement
(CEM 1 325 R) 13.8 11.9 22 23.3 23.4 22.6
0-3 mm 66.0 67.9 60 63.4 63.8 61.6
Adggregate
Lime 6.4 5.5 - - - -
Water 13.8 14.7 12 12.7 12.8 12.3
Plasticizer - - 0.04 0.042 0.043 0.041
Steel Fiber - - 6 - - 3.1
PP Fiber - - - 0.63 - 0.41
Total 100 100 100 100 100 100
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Table 3.13 Strengths of Mortars of the Frame Specimens (MPa)

Compressive Strength at test day (MPa)
- Strength | Strength | Strength
LE; nicrlf Plastering | Mortar Mortar Mortar S'\t/lrg?t%trh
Mo%ta% Mortar with 2% | with 2% | without Hvbrid
SF_ | PPFiber | Fiber y
REFBA - - - - - -
REFB 3.4 - - - - -
REFBM 8.4 8.2 - - - -
REF2ABM | g7 6.0 - - 40.8 -
SFINABM | 75 6.4 17.0 - - -
SF2NABM 7.4 7.2 20.8 - - -
SF1ABM 6.0 7.2 22.0 - - -
SF2ABM 12.9 7.6 20.9 - - -
PPF2ABM | 10.8 6.6 - 29.3 - -
HF2ABM 9.9 6.2 - - - 24.8

While performing plastering operation of the frames, only the face of the brick wall
was plastered at the interior side whereas at the exterior side brick wall together
with the columns and beams were plastered. Plaster thickness was 6 mm on each
face.

Mortars with 2% volumetric ratio of steel fibers, without steel fiber and/or PP fiber,
with 2% volumetric ratio of PP fibers, and with 2% volumetric ratio of hybrid
fibers, 1% steel fiber and 1% polypropylene fiber were applied on the plaster of the

frame specimens.

3.6 TEST SET-UP AND LOADING SYSTEM

One-bay, two-story specimens, have been tested in the METU Structural Mechanics
Laboratory for years. This test set-up was first used by Duvarci [18]. In this
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research, specimens have been tested vertically in their original position. The set-up
and testing system consisted of strong floor, reaction wall, loading equipment,

instrumentation, and the data acquisition system.

In order to apply and measure the lateral force, a load cell was attached to the
hydraulic jack, which was bearing against the reaction wall. The reaction wall was
also fixed to the strong floor using bolts. Height of the reaction wall is 4.5 m. There
are fourteen holes on the wall that are spaced as two columns and seven rows. The

distance between the columns is 1 m and the distance between the rows is 700 mm.

The lateral loading system was attached to the strong wall and in line with the
beams of the test specimen. The loading system consisted of a hydraulic jack, a load
cell, and adaptors for connecting the load cell and the hydraulic jack and hinges at
both ends. The loading system had to move freely on the strong wall allowing
accurate positioning. For this reason, a rail system was designed using steel
sections. The sliding mechanism was fixed to the reaction wall by means of 4 steel

pipes.

Reversed cyclic lateral loading was applied by using a double acting hydraulic jack.
A load cell was connected between the hydraulic jack and the test frame to measure
the applied lateral load. The load cell was calibrated in the laboratory prior testing.
An adapter made from steel was used to connect the hydraulic jack and load cell.
The lateral loading system had pin connections at both ends to eliminate any
accidental eccentricity [25]. A general view of the sliding mechanism between the

reaction wall and lateral loading system is shown in Figure 3.18.

A steel guide frame was constructed around the test specimen in order to prevent
out-of-plane deformations. The columns in the long direction were connected to
each other by steel box sections. In the short direction the columns were connected
by L steel section. The connection of the steel frame with the test specimen was

done at second story level by means of roller supports in order to permit in
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Figure 3.18 A General View of the Sliding Mechanism

plane movement of the specimen. Four rollers were attached to the box sections,
and they touched the test frame beam. For rollers, ball bearings were used since
the test frame had to make vertical as well as horizontal displacement [18].

Guide frame and ball bearings are shown in Figures 3.19 and 3.20, respectively.

Figure 3.19 Appearance of Guide Frame
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Figure 3.20 Ball Bearings

Lateral load was applied on both stories in triangular manner simulating earthquake.
The lateral load was applied to the stories through a spreader beam which transfers
the load coming from the hydraulic jack in 2:1 ratio to the stories as illustrated in
Figure 3.21. At floor levels, clamps made of four steel bars were loosely attached
to the test frame. At the spreader beam side, loading plates at both floor levels were
welded to the spreader beam. Before every test, the clamps were carefully

controlled to be loose enough without any external stressing on the beams.

The axial load on columns, 53.38 kN, was provided by steel cables post-tensioned
by hydraulic jacks. This axial load corresponds between 9.2% and 14.6% of axial
load capacity depending on frame concrete strength. Two hydraulic jacks were used
for this purpose. To apply the axial load, built up box sections were attached to
the bolts fixing the foundation beam to the main foundation. On both sides of the
test specimen, built up steel sections were fixed by using the bolts on the universal
base and bolts on the foundation of the test frame. The steel cables were threaded

through the holes provided in the box sections and fixed at the hydraulic
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Figure 3.21 Load Distribution between the Floor Levels

jacks which were placed under the box sections. The other ends of the steel cables
were connected to a cross beam which was welded to another spreader steel beam
simply supported at the top story columns of the specimens. When the load was
applied, the spreader beam divided the load developing in the hydraulic jacks and
the steel cables into two equal components and transferred it to the two columns.

The load was continuously monitored and readjusted during the test [25].

Application of axial load is shown in Figure 3.22. General view of the test set-up is

given in Figures 3.23 and 3.24.
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Figure 3.22 Application of Axial Load

3.7 INSTRUMENTATION

Displacement transducers, either LVDTSs (Linear Variable Differential Transformer)
or electrical dial gages were used for deformation measurements and load cells were
used for load measurement. Also, strain gages having a length of 120 mm were used
in the first test, REFBM for strain measurements. The capacity of the load cell was
266.89 kN in the first test and the capacity of the load cell used in all of the
remaining tests was 444.82 kN.

Deformations were measured by LVDTs with 200 mm, 100 mm, and 50 mm
strokes and dial gages with 50 mm, in the first test, and 30 mm strokes, in the other
tests. A general view of the instrumentation is shown in Figure 3.25. In each test
voltage signals coming from the transducers were recorded by a data acquisition
system named System 6000 Vishay and the results were send to a personal
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Figure 3.25 A General View of the Instrumentation

computer. The results were converted to displacements and load values. They were

monitored from the software named StrainSmart 4.0.

Lateral displacement of each story was measured with respect to the universal base.
Three LVDTSs, two at the 2" story level and one at the bottom of the column-beam
connection, were mounted at the 2" story level whereas one LVDT was mounted at
the 1% story level for this purpose. These transducers measured the second and first
story displacements. The readings from the LVDTs were used to construct load-
displacement and load-story drift curves. Details of the instrumentation are

presented in Figure 3.26.

Shear deformations were measured on both first and second story infill walls by
means of two diagonally placed dial gages mounted on infill. Transducers were
located 130 mm away from the corner of the infill walls. The reason for choosing
this location was to avoid localized effects like crushing of concrete during

experiment.
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Figure 3.26 Details of the Instrumentation

In order to measure the strain values at the bottom of the columns dial gages were
mounted in vertical position at the bottom of north and south columns. These
readings would be used to have an idea about the crack widths at the column-

foundation connections.

The rigid body displacements of the frame and universal base were measured by

means of LVDTs. An LVDT was mounted on the universal base in order
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to measure the displacement with respect to the ground and another was mounted
on the frame foundation in order to measure the displacements with respect to the
universal base. Also, dial gages at both sides were mounted on the frame foundation

to measure the displacements with respect to the universal base.

3.8 TEST PROCEDURE

After fixing the main foundation to the strong floor, the specimen was carried and
positioned so that it was perpendicular to the reaction wall. They were fixed to the
universal base by post-tensioning of the bolts. Each test specimen was whitewashed
before the test to be able to observe the cracks better during the test. After the axial
load apparatus were mounted, the clamps were loosely attached, the load cell and
the hydraulic jack for applying lateral load was mounted. Then, displacement
transducers (LVDTs and dial gages) were mounted onto the test specimens and their
connections to the data acquisition system were established. The calibration of the
transducers was re-checked. As a safety precaution, the spreader beam was
suspended by a chain attached to the crane. After all, concrete cylinders were tested
to get the compressive strength of the test specimen and plaster. Eventually, a
constant axial load of 53.38 KN (9.2% Ny — 14.6% Ng) was applied on the columns

and tried to be kept constant throughout the testing of all of the specimens.

Loading a specimen to a pre-determined lateral load level and then unloading it to
zero level constitutes a half cycle loading. Addition of a backward half cycle to a
forward half cycle represents a full cycle. All specimens were tested under reversed
cyclic lateral loading simulating earthquake loading. During the tests, second story
level displacement versus lateral load diagrams were monitored. At each half
cycle’s peak, cracks were marked on the specimens and notes were taken describing
the observations. Up to the yielding of specimen load controlled loading scheme
was applied. After yielding displacement controlled (5 mm steps) were used. The
lateral loading histories and top displacement histories are provided in Chapter 4.
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CHAPTER 4

TEST RESULTS AND OBSERVED BEHAVIOR

41 GENERAL

Test results and observations are presented in detail in this chapter. In the scope of
the project, totally 10 R/C frames were tested. 4 of the tests were performed as
reference tests and the remaining 6 tests were done as strengthened frame tests. For
each specimen; load history, second story displacement history, load vs. second
story displacement, load vs. first story displacement, load-second story shear
displacement, and load-first story shear displacement graphs are provided in this
chapter. The calculation of shear displacement is given in Appendix A. While
drawing charts about the second story displacements, only 2/3 of the total applied
load is shown on the lateral load axis. For the first story displacements, however,
the total load (base shear) is taken into consideration in the graphs. This is due to
the fact that second story is displaced under only 2/3 of the total applied lateral load.

4.2 REFERENCE SPECIMEN, REFBA

The first test performed was the reference test REFBA which was the bare frame
TS5. The test results of this specimen would be used as a reference for the behavior
of the strengthened frame specimens. The specimen was subjected to the lateral
loading history presented in Figure 4.1. The maximum forward load was 14.53 kN
and the displacement at this load level at the second story was measured as 20.04

mm.
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After this test, due to a problem in the load cell, the load cell was recalibrated and
all of the load data was modified. Therefore, load cycles in Figure 4.1 in the load
controlled part is not symmetrical.

This frame displaced 20.52 mm at the top at a maximum backward loading of

12.03 kN. Second story displacement history is given in Figure 4.2.

In the observations, north column term is used for right column and south column
term is used for left column when viewed from the front side of the specimen. Main

observations are presented below verbally and also as figures in Figure 4.3.

e In the second forward cycle: At the front side, a crack at the bottom of the
north column at the outer side. Also, a shear crack at the first story beam-
north column joint. At the south column, a flexural crack at the inner part
near to the bottom. At the back side, a shear crack at the first story beam-
north column joint.

e In the third forward cycle: At the back side, a flexural crack at the bottom of
the north column. Also, a flexural crack above this crack and three shear
cracks at the first story beam-north column joint.

e In the fourth forward cycle: displacement controlled loading was started by
loading to 20 mm displacement.

¢ In the fourth backward cycle: At the front side, two shear cracks at the south
column-first story beam joint which turned also to the inside of the joint.

e In the fifth forward cycle: At the front side, crushing at the south column
bottom. A new vertical crack to the lower part of the previous shear crack
formed in the fourth backward cycle, at the joint of the first story beam-
south column. At the back side, progress in the shear cracks in the third
forward cycle at the first story beam-north column.

e In the fifth backward cycle: At the front side, at the north column bottom

inner side cracking between the column and the foundation.
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e In the sixth backward cycle: At the front side, below the first story beam-
column at the south column a vertical shear cracking and cover crushing.
Also, at the north column a flexural crack at the inner side of the first story
beam- second story column joint up to the back side of the frame.

¢ In the seventh forward cycle: At the front side, cover crushing at the bottom
of the south column. No reading could be taken from the dial gage at the
north column anymore. At the back side, a flexural crack at the outer side
of the south column and cover crushing.

¢ In the seventh backward cycle: The eleventh channel was off-scale.

¢ In the eighth forward cycle: At the front side, near to the bottom of the south
column an opening and the stirrup could be seen. At the north column outer
side close to the bottom an opening. An opening at the bottom of the north
column at the inner side.

¢ In the eighth backward cycle: The dial gage at the south column could not
take any measurement anymore. At the front side, at the south column
opening in the first story beam-column joint.

¢ In the ninth forward cycle: The specimen could not displace 60 mm and the
displacement was stopped at 48 mm. It was unloaded, reloaded on the other

side to 50 mm, and zeroed. Then, the test was finalized.

As can be seen from Figure 4.3, failure occurred mainly due to hinges formed at the

first story column ends.

Load-second story displacement/drift and load-first story displacement/drift graphs
are presented in Figures 4.4 and 4.5, respectively. Views of TS5 (REFBA)
specimen during the test are shown in Figure 4.6. Figure 4.4 shows that second
story columns remained in the elastic range within 1% drift limits. The reason for
this limited drift is that the damage concentrated on the first story members. Lateral
load decreased to 85% of its maximum value at approximately 2.2% first story drift

ratio level.
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Figure 4.6 Views of TS5 (REFBA) Specimen during the Test

4.3 REFERENCE SPECIMEN, REFB

The second frame test REFB, another reference test, was the test of non-plastered,
only brick infilled frame TS6. The specimen was subjected to the lateral loading

history presented in Figure 4.7. For this test, the maximum forward load was
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measured as 50.23 kN and the corresponding top displacement was 14.94 mm. The
maximum backward load of 50.29 kN caused a top displacement of 14.30 mm.
Second story displacement history is given in Figure 4.8. Main observations of the

test are given below verbally and also as figures in Figure 4.9.

¢ In the second forward cycle: At the front side, two shear cracks at the first
story infill wall.

¢ In the second backward cycle: At the front side, two shear cracks at the first
story infill wall perpendicular to the shear cracks formed in the second
forward cycle.

e In the third backward cycle: A crack just above the first story beam-south
column joint at the second story infill wall.

e In the fourth forward cycle: Displacement controlled loading up to 8 mm
displacement was applied. At the front side, a crack at the outside of the
north column and foundation connection.

¢ In the fourth backward cycle: At the front side, a horizontal crack between
the first story beam and second story infill wall near to the south column. At
the back side, two vertical cracks, one near to the south column and one near
to the middle of the beam. A shear crack at the second story beam-south
column joint.

¢ In the fifth forward cycle: At the front side, shear cracks in the hollow bricks
below the first story beam-north column joint. A horizontal crack at the
outside of the bottom of the north column. At the back side, shear cracks in
the first row hollow bricks below the first story beam near to the north
column. Two vertical cracks in the first story beam. In addition, shear cracks
at the joints of the hollow bricks at the second story infill wall.

¢ In the fifth backward cycle: At the front side, openings in the hollow bricks.
At the back side, a vertical crack at the first story beam between the middle

and the south column.
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e In the sixth forward cycle: At the front side, crushing in the hollow brick
below the middle of the first story beam at the top row.

e In the sixth backward cycle: At the front side, separation between the infill
wall and the first story beam-north column joint.

¢ In the seventh forward cycle: At the front side, shear cracks and opening in
the joints of all of the hollow bricks of the first story infill wall. Also,
crushing in the hollow bricks in the top row near to the north column and
falling of the dial gage at that location. In the second story infill wall, also
shear cracks in the joints of the hollow bricks.

e In the ninth backward cycle: At the front side, cover crushing at the first

story beam-south column joint.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
shown in Figures 4.10-4.13, respectively. Views of TS6 (REFB) specimen during

the test are shown in  Figure 4.14.

Flexural cracks were observed along the first story columns in this specimen
whereas in REFBA cracks accumulated at the first story column ends. Because of
the infill, flexural cracks occurred also on the first story beam. On the second story
beam-column joint, diagonal cracks were observed. Cracks initiated first in the first
story infill wall. Both on the first and second story brick infill wall, zigzag pattern
cracks were observed along the mortar between bricks. Cracks were much denser in

the first story wall.

The second story drift ratio remained within 1% limits. For this un-plastered brick
wall specimen, load sustained up to 1.2% first story drift ratio. Crushing of brick
was first observed approximately at 1.5% first story drift ratio. The strength of
specimen decreased rapidly after crushing of bricks and even out of plane fall down

of wall was observed.
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44 REFERENCE SPECIMEN, REFBM

The third reference frame test REFBM (TS1) with plastered brick infill was
subjected to the lateral loading history given in Figure 4.15. In this frame test, the
maximum forward load value was recorded as 66.59 kN and the top displacement
corresponding to this load was measured as 6.43 mm. In the same frame test, the
maximum backward loading was 66.59 kN with a displacement value of 6.37 mm at

the second story level. Second story displacement history is given in
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Figure 4.16. Main observations are presented below verbally and also as figures in
Figure 4.17.

In the second forward cycle: At the front side, a shear crack at the second
story infill wall. At the back side, a shear crack on the plaster of the second
story infill wall. Also, two shear cracks on the plaster of the first story infill
wall at a place near to the north column.

In the second backward cycle: At the front side, a shear crack at the first
story infill wall, continuing up to the middle of the infill wall by dividing
into two branches. Widening of the previously formed cracks. At the back
side, a shear crack continuing up to the middle of the plaster of the first story
infill wall. Also, a shear crack up to the middle part of the plaster of the
second story infill wall.

In the third forward cycle: At the front side, extending of the shear crack
formed in the second forward cycle at the second story infill wall up to the
first story beam and second story beam. A flexural crack at the mid-height
of the first story north column turning to the outside of the column.

In the fourth forward cycle: At the front side, a crack between the first story
infill wall and the north column. Moreover, an opening at the bottom of the
specimen.

In the fourth backward cycle: At the back side, shear cracks and openings in
the plaster and falling down of it.

In the fifth forward cycle: At the front side, at the bottom of the specimen,
cracking. Extending and widening of the previously formed cracks. At the
back side, falling down of the plaster.

In the fifth backward cycle: At the front side, falling down of the plaster of
the first story infill wall from two parts.

In the cycles starting from the sixth forward cycle, since the cracks
progressed no notes were taken. Extending of the previously formed cracks.

Falling down of the plaster. Shear cracks in the hollow bricks. Also,
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crushing in the hollow bricks, especially in the corner and the connection
between the infill wall and the beam. The test was continued up to the ninth
cycle, and then it was terminated.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
given in Figures 4.18-4.21, respectively. Views of TS1 (REFBM) specimen during

the test are shown in Figure 4.22.

First cracking was observed on the plaster of the brick. At approximately 0.8% of
first story drift ratio, the infill wall separated from the surrounding frame. With
widening and increasing of cracks, plaster initiated to fall down. In the large
displacement cycles, mortar between bricks cracked and opened in the tension

region and bricks crushed in the compression region.

As can be observed from Fig. 4.18 and 4.19, load-displacement (drift) cycles are not
symmetrical. Since the first structural cracking occurred in the forward cycle in the
first story, damage was observed mainly in the first story and consequently second
story drift ratio remained almost elastic during entire testing. In the backward

cycles, drift ratios of first and second stories were similar to each other.

Corner crushing was observed at top of the infill wall in the first story. Crushing of
brick was followed by falling down of the infill at this region. Accordingly short
columns were created at the top half of the first story columns and hinging at the

mid column height and shear cracking were observed.
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Figure 4.22 Views of TS1 (REFBM) Specimen during the Test
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45 REFERENCE SPECIMEN, REF2ABM

The fourth reference test REF2ABM was the test of frame specimen TS7 which was
a plastered, anchored, 20 mm thickness of plain mortar (containing neither steel
fiber nor PP fiber) applied frame. The specimen was subjected to the lateral loading
history given in Figure 4.23. For this test, the maximum forward and backward
loads were 104.52 kN and 101.52 kN. The top displacements were 15.24 mm and
15.03 mm, respectively. Top displacement history is given in Figure 4.24. Main

observations are presented below verbally and also as figures in Figure 4.25.

e In the first forward cycle: At the front side, a small flexural crack at the
bottom of the outside of the north column.

¢ In the first backward cycle: Similar symmetrical cracks at the south column.

¢ In the fourth forward cycle: At the front side, a shear crack at the first story
infill wall nearby south joint. At the back side, on the plaster of the first
story infill wall two vertical shear cracks next to the south column and also
one shear crack on the plaster below the first story beam-north column joint.

e In the fourth backward cycle: At the front side, a shear crack at the first
story beam-south column joint.

e In the fifth forward cycle: At the front side, a shear crack just above the
bottom of the first story infill wall next to the north column.

e In the sixth forward cycle: At the front side, a diagonal crack at the first
story infill wall. Shear crack at the first story beam-north column joint. A
flexural crack at the first story north column near to the mid-height. At the
back side, diagonal cracks on the plaster of the first story infill wall.

¢ In the sixth backward cycle: At the front side, at the first story beam-south
column joint two shear cracks. A diagonal crack at the first story infill wall.
Moreover, a flexural crack just above the bottom of the south column on the
front side. At the back side: falling down of the plaster at the middle of the

first story beam.
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¢ In the seventh forward cycle: At the front side, extending and widening of
previous cracks. A separation between the first story infill wall and the
foundation.

¢ In the seventh backward cycle: At the back side, shear cracks at the plaster
of the first story infill wall. Also, a separation parallel to the first story beam
at the plaster of the first story infill wall.

e In the eighth forward cycle: At the front side, a diagonal crack of
approximately 5 mm width at the first story infill wall.

¢ In the eighth backward cycle: At the front side, crack width nearly 3-4 mm.
At the back side, a shear crack at the plaster of the first story infill wall at a
location near to the bottom of the infill wall.

¢ In the ninth forward cycle: At the front side, widening of the previous shear
cracks at the first story infill wall. Opening in the previous flexural cracks at
the first story north column.

e In the tenth forward cycle: At the front side, a serious opening at the first
story beam-south column joint. Falling down of two dial gages on the first
story infill wall. The width of the diagonal crack at the first story infill wall
reached 20 mm.

¢ In the tenth backward cycle: At the front side, crushing of the concrete cover
and the reinforcement was seen at the first story beam-south column
connection.

¢ In the eleventh forward cycle: At the front and the back side, crushing of the
plaster of the first story infill wall, crushing of the hollow bricks also. The
anchorage reinforcements were visible.

e In the eleventh backward cycle: Beginning to crush of the first story infill
wall.

e In the twelfth forward cycle: Crushing of the first story infill wall. The test

was terminated after doing the twelfth backward cycle also.

Load-second story displacement/drift, load-first story displacement/drift, load-

second story shear displacement, and load- first story shear displacement
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graphs are presented in Figures 4.26-4.29, respectively. Views of TS7 (REF2ABM)

specimen during the test are shown in Figure 4.30.

First cracking was observed on columns as flexural crack. Afterwards, shear cracks
occurred in the first story joints. Plaster on the back side also cracked at the first
story column and beam interfaces. Later on, cracks were observed on the

strengthening mortar as well.

At approximately 0.4% first story drift ratio, plaster at the back side initiated to fall
down. However, the strengthening plaster on the front side which is inside the
frame and supported by the surrounding frame did not fall down until large

displacements.

At approximately 1% first story drift ratio, strengthening wall lifted up and
separated from the foundation. Maximum load was reached at nearly 1.2% first

story drift ratio.

The added wall was able to carry applied load with serious cracks but without fall
down until the end of testing. Therefore, the applied lateral load was kept without

any considerable decrease until 3% first story drift ratio for the forward cycles.

There was no significant damage observed on the second story. Shear-displacement
graphs also verify this observation. Excluding the last three cycles, the second story

shear displacements are very small as compared to first story shear displacements.
At the end of the test, infill wall and bricks crushed and fell down at nearly 4% first

story drift ratio. It should be noted that the strengthening mortar gained compressive
strength of almost 41 MPa.
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Figure 4.30 Views of TS7 (REF2ABM) Specimen during the Test

4.6 STRENGTHENED SPECIMEN, SFINABM

The fifth test performed was the first strengthened frame test SFINABM, TS9,
which was a plastered, non-anchored, 10 mm thickness of mortar with 2%
volumetric ratio of steel fiber applied frame. The specimen was subjected to the
lateral loading history given in Figure 4.31. The maximum applied forward load to
this specimen was 80.56 kKN with top displacement of 5.15 mm. The maximum
backward load was 80.69 kN with corresponding top displacement of 4.18 mm.
Second story displacement history is given in Figure 4.32.
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Main observations are given below verbally and also as figures in Figure 4.33.

e In the third forward cycle: At the front side, a flexural crack at the mid-

height of the first story north column and at the outside of the north column.

At the back side, shear cracks at the plaster of the first story infill wall at a

location of bottom of the north column.

e In the third backward cycle: At the front side, a shear crack below the first

story beam-south column connection.

¢ In the fourth forward cycle: At the front side, a shear crack at the first story

beam-north column joint. At the back side, three shear cracks at the plaster

of the first story infill wall.

e In the fourth backward cycle: At the back side, almost vertical three shear

cracks at the plaster of the first story infill wall next to south column.

¢ In the sixth forward cycle: At the back side, a big shear crack at the plaster

parallel to the second story north column, continuing parallel to the first

story beam and parallel to the first story south column.

¢ In the sixth backward cycle: At the front side, separation between the first

story south column and the first story infill wall. At the back side, separation

at the plaster between the first story infill wall and both of the first story

columns and first story beam. Falling down of the plaster at two corners.

e In the eighth forward cycle: At the back side, falling down of the plaster of

the first story infill wall at first story north column. Also, falling down of the

plaster at a location of the middle of the first story beam. Moreover,

separation between the plaster of the first story infill wall and south column.

Also, separation between the plaster of the first story infill wall and the first

story beam.

¢ In the eighth backward cycle: At the front side, separation between the first

story infill wall and the two first story column. In addition, separation

between the first story infill wall and the first story beam. At the back side,

crushing of the hollow brick just below the first story beam-north column

joint.
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e In the ninth forward cycle: At the front side, widening of the separation
between the first story infill and the two first story columns and the first
story beam. At the back side, crushing of the hollow brick below the first
story beam-south column joint, at the top row.

e Starting from the tenth forward cycle, no notes were taken since the cracks

widened and extended so much. The test was terminated at the twelfth cycle.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
given in Figures 4.34-4.37, respectively. Views of TS9 (SFINABM) specimen

during and after the test are shown in Figure 4.38.

Specimen SFINABM had a relatively thin strengthening wall which was not
anchored to the surrounding frame. Cracks were first observed on the first story
column in a flexural manner. Cracks were both at mid height and base level. At this
level of load cracks were also observed on the original backside plaster at column-
brick interface.

At approximately 0.4% first story forward drift ratio, specimen reached to its
maximum load carrying capacity. Separation of infill wall initiated at this load
level. Separation took place at infill wall and first story column interface. With
increasing displacement, separation was also observed at infill-first story beam
border. At 0.7% first story drift ratio, load capacity decreased 15% in forward

direction.

Separation was excessive at large displacement cycles. Therefore, infill wall
touched the surrounding frame at certain regions and damaged those zones
extremely. Therefore, column damage was not uniformly distributed but
accumulated at certain regions. Corner crushing of brick caused also excessive

deformation of frames at this region.
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Figure 4.38 Views of TS9 (SFINABM) Specimen during the Test
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4.7

STRENGTHENED SPECIMEN, SF2NABM

The sixth test in the series SF2NABM was the second strengthened test of the frame

specimen TS2, which was plastered, non-anchored, 20 mm thickness of mortar with

2% volumetric ratio of steel fiber applied frame. The specimen was subjected to the

lateral loading history given in Figure 4.39. The maximum applied forward load of

this specimen was 96.58 kN. The top displacement at this load value was recorded

as 5.15 mm. The maximum backward loading was 90.51 kN showing a top

displacement of 3.70 mm. Top displacement history is presented in Figure 4.40.

Main observations are presented below verbally and also as figures in Figure 4.41.

In the second forward cycle: At the back side, vertical crack on plaster at
first story north column boundary which is extending to second story. A
flexural crack at outside of the north column mid-height.

In the second backward cycle: At the back side, three almost vertical shear
cracks at the plaster of the first story infill wall.

In the fourth forward cycle: At the front side, separation with the first story
infill wall and the bottom of the south column because of the non-existence
of anchorages in this frame. Moreover, a crack at the outside of the first
story north column at a place between the column and the foundation. At the
back side, two shear cracks at the plaster of the second story infill wall
parallel to the first story beam and a crack at first story north column and the
infill.

In the fourth backward cycle: Separation of infill at bottom surface and at
outside of the south column base.

In the fifth forward cycle: At the back side, debonding of plaster parallel to
the first story beam.

In the fifth backward cycle: At the back side, a vertical crack at the plaster
spanning from the mid-height of the second story infill wall to the mid-
height of the first story infill wall near to the north column.
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¢ In the sixth forward cycle: At the front side, a shear crack at the first story
infill wall starting from the mid-height of the first story south column,
continuing upwards by passing the dial gage, and then finishing at
approximately 1/3" of the first story beam. Two shear cracks initiated at
the opposite compression corner frame joint, causing crushing of concrete.

¢ In the sixth backward cycle: At the front side, separation between the first
story infill wall and the first story north column.

¢ In the seventh forward cycle: At the front side, widening of former cracks.
Also, separation of infill at the corner of the first story beam-north column
joint.

e In the eighth forward cycle: At the front side, the reinforcement was seen at
a location just below the first story beam-north column joint.

e In the ninth forward cycle: At the back side, buckling of the reinforcement
below the first story beam-north column connection.

e Starting from the tenth forward cycle, no notes were taken. The cracks

widened and extended very much. After tenth full cycle, test was terminated.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
presented in Figures 4.42-4.45, respectively. Views of TS2 (SF2NABM) specimen

during and after the test are shown in Figure 4.46.

The non-anchoraged strengthening wall separated from column interface at
approximately 0.23% first story drift ratio. The original plaster at the backside
showed excessive cracking parallel to the frame boundaries. In this test, separation
at column base was also observed. At 0.35% first story drift ratio, the original
plaster at the backside initiated to debond. The strengthening mortar cracked nearby
the first story top corner at 0.8% drift ratio. At 1.8% drift ratio, lateral load
decreased 15%. At 2% drift ratio the load was at 78% of the maximum value. At
3.3% drift ratio, column longitudinal reinforcement buckled. No widespread

cracking was observed on the infill.
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Figure 4.46 Views of TS2 (SF2NABM) Specimen during the Test
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4.8

STRENGTHENED SPECIMEN, SF1IABM

The seventh test was the frame test SFLABM. This third strengthened frame test

(TS3) was a plastered, anchored, 10 mm thickness of mortar with 2% volumetric

ratio of steel fiber applied frame. The specimen was subjected to the lateral loading

history given in Figure 4.47. Lateral maximum forward loading and the top

displacement were recorded as 125.66 kN and 8.47 mm. The same frame exhibited

top displacement of 7.29 mm at a maximum backward loading of 116.84 kN. Top

displacement history is presented in Figure 4.48. Main observations are presented

below verbally and also as figures in Figure 4.49.

In the third forward cycle: At the front side, a crack at the outside of the
north column base. At the back side, a crack at the second story infill wall
above and parallel to the first story beam.

In the third backward cycle: At the back side, a crack at the outside of the
south column base. Also, two shear cracks at the first story infill wall.

In the fourth forward cycle: At the front side, shear cracks at the first story
north bottom corner infill wall. At the back side, diagonal cracking of plaster
from center of base to the mid-height of the first story north column.

In the fifth forward cycle: At the front side, separation of the first story infill
wall at base.

In the fifth backward cycle: At the back side, two shear cracks on plaster of
the first story infill wall near south column. Two flexural cracks on the first
story south column.

In the sixth forward cycle: At the front side, a shear crack at the first story
infill wall corner. At the back side, diagonal cracks on plaster of the first
story infill wall.

In the sixth backward cycle: At the back side, a big diagonal crack on plaster

from the second story infill wall to first story infill wall.
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¢ In the seventh forward cycle: At the front side, two big shear cracks at the
first story infill wall parallel to each other.

e In the seventh backward cycle: At the front side, one shear crack at the
second story infill from mid-height of south column to the first story beam.
A short vertical shear crack at the second story infill wall at the middle of
the first story beam. At the back side, a crack at the plaster of the second
story infill wall near the south column.

e Starting from the ninth forward cycle, no notes were taken. The cracks

widened and extended. The test was stopped after the fourteenth full cycle.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
shown in Figures 4.50-4.53, respectively. Views of TS3 (SFLABM) specimen
during the test are shown in Figure 4.54.

Since the strengthening infill wall was anchored to the surrounding frame, the load
transfer between wall and frame could be achieved along the frame members

without assembled at certain regions.

First crack occurred at the column base followed by plaster cracking at backside.
With the increasing lateral load, the strengthening mortar cracked at its bottom
corners. At 0.3% first story drift ratio, the added infill initiated to separate at base
level. Specimen reached to its maximum lateral load value at 0.67% drift ratio. At
this stage, there was not a single diagonal crack but two diagonal cracks from

opposite diagonal corners with approximately 45 degree and parallel to each other.

After ultimate load reached, cracks were also observed on the second story
strengthening mortar. At approximately 1.2% first story drift ratio, maximum load
decreased 15%. The frame damage was not concentrated at corners but dispersed to

the column height as flexural cracks. There was no distinctive joint shear crack.
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49 STRENGTHENED SPECIMEN, SF2ZABM

The eighth test performed was SF2ABM, fourth strengthened frame test, of the
frame specimen TS4 which was a plastered, anchored, 20 mm thickness of mortar
with 2% volumetric ratio of steel fiber applied frame. The specimen was subjected
to the lateral loading history given in Figure 4.55. The maximum forward load was
measured as 140.42 kN and the top displacement at this load was 6.71 mm. The
maximum backward loading and the corresponding top displacement was 134.17
kKN and 8.91 mm. Top displacement history is shown in Figure 4.56.
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Main observations are presented below verbally and also as figures in
Figure 4.57.

e In the third forward cycle: At the front side, two shear cracks at the first
story beam-north column joint. Also, a flexural crack at the outside of the
bottom of the north column.

¢ In the fifth forward cycle: At the front side, a crack at outside of the bottom
of the north column.

¢ In the fifth backward cycle: At the back side, a crack at the outside of the
bottom of the south column.

¢ In the sixth backward cycle: At the back side, two minor shear cracks at the
plaster of the first story infill wall at a location near to the south column.

¢ In the seventh forward cycle: At the front side, a shear crack starting from a
place near to the bottom of the south column continuing upwards up to the
middle of the first story beam. In addition, several shear cracks at the first
story beam-north column connection and column base cracking.

¢ In the eighth forward cycle: At the back side, crack on plaster between the
first story infill wall and the first story beam.

¢ In the eighth backward cycle: A vertical crack on mortar from the middle of
the first story beam down to mid height.

e In the ninth forward cycle: At the front side, separation between the first
story infill wall and the first story beam. Flexural cracks at the middle of the
first story beam. Also, two shear cracks at the second story infill wall near to
the second story north column.

e In the ninth backward cycle: At the front side, two flexural cracks at the
mid-height of the first story south column. Three cracks at the first story
beam. At the back side, at the plaster of the second story infill wall a
horizontal crack at the top of the wall and diagonal crack near the top of the
second story south column spanning up to the middle of the first story beam.

A vertical crack at the outside of the first story south column.
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e Starting from the tenth cycle, no notes were taken. The cracks progressed

very much. The test was completed with the twelfth full cycle.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
presented in Figures 4.58-4.61, respectively. Views of TS4 (SF2ABM) specimen
during the test are shown in Figure 4.62.

The first cracking was observed at the first story beam-column joint followed by
flexural column cracks. With increasing load, cracks occurred on the backside
plaster. A diagonal crack initiated on the strengthening mortar at 0.2% first story
drift ratio. This crack extended from base corner up to beam mid span. This crack
caused an increase in the shear deformation and caused several additional shear

cracks at beam-column joint and column base cracking.

At 0.56% first story drift ratio, specimen reached to its maximum lateral load
capacity. At this stage, a separation between the strengthening mortar and first story
beam was observed and flexural cracks occurred on this beam. Additionally, cracks
occurred on the second story strengthening wall.

At approximately 1.3% first story drift, lateral load decreased 15%. At 2% drift
ratio, load decreased to 55% of its maximum value.

After the maximum load cycle, the surrounding frame members damaged

excessively. Cover concrete of columns crushed and longitudinal bars buckled.
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Figure 4.62 Views of TS4 (SF2ABM) Specimen during the Test
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410 STRENGTHENED SPECIMEN, PPF2ABM

The ninth frame test PPF2ABM, fifth strengthened frame test was the test of the

frame specimen TS8 which was a plastered, anchored, 20 mm thickness of mortar

with 2% volumetric ratio of PP fiber applied frame. The specimen was subjected to

the lateral loading history given in Figure 4.63. The maximum lateral forward load

applied to this frame was 123.85 kN. The top displacement at this load was

recorded as 14.19 mm. The maximum backward loading of the frame was 113.34

kN which resulted in a top displacement of 10.10 mm. Second story displacement

history is shown in Figure 4.64. Main observations are presented below verbally

and also as figures in Figure 4.65.

In the third forward cycle: At the front side, a flexural crack at the bottom of
the outside of the north column.

In the third backward cycle: At the front side, a flexural crack at the bottom
of the outside of the south column.

In the fifth forward cycle: At the front side, a flexural crack at the first story
north column.

In the fifth backward cycle: At the front side, a flexural crack near to the
middle of the first story south column.

In the sixth forward cycle: At the front side, a shear crack at the first story
infill wall near first story south column. At the back side, shear cracks on the
plaster of the first story infill wall.

In the sixth backward cycle: At the front side, a shear crack at the first story
beam-south column connection.

In the seventh forward cycle: At the back side, three shear cracks at the
plaster of the first story infill wall, parallel to each other.

In the eighth backward cycle: At the back side, a large shear crack at the
plaster of the second story infill wall at first story beam boundary and
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second story south column boundary.

¢ In the ninth forward cycle: At the front side, widening of the shear crack at
the first story infill wall. At the back side, rising of the plaster at the first
story infill wall.

¢ In the tenth forward cycle: At the front side, shear cracks at the second story
beam-north column connection. Two flexural cracks at the second story
north column.

e In the tenth backward cycle: At the front side, width of the strengthening
mortar crack reached to 20 mm. At the back side, falling down of the plaster
of the first story infill wall.

¢ In the twelfth forward cycle: At the back side, crushing of the hollow bricks.

e In the following cycles no notes were taken. The test was stopped after

doing the fifteenth cycle, and then terminated.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load-first story shear displacement graphs are
presented in Figures 4.66-4.69, respectively. Views of TS8 (PPF2ABM) specimen
during the test are shown in Figure 4.70.

First cracking initiated at the column base. Later, flexural cracks were observed on
first story columns. At 0.15% first story drift ratio, the strengthening wall initiated
to crack. Simultaneously, cracks were observed on backside plaster followed by
first story beam-column joint cracking. With increasing load, plaster cracking was
observed also at second story wall. Specimen reached its maximum lateral load
carrying capacity at almost 0.6% drift and kept it up to 1.8% drift. At this interval,
plaster at backside debonded and lifted up, cracks were observed at second story
joint and columns. The width of the crack of strengthening mortar reached up to 20
mm without fall down. However, the original plaster fell down at this level of
displacement. The decrease on strength was insignificant at 2% drift. At 2.5% drift,
15% decrease was observed. At this displacement levels excessive shear damage

was observed on top of the first story  columns.
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411 STRENGTHENED SPECIMEN, HF2ABM

The tenth frame test HF2ABM, sixth strengthened frame test, was the test of the

specimen TS10 which was a plastered, anchored, 20 mm thickness of mortar with
2% volumetric ratio of hybrid fiber (1% steel fiber, 1% PP fiber) applied frame. The

specimen was subjected to the lateral loading history given in Figure 4.71. The

maximum forward load was recorded as 122.04 kN and the top displacement at this

load was 10.01 mm. The maximum backward loading was 119.03 kN and the

corresponding top displacement was observed as 7.56 mm. Second story

displacement history is shown in Figure 4.72. Main observations are given below

verbally and also as figures in Figure 4.73.

In the second forward cycle: At the front side, a flexural crack at the bottom
of the outside of the north column.

In the second backward cycle: At the front side, a flexural crack at the
bottom of the outside of the south column.

In the third forward cycle: At the front side, opening between the right side
of the first story infill wall and the foundation.

In the third backward cycle: At the front side, opening this time between the
left side of the first story infill wall and the foundation.

In the fifth forward cycle: At the front side, a flexural crack at the first story
north column just below the first story beam-north column joint.

In the sixth backward cycle: At the front side, a flexural crack at the first
story south column below the first story beam-south column joint. At the
back side, shear cracks at the plaster of the first story infill wall.

In the seventh forward cycle: At the front side, a flexural crack at the second
story bottom of north column. At the back side, shear cracks at the plaster of
the first story infill wall at a location near to the first story north column.

In the eighth forward cycle: At the back side, two parallel shear cracks at the
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plaster at a location of the intersection of the north column and first story
beam.

e In the eighth backward cycle: At the front side, the first shear crack at the
first story infill wall starting from the mid-height of the first story north
column and ending near to the middle of the first story beam. At the back
side, crack from bottom corner of the north column up to middle of the infill
wall.

e In the ninth forward cycle: At the front side, a shear crack at the first story
infill wall at a location below the first story beam-south column joint. At the
back side, several parallel shear cracks at the plaster of the first story infill
wall starting from the first story beam-south column joint up to the middle
of the first story infill wall.

e In the ninth backward cycle: In this cycle, the load was given as
displacement controlled.

e In the tenth backward cycle: Increasing to approximately 3-4 mm of the
width of the shear crack at the first story infill wall at a location below the
first story beam-north column joint.

e In the eleventh forward cycle: At the front side, width of crack at first story
beam-south column joint approximately 10 mm. At the back side, falling
down of the plaster in line with the beam of the first story.

¢ In the eleventh backward cycle: At the front side, width of the shear crack,
at the first story infill wall nearly 15-20 mm. At the back side, falling down
of the plaster. The hollow bricks became visible.

¢ In the twelfth backward cycle: At the back side, falling down of the plaster
at the first story beam and below the beam and crushing of the hollow
bricks.

e Starting from the thirteenth forward cycle, no notes were taken. The test was

terminated after completing the fourteenth full cycle.

Load-second story displacement/drift, load-first story displacement/drift, load-
second story shear displacement, and load- first story shear displacement
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graphs are presented in Figures 4.74-4.77, respectively. Views of TS10 (HF2ABM)

during and after the test are shown in Figure 4.78.

First cracking was observed at column base. At early stages, cracking occurred at
the base of strengthening wall. Later, top of the first story columns cracked

followed by plaster cracking at backside.

At 0.4% first story drift ratio, the strengthening mortar cracked from mid-span of
beam to mid-height of first story column. The maximum lateral load was reached at
approximately 0.8% first story drift ratio. 15% decrease at the lateral load capacity
was observed at 1.5% drift ratio. At 2% drift ratio, strength decreased about 30%.

Beyond the ultimate, with increasing displacement (after 1.4% drift ratio), joint
cracks opened excessively. Also width of cracks on strengthening mortar reached

almost to 20 mm. Bricks crushed at this level of displacement.
The strengthening infill in this specimen cracked at top corner of first story and

opened excessively. Therefore, the behavior was much similar to non-anchored

specimens in which damage was concentrated at joints.
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CHAPTER 5

EVALUATION OF TEST RESULTS

51 GENERAL

In this chapter, test results are evaluated in terms of strength, stiffness, energy
dissipation and inter-story drift ratios. Summary of the test results are presented in
Table 5.1. First story lateral load-first story interstory displacement/drift graphs
drawn to a common scale are shown in Figure 5.1. All the hysteresis loops show a
pronounced pinching effect. The differences in the hysteretic behavior of bare and
infilled frame are obvious. The loops in the case of bare frame are wider, due to the
inelastic behavior of flexural plastic hinges. The envelope of the hysteresis loops
obtained from cyclic tests is similar to the force-displacement relationship measured
under monotonic loading. The loops indicate a significant pinching effect and
strength degradation. Moreover, the stiffness is low in the initial part of each half-
cycle which corresponds to the closing of the cracks due to the applied force in the
opposite direction. With the increase of lateral force, stiffness also increases.

As can be seen in Figure 5.1, first story interstory displacements in backwards
cycles are smaller than that of forward cycles in all specimens except REFBA and
REFB. Since the tests are displacement controlled after yielding of specimens, the
backward displacements have to be taken as second story interstory displacement.
As can be observed from the second story interstory displacement graphs given in

Chapter 4, in all of the aforementioned specimens the backward second story
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displacements are excessive to that of the forward ones. This permanent odd
behavior is attributed to the test setup. The load is applied by a very stiff spreader
beam in forward cycles. The touch points of the spreader beam to the frame are not
pinned in this setup. Consequently, the second and first story levels are forced to
displace the same amount. In the backward cycles, however, there is no spreader
beam, story lateral loads are applied separately as shown in Figure 3.21. Therefore,
in the backwards direction the load application boundaries can be considered as
pins. In this case, the second story level can displace independently from the first

story level.

As observed in Figure 5.1, specimen SF2NABM does not show pinching effect
unlike other specimens. It is hard to explain this unexpected behavior. The reason of
very sharp (almost vertical) decrease of lateral load at unloading points (similar to
other specimens) is either separation of infill wall from surrounding frame or
excessive opening of particular cracks on the infill wall. Main cracks on infill were
not diagonal in this specimen. The cracks moved from column base to 1/3™ of beam
with approximately 75°. Therefore, compression strut did not created diagonally,
but with steeper inclination inside the V-cracks. At the unloading point, a
compression strut created in the opposite direction simultaneously as explained
above. When the capacity is reached in the opposite direction, the infill slips inside
the frame due to the lack of anchorages. In this non-anchored frame the beam-
column joints are directly sheared by the infill and consequently damaged
excessively. Excessive damage and displacement at certain points cause strain
hardening of longitudinal bars at this point. The capacity increase on the graph at

high drift level can be explained by this strain hardening of rebars.

5.2 RESPONSE ENVELOPES

In order to evaluate the strength characteristics of the frame specimens, response

envelope curves were used. Response envelope curves were constructed by
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connecting the maximum points of the hysteretic load-displacement curves of the
specimens. First story response envelope graphs of reference specimens and
performances of the strengthened frame specimens are compared with the reference
frame specimens, it can be seen that strengthened specimens performed better than
the reference specimens. Both strength and stiffness increased significantly after

strengthening operations.

Comparing the behavior of the reference specimens according to Figure 5.2, it can
be said that REF2ABM, which is the test of the plastered, anchored, 20 mm
thickness of mortar not containing either steel fiber or PP fiber applied frame,
exhibited the best behavior among the reference specimens. It had the largest lateral
load carrying capacity. Although, it is counted as a reference specimen for this
study, 20 mm anchored mortar application itself is a strengthening technique. In the
former chapter it was stated that since this specimen had no anchorages on the
surrounding frame the damage was localized at the corner regions. The load transfer
between the strengthening mortar and frame could not be established properly. The
wall separated excessively from the surrounding frame. The main advantage of this
strengthening technique was keeping the brick masonry in place. It should be also
noted that the strength of the mortar was 40 MPa which is almost twice the other
mortar strengths. Therefore, this specimen carried approximately 100 kN lateral
load. REFBM, the test of the plastered reference frame, showed the 2" best
behavior. REFB, the test of the non-plastered reference frame, showed better
behavior than the test of the bare reference frame, REFBA. All of the reference
specimens behaved almost same in the forward and backward cycles. Specimen of
the REFBM test lost its lateral load carrying capacity earlier than the other
reference specimens. The differences in lateral load of REFBA, REFB and REFBM
clearly indicate that there may be significant reserve capacity due to nonstructural
infill brick walls. This reserve capacity should be carefully handled because of early

out of plane failure of the wall.
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According to Figure 5.3, it is observed that the test of plastered, anchored, 20 mm
thickness of mortar with 2% volumetric ratio of steel fiber applied frame, SF2ABM
had the largest lateral load carrying capacity. But, this specimen lost its lateral load
carrying capacity earlier with respect to the other specimens. Therefore, in the
design of such strengthening technique the drift limits should be carefully checked
and the design should be remained inside certain limits. Strengthened frame
specimen tests SFIABM, PPF2ABM, and HF2ABM showed very similar behavior
and their lateral load carrying capacities were approximately the same. The frame
specimen used in the test SF2NABM showed less lateral loading capacity than these
frame specimens. The least performance was exhibited by the frame specimen of
the test SFINABM. This frame was plastered, non-anchored, 10 mm thickness of
mortar with 2% volumetric ratio of steel fiber applied frame. It was observed that

anchored specimens behaved better than the non-anchored ones.
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5.3 STRENGTH

In seismic strengthening, providing adequate lateral strength is very important.
Strength is one of the most important parameters to be considered in order that a
strengthening method is said to be effective. To evaluate the strength characteristics
of the frame specimens, the lateral load carrying capacities of the specimens were
investigated. Comparison of the lateral load carrying capacities of the specimens are

shown in Table 5.2.

Table 5.2 Comparison of the Lateral Load Carrying Capacities of the Specimens

_ Ratio of ] Ratio of
Maximum Maximum
Max. Forward Max. Backward
_ Forward Backward
Specimen Load to That of Load to That of
Load Load
Reference Reference
(kN) . (kN) .
Specimen Specimen
REFBA 14.53 0.22 12.03 0.18
REFB 50.23 0.75 50.29 0.76
REFBM 66.59 1.00 66.59 1.00
REF2ABM 104.52 1.57 101.52 1.53
SFINABM 80.56 1.21 80.69 1.21
SF2NABM 96.58 1.45 90.51 1.36
SF1ABM 125.66 1.89 116.84 1.76
SF2ABM 140.42 2.11 134.17 2.02
PPF2ABM 123.85 1.86 113.34 1.70
HF2ABM 122.04 1.83 119.03 1.79
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After evaluating the load-displacement graphs of the specimens, it can be said that
there was a significant increase in the lateral load carrying capacities of the
specimens after the strengthening operations were done. The increase in the load
carrying capacities of the frame specimens can be seen from Table 5.2. When the
load-first story displacement graphs drawn to a common scale in Figure 5.1 are
examined, it can be said that after performing the strengthening operations by the
application of the mortar with 2% volumetric ratio of steel fibers and/or PP fibers
for strengthening purpose the behaviors and the capacities of the frame specimens

were improved greatly.

There was significant increase in the energy dissipation capacities of the
strengthened specimens as compared to reference specimens. The width of the loops
is a sign of the improvement in the energy dissipation capacity. In Figure 5.1 it can
be observed that strengthened specimens have wider loops. Moreover, from the
lateral rigidity point of view, when the strengthened specimens are compared with
the reference specimens it is observed that the lateral rigidities of the strengthened
specimens were improved. The lateral load carrying capacities of the strengthened
specimens were much more and their displacements were smaller than the reference

specimens.

Shear Deformation: Lateral load-first story shear displacement graphs of the frame

specimens are given in Figure 5.4. The strengthening method which is applied by
the usage of the steel and/or PP fibers also improved the shear behavior of the
strengthened specimens. In the shear deformation graphs of the reference specimens
there was an apparent shear deformation. After the application of the fiber
reinforced mortar on the frames for strengthening purpose, the shear deformation
reduced not in all of the strengthened specimens but most of them. Mainly the
reduction in shear deformations was evident in the steel fiber reinforced mortar
applied frames. In the PP or hybrid fiber reinforced mortar applied frames no

reduction in shear deformations was observed.
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The proposed strengthening method was observed to be effective in that the
strengthened frame specimens behaved as monolithic cantilevers rather than a
frame. The frame behavior was seen in the reference specimens. In these specimens
the frame lost its lateral rigidity after the separation of the infill wall from the frame.
But, the non-anchored strengthened specimens did not behave as monolithic

cantilevers, they showed classical frame behavior.

54 STIFFNESS

Stiffness of a structure can be defined as its resistance against imposed
displacements. When the stiffness of a structure is high, the deformation that it will
experience is small. Lack of sufficient lateral stiffness is an important cause of the
failure of structures. Stiffness can be calculated as the slopes of the load-

deformation curves obtained from the frame tests as shown in Figure 5.5.

e

/

Lateral Load

7
[ &

Displacement

Figure 5.5 Representative Cycle Slopes
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The initial stiffness of the specimen was calculated as the initial slope of the load-
deformation curve in the first forward half cycle and it was used for comparing the
behavior of the test specimens. The initial stiffnesses of the specimens are presented

in Table 5.3.

Table 5.3 Initial Stiffnesses of the Specimens

- _ Ratio of Initial Stiffness
) Initial Stiffness
Specimen to That of
(KN/mm) ]
Reference Specimen

REFBA 1.74 0.08
REFB 24.44 1.14
REFBM 21.39 1.00
REF2ABM 61.08 2.86
SFINABM 101.31 4.74
SF2NABM 34.25 1.60
SF1ABM 53.91 2.52
SF2ABM 67.12 3.14
PPF2ABM 93.82 4.39
HF2ABM 93.70 4.38

As a consequence of the damage in the infilled frame and the deterioration of the
panel-frame interfaces, the stiffness significantly decreases when the lateral

displacement increases.

As it can be observed from Table 5.3, the ratio of the initial stiffness of the
strengthened specimens to that of the reference specimen varied in between 1.60

and 4.74. The ratio for SF2NABM is low, i.e. 1.60. But, when the ratio of the
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SF1INABM is considered, a significant increase is observed, the ratio is 4.74 times
that of the reference specimen. This difference cannot be explained on theoretical
basis. Therefore, the difference attributed to workmanship and possible testing
variations. The huge difference of initial stiffness between bare frame and infilled
frames demonstrates again the importance of computer modeling of structures.

Without nonstructural infills, surely the natural period could not be calculated
accurately.

The effectiveness of the strengthening process can be seen evidently in Table 5.3.
Addition of strengthening mortar increased initial stiffness and consequently
decreased lateral displacements and drifts.

Another method used to obtain stiffness degradation curves of the specimens given
in Figures 5.7 and 5.8 is calculating peak-to-peak stiffnesses. The peak-to-peak
stiffness of a specimen is calculated as the average slope of the load-deformation

curve in the cycles. Stiffness can be calculated by the peak-to-peak method as
shown in Figure 5.6.

Lateral Load

k=(k'+k?)/2

K
Kb
4
d

d

Displacement

Figure 5.6 Definition of Peak-to-Peak Stiffness
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Stiffness degradation curves for the reference and strengthened specimens are

shown in Figures 5.7 and 5.8, respectively.
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Figure 5.7 Stiffness Degradation Curves for Reference Specimens
100
— SF1INABM
— sFanpem || 0
—sSF1ABM || g0
— SF2ABM
1 i 70
PPF2ABM
—HF2ABM || 60

/

50

N
N N ;
N\ 2
AN N\
——

)

Stiffness Degradation Indicator (KN/mm)

\\ \ 10

. " - . 0
1 3 5 7 9 11 13 15 17
Cycles

Figure 5.8 Stiffness Degradation Curves for Strengthened Specimens
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5.5 ENERGY DISSIPATION

When a structural system deforms, the work done is stored as strain energy. Part of
this energy is released in the unloading process, whereas the remaining energy is

dissipated through different mechanisms.

Energy dissipation capacity is an important indicator of the structure’s ability to
withstand severe ground motions. It can be determined from the area enclosed by
the hysteretic loops of the load deformation relationship. First, the area under each
half cycle was calculated. Then, the values of each forward and backward cycle
were added to determine the dissipated energy of the full cycle. Cumulative
dissipated energy of a specimen was calculated by the addition of dissipated
energies in all of the cycles.

The energy dissipation characteristics of the specimens strongly depend on the
loading history. It is better to compare the energy dissipation characteristics of
specimens with the same loading history. The loading histories were aimed to be
same, but when the response became non-linear, the loadings were controlled by the
second story displacements. The same displacements were obtained for the forward

and backward half cycles.

The cumulative energy dissipation curves of the specimens are presented in

Figure 5.9.

The cumulative dissipated energy values of the specimens are given in Table 5.4.
When the values in the table are examined, it can be said that the ratio of the
cumulative dissipated energy of the strengthened specimens to that of the reference
specimen varied in between 1.87 and 3.51. This indicates that the strengthening
method used improves the energy dissipation characteristics of the specimens.
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It should be noted that the main purpose of the strengthening technique was not to
convert nonstructural brick walls in to high ductile shear walls which can absorb
high energy during an earthquake. It is also impossible to behave the strengthened
walls as shear walls. Because they do not have end confined columns. The original
columns represent typical columns with common deficiencies. The main objective
was keeping the brick walls in place, increasing the lateral load capacity and

decreasing the lateral displacements.

Table 5.4 Cumulative Dissipated Energy Values of the Specimens

) o Ratio of
Cumulative Dissipated ) o
) Cumulative Dissipated Energy
Specimen Energy
to That of
(Joule) _
Reference Specimen

REFBA 2,059 0.46
REFB 5,875 1.31
REFBM 4,486 1.00
REF2ABM 10,780 2.40
SFINABM 8,401 1.87
SF2NABM 15,558 3.47
SF1ABM 9,516 2.12
SF2ABM 9,426 2.10
PPF2ABM 15,744 3.51
HF2ABM 12,273 2.74

5.6 STORY DRIFT INDEX

Story drift index can be defined as the relative displacement between two

successive floors divided by the story height. It is aterm frequently
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used in earthquake engineering. Maximum inter-story drift is a reliable damage

parameter which can be used to judge the performance of strengthened structures.

In order to prevent structural and non-structural damage story drift index is
generally not allowed to exceed a certain limit. According to the Turkish Seismic
Code [40], the maximum story drift index is limited to 0.0035 and 0.02/R based on
the elastic analysis of the structure. R is defined as the behavior factor. For frames
with normal ductility level, R=4.0. Also, according to UBC, the maximum story
drift index for inelastic analysis is limited to 0.025 for the structures with a
fundamental period less than 0.7 seconds and 0.020 for the structures with a
fundamental period greater than 0.7 seconds [41]. When the numbers are compared,
it can be said that the Turkish Seismic Code is more conservative about the story
drift index.

According to Figure 5.1, it can be concluded that the maximum interstory drift
should be limited to 1% according to forward cycles and anchored specimens.

Backward cycles were not considered as explained in Section 5.1.

Load-first story displacement/drift graphs drawn to a common scale were shown in
Figure 5.1. According to the figure, it can be said that strengthening the frames
resulted in a reduced inter-story drift. This can be attributed to the fact that the

strengthening operation increased the stiffness of the structure.

It is not simple to conclude about effectiveness of strengthening techniques just
comparing story drift ratios. Addition of strengthening wall definitely decreased
story drift ratios. At the same time stiffness and lateral load carrying capacities
increased. Therefore, under the same earthquake excitation, the structure would
most probably not require the same ductility. However, it should be noted that due
to the increase in stiffness and decrease in building natural period, design
acceleration spectrum will also increase which may end up with an increase in

seismic load.
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5.7 DUCTILITY

Displacement ductility is defined by the ratio of the ultimate displacement to yield
displacement. The ultimate displacement is defined as the displacement at which the
lateral load dropped to 85% of the maximum applied load. The yield displacement
was described with a secant drawn between origin and 70% of the maximum
applied load. This line was extended up to the horizontal line drawn from the
maximum load [42]. The definition of ductility is given in Figure 5.10. The

calculated ductility values are listed in Table 5.5.

150
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Figure 5.10 Displacement Ductility Definition

Table 5.5 shows that the maximum ductility was achieved by REF2ABM. This
specimen, however, suffered greatly during the test. The beam-column joints of the
first story had shear cracks, concrete at this region crushed and reinforcement
buckled. Moreover, the strengthened brick infill separated excessively from the
surrounding frame. Strengthened specimens show almost similar displacement
ductility values close to approximately  five.
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Table 5.5 was calculated considering forward cycles only as shown in Figure 5.10.
The reason is that in the first story interstory displacement, the drifts in backwards
directions are extremely small which was attributed to a drawback in the test setup
already mentioned in Section 5.1. Moreover, the evaluation of ductility should be
carefully handled. Because, strengthened brick infill walls have limited
displacement ability. Therefore, it is believed that instead of ductility evaluation,

drift examination is much worthy.

Table 5.5 Displacement Ductility

Specimen Displacement Ductility Sgi%:\(/)l
REFBA 4.74 1.68
REFB 5.88 2.09
REFBM 2.82 1.00
REF2ABM 7.70 2.73
SFINABM 4.07 1.44
SF2NABM 4.89 1.73
SF1ABM 4.09 1.45
SF2ABM 5.64 2.00
PPF2ABM 5.94 2.11
HF2ABM 5.16 1.83

5.8 EFFECT OF TEST VARIABLES

Effect of Anchorage: In order to evaluate the effect of anchorages between the

frame and infill; specimen SFINABM is compared with its companion specimen
SF1ABM. Similarly, SF2NABM is compared with SF2ABM. Comparisons have

shown that, lateral load capacities increases 45% and 49% for 10 mm and
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20 mm thick plaster specimens, respectively. It can be concluded that, using

anchorages increases lateral load carrying capacity approximately %45.

Effect of Thickness: The effect of the thickness of the strengthening mortar can be
observed comparing either SFINABM with SF2NABM or SF1ABM with
SF2ABM. The lateral load carrying capacities increased approximately 12% and

15% in either cases respectively. Doubling the strengthening mortar thickness

increases lateral strength approximately 12% only.

Effect of Steel Fibers in Strengthening Mortar: This effect can be studied via the
comparison of REF2ABM and SF2ABM. It should be paid attention, however, to

the difference in mortar strengths. Specimen without steel fiber in mortar
(REF2ABM) had a mortar strength of 40.8 MPa whereas the companion specimen
with 2% steel fiber 20.9 MPa only. Despite the disadvantage in mortar strength of
the specimen SF2ABM, lateral strength was 34% higher than the REF2ABM.

5.9 SUMMARY

After all of the evaluations of the test results made, the proposed method of
strengthening the infill panels of the R/C frames by the application of steel and/or
PP fiber reinforced mortar is seen to improve the seismic behavior of the frame
specimens. The behavior improvement in the strengthened specimens is presented
in Table 5.6.

As can be observed from Table 5.6, lateral load carrying capacity increased two
fold for Specimen SF2ABM. For this specimen lateral rigidity improved two fold
and cumulative energy dissipation doubled as compared to REFBM. In view of the
former Chapter and evaluation of the test results, it can be concluded that
strengthening nonstructural infill walls by means of steel fiber high strength mortar
may offer a way of upgrading buildings. Anchorages ensure proper load transfer

between wall and frame, and prevent damage concentration by spreading
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the damage. Hybrid fiber mortar (HF2ABM) also put on similar strengthening
results to that of steel fiber mortar (SF2ZABM).

Table 5.6 Behavior Improvement in the Strengthened Specimens

Specimen Ratio to that of REFBM
SFINABM 121
SF2NABM 1.36
Lateral Load Carrying SF1ABM 1.76
Capacity SF2ABM 2.02
PPF2ABM 1.70
HF2ABM 1.79
SFINABM 4,74
SF2NABM 1.60
Lateral Rigidity STLABM 252
SF2ABM 3.14
PPF2ABM 4.39
HF2ABM 4.38
SFINABM 1.87
SF2NABM 3.47
Cumulative Energy SF1ABM 2.12
Dissipation SF2ABM 2.10
PPF2ABM 351
HF2ABM 2.74
SFINABM 1.44
SF2NABM 1.73
Ductility SF1ABM 1.45
SF2ABM 2.00
PPF2ABM 211
HF2ABM 1.83
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510 COMPARISON WITH OTHER STRENGTHENING
TECHNIQUES

There have been many attempts in the Structural Mechanics Laboratory of the
Middle East Technical University to invent occupant friendly, effective and yet
economical strengthening techniques. With this motivation, the nonstructural brick
walls have been strengthening by many methods to move the task to structural
member. The proposed techniques are applying diagonal FRP, precast concrete
panels, and wire mesh reinforced mortar on the brick walls. In order to observe the
effectiveness of the proposed strengthening techniques better, the results of the tests
conducted on the proposed strengthening techniques will be compared. To condense
the comparison, only the applied load vs. top drift curves will be compared and only
one recommended, comprehensible curve will be chosen. All the tests were
conducted on the same scale and even dimensions with one bay and two stories.
The dimension and reinforcement detail are the same for all. In Table 5.7,

properties of the materials used in the proposed strengthening techniques are given.

In the first strengthening technique, 25 mm, 4.6 MPa mortar together with one layer
of welded wire mesh reinforcement was applied on the single wall surface
(specimen MRIF#2) [43]. The frame concrete compressive strength was 16.9 MPa,
and yield strength of longitudinal bars was 340 MPa. Dowel anchorages were used
on the surrounding frame. The bed mortar and plaster strength was 5.6 MPa. 60 kN

axial force (19% of Ng) was applied on each columns.

In the second strengthening technique, 200 mm wide, one layer FRP sheets were
applied on both faces of the wall in diagonal direction (cross bracing) (specimen
SP-5) [44]. The frame concrete compressive strength and longitudinal
reinforcement yield strengths were 12 MPa and 388 MPa, respectively. The mortar
and plaster strength was 4.2 MPa. FRP sheets were attached to the surrounding

frame by specially produces FRP anchorages and stick with epoxy on the wall
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surface. The tensile strength of FRP was 3430 MPa. The applied axial load on each
column was 60 kN (23.5% of No).

The third strengthening technique is application of high strength precast concrete
panels on the wall by means of epoxy-based resin [45]. In this technique, 20 mm
thick precast rectangular panels with 45.6 MPa compressive strength was utilized
(specimen CIC4). Only in the first story anchorages were used on the surrounding
frame. The frame concrete compressive strength and longitudinal reinforcement
yield strength were 19.4 MPa and 330 MPa, respectively. The mortar and plaster
strength of the wall was 3.3 MPa. Axial load applied on the columns was 60 kN
(17% of No).

For the proposed model with steel fibers, specimen with 20 mm thick mortar and
2% of steel fiber ratio was selected (SF2ABM). The strengthening mortar was
anchoraged to the frame with dowels. The original plaster thickness was 6 mm. The
bed mortar, plaster, and strengthening mortar strength were 12.9 MPa, 7.6 MPa, and
20.9 MPa, respectively. Frame concrete compressive strength was 13.6 MPa, and
yield strength of longitudinal bars was 365 MPa. Axial load applied on the columns
was 53.38 kKN (19.4% of No).

The applied lateral load (Base Shear) vs. top drift ratio curves are given in Figure
5.11. The reason of the higher capacity of the specimen strengthened with precast
concrete panels was mainly due to high frame concrete strength and very high panel
strength. Specimen strengthened with FRP showed the least initial stiffness. All
strengthening techniques ended up with similar lateral load carrying capacities and
top drift ratios. Consequently, the proposed technique in this study along with the
other techniques can be used with the same reliability and effectiveness level.
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Table 5.7 Properties of Materials Used in the Strengthening Techniques

Frame ) Strengthening
Rebar Yield Plaster
Concrete Mortar
Strength Strength
Strength Strength
(MPa) (MPa)
(MPa) (MPa)
Mesh 16.9 340 5.6 4.6
FRP 12.0 388 4.2 3430 *
Panel 194 330 3.3 45.6
Steel Fiber 13.6 365 7.6 20.9

* Carbon fiber strength
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Figure 5.11 Comparison of Different Strengthening Techniques
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CHAPTER 6

PANEL TESTS

6.1 GENERAL

Before the frame tests, two series of panel tests were conducted to obtain
information about the behavior of the strengthened masonry walls. The information
gathered in panel tests were used to model the frame tests in analytical evaluation.
In these tests, square masonry walls having dimensions of 700x 700 mm and width
of 69 mm were loaded in diagonal direction.

Test set-up was prepared between two heavy concrete support blocks. Test
specimen was placed on thin metal plates parallel to floor. Steel plate was oiled and
sat on ball roller supports to ensure friction free movement of panel specimens.
Steel heads were placed to corners of the wall specimen in the diagonal direction
and were attached with gypsum. Dial gages were placed in six directions to measure

displacements on the wall. Test set-up is illustrated in Figures 6.1 and 6.2.

!
Hydraulic
Jack

Figure 6.1 Test Set-up of Panel Tests
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Figure 6.2 General View of Panel Tests

6.2 PANEL TESTS

6.2.1 First Series Panel Tests

In the scope of the first series, 12 tests were conducted. First, 6 reference wall
specimens, composed of 3 non-plastered and 3 plastered, were tested. Then, 6
plastered wall specimens strengthened in different ways were tested. Plastered wall
specimens were produced of 10 mm plaster thickness on both sides. 10 mm
thickness of mortar with 2% volumetric ratio of steel fibers was applied on one side
of 3 specimens. To the remaining 3 specimens, 20 mm thickness of mortar with 2%
volumetric ratio of steel fibers was applied again on one side. Specimen properties

are given in Table 6.1.

Mix proportions of the mortar used for the first series brick laying are presented in
Table 6.2 and mix proportions of the mortar used for plastering are given in Table
6.3. Mix proportions for 1 m* of the mortar with steel fibers applied on the plaster of
the first series panel specimens are shown in Table 6.4.
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Table 6.1 Properties of the First Series Panel Specimens

Test Specimen Plaster (mm) Steel Fiber (%) -SI—IL]II?CIl\(/Im(ErSr?r?]; Aiglfiescljzgilzjﬂes
NPP-1 - - - -
NPP-2 - - - -
NPP-3 - - - -

PP-1 10 - - -
PP-2 10 - - -
PP-3 10 - - -
SF1P-1 10 2 10 1
SF1P-2 10 2 10 1
SF1P-3 10 2 10 1
SF2P-1 10 2 20 1
SF2P-2 10 2 20 1
SF2P-3 10 2 20 1

Table 6.2 Mix Proportion of the First Series Brick Laying Mortar

Weight (kN) Ratio by Weight (%)
Cement (CEM 1 32.5R) 0.34 9
0-3 mm Aggregate 2.94 76
Lime 0.20 5
Water 0.38 10
Total 3.86 100

Strength at test day (MPa)

3.5

Table 6.3 Mix Proportion of the First Series Plastering Mortar

Weight (kN) Ratio by Weight (%0)
Cement (CEM |1 32.5R) 0.29 8
0-3 mm Aggregate 2.45 71
Lime 0.25 7
Water 0.48 14
Total 3.47 100
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Table 6.4 Mix Proportion of the First Series Mortar with Steel Fiber

Weight (kN) Ratio by Weight (%0)
Cement (CEM 1425 R) 5.68 21.79
0-3 mm Aggregate 15.61 59.88
Water 3.24 12.43
Plasticizer 0.009 0.04
Steel Fiber 1.53 5.87
Total 26.07 100.0

Strength at test day (MPa) 21.2

Load carrying capacities of the wall specimens are shown in Table 6.5. General

view of first series panel specimens is shown in Figure 6.3.

Table 6.5 Load Carrying Capacities of the First Series Panel Specimens

Brick Laying Steel Fiber
Panel Mortar Reinforced Czla_rc;?/?ng Avg;igsilagad
Strength Mortar (SFRM) Capacity (kN) | Capacity (kN)
(MPa) Strength (MPa)
NPP-1 3.5 - *
NPP-2 3.5 - 9.35 10.30
NPP-3 3.5 - 11.24
PP-1 3.5 - 29.55
PP-2 3.5 - 40.72 31.83
PP-3 3.5 - 25.23
SF1P-1 3.5 21.2 69.92
SF1P-2 3.5 21.2 68.67 68.69
SF1P-3 3.5 21.2 67.49
SF2P-1 3.5 21.2 110.20
SF2P-2 3.5 21.2 95.62 103.04
SF2P-3 3.5 21.2 103.30

* reliable data could not be taken due to improper set-up.
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Figure 6.3 General View of First Series Panel Specimens

6.2.2 Second Series Panel Tests

For the second series, 20 panel specimens were produced. 8 reference wall
specimens (5 non-plastered and 3 plastered) and 12 strengthened plastered wall
specimens were tested. The main difference of this second series was plaster
thickness of the specimens, which was 6 mm on both sides. For 3 specimens, 10
mm thick mortar with 2% volumetric ratio of steel fibers was used on one side. To
the other 3 specimens, 20 mm thickness of mortar with 2% volumetric ratio of steel
fibers was applied on one side. To remaining 3 specimens, 10 mm thick mortar with
2% volumetric ratio of steel fibers was applied on both sides. To last 3 specimens,
20 mm thick mortar with 2% volumetric ratio of steel fibers was applied on both

sides. Specimen properties are given in Table 6.6.
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Table 6.6 Properties and Titles of the Second Series Panel Specimens

Test Specimen Plaster (mm) Steel Fiber (%) ;SFEII?CII\(/IHZSS;; Aigriesclj:;tj/les
2SNPP-1 - - - -
2SNPP-2 - - - -
2SNPP-3 - - - -
2SNPP-4 - - - -
2SNPP-5 - - - -

2SPP-1 6 - - -
2SPP-2 6 - - -
2SPP-3 6 - - -
2SSF1P-1 6 2 10 1
2SSF1P-2 6 2 10 1
2SSF1P-3 6 2 10 1
2SSF2P-1 6 2 20 1
2SSF2P-2 6 2 20 1
2SSF2P-3 6 2 20 1

2SSF1PD-1 6 2 10 2

2SSF1PD-2 6 2 10 2

2SSF1PD-3 6 2 10 2

2SSF2PD-1 6 2 20 2

2SSF2PD-2 6 2 20 2

2SSF2PD-3 6 2 20 2

In the second series, strain gages were applied on some specimens. Strain gages

with grid lengths of 60, 80, and 120 mm were used in the tests. Strain gage details

are given in Table 6.7. Mix proportions of the mortar used for the second series

panel specimens’ brick laying are presented in Table 6.8 and mix proportions of the

mortar used for plastering are given in Table 6.9. Mix proportion for 1 m* of the

mortar with steel fibers applied on the plaster of the second series panel specimens

are the same as first series” mix proportions. The compressive strength at test day

was 29.2 MPa in this series.
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Table 6.7 Strain Gage Applications of the Second Series Panel Specimens

Test Specimen Applied Strain Gage
2SPP-1 One, 60 mm length, in compression direction
2SPP-2 One, 80 mm length, in compression direction
2SPP-3 One, 120 mm length, in compression direction
2SSF1P-1 Two, perpendicular, 60 mm length, in compression
2SSF1P-1(2) and tension directions
9SSF1P-2 Two, perpenqlculgr, 80 mm length, in compression
and tension directions
9SSE1PD-2 Two, pe_rpend'lculgr, 120 mm length, in compression
and tension directions
9SSE2PD-3 Two, pe_rpend_lculz_ﬁr, 60 mm length, in compression
and tension directions

Table 6.8 Mix Proportion of the Second Series Brick Laying Mortar

Weight (kN) Ratio by Weight (%0)
Cement (CEM | 32.5 R) 0.49 13
0-3 mm Aggregate 2.45 67
Lime 0.25 7
Water 0.49 13
Total 3.68 100
Strength at test day (MPa) 10.0

Table 6.9 Mix Proportion of the Second Series Plastering Mortar

Weight (kN) Ratio by Weight (%0)
Cement (CEM | 32.5R) 0.25 9
0-3 mm Aggregate 0.96 33
Sieved 0-3 mm Aggregate 0.96 33
Lime 0.25 9
Water 0.44 16
Total 2.86 100
Strength at test day (MPa) 4.0
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Load carrying capacities of the wall specimens after the second series panel tests
are shown in Table 6.10. General view of second series panel specimens is shown
in Figure 6.4.

Table 6.10 Load Carrying Capacities of the Second Series Panel Specimens

Brick . Average
Laying Plastering SFRM Loaq Loadg
Panel Mortar SMortar Strength Carryl_ng Carrying
Strength trength (MPa) Capacity Capacity
(MPa) (KN)
(MPa) (kN)
2SNPP-1 10.0 - - 45.26
2SNPP-2 10.0 - - 39.00
2SNPP-3 10.0 - - 49.04 4411
2SNPP-4 10.0 - - 46.88
2SNPP-5 10.0 - - 40.37
2SPP-1 10.0 4.0 - 54.34
2SPP-2 10.0 4.0 - 62.44 57.64
2SPP-3 10.0 4.0 - 56.13
2SSF1P-1, 61.21
2ssF1p-1(2) | 190 4.0 29.2 6551 * 5 23
2SSF1P-2 10.0 4.0 29.2 77.78 '
2SSF1P-3 10.0 4.0 29.2 112.70
2SSF2P-1 10.0 4.0 29.2 131.87
2SSF2P-2 10.0 4.0 29.2 107.23 119.55
2SSF2P-3 10.0 4.0 29.2 *x
2SSF1PD-1 10.0 4.0 29.2 103.89
2SSF1PD-2 10.0 4.0 29.2 163.98 132.06
2SSF1PD-3 10.0 4.0 29.2 128.31
2SSF2PD-1 10.0 4.0 29.2 101.86
2SSF2PD-2 10.0 4.0 29.2 123.18 128.53
2SSF2PD-3 10.0 4.0 29.2 160.56

* Test was repeated by placing the specimen in the set-up again because of a
problem caused by the set-up during the test.

** Test could not be performed because specimen was broken during preparation to
the test while placing in the set-up.
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Figure 6.4 General View of Second Series Panel Specimens

6.2.3 Test Results & Observed Behavior

Load vs. tensile/compressive displacement/strain graphs of first series and second
series panel tests are presented in Figures 6.5-6.22. Views of first series panel
specimens after the tests are shown in Figures 6.23-6.33. Views of second series
panel specimens after the tests are illustrated in Figures 6.34-6.52. Summary about
the observed damage of the first series and second series panel specimens after the

tests are presented in Tables 6.11 and 6.12, respectively.
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Table 6.11 Observed Damage of the First Series Panel Specimens

Panel Observed Damage
NPP-1 *

NPP-2 |Diagonal zig-zag cracking in the loading direction along brick laying mortar.

NPP-3 |Diagonal cracking in the loading direction along brick laying mortar.

PP-1 |Diagonal cracking in the loading direction along brick laying mortar.

PP-2 |Diagonal cracking in the loading direction. One dial gage lifted up with plaster.

PP-3 |Diagonal cracking in the loading direction. One dial gage lifted up with plaster.

SF1P-1 [Diagonal cracking.

SF1P-2 |Diagonal cracking.

SF1P-3 |Arc-wise diagonal cracking in the loading direction. Crack parallel to side.

SE2P-1 Two sides, perpendicular to the loading direction, lifted up. Diagonal cracking at
the bottom of the panel. Crushing of the bricks and plaster near steel head.

SF2P-2 |Same behavior as SF2P-1.No crushing of the bricks or plaster at the cap region.

SF2P-3 [No cracking at the top. Crushing of the bricks and plaster at bottom cap region.

* Healthy test data could not be taken due to a problem caused by the set-up.
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Table 6.12 Observed Damage of the Second Series Panel Specimens

Panel Observed Damage

2SNPP-1  |Diagonal zig-zag cracking.

2SNPP-2 Diagonal zig-zag cracking along loading direction and crushing of brick
corners along cracking path. Separation and falling of the bricks at caps.

2SNPP-3 Zig-zag cracking in the loading direction; but not perfectly diagonal.
Cracking path is 3 bricks off from diagonal.

2SNPP-4  |No diagonal cracking. Crushing of the bricks at the region of one cap.

2SNPP-5 |Diagonal cracking along the bricks.

2SPP-1  |Diagonal cracking.

2SPP-2  |Arc-wise diagonal cracking in the loading direction. Crack parallel to side.

Splitting due to diagonal cracking. Cracks at the sides joining orthogonally
2SPP-3 :
to the diagonal crack.

2SSF1P-1, [First a diagonal crack occurred. Then, a crack at the cap region occurred.
2SSF1P-1(2) |Plaster of one side, perpendicular to the loading direction, lifted up.

2SSF1P-2 |Plaster of one side, perpendicular to the loading direction, lifted up and slid.

2SSF1P-3 [Crushing of the bricks at one loading head and cracking of plaster at top.

Crushing of the bricks at loading head. No cracking at plaster. The plaster
2SSF2P-1 separated from the brick layer completely and it slid by rotating around one
cap. After plaster lift-up, diagonal cracking in the brick layer observed.

There was crushing of the bricks at one of the caps’ region. Also, there was a
bending/buckling crack in the plaster which was parallel to one of the sides
of the cap. After removing plaster, it was seen that there was crushing of the
bricks at the top at one of the caps’ region and there was diagonal cracking.

2SSF2P-2

2SSF2P-3  [**

No cracking occurred at the top and bottom. Only, there was a slight
2SSF1PD-1 . . .
crushing of the bricks at the region of one cap.

Clamps were fixed at two sides perpendicular to the loading direction, in
order to prevent lifting up of SFRM. Crushing of the bricks was observed at
one of the caps’ region Plaster at the cap region lifted up, since it could not
move at the other sides.

2SSF1PD-2

2SSF1PD-3 [Clamps were used as in 2SSF1PD-2. Crushing was excessive.

2SSF2PD-1 [Both plasters at the top and bottom separated from the brick layer, Plaster at
top slid by rotating around one of the caps. Brick layer was completely
divided into two parts due to diagonal cracking.

Clamps were used as in 2SSF1PD-2. Separation of the plaster at the bottom
2SSF2PD-2 jat one of the caps’ region was identified. The brick layer was divided into
two parts due to diagonal cracking.

Crushing of bricks at one of the caps’ region was seen. Top plaster separated
2S5SF2PD-3 ; ! i
from brick layer. The specimen slid.

* Test was repeated by placing the specimen in the set-up again because of a
problem caused by the set-up during the test.

** Test could not be performed because specimen was broken during preparation to
the test while placing in the set-up.
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Figure 6.23 View of NPP-2
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Figure 6.29 View of SF1P-2 Figure 6.30 View of SF1P-3
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Figure 6.34 View of 2SNPP-1 Figure 6.35 VView of 2SNPP-2
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Figure 6.42 View of 2SSF1P-1, second test  Figure 6.43 Vie of SF1P-2
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Figure 6.48 View of 2SSF1PD-2
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Figure 6.49 View of 2SSF1PD-3 Figure 6.50 View of 2SSF2PD-1

178



\L"-...); . '-"4-« - R ) 8
Figure 6.51 View of 2SSF2PD-2 Figure 6.52 View of 2SSF2PD-3

6.2.4 Evaluation of the Test Results

In the scope of the panel tests, 1:3 scale, 30 infill panels with different properties
were tested under diagonal compression. Due to non-homogeneous structure of the
specimens, it is difficult to obtain any reliable modulus of elasticity and Poisson’s

ratio using the test data for any specimen.

a) Failure Modes

o First Series Panel Tests
In the first series, 11 panel specimens were tested under diagonal compression. The
mortar thickness was 10 mm in all specimens. In Table 6.13, results and

comparisons for the first series panel tests are presented.

Table 6.13 Summary of the Test Results for the First Series Panel Specimens

Average Load Load Carrying Capacity Compared to
Panel | Carrying Capacity that of
(kN) NPP PP
NPP 10.30 ~ 1.0 times ~ 0.32 times
PP 31.83 ~ 3.09 times ~ 1.0 times
SF1P 68.69 ~ 6.67 times ~ 2.16 times
SF2P 103.04 ~10.0 times ~ 3.24 times
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In the first series panel tests, the highest average load carrying capacity was
obtained in the 20 mm thickness of mortar with 2% volumetric ratio of steel fiber

applied plastered wall specimen (on one side).

NPP specimens failed in a brittle manner. The failure was due to mortar between
the hollow bricks and the path was consequently stepwise diagonally between the
loading corners. PP specimens represent the current infill walls in most R/C framed
structures in Turkey, and therefore, represent the main reference specimens of the
research. The test data shows that plaster existence on infill surface increases the
ultimate load capacity considerably (~3.09 times of NPP). Tensile stresses
perpendicular to the diagonal crack caused the failure of PP specimens. SF1P
specimens with 10 mm strengthening mortar reached ~2.16 times ultimate load
capacity of the reference PP. SF2P specimens with 20 mm strengthening mortar
resulted in ~3.24 times ultimate load capacity of the reference [46]. In Figure 6.53,

one representative test data from each sub-group is presented.
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Figure 6.53 Load vs. Elongation/Shortening Graph of First Series Specimens
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e  Second Series Panel Tests
In this series, total of 5 2SNPP reference specimens were tested. In the 1% group
tests due to high slender nature of the panel body, difficulty of placing non-
plastered wall panels into the setup was experienced. In order to get reliable number
of test data, 5 specimens were prepared and all of them were successfully tested.

In the 2SNPP-2 test, the cord of the dial gage in the tension direction was broken. In
the 2SSF1P-1 test, strain gage in tension direction stopped strain reading near to the
end of the test. For the 2SSF1P-3, 2SSF2P-2, 2SSF1PD-2, 2SSF1PD-3, and
2SSF2PD-2 tests, in order to prevent lifting up of the plaster, two small
clamps were used at the two perpendicular ends to the loading direction. In
general, because of grinding of the plaster at the cap regions, the plaster became
thin at those regions. In Table 6.14, results and comparisons for the second series

panel tests are presented.

Table 6.14 Summary of the Test Results for the Second Series Panel Specimens

Average Load Load Carrying Capacity Compared to
Panel Carrying Capacity that of
(kN) 2SNPP 2SPP

2SNPP 4411 ~ 1.0 times ~0.77 times
2SPP 57.64 ~1.31 times ~ 1.0 times
2SSF1P 85.33 ~ 1.94 times ~ 1.48 times
2SSF2P 119.55 ~ 2.71 times ~ 2.07 times
2SSF1PD 132.06 ~ 2.99 times ~ 2.29 times
2SSF2PD 128.53 ~ 2.91 times ~ 2.23 times

In the second series panel tests, the highest average load carrying capacity was
obtained in the 10 mm thickness of mortar with 2% volumetric ratio of steel fiber
applied plastered wall specimen (on double sides).
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The average maximum load reached to 44.11 kN with a stepwise failure mode,
while it was 10.30 kN in the first series’ NPP specimens. Approximately 3 times
increase in brick laying mortar strength as compared to the first series resulted in
roughly 4 times increase in diagonal shear capacity. 2SPP specimens failed at an
average maximum load of 57.64 kN. In the first series the ratio between the non-
plastered and plastered panels was 3 fold whereas in the second series the increase
was just 30%. The reason for the limited increase in the second series can be
attributed to the increase in brick laying mortar strength that governed the capacity

and to the decrease in plaster thickness.

The maximum average diagonal compressive force of 2SSF1P specimens was
measured as 85.33 kN resulting in an improvement of approximately 1.5 times that
of the reference specimen. However, it should be noted that these panels behaved
very stiff as compared to the first series’ SF1P specimens. This can be attributed to
higher mortar and plaster strengths. 2SSF2P specimens reached an average ultimate
diagonal compressive force of 119.55 kN.

2SSF1PD specimens were strengthened by steel fiber reinforced mortar application
on both sides. These panels behaved very stiff up to ultimate load of 132.06 kN in
average. The average diagonal compressive force capacity of 2SSF2PD specimens
was 128.53 kN. Besides, it should be noted that capacities of 2SSF1PD and
2SSF2PD specimens varied a lot in each sub-group. Application of reinforced
mortar on both sides of the panel results in a considerable amount of increase in
ultimate diagonal compression capacity with respect to the one side application.
Double side application provided very stiff behavior but high variation in ultimate
strength as well [46]. In Figure 6.54, one test data from each sub-group is

presented.
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Figure 6.54 Load vs. Elongation/Shortening Graph of Second Series Specimens

b)  Strength Characteristics

The samples were subjected to diagonal compression test. Panels were modeled in
SAP2000 with finite element approach to understand better the stress distribution.
Panels were fine meshed into 40x40 shell elements (total of 1600 elements). The
panel was loaded diagonally as shown in Figure 6.55. The corresponding center

point stresses are also shown in the same figure. The stresses are normalized for
average stress 7=0.707 P, /(bt) . Pq is the applied diagonal force. b and t are the

width and thickness of the panel, respectively. To better simulate the real tests,
panel was also modeled as shown in Figure 6.56. In this model, the load and
support are distributed over an area that is equal to the steel head dimensions. On
the same figure, the midpoint stress distribution and midpoint principal stresses are
given as well. The Mohr’s Circle is presented in Figure 6.57 for the last model.
There is not much difference for midpoint stresses between the two models.
However, the internal stress distribution changes especially near by the loading
corners. The principal stress distribution  is shown by arrows for the second

model in Figure 6.58.

183



0.707 Pq

0.707 Py

A Mid Point Stresses
700 SEH T 10-7791T

\ 077917

—

_T'l.465 T

Figure 6.55 Finite Element Model of Test Panel

Mid Point Stresses

0.8509 T
0.707 P4 l

—

l 08509 T

0.707 Py

T 1.514 T

113

700 = :::_:: Mid Point Principal
Stresses

0.6631 7T /2.365%
AT
Ea AN

Figure 6.56 Finite Element Model of Test Panel with different boundary conditions

it

T

-0.8509 T [=— 0.6631

Figure 6.57 Mohr Circle representation of midpoint stresses

184



O (6o IS I A | 2| x| x| LX) AV AT AV AV AN

Figure 6.58 Principal Stress Directions

The model assumes the masonry panel as isotropic, linearly elastic, and
homogenous globally. Compressive stresses are shown as negative and tensile
stresses as positive. Since failure is brittle and diagonal cracking initiates at or near
the center, Mohr-Coulomb failure hypothesis will be used to calculate cracking
strength [47, 48]. For the non-plastered plain specimens, failure occurred in the
brick laying mortar in a zigzag manner pattern. Therefore, for the non-plastered
tests, the mortar strength will be considered instead of brick strength during the
calculation of capacity. Considering Mohr-Coulomb failure surface for the biaxial
state of stress given in Figure 6.59, the  tensile strength of mortar can be

calculate as follows.
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Figure 6.59 Mohr-Coulomb Yield Surface

Equation of line in the second quadrant is o, =aoc, +b. The unknown a is the

slope of the line and b is the intersection point on o1 axis which is tensile strength

of material, f. Two point are known on this line. The first point is compressive
strength of material, f', and second point is the test results obtained from the

diagonal compression test of panels.

@ 0,=0 - o,=1 = a=—£, (6.1)
- - 0.66317 f/,
@ 0,=066317 - 0,=-23657 = b=—— m (6.2)
f, +2.3657
. . - 707 P,
The average shear stress is defined as 7 = 0 bt 1.
4 f' P/
b=f'= 0.4688 1 Py (6.3)

Cf bt+1.672P;
Knowing the compressive and tensile strength of mortar, the Coulomb-Mohr
criteria yields in the second quadrant, Equation 6.4:

9 _%s _

1 = 6.4
f, f. ©4)
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The finite element analysis gave for the principal stress:
0,=06631r & o0,=23657
Substituting these values into the criteria and considering the average shear stress as
cracking stress, Equation 6.5:
.- f/f!

‘06631 f) —2.365 f/

(6.5)

Two series of panel tests were conducted in this study. The brick laying mortar
strengths were 3.5 MPa and 10 MPa, respectively. It is believed that these values
cover typical mortar strength. Their corresponding tensile strength was calculated
0.1113 MPa and 0.5053 MPa, respectively. For the tensile strength of mortar, a line
can be proposed considering that the line should intersect the origin, Equation 6.6:

f/=0.05f (6.6)
The proposed equation overestimates the tensile strength slightly. Therefore, the
following equation is also proposed, Equation 6.7:

f'=0.003f'?+0.02 f/ (6.7)
For the tensile strength of plaster applied on the brick surface or of the
strengthening mortar, the equations proposed above will not be used. Those
equations are only valid for the mortar in between bricks. For the plaster, the

regular equation for concrete will be used, Equation 6.8:

f/=0.35,[f (6.8)

plaster
For 2% steel fiber added mortar, twice the above value will be used, Equation 6.9:

f/=0.70.[f/ (6.9)

plaster

Once the tensile strength of materials is determined, the cracking shear strength of
the materials is calculated and the force contribution is easily calculated from the
average shear stress definition. Table 6.15 shows the test results and theoretically
calculated capacities. The plaster strength in the first series was not determined
accidentally. Therefore, it is assumed for the sake of calculation as 8 MPa which

fits test results.
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Table 6.15 Comparison of Calculated vs. Test Results

Test |Mortar|Plaster| Str. | Brick |Plaster| Str.
Panel | Load | Str. | Str. |Mortar| Force |Force |Mortar| Total |Ratio

(KN) [(MPa)|(MPa)|(MPa)| (kN) | (kN) |Force
@ NPP 10.3 | 3.5 - - 10.3 - - 10.3 | 1.00
B PP 31.8 | 35 | 80 - 10.3 | 20.5 - 30.8 | 0.97
;” SF1IP | 687 | 35 | 80 |21.2| 103 | 205 | 31.2 | 62.0 | 0.90
| SF2P (103.0| 35 | 8.0 | 21.2 | 103 | 205 | 62.4 | 93.2 | 0.90
2SNPP | 44.1 | 10.0 | 4.0 - 43.7 - - 43.7 | 0.99
a 2SPP 576 | 10.0 | 4.0 - 43.7 1.7 - 51.4 | 0.89
‘S| 2SSF1P | 853 | 10.0 | 40 | 29.2 | 43.7 | 7.7 | 38.6 | 90.0 | 1.06
D1 2SSF2p [119.6] 100 | 40 [ 292 | 437 | 7.7 | 77.3 | 128.7 | 1.08
™ [2SSF1PD[132.1] 100 | 40 | 292 | 437 | 7.7 | 77.3 | 128.7 | 0.97
2SSF2PD|128.5| 10.0 | 4.0 | 29.2 | 43.7 | 7.7 |154.5| 2059 | 1.60

6.2.5 Conclusions

The contribution of a new strengthening technique on shear behavior of individual

hollow brick infill wall panels was experimentally investigated in this study. Some

conclusions from the limited test results can be stated as:

Applying steel fiber reinforced mortar onto the existing plaster layer
increases the diagonal compressive capacity of hollow brick infill panels
when compared to that of reference specimens.

Double side, strengthened specimens behaved very stiff up to the ultimate
stage. It can be concluded that, one sided — 20 mm thick steel fiber
reinforced mortar application gives the optimum results by means of
maximum diagonal compressive force and behavior.

There is difference between the brick laying mortar and SFRM strengths of
the first series and second series panel tests. This problem occurred, because
the worker used different mixture proportions for each series. The effect of
brick laying mortar strength on infill panel behavior is obvious for non-

plastered infill panels. Approximately 3 times increase in mortar strength
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results in approximately 4 times increase in diagonal compressive
capacity.

e Strain gage applications to the panel specimens were found to be very
effective in determining the strain better and reliable than obtaining it from

displacement measurements.

The Mohr-Coulomb failure hypothesis was used to calculate cracking strength. For
the non-plastered specimens, the mortar strength was considered instead of brick
strength in the calculation of capacity. The tensile strength of mortar was calculated
using the Mohr-Coulomb failure surface for the biaxial state of stress. A line was
proposed for the tensile strength of mortar, Equation 6.6. Another equation was
also proposed, Equation 6.7, since the proposed line equation overestimated the
tensile strength slightly. For the plaster, the regular equation for concrete was used,
Equation 6.8. For the steel fiber reinforced mortar, twice the value in Equation 6.8

was utilized, Equation 6.9.

After determining the tensile strength of materials, the cracking shear strength of
the materials was calculated and the force contribution was calculated from the

average shear stress definition.

Assuming plaster strength of 8 MPa, the first series test results were estimated with
approximately 10% error. For the second series, test results were predicted in 11%
error range except the last test. Because of excessive thickness of strengthening
mortar, either the strengthening mortar separated prematurely or brick crushed.
Therefore, the theoretical expected load could not be achieved in these tests.
Theoretically, there is no difference between 2SSF2P and 2SSF1PD. Both have
total of 20 mm strengthening mortar. The former has 20 mm mortar at one side
whereas the latter has 10 mm mortar on both sides. The test results between them
shows 10% increase in capacity for the double sided one. This difference attributed
to the symmetry of the second one and eccentric of the first one.
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This preliminary study showed that, proposed technique increases the shear
capacity of individual hollow brick infill walls. As a further information, in the
second step of the main research, technique was applied to deficient R/C infilled
frames considering a number of parameters such as; steel fiber reinforced mortar
thickness, anchorage, etc. and several frames were tested under reversed cyclic
loading. The average seismic performance improvement levels of frames by means
of lateral load capacities are very similar to that of individual wall panels [46].
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CHAPTER 7

ANALYTICAL STUDIES

7.1 GENERAL

The aim of this chapter is to model analytically the existing hollow brick infill walls
strengthened by fiber reinforced mortar (FRM). Consequently, the contribution of
strengthened infill walls to the system will be determined.

Truss models have been increasingly used for analysis purposes of infills. In the
sixties, Smith [49-53] and Carter [53] modeled hollow brick infill walls as
compression struts. In the studies performed in the Structural Mechanics Laboratory
of the Middle East Technical University, Altin [2] and Sonuvar [9] modeled
reinforced concrete infill walls as compression struts. Nevertheless, the modeling of
the strengthening made using FRM is not like either the modeling of hollow brick
infill walls, or the modeling of reinforced concrete infill walls. Moreover,
anchorages of the frames cause additional difficulty to the modeling. If this problem
is solved, then modeling strengthened hollow brick infill walls with equivalent truss
bars will be a proper method to be used in the design step of the strengthening
works [54].

In this chapter, hollow brick infill walls strengthened by FRM will be presented by

equivalent diagonal struts.
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7.2 MODELING THE STRENGTHENED HOLLOW BRICK
INFILL WALL AS EQUIVALENT DIAGONAL STRUT

In this part of the study, the hollow brick infill walls strengthened by the application
of FRM will be modeled as equivalent diagonal compression struts connected to the
frame at the beam-column joints. It is intended to obtain a proper and reliable
method to be used in the design works. The plastered hollow brick infill wall
strengthened by FRM will be modeled as two separate compression struts. The first
strut, which will be positioned diagonally and connected to the frame at the beam-
column joints, will be used to model the plastered hollow brick infill wall. The
second strut will be used to model the FRM [54].

The equivalent strut concept was first used by Smith [49-53] and Carter [53] in their
studies. They intended to predict the lateral stiffness and strength of the infilled
frames. A similar method was also recommended by FEMA 356 [55] for brick

infills.

7.3 EQUIVALENT STRUT MODEL

When the load is applied to the frame, the infill wall is separated from the frame
along a certain length of the beam or the column and the contact between the frame
and the infill wall remains at the other two opposite corners. At this stage, a line
drawn from one corner to the other, at which there is connection between the frame
and the infill wall, shows the direction of compression. The infill transfers
compression along this line. For this reason, the infill can be modeled as an
equivalent virtual diagonal strut, Figure 7.1. The following equations are given by
FEMA [55] to determine mechanical and geometrical properties of this virtual

compression  strut representing the infill, Equations 7.1 and 7.2
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2= i/ Ein P, SIN(25;) (7.1)

4Elh

where E,, is the modulus of elasticity of the infill, E is the modulus of elasticity

of the column, b,, is the thickness of the infill, g, is the angle which has a tangent

of infill height to length, 1 is the moment of inertia of the column, and h is the
height of the infill.

The effective width of the equivalent compression strut is expressed by a parameter,

a,m » EqQuation 7.2.
Qi = 0-175(/1 ey )_0'4d (7.2)

where a,, IS the effective width of the equivalent compression strut, h., is the

col

height of the column measured between the beam-column joints, and d is the

diagonal length of the infill wall.

The width of the equivalent strut should be the same as the width of the modeled
infill wall. Modulus of elasticity of the frame concrete was calculated as in
Equation 7.3 [56].

E. =4750,/f, (MPa) (7.3)

As mentioned in Chapter 6, hollow brick infill walls, similar to the hollow brick
infills of the frame specimens, were tested under compression applied along one of
the diagonals. Average compressive strength and average modulus of elasticity in

the diagonal direction were determined as f i = 4.5 MPa and Ejnsiy = 7000 MPa.
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The average compressive strength was determined from the applied maximum load
and from average diagonal area which can be defined as panel thickness times the
width of steel heads. From the displacement measurements in diagonal direction,
the average strains were calculated. Knowing the stress and strains, the modulus of
elasticity of panels were determined. The high modulus of elasticity value can be
attributed to the hollow brick infill that has a length scale of 1/3. Although the
exterior dimensions of the bricks are decreased according to the scale, it was not
possible to decrease the thicknesses in the same scale. Therefore, void ratio

decreased and accordingly average elastic modulus increased.

< »
l Ld
aondp; P
Contact
Ratios
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¢ /Y« T Effective
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R <
s N h ~ / ~ o
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Distribution N P/

d=+I*+h?

Figure 7.1 Compression Region Forming in the Infill Wall under Lateral Load and

Equivalent Virtual Diagonal Strut Representing the Infill Walls

Using the experimental results, the strength of the compression strut used in the

modeling can be calculated using the equation below, Equation 7.4.

F = f * Qi b (7-4)

c,infill c,infill w
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The width and modulus of elasticity of the equivalent strut should be the same as
that of the infill wall it models. The rigidity of the equivalent compression strut can
be calculated using FEMA [55] as in Equation 7.5.

b * Qinin 'Einﬁn

k=Y 7.5
infill d ( )

Using Equations 7.4 and 7.5, the strength and initial rigidity of the compression
strut used to model the infill wall were calculated respectively as 62.50 kN and
69.44 kN/mm. Then, the load-deformation curve necessary for the computer

program was prepared as in Figure 7.2.
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Deformation (mm)

Figure 7.2 Simplified Load-Deformation Curve of the Compression Strut Modeling
the Plastered Hollow Brick Infill Wall

Up to this point, the modeling of the first equivalent compression strut is shown.
The second compression strut will model the FRM. As the mortar can be accepted
as a homogeneous and isotropic material, the geometrical properties of the panel
modeling will be done by using a method proposed by Smith [49-53] and Carter
[53].
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Smith and Carter defined the relative stiffness of the infill to the column by a
dimensionless parameter, Ah. A can be found using Equation 7.1. The length of the
contact surface of the column and the infill can be found using ¢ free beam on an

elastic foundation, subjected to a concentrated load’ analogy as in Equation 7.6.

e o <h/2) (7.6)

where h is the height of the column between beam-column joints. Smith [49-53]
and Carter [53] made some assumptions. First one is that the infill has no rotation.
Second assumption is that there exists a triangular stress distribution along the
contact length of the column and the infill. Third assumption is that the infill is not

connected to the frame. The last assumption is that £ is equal to the half of the

infill length.

Theoretical values of infill’s rigidity can be calculated from the assumption of stress
distribution affecting on the infill’s sides. In Table 7.1, theoretically calculated

W, /0 ratios for different panel proportions, 1/h, and different contact ratios,
a/h, are given. In this table, d is the diagonal length of infill and w,,, is the

width of the compression strut. The values in Table 7.1 are given for a
homogeneous and isotropic material. Modulus of elasticity of the panels are

calculated using Equation 7.3.

Push-over analysis was made in order to analytically proof the experimental results.
Push-over analysis is a type of non-linear static analysis method which examines
the performance of the structures under lateral loads [9]. In this method, first a load
pattern is selected. Then, these loads are applied to the structure in small

increments. The procedure is shown in Figure 7.3.
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Table 7.1 Theoretical Values of the ‘w,,, /d’ Ratio
Contact Ratios Panel Proportions (1/h)
alh Sl 1:1 1.5:1 2.0:1 2.5:1
1/8 Y 0.24 0.22 0.18 0.16
1/4 Y 0.30 0.27 0.23 0.18
3/8 Y 0.35 0.32 0.26 0.22
1/2 Y 0.38 0.38 0.30 0.25
Utop

Vb/ W

Utop/H

Vb

Figure 7.3 Push-Over Analysis

Inelastic plane frame program DRAIN-2Dx [57] was used for the push-over
analysis of the frames used in the experiments. In this program, analysis can be
done either as load controlled or displacement controlled. Prakash, Powell, and
Campbell [58] recommended displacement controlled type of push-over analysis,
because in the force controlled loading some numerical problems may be seen due
to reduction in the stiffness of the structure. In the displacement controlled loading,

a selected lateral displacement pattern is  applied to structure in increments.

197



The software accepts axial load-moment interaction curve as yield/rupture surface
for frame specimens or moment capacity value as yield criteria independent from
axial load. In this study, interaction curves for the columns and moment capacity
values (elasto-plastic) for the beams are used in the program. For the beams and
columns, type 02-plastic hinge beam-column element and for the struts, type 09-

compression/tension link element was used.

The plastered hollow brick infill walls are defined in the program as no tension
carrying elastic, brittle struts. For this reason, the equivalent axial rigidities and
strengths of these struts, used for modeling the plastered hollow brick infill wall,
should be calculated [48]. Specially produced, 1/3 scaled hollow bricks were used
as infill material for all of the frames. The brick used in the study was previously

shown in Figure 3.17.

The interaction diagrams for the columns of the test specimens defined for the
program [59] are presented in Figure 7.4.

Load carrying capacity of the equivalent compression strut used to model the FRM

can be calculated using Equation 7.7.

FC,FRM =A- fc,FRM .bW,FRM *Wegm (7-7)

where F, .\, Is the lateral load carrying capacity of the equivalent compression
strut, A4 is a constant dependent on the FRM strength, f_ ., is the compressive
strength of the FRM, b, is the thickness of the equivalent compression strut

(mm), and W, is the width of the equivalent compression strut.
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Non-linear push-over analysis (displacement controlled) of the frame specimens
were performed for different values of A. The mean value and the standard
deviation of the A values for which the analytical and experimental envelope
curves best fit each other are calculated respectively as 0.3779 for anchored frames

and 0.2209 for non-anchored frames.

Best-fit push-over curves of the specimens are given in Figure 7.5. The analytical
curves in Figure 7.5 were drawn by modeling the hollow brick infill walls

strengthened by application of FRM as two equivalent diagonal compression struts.

Panel compressive strengths and A values of the frame specimens are shown in
Figure 7.6 and Figure 7.7. An approximate trend line for all of the points on the
graph is drawn and the equation of the line is given in Equation 7.8. The trendlines

are given in power forms in order to ease the simplification of the final equations.

A= &f, e J°7 for anchored frames (7.8)

A =2(f, e )™ for non-anchored frames

Then, the lateral load carrying capacity of the panel compression strut can be

calculated as in Equation 7.9.

F.ran =4+ (F, o 2% By e - Weryy fOT anchored frames (7.9)

Fran =2+ (F, o 2 By erna - Wi TOT NON-anchored frames

The rigidity of the equivalent compression strut can be calculated using FEMA [55]
as in Equation 7.10. Load-deformation curves of the compression strut modeling
the FRM are presented in Figures 7.8 and 7.9.

b ‘@ - E
kFRM — w,FRM (I;RM FRM (710)
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Figure 7.6 Panel Compressive Strengths- A Values for Anchored
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Figure 7.8 Load-Deformation Curve of the Compression Strut Modeling the FRM
of Anchored Specimens
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Figure 7.9 Load-Deformation Curve of the Compression Strut Modeling the FRM

of Non-Anchored Specimens
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In the anchored frames, the stress distribution is much regular. For that reason, the
model in Figure 7.8 was used. Sound results were obtained using this model. In the
non-anchored frames, the stress distribution is less and the model in Figure 7.9 fits

this behavior.

In summary, as two equivalent compression struts are used in the analytical
modeling of the frame specimens the following equation can be written,
Equation 7.11.

=

strut

= Feintin + Fe.rrm (7.11)

7.4 PUSH-OVER ANALYSIS OF THE FRAME SPECIMENS
MODELED BY EQUIVALENT COMPRESSION STRUTS

An analytical model as shown in Figure 7.10 is prepared for the frame specimens
following the steps mentioned above. The hollow brick infill walls strengthened by
the application of FRM are modeled with two different compression struts. One of
the struts is used for the modeling of plastered hollow brick infill wall and the other

is used for the modeling of the FRM layer.

eF/3
_ _ p Both composed
of two equivalent
compression struts
b 4
F/3 .
V48

Figure 7.10 Analytical Modeling of the Strengthened Frame Specimens
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Comparison of response envelopes and load-deformation curves of equivalent strut
model are presented in Figure 7.11. According to the results obtained from the
push-over analysis of the frame specimens, the Equation 7.11, in which the lateral
load carrying capacity of the equivalent compression strut is calculated, can be
safely used. Adequate results were obtained by using Equation 7.9. This equation
gives sound values for the lateral load carrying capacity of the panel compression
strut modeling the FRM. It is necessary that the FRM layer be anchored properly to

the frame according to the test results.

The equivalent strut method adequately simulates the behavior of the frame
specimens. This method can be safely used for easy determination of the lateral load
carrying capacity of the frames strengthened with FRM. A constant value of
A, 0.3779 for anchored frames and 0.2209 for non-anchored frames, is used.
Moreover, equivalent strut method can be easily added to the existing frame model
of the buildings. Considerable time and work might be saved by the usage of this
method for quick determination of the ultimate load carrying capacities of the
frames strengthened with FRM.

However, these observations are limited only to the tests performed in this study.

Generalization of the conclusions should be made carefully for the equivalent strut
method used in this study.

205



[9POIA INAS 1UB[eAINDT JO SBAIND UOITeWIoR-Peo] pue sadojaAul asuodsay Jo uosuredwo) TT°/ 84nbiq

0€0°0-

0€0°0 0200 0100 0000 0T0°0- 020°0- 0€0'0- 0€00 0200 0T0°0 0000 0T0°0- 020°0-
ovT- 09T~
| | 1 | |
opr- | NEV<Zddd | | 1 | |
| | ] |
0ct- | | T e —— _
o __ 1 _____ L ______] L | _ o~ I N _ _ I -
oot | | ] 7 I | ]
08- ! ! T , !
| | 1 | |
09 |- -——-—--- T re——————tf - [ty =T N
| | 1 | |
ov- | | ] | |
. I I ] | I
0e | | ] | |
0 T + T + T T + T + T
i i i i
(74 | | r | |
| | | |
A Nt Sl el 1 [ [
~ | | | |
09 = | | T | |
08 RN | + | |
N | 1 | |
00T |- ==~~~ — N~ -~z T~ === === = I——=—=——-=-—
N L -~ 1 | I
[euswiadxg - — 0et f------~ 4, S , T ” \\\\\\ euswiedxg - —
[eanAreuy —— LS e s Co T [eonAeuy ——
" O@H | | |
0€0°0 0200 0700 0000 0T0'0- 020°0- 0€0°0- 000 0€0°0 0200 0100 0000 0100~ 0200~ 0€0°0-
09T~ T T T T 091- T T T - - -
| | 1 | | | | 1 | | |
o [WEVZIS | I I ] o [NEVISS I I N I ]
| ! ] | | | | ! ] | | |
(L e s 7 v Sy [ oct- Y A I N A [ [
00T- | | 1 | | 00T- | | | 1 | | |
| | 1 N | | | | 1 | |
g |-— - e I HE - - N N~ -~ — — g |-—— - 4 o b - - - — e .
| | 1 | N | | | I 1 N I
09- | | T | N 09- | | | 1 | ~ < |
| | 1 | NI | | | 1 | | |
ov- 5 T | A [ [ ov- e N R | S ,\\\\\Vl,\/\ \\\\\\\\\
oe- |- -1 W __ [ (R oz |l-----t W [ T oSN -
| | ] | | | | | ] | | = —S
0 + + + + 0 + + + + + +
I I I I Q I I I I I I
|l-—-————- o= L | el i - ———- |—————-— 0 |-~ -+ ———— t--—— - r————f - -—-——=- == === |- ————
| | | | T~ | | | | |
oy | | r | | oy | N | r | | |
P e U AR b K L ] P N B\ TR AR [ [ o]
[N | ] | | | | ] | | |
\\\\\\ T O [ R T e A
08 ) N | 1 | | 08 | | N 1 | | |
00T | N | T+ | | 00T | | N + | | |
| N 1 | | | | , \A\ 1 | | |
0t |======~ ToTT T - — 1 " [ [eluswnadxg - — N TTTT T TTTT T Y- T T cTT T 17 7 | reuswadxg - — ||
P [ Y b S L P [ I A S R L I |
| | ] | [eonAreuy — | | | ] | | [eanAleuy —
09T | | | " 09T | | | | | I
0€0°0 0200 0T0°0 0000 0T0°0- 020°0- 0€0°0- 000 0€0°0 0200 0100 0000 010°0- 020°0- 0€0°0-
09T~ 00T-
| _
opt- | WEVNCAS , Nm
- ! a
0zt | o
00T [-------4+--- b o 09-
08- ! 0S-
T — ] -
e R e e i & 2 s or
| o€-
ot ” 0z-
0z- ! o1-
0 T m T 0
0z | 0ot
l 0c
e I S e & i A ] 0g
09 =3 I oy
o8 | — ” 0S
00T [-----— -+ T T - - ————--— 09
| 0L
et |- ————--—-— fewuswuadxg - — || 08 [euawnadxg = —
LS e reonAreuy — || 06 reonAreuy ——
09T - 00T -
010°0 0€0°0 0200 0T0°0 0000 0T0°0- 020°0- 0€0°0- 0v0°0- 0€0°'0 0200 0100 0000 0T0°0- 0200~
ovT- 00T- T
- | Wg43d 1 !
0z1- _>_m<Nu_ww_ 06 ] |
o8- T ,
00T~ 0L- 4 |
1 |
09- T g
08- ] N |
05 1 /7 N |
- . 1 |
0 ov T N
or- oe- T ~ -
: O e 1 At ,\,\,’\h\l
0z ot- ] ,
0 0 T + T + T T + T t T
I
0z oT |
(O e e i E e e |—————-—
04 g l--—-"" e ” \\\\\\\\
09 oy [------"T"~~>---"-"-----F+-----——— ————----
s|l----------"-""-"" T3> <~~~ "-""""""44Y4+---—-—--"—---=-"—-=—-—- - — - - — — — — — —
08 ol SN /4/1 (R
00T ol--—-—"""""""="="—"—"—""®F¥=f' - - - 4 - - === === = — l—————-- -
fejuawiiadxg - — 08 rejuswiadxg - — ||
oz1 [eonAfeuy — 06 . leonAfeuy ——
orT L 00T :

0v0°0-

0€0°0-

206



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

A series of experimental and analytical studies have been performed in the
Structural Mechanics Laboratory of the Middle East Technical University with the
aim of developing an economical, practical, and occupant-friendly strengthening
technique. This study was also conducted within this scope as well. In the
experimental study, steel fiber reinforced higher strength mortar was applied on the
nonstructural walls. By this application, brick walls were converted to lateral load

carrying members.

In the first part of the research, material tests were performed and physical
properties of cement, aggregate, and mortar determined. Additionally, an optimum
amount of steel fiber percentage for mortar was decided.

As the second component of the study, two series of panel tests were carried out.
Different kind of configuration of brick walls were tested which constituted

information for the modeling of walls in the frame.

In the last part of experimental study, 10 frames were tested with different steel
fiber reinforced mortar configuration. Specimens were tested under reversed cyclic
lateral loads simulating earthquake. The frames were 1/3 scale, 1 bay, and 2 story.
The variables were mortar thickness, anchorage usage on surrounding frame, and

different fiber types. 3 frame tests were prepared as reference.
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After experimental studies, the test results were evaluated considering strength,
stiffness, energy dissipation, and story drift characteristics. In the analytical works,
infill walls strengthened by the application of steel fiber reinforced mortar (SFRM)

were modeled by means of equivalent diagonal compression struts.

The conclusions drawn here should be used carefully with the limitations of the
tests performed and not be generalized. The following conclusions are based on the

results and analyses from the tests in this study:

From the material tests:

e Maximum of 2% volume content of steel fiber should be used in
strengthening applications. Higher steel fiber content cause bonding

problem of mortar on wall.

From the panel tests:

e Applying steel fiber reinforced mortar onto the plaster layer increases the
diagonal compressive capacity of hollow brick infill panels when compared
to that of reference specimens.

e In the first series of panel tests, the highest average load carrying capacity
was obtained in panel specimens with strengthening mortar of 20 mm
thickness and 2% volumetric ratio of steel fiber on one side.

e In the second series panel tests, the highest average load carrying capacity
was obtained in the 10 mm thickness of mortar with 2% volumetric ratio of

steel fiber applied wall specimen (on double sides).
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The difference between the first and second series panel specimens was the
brick laying (bed) mortar strength caused by non-standardized practical
preparation of mortar or briefly caused by workmanship. The effect of brick
laying mortar strength on infill panel behavior is obvious primarily for non-
plastered infill panels. Approximately 3 times increase in mortar strength
results in approximately 4 times increase in diagonal compressive capacity
of non-plastered panels.

The maximum diagonal force of panel can be calculated with the equation

given below:

3 :( i fr j bt
0.6631f ' —2.365f,)0.707
For brick panels under diagonal loading, it is observed that failure occurs
due to the mortar in between bricks. Therefore, the mortar compressive and
tensile strengths should be used in the above equations instead of brick
strength.
The tensile strength of mortar can be approximately estimated as 5% of

compressive strength, f/'=0.05f .
For the plaster applied on the panels, the tensile strength can be taken as

f'=0.35,[f

plaster *
For the strengthening mortar, the tensile strength is proposed as

f/=0.70,[F

plaster *

The first series test results were estimated with approximately 10% error
with aforementioned tensile strengths. For the second series, test results
were predicted in 11% error range except the last test.

Theoretically, there is no difference between 2SSF2P specimen with 20 mm
mortar at one-side, and 2SSF1PD specimens with 10 mm mortar on both
sides. The double-sided specimen showed 10% higher capacity. This
difference is attributed to the symmetry of the second one and eccentric of

the first one.
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e Strain gage applications to the panel specimens were found to be effective in
determining the strain better and reliable than obtaining it from displacement

measurements.

From frame tests:

e Strengthening by the application of steel fiber reinforced mortar, SFRM, on
plastered infill walls of frames was found to be practical, occupant-friendly
and economical technique for strengthening seismically vulnerable R/C
structures.

e Compared to that of reference specimens, strengthened specimens
performed better from strength and stiffness point of view.

e Application of strengthening mortar on brick masonry wall retards the early
out of plane failure and converts the existing non-structural wall into load
carrying wall.

e Strengthened specimens without anchorage to the surrounding frame,
SFINABM and SF2NABM, showed apparently less load carrying capacities
among the strengthened specimens. The damage of these specimens
localized near by the beam-column joints. Therefore, to get safe results and
ensure load transfer between frame and strengthened wall, anchorage should
be used along the surrounding frame of the wall.

e The proposed strengthening method was observed to be effective in that the
strengthened frame specimens behaved as monolithic cantilevers rather than
a frame. The frame behavior was seen in the reference specimens. In these
specimens, the frame lost its lateral rigidity after the separation of the infill
wall from the frame. The non-anchored strengthened specimens also did not
behave as monolithic cantilevers; but showed classical frame behavior.

e When the effect of anchorage is considered, it can be concluded that using

anchorages increases the lateral load carrying capacity approximately 45%.
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e Considering the effect of thickness, it can be said that doubling the
strengthening mortar thickness increases lateral strength approximately 12%
only.

e When the effect of steel fibers in strengthening mortar is to be considered,
two specimens, REF2ABM and SF2ABM, can be compared. Despite the
disadvantage in mortar strength of the specimen SF2ABM, lateral strength
was 34% higher than the REF2ABM.

e The interstory drifts should be limited to 1%. After this drift ratios, damage
increases and strength decreases rapidly.

e The ratio of the cumulative dissipated energy of the strengthened specimens
to that of the reference specimen varied in between 1.87 and 3.51 that
indicates seismic improvement.

e When compared with the other occupant friendly strengthening techniques
such as wire mesh reinforced mortar, FRP sheets, and RC panels applied on
the brick walls, the steel fiber reinforced mortar offers similar enhancements
in terms of strength and displacement.

e Strengthened frames can be modeled with two compression struts. Plastered
hollow brick and strengthening layer should be modeled separately. The
existing infill can be modeled according to the FEMA [55]. The FRM can
acceptably be modeled with the identified method in this study.

e The experimental results were replicated reasonably well with the
aforementioned modeling approach. The results are in-between 10%

accuracy for strength and 15% for displacement calculations.

The following recommendations can be made for future research on this topic:

e Panel tests should be performed with frame resembling the real boundary
conditions and preferably under cyclic loading.
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Strain gage should be applied to all of the panel specimens to get accurate
strain values.

The mortar and plaster mix proportions should be standardized in order to
get similar strengths consistently.

As in the panel tests, double side FRM application should be made also
for the frame specimens.

Multi-story multi-bay frames should be tested in order to obtain results

that are more realistic.
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APPENDIX A

EVALUATION OF SHEAR DEFORMATIONS

In this appendix, the computation of shear displacement is presented. Shear
deformations on the panels were measured by means of diagonally placed dial
gages. Since two displacement readings were taken along the diagonals, it is
possible to determine the deformed shape of the wall panel. Approximate deformed

shape of the panel is presented in Figure A.1.
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Figure A.1 Rectangular Shape Distortion
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According to the geometry shown in the previous page, shear deformations can be
computed approximately as follows:

0= arctan(%v)

h : height of the rectangle

w : width of the rectangle

L, =1+6,=L01+¢g)

L =1,+5,=1,01+¢,)

l, : length of diagonal 1

, : length of diagonal 2

I, : length of diagonal 1 after deformation
I, : length of diagonal 2 after deformation
& : strain in diagonal 1 direction

&, - strain in diagonal 2 direction

o, : total elongation in diagonal 1 direction

0, - total elongation in diagonal 2 direction

X, = cos(6)
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Shear deformation y,, is defined as the sum of the angles « and S shown in

Figure A.1. Angles « and g can be obtained easily from the following equations:

(o
=

= arctan
J (2+gl+52 AVJ

-1,
2 cos ,
2 I, —
= arctan = arctan
[ +I2j
sin(@

| — I

12 = arctan| —~——2—

I +I 24+ +¢
1 2 1 2

N

<
+|\)

= arctan[ il tan(@)]

a =arctan [
L+b

aJ =arctan

A |

N

|1

=arctan

iy

%
cot(é?)J
Yo ,+,

b= arctan( %

=arctan

=a+pf

0,

S|

. shown in Figure A.1 could easily be obtained from geometry. The shear-

displacement values could than be computed using the following equation:

é‘sh:yxy'h
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Shear-displacement value (5,,) measured for each panel was the inter-story shear-

displacement for that story. Total shear-displacement curve can be calculated by

summing the shear-displacements of each panel.

It must be realized that the sensitivity and placement of the instrumentation was not
sufficient to obtain accurate values of the shear distortions at infill panel. It is
difficult to get accurate measurements of shear deformations due to uncertainties
introduced by panel cracking.
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