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ABSTRACT

SEISMIC BEHAVIOR OF POST -TENSIONED BEAMS

Karageyik Can
Doctor of PhilosophyCivil Engineering
SupervisorProf. Dr.B a rBaiki

July 2024 185 pages

Posttensioning isan effective alternative fdreams of long span moment resisting
frame systems. Such frames are destgby using théehaviorfactors given for
conventional reinforced concrete structures under the assumption of similar ductility
levels. In this study, the behavior of pésbhsioned beams was experimentally
investigated to evaluate their ductility rand@sseismic resistancé&or this purpose,

an exterior postensioned bearnolumn joint was selected from a code compliant
designed prototype frame building to produce 1:2 scaled specimens. The key test
variables were the presence of prestressing anatioeof mild reinforcement. Test
results demonstrate that ductility is affected by amount of mild reinforcement and
presence of prestress, therefore, a minimum and maximum amount of mild
reinforcement are needed to reach ductility levels similar to théoreed concrete.

The required amount of longitudinal rebar for target ductility stasliedthrough

the parametric study of pesnsioned members calibrated with the experiment
outputs Subsequently, ductility dependent behavior factor demaRdsyand
obtained from nonlinear time history analyses of two prototype buildings were

related with curvature ductility and corresponding mild steel reinforcement amounts.

Keywords:Posttension ReinforcedConcrete Beam,SeismicDesign,Ductility
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Ardgerme, wuzun a-ékl ekl é& moment aktaran -er -
kull ané&l érer -BRw etléger , benzer s¢nekli k seviyel
bet onar me yapel ar I -1in veril en yapésal

tasarl anmaktadeér . Bu -al ekxmada, s¢nekl ik
ardgermeli kiriklobéarakdavwvcehewei aéneys®88u am
numunel er ¢retmek i -in y°netmeli k uyumlu t a
dék ardg&«rmelni bkirdiekk i mi se-i |l mi ktir. Temel

mi ktaré ve yumukak decmatuuél aréané sghebkt prn

donat e mi kt ar @&ndan vV e °ngeril menin var |l é]
bet onar meye benzer s¢nekli k seviyelerine ul
yumuklakat € miktaréna ihtiyDeneyuyekde] amneyl
kali bre edilen ardger mel i el emanl arén paran
gerekli boyunaonaémi ki ade | eArnd ekntd arn i ki adet prototi
zaman taném alanénda yapeéelan dojrusal ol may
davrfaankétk® r ¢ t al epleri i1l e ejrilik s¢gneklI i7Ji
mi kataré arasénda il i kki Kkurul muktur .
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CHAPTER 1

INTRODUCTION

1.1 General

Posttensioned beam and slab systemsvadely preferred building systems in the
world due to their architectural attractiveness, allowing large spans, economical
design andessbuilding height Posttensioned systems are generally used as post
tensionedlat plateslabs in buildings in modercountries. Although P.H. Jackson

first patented the use of pedsinsioning in masonry structures in 1872, post
tensioning forces could not be effective for a long time due to losses in the steel bars
used. In 1888, C.W. Doehring obtained a new patentdeinmuslabs. However, due

to the low strength of the steel ropes used at that time, it was not possible for the
posttensioning stresses to remain effective in the long (Bikington, 1976) With

the improvements in steel strength, Freyssinet-fgostioned concrete technology
devdoped by Eugene Freyssinet in 1940 paved the way for its modern use today and
it has been widely used in flooring systems in our country as well as in the world.
Although the postensioning technology is the same, its application in reinforced
concrete sstems differs. When the applications in the world are evaluated, post
tensioned slab systems can be grouped ast@asibned flat slabs, petstnsioned

slabs with postensioned wide band beams and systems in whicht@asibning is
applied to beams arglabs together. While the application examples in the world
focus on the first two of the aboweentioned methods, the last method is preferred

in multi-story parking structures in the USAalami, 2014)

In Turkiye, a hybrid approach has been developed in order not to abandon the

conventional reinforced concrete practice. Conventional reinforced concrete shear



frame systems are designed with momressisting frames with cagt-place st
tensioned beams with longer spaBscause ofncreasing span demands and new
architectural concepts, these systems have been widely preferred in many important
buildings being constructed in Turkiye in recent years. Some of the buildings where
this type of application has been done are JW Marriott Hotel Ankara, Next Level
Ankara, Bilkent University Pool Building, Kayseri Palace of Justisemet

Prouction FacilitiesK ¢, - ¢ kyal € Shopping Mall et c.

Frames with postensioned beams are generally formed & Brintervals ended

with oneway slab system. The frames are connected to each other with edge beams
in the other direction. Postnsioned beams are fabricated mohaddlly on site
together with the slab. Generally, parabolic tendons are placed and one end of the
tendons is anchored with a dead anchorage system. At thengrened end, blasting
reinforcements can also be used to carry localized stressesei®gting is applied

after the concrete gains itsday compressive strength at least and the sheaths are
filled with epoxy or cemenbased nosshrink grout to ensure adherence between
posttensioning wires and reinforced concrete. In case of the anchorage $ysés

its effectiveness for any reason, it is aimed that the adherence is capable of carrying
the entire prestressing stresses. Commonly used sheaths consist of galvanized steel
pipes with circular crossection, but elliptical crossection or plastisheaths can

also be use@williams andKhan, 1995)

Posttensioning desigrs usually performed only under gravity loads together with
short and long term stress losses. In the design, it is aimed to keep ttenpisting
tendons elastic in service and earthquake conditionaddition,the tensile and
compressive stressasthe concrete should not exceed the limit conditions given by
the regulations (TS3233 or ACI31®). In case of horizontal loads, poshsioning

is neglected in the selection of the structural system behavior coeffiBenthe
main reason for this ihat the earthquake code does not include a merasisting

frame system with cash-place postensioned beams. Therefore, the ductility



expected from this kind of frame system is not truly reflected in the design.
According to the engineer's preferenee lower structural behavior coefficient
corresponding to a more brittle systensometimeselected based on the experience

of the designerto be on the safe side. The amount of mild reinforcement is
determined according to the tensile stresses oneiém lluring the transfer of pest
tensioning stress and the stresses calculated as a result of the analysis under
horizontal loads but without a cleRwvalue. In the detailing of pos¢nsioned beam
column connection zone, no special calculation relatelttility is made. Section
8.4.3 of the Turkish Building Earthquake Code (2018) provides shear checks for
momenttransmitting fully postensioned connections (MAB2) for pemgineered
buildings. However, this connection type is quite different from tlstingplace

connection mentioned. Therefore, its direct use is not possible.

The performance of poestnsioned bearmolumn connection under seismic loads
will be investigated through experimental and analytical studies. In the study, the
effects of postensioning steel ratippt and stress level, soft reinforcement rato

beam height to span length ratio h/L parameters will be investigated and it will be
suggested how the structural behavior coefficient should be selected for the frame
system. Analytical models will be daitated with the experimental study. Nonlinear
analyses in time domain will be performed with the calibrated numerical models and
the effects of the listed parameters on the bearing capacity and ductility will be
examined. As a result of the study, despggmameters that will provide safer and
more economical design of castplace moment transfer frame systems with post
tensioned beams, which are widely used in our country, under horizontal forces will
be presented. The "T" test setup, which has beerlywided in the past experimental
studies aiming to evaluate the behavior of reinforced concrete coluipeam
connections under seismic loads (Pagni and Lowes (2003), Lowes (2004), Bonacci
and Pantazopoulou (1993), Park and Mosalam (2012)), will be used&spEcimen

in this setup, which is also used for the experimental investigation of prefabricated
posttensioned bearmolumn connections, is formed by cutting two floor columns



and the beam connected to them at the bend points to represent the fraroe exteri
connection. (Aktak (2006)) .

il -
.k

(a) interior joint (b) exterior joint c)el bow AT

Figurel.1. Examples of reinforced concrete frame coldipeam joints

Figure 1.2 shows the schemattest specimens, and loading methods of previous

studies on podensioned slab or beaoolumn connection assemblies.
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Figurel.2. Experimental studies on pesnsioned flat slalsolumn joints(Han,
Kee, Park, Lee, & Kang, 2006)

1.2 Review of Past Studies

As narrated byBillington (1976) P.H. Jackson received the first patent for post
tensioning in masonry constructions in 1872; but, because of steel bar losses, post
tensioning pressures were not ldagting. A new patent for flooring was gratte

C.W. Doehring in 1888. Nevertheless, the ldegn effectiveness of the pest
tensioning stresses was not attainable because of the weak steel ropes that were in
use at the time. Eugene Freyssinet's 1940 invention of Freyssindempsished
concretetechnology, which opened the door for its current use and saw widespread



usage in flooring systems both domestically and internationally, was made possible
by advancements in steel strength. Ever since, the structural engineering community

keeps his enthissm about the behavior of pashsioned concrete.

An extensive survey was made on the available literature about the behavior of
reinforced concrete frames with paension. It is revealed that existing research on
howthe framea with castin-place postensioned beanresporml to seismic forces

limited. Evaluated studies can be grouped according to their focus as research on
post tensioned joints of prestressed precast frames, tests on conventional reinforced
concrete beaitolumn joints, behavior ofedf-centering systems, and behavior of

fully and partially prestressed frames.

While the thesis work focuses on the performance of tharcgdace postensioned
beams in reinforced concrete framexler seismic actionshe reviewed literature
involvesexperimental and numerical studies encompgssbroad range of studies

that might be considered relevant.

121 Prestressed Precast Frames Tests and Research

A study involving experimentation on a precast beaumn system incorporating
posttensioning ispresented in Akt a Kk Wh2r@ thé postensioned hybrid
moment frame was defined as the fames formed by the precastcedhtoncrete
beams and precast reinforced columns joined with-feostioned bonded tendons.

In this type of assembly, each beam spans a single bay whereas columns remain
continuous between joints. It combines conventionally designed mild reinforcement
with posttensioned bonded tendons. Contributing to the frame's seismic
performance comprises the poshsioning tendons, which are joined and made to

be elastic during earthquakeSompared to monolithic frames, hybrid moment
frames behave differently uad earthquake induced lateral loads. Joints between
precast beams and columns that open and close are the main cause of deformation.
Since the joint filler material is easily repairable after an earthquake, damage

sustained after a major seismic eventrimprily limited to it. Within the limits of



permitted displacement, this mechanism exhibits exceptional seismic performance.
It was noted by the author that the ptestsioning steel provides more initial rigidity
compared to the conventional precast ®amWhen the areas under the load
deformation diagram were compared during the experiment, it was observed that the
posttensioned columibeam connection frame absorbed less energy than the
monolithic specimen. However, as long as the -parssioning cabke remained in

the elastic region, almost no deformation occurred in the frame until the filler

concrete at the colurAmeam interface cracked.

Figurel.3. Vew of test setup and the specimenfiarkt ak ( 2006)

The superior earthquake resistance of jointed unbondedtgrmsbned precast
concete frames was reported ly (2006). Inelastic rotations due to significant
lateral loads, formed through the open andeclogchanism of the gaps at the beam
to-column connections. Precast parts was shown to be effectively protected against
damage by a stesteel armoured connection, utilizing the concepts of Damage
Avoidance Design as proposed by Mander and Chang (199 )bdilding can be
recentered with minimal residual deformation following an earthquake thanks to the
unbonded prestressed systelhe study experimentally evaluated the biaxial
performance of the 80% scaled unbonded precast-beaolumn joints having
simplified the armored connection details. Test protocols selected to include quasi



static unidirectional lateral loading and biaxial lateral loading. Results were reported
to validate a theoretical model that was constructed mostly on rigid body kinematics.
A method for estimating the effective stiffness of precast concrete beams during
bidirectional rocking was also suggested. The results were used to suggest improve
the steelsteel armored joint details. It was concluded that the specimen with straight
tendbn and diagonal fuse connector bars responded with both higher initial stiffness

and drift capacity.

Tests involving various amounts of mild steel reinforcement were conducted on
precast concrete momeir@sisting beartolumnassembliesvith posttensionimg by
Ozden and Ertas (20Q'Aivejointswere investigated under displacement controlled
reversed cyclic loads in the experimental program. The primary variable was the
ratio of mild steel, defined as the contribution tojthe i ffexu@lsapacity in terms

of percentage varies from 0% to 65%. For eveybrid connection, the stiffness
deterioration, energy dissipation, residual displacement, and strength were compared
to the reference monolithic subassembly test reguiesprimary goal of the research
was to ascertain how mild steebegaffected thébehavior of hybrigoints made of
posttensioned precast concrete. As the amount of mild steel reinforcement in hybrid
connections increased, their response converged to that of the monolithic
subassemblies. It was concluded that the joint gap openingambpaccurately
predicted the connection capacities. If sufficient strength, energy dissipation,
ductility and minimalresidualdisplacement parameters are considered, then a mild
steel reinforcement contribution of 20% to 30% toriement capacitappeas to

be the most sensible connection desighe authors also reported an additional
benefit of mild steel reinforcement, namely an improvement in the ductility when

mild steel was introduced as compression reinforcement.



1.2.2 Conventional Reinforced ConcreteBeam-Column ConnectionTests

and Research

Bonacci and Pantazopoulou (1998)died 86 bearoolumn joint tests mostly from
United States, New Zealand, and Japan to investigate the effect of deaigeteas

such as axial load, transverse reinforcement, concrete strength, bond demand. The
mostsignificantoutcomeof the study was that transverse beams effectively prevent
joint shear failure, despite the parametric reliance and the variety of exp@limen

methodologies used by different researchers.

A model was proposed Hyowes (2004)o be used in two dimensional nonlinear
analysis of reinforced concrete frames. Main concern of the model was defined to
simulate the inelastic behavior of the joints considering the interaction between shear
plane, bar slip and iatface shear components. In this context, researchers provided
constitutive models which takes stated parameters into account together with the
joint geometry and reinforcing steel. A noteworthy observation by the authors was
about the reinforcement arraemgent that assemblies with larger beam bars exhibit
more inelastic behavior due to bar slip but less due to joint shear deformation.

Beamcolumn joints with inadequate transverse reinforcement are susceptible to
shear failure under seismic loads. A shdaengith model was presented with a
technical report written byark and Mosalam (2012 a result of an extensive
experimental and analytical research program by Pacific Earthquake Engineering
Research Center. Within the context of the report, fourstdleexterior corner
beamcolumn jointassemblie$eaturingtwo orthogonal beams and floor slab were
tested under quastatic reversedcyclic load. According to the test results, joint
shear strength drgedas joint aspect ratio increak@ndthey are directly correlated

with the longitudinal reinforcement ratio of the beam for a specific joint aspect ratio

Hande and Tankut (201T)e st ed seven strengthened and f ol
2/3 scaled test specimens. Strengthening was made by drilling and placing diagonal

steel bars into joint with epoxy resin to resist piheistresses formed through the



beamcolumn joint underseismicloads. Thanks to the ease of application, this
method is practical and efficient to increase the shear capacity ofdmamn
connectionslacking the joint reinforcement according to the gtutiowever,

intruded reinforcements do not provide confinement to the joint.

1.2.3 Selfcentering Systems Tests and Research

A self-centering precast concrete frame is a structural system used in construction
that employs precast concrete components. Theseents have the ability to
automatically revert to their initial positions following lateral displacements imposed
by seismic loads. This method improves a building's ability to withstand earthquakes.

Precast columns, beams, and other components, as veelittam connections and
devices, are usually the core components of aceelfering precast concrete frame.

The selfcentering aspect of these systems is made possible by mechanisms that
absorb and disperse seismic energy, allowing the structure to tetuts initial

position while allowing controlled movement during seismic actions.

Self-centering precast concrete frames provide several advantages, such as enhanced
seismic performance, less structural damage during seismic activity, and possibly
guicker recovery after an earthquake. The design places a high priority on reducing
irreversible deformations so that the structure may continue to function even after a
seismic event. This kind of building is especially useful in earthgpedee areas,

wherestrong structures are necessary for both-t@nm durability and safety.

The seismic behavior of reinforced concrete frames withcegifering capabilities

was experimentally anchumericallyevaluatedoy Cui, Lu, and Jiang (2015)est
resultsof a half scale model of a two story seintering framewvere verified by
OpenSEES. Prestressed tendons were used to providestdring forces. With the

help of the prestress, connection is as stiff as a typical connection without permanent
deformation after seismic loads which finally ensures columns and beams remain

elastic. A parametric study was conducted as complemerteeg.and location of



the prestressed tendons, rubber block thickness, and the relative stiffness of the beam
to column are among the parameters that were examined. The findings were reported
as connections with more prestressed tendons, thinner rubbstiflarxdbeams had
stronger and more strength and stiffness after opening. Thus, it was suggested that
use strong beams, more tendons at convenient locations to provide an improved

seismic performance and sekntering capability.

Extreme earthquakes maguse strands to endure inelastic cyclic loading, despite
the fact that they are normally meant to remain elastic during design basis seismic
occurrences. Moreoverthe collapse mechanism of seHntering systems is
primarily determined by the yielding drracture characteristics of pasnsioned
strands To describe the cyclic inelastic behavior of m@t@nd anchoring systems

as they may be used in selnteringframes a testing program was carried out by
Bruce and Eatherton (2016More than fifty experiments with different testing
protocols, s@nds, manufactures, anchorage systems, and initjalestress were
included in the experimental program. The experimental program's outcomes show
that the investigated monostrand anchoring systems exhibit significant fracture
deformation capability wheréh¢ fracture strain was reported as 2.3% to 2.7% in
addition to strength and elastic defobiligy . They can also exhibit ductile behavior
before wire fracture. In none of the tests, a single wire breaking did not result in the
whole loss of load bearing gability.

In selfcentering frames, hybridonnectionsare essentidlo regulate the behavior

and progression of damage throughout the whole stru@boel, SongandHuang,
2020) Twenty-nine hybrid connectionswith different structural properties were
studiedbased on the current experimefiise damage model was utilized to examine
the progressiorof damage in hybridonnectionslt consists of three components:
cumulative energy, residual deformation, and maximal deformation. It has been
shown that damage states of hybrid joints were noifgigntly affected by thanitial
prestressin tendons. Under significant deformatioriee concrete strengthhe
stirrup ratio,and the selfcentering may all significantly reduce the damage that
hybrid joints create.

10



Song, Yang, and Zhou (202Iproposed an energyased design procedure
alternative to direct displacement design approach foceeliering concrete frames

with hybrid joints where equallexural capacitiesof bottom and top sections
provided and unbonded pesinsion tendons connect the beams and coluronghr

the centroid of the beam. A damage model developed with the design parameters of
hysteretic energy demand and damage index, maximum, recoverable, and ultimate
deformations. It was concluded that seghtering concrete frames designed with the
proposé design procedure show superior performance with low residual drift and
more controlled damage compared to the designed ones with direct displacement

based method.

The effects ofoint characteristicon the seismidehaviorof posttensioned self
centerng frames were examined by Li, Hao, and Li (2022) The degree of energy
dissipation capability and beam end confinement are among the connection features
that were taken into consideration. The ®elftering connections with substantial
energy dissipation @acity that generates significant residual deformations were
also utilized, together withthe standard range of energy dissipation ratio for
preserving the selfentering behavior of connections. Numerical results were
evaluated by the authors to conclubat the beam end confinement condition and
energy dissipation ratio have a major influence on the mechanical behavior of the
connection. Moreover, the pegeld stiffness increases with the increase of energy
dissipation, and negative stiffness would utedrom insufficient confinement
conditions for high rotations. The mechanism of damping devices dominates the

connection behavior when excessive energy dissipation is used.

Li, Li, and Hao (2023)studied the seismibehaviorof the postensioned self
centering frames under near fault pulse like gcbmotions. Nonlinear time history
analysis was performed on a 4 and 12 story fraimmang different energy
dissipation characteristics. It was reported that unfavorable pulse periods differ with
the fundamental periods of the frames. According to theoouwts of the studypr

the frames with4-stories, which exhibitsthe firstmode responsdominantly the

most unfavorable ground motions are those wiil1 larger than 2, which

11



correspond with the extended fundamental periods when strugmiiesyond he
elastic limits.The strongest structural reactions are ultimately induced in tetofy
self-centering structures due to the more substantial influence of Myt
responses stimulated by the near fault pulse like ground motions with pulsés of
<0.8.

1.2.4 Fully and Partially Prestressed Pos{Tensioned Frames Tests and

Research

An extensive experimental campaign into the seismic resistance of concrete building
frames was carried out byPark and Thompson (197%) the University of
Canterbury. In this progress report, the authors presented the findings tekth
conducted on internal beaoolumn joint assemblies extracted from the contra
flexure points of prestressed, partially prestressed and conventional reinforced
concrete frames. The test setups incorporated various ratios of prestressing steel and
conventional reinforcing steel, enabling a comparison betvpeshtensionedand
reinforced concrete frames. These tests were focused on assessing the deformation
capacity and extent of damage in such frames subjected to intense seismic load
reversals. The géctive was to provide essential data for the evaluation and design

of framed structures with enhanced earthquake resistance. The tendons were
prestressetb around 70% of their ultimate tensile strength and then grouted in fully
prestressed units. In coast, for partially prestressed units, the effective prestressing
was set at approximately 20% of the ultimate tensile strengthphestressed steel

consisted of mild steel deformed bars.

In fully prestressed units, the ability to withstand loading uméar maximum
moment capacity was observed, followed by unloading with minimal residual
damage. Degradation in stiffness and strength occurred after the initiation of concrete
crushing, primarily due to@ecrease the crosssectional area. Partially mteessed

units demonstrated the capacity to be loaded close to their maximum moment

capacity and then unloaded with minimal residual damage.

12



Prestressed beams exhibited a reduction in strength and stiffness upon concrete
crushing due to the loss of covemcrete, leading to a decrease in the section's area

in the plastic hinge region. To prevent excessive loss of the concrete section in these
zones, it was recommended to use transverse steel in the form of closed stirrups with
adequate concrete cover. Rressed concrete beams displayed a notable ability to
recover. The ordinary reinforced member exhibited greater energy dissipation than
the partially prestressed member. However, comparing these specimens was
challenging because some units derived theillastic deformations primarily from

the beam plastic hinges, while others originated from shear deformations in the joint

cores.

Thompson and Park (198pursued the research on ductility of partially and fully
prestressed bess. Thisstudy presents an analytical investigation focusing on the
impactof various factors, including the percentage and distribution of longitudinal
prestressing steel, the percentage and distribution of longitudingbrastressed
steel,amount ofthe transverseeinforcement and theclear cover, and on the
curvature ductility. The primary objective oitpapervas to provide seismic design
recommendations, particularly concerning the optimal distribution of longitudinal
and transverse steel withpotential plastic hinge regions pfestressedeams irthe
frames. In all cases examined, the ultimate tensile strain otetdonswas
considered as 0.035. The findings suggest that incorporatingprestressed
reinforcements advantageousdm thesdsmic desigrpoint of view as it serves as
compression reinforcement, mitigateestrength degradation during cyclic loading,

and enhances the energy dissipatapacity

Another study focusing on the flexural ductility of partially prestressed frarass
conducted byNaaman, Harajli, and Wight (1986 hey introduced the reinforcing

index which is a function of the neutral axis depth anctiegie compression area.
Results of the study implies that keeping the other parameters constant, the ductility
of reinforced, prestressed, and partially prestressed concrete members diminishes as
the reinforcing index increases. Another remarkable findirthat decrease in the
effective prestress in the prestressing steel reduces ductility in partially prestressed

13



beams by delaying the start of yielding. This impact is more noticeable in completely

prestressed beams but fades at lower partial prestreativg

On the contraryMo and Han (1996gnded with decreasing ductility and energy
dissipation as the effective prestress increase as a result of the tests made on eight
small scée partially prestressed frames with unbonded tendons where the effective

prestressing was varying between 36% and 51%.

Budiono (1996)proposed a design methodology for the partially prestressed beam
column joints with emphasis on partially prestressing ratio and ductility factor.
partially prestressing ratio wasvenas the ratimf the tensile force on tendons to
total tensile force on both tendons and mild reinforcement. Limitations for those
parameters were conditioned that in case of partially prestressing ratio is less than
0.2, ductility factor should be chosen as 4. Wheneasse of partially prestressing

ratio falls between 0.2 and 0.6 then limited ductility should be considered where
ductility factor would be 2. To achieve a ductile behavior, partially prestressing ratio

was suggested to be larger than 0.6.

Kashiwazaki and Noguchi (2003xamined four on¢hird scaled reinforced
concrete psttensioned internal beagolumn joints. The prestressing force and the
bond state between grouted mortar and prestressing tendons through a joint were the
primary test criteria. Using the pesinsion technique, prestressing force was applied
from the ens of the beams concentrically. A nonlinear finite element technique
analysis was performed as well on these bealmmn joints. The study was
performed by considering, as in the tests, the bond between prestressing tendons and
grouted mortar. Jointshearas r eported as every specimenos
the test and thEEM analysis. The effects of the prestressing force and the bond state
between grouted mortar and prestressing tendons on the joint shear capacity were
explored based on comparisonsieen the experimental aRdEM analysisresults.

The following findings are derived from the thorough investigations: The tests
yielded a nearly consistent joint shear cracking strength. Nonetheless, the
prestressing forces caused a change in the joih&arscracking angles. The

14



prestressing forces had no apparent impact on the joint's shear capability. The
influence of the bond conditions on the joint shear capacity was not clearly
established since the bond between rounded tendons and grouted mpesaedis

during the earlier loading stage.

A novel approach that substitutes longitudinal prestressing strands for a portion of
the conventional longitudinal mild reinforcing bars was presented to reduce residual
displacements in reinforced concrete colurySakai and Mahin (2004Through

asetof quasistatic and dynamic analyses, the seismic performance of such columns
with prestressing strands was studied. Results of the evaluations suggest that reduced
amounts ofongitudinal rebar are preferred for reducing the residual displacement,
but this results in smaller flexural strength and lower levels of energy dissipation. On
the other hand, a single bundle of unbonded strands incorporated at tela#nt

the crosssection reduces the quasatic residual displacement by 85%. Pystd
stiffness can be controlled by altering the number of strands incorporated into the
columns. Another complication noted by the authors explained as the mild
reinforcement ratio ineases, so do the residual displacement, flexural strength,
initial yield force, posiyield stiffness, and energy dissipation capacity. A lower
reinforcement ratio leads to a reduced residual displacement, which is desirable, but
it also reduces flexuralreingth and energglissipation capacity. Thus, necessity of

dynamic analysis was addressed for an optimum design for mild reinforcement.

Han et al. (2006})ested three samples of exterior pstsioned flat plate slab
column joints © assess the hysteretic behavior. Tthwod scaled specimens
consisted of two pogensioned assemblies with different unbonded tendon layouts
and one reinforced concrete flat slab. Distribution of the tendons whether banded or
uniformly distributed alonghe slab was reported to be effective on the behavior
together with the presence of compression bonded mild reinforcement. It was stated
that a uniformly distributed tendons improve the hysteretic behavior. Moreover,
presence of compression reinforcemearntequired for an improved performance in

case of moment reversals under severe seismic loading.
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Hamahara, Nishiyama, Okamoto, and Watanabe (2@8%Wd eight prestressed and

two nonprestessed reinforced concrete exterior beatumn joints to reveal the

effect of prestress on joint shear capacitiie authors found that there was no
significant impact of prestressing force on the ultimate shear strength of the cores in
beamcolumn joints Furthermorethe design shear force acting on a beatimn

joint should be calculated using the average shear force obtained from the bending
moment at the joints, as opposed to the horizontal input shear Based on these
findings, the researchergvkeloped design equations to calculate the ultimate shear
capacities and design shear forces of prestressed concrete joints. The equations found
to agree well with test findings on fifigne beanctolumn joint assemblies that failed

under shear in the joibres.

Coronelli, Castel, Vu, and Francois (200B\vestigated effects of corroded
prestressing tendons and failed wires on the structural response -ténsished
beams with bonded tendons. Within the scope of the research, main soacdrn
variables of the bonded wire failure were examined with experimental and
computational studieslhe explanation provided indicates that the rupture of the
wire concentrates damage, resulting in cracks and yielding of the mild reinforcement,
particulaly in the beam section where prestressing effects diminish due to wire
breakage or gradual rebonding. The consequences on strength, stiffness, and
localized damage are generally minimal if the wire breaks in regions with limited
bending effects, such dsoise away from the anchorage zone. Conversely, when wire
rupture occurs in zones subjected to significant bending, substantial effects are
expected. This includes a significant decrease in both flexural stiffness and capacity,
leading to notable increasmsstrain for the mild rebars, often extending beyond the
elastic range at the ultimate limit. The overall structural response to wire breakage is
contingent upon the specific location of the rupture in relation to shear and flexural
effects. When the rupte is situated near the supports, the remaining segment of the
tendon has the potential to maintain residual prestressing, thereby allowing the
tendons to stay active in countering the effects of external |bamigever, when

wire breakage occurs at midsp the prestressing is significantly diminished. In
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beams withinadequateshearrebars wire breakage in the shear span can induce

brittle shear failures.

In the computational aspect of the damage analysis, the Ritz damage detection
method was utilizethy Gharighoran, Daneshjoo, and Khaji (200Bhis approach
identifies damage in postnsioned reinforced concrete beams, encompassing both
the precise location and the extent of the damélge.method relies on chargm
dynamic characteristics, and finite elemeanalysis is utilized to acquire
fundamental periodand modesBoth numerical simulations and experimental
observations underscore that the dynamic characteristics of the beams are notably

influenced by pa#éirns of structural damage and level of gesisioning

Vu, Castel, and Francois (201€3timated the structurakehaviorof posttensioned
beamsan which unbonded tendonacorporatedconsidering both deflections under
service loadingoth for pre and postracking phasesThe model's novelty may be
seen in the calculation of prestressed concrete serviceability after cracking together
with consideration of the elongation of the unbonded tendons due to cracking.

According toKarayannis and Chalioris (2013)ermanent cracks of limited width

may form ina partially prestressed reinforced concrete beam under service loads.

To meet the structural stability criteria under lateral cyclic lofelaka, Tavio, &
Astawa, 2014) advised to increase the area of compression reinforcement,
especially at the beam support or iasg proximity to the beafmolumn joints. This

study presents a design approach for estimating the needed partial prestressing force,
which is mostly based on the permissible crack width. Thus, the effective amount
and the tensile stress of the mild reiciEment were reported as the main aspects of
the design procedure. The minimum amount of mild reinforcement was suggested to

be around 1% and 2%.

Eight externally prestressed and one-poestressed reinforced concrete beams were
tested byGhallab (2014)o put forth how ductility affected by pestnsioning.

Although fiber reinforced polyer tendons were used to prestress the specimens,
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results are directive for the case of ptesisioning with bonded steel tendons.
According to test results, prestressing greatly decreased the ductility of the beams.
Additionally, the ductility of the beamsasprimarily influenced by the eccentricity
andthe profile ofthe tendon, with less influence from variations in the prestressing
force magnitude, loading pattern, and deviator placement. The position of deviators,
the tendon profile, and the rise inetldepth of the prestressing force all had a
substantial impact on the loss of ductili@hanges in the effective prestressing force
and exertedloads had a limited impact on the ductility of the reinforasmhcrete
beams. Thencrementin prestressing fae is mainly associated with a decrease in
the ultimate displacememfpacityof the member and an increase in its ultimate

energy.

Davey, Abdouka, and AMahaidi (2013)(2016) investigated thebehavior of
exterior postensioned bearnolumn assembliesinder seismic actionsThese
assemblies were designed and detailed to withstand gravity loaahifgrming the
commonAustralian practicen which posttensioned beams with a larger width to
depth ratio were incorporated’he experimentaprogram covered two scaled
exterior connections with different tendon layouts which are evenly distributed along
the band beam spanning to column and condensed along the column width where the
outer tendons brought closer to the column. However, laybtiteotendons was
reported to be ineffective on the performance. On the other hand, both specimens
were observed to maintain their load carrying capacity up to drifts of 3%. Another
significant finding stated by the authors is that the specimens incongopaist
tensioned tendons exhibited both higher initial stiffness and greater ductility but less
yield displacements compared to similar specimens withoutteosioning. As
expected effect of the pewnsioning on the crack closure upon unloading was
reported as well. Referring the conducted finite element analyses, the authors
revealed that the increase in prestress reduce the ductility.

Limongelli et al. (2016)conducted experimental investigations on a scaled post
tensioned reinforced concrete beam in various configurations, intending to replicate

distinct phases of the beam resembling the initial undamaged state. Thisngas d

18



under progressive loss of tension in the fessioning cables, both during and
subsequent to the development of cracks at the midSpatiic and dynamic analysis

were made to compute the natural frequencies at each stage. It was concluded that
the nitial modal frequency, determined through dynamic tests, andiekeral
stiffness derived from static tests are both responsive to concrete cracking. As a
result, these parameters were stated to be dependably utilized as indicators of

concrete damage.

Zhang, Wang, Zhang, Ma, and Liu (20X9nducted an experimental program to
explore the flexurabehaviorof posttensioned concrete beams with bonded tendons
experiencing strand corrosion. The cyclic loadumjoading teswas employed to
assess the initial stiffness of the beams during the corrosion process. The flexural test
was then utilized to elucidate the impact of corrosionfaslure mode, ultimate
strengthconcrete cracking, postacking stiffness, and ductilitfFindings indicated

that the loss of prestress force exhibits an almost linear relationship with corrosion
loss.Corrosion of the strand has a minimal impact on the initial stiffness of the beam
before the occurrence of flexural cracking. However, it mdigk diminishes post
cracking stiffness when the corrosion loss surpasses 27.0%. A slight degree of
corrosion has a negligible effect on the flexural behavior of the béanthe
corrosion loss increases, the failure modes of the beams shifted from eoncret
crushing to strand rupture, leading to a substantial reduction in beam ductility. In
cases of beams with slight to moderate corrosion, the rupture of the wire during
testing was reported to have a more pronounced effect on ductility than on the

ultimatestrength of the beams.

Nogueira and Rodrigues (201mtroduced a simplified numerical method to
examine how the confinement provided by transversal reinforcement, impacts the
dudility of reinforced concrete beamsder flexure The impact of longitudinal
rebarson ductility is determined by the position of the neutral axis across the cross
section of the structural elemeNeutral axis position values that are lowesult in
reinforced concrete beams with greater cresstional heights and, consequently,

lower longitudinal reinforcement percentaglsis property imparts greater ductility
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to the beams at the ultimate limit state. As the resistance of the concrete increases, a
greater quantity of longitudinal reinforcement is required to sustain the equivalent
level of ductility. As a result, a direct correlation between the ductility and the

percentage of longitudinal reinforcement was identified.

Another study on the effect tfngitudinal steel reinforcement ratio on ductility was
carried by Mansor, Mohammed, and Salman (202@ne of the remarkable
conclusions made by the authors ig tinwe ductility decreases significantly with an
increase in longitudinal reinforcement ratio for low steel reinforcement ratios less
than 0.013. Nevertheless, as reinforcement ratio increases, this impact becomes less
pronounced. Another implication is théne deflection at yield strength of beams
showed an increase with a higher ratio of longitudinal reinforcement. However, this

led to a decrease in the ultimate load due to a reduction in ductility.

Fu, Zhu, and Wang (202@jot benefit from actual crack patterns developed in the
posttensioned beamwith unbonded tendons to simulate the change in flexural

stiffness.

Lu, Zhou, Li, and Zhao (202ifprmed aset of bendingtests on corroded pest
tensioned prestressed beams. They discussed parameters that affect the flexural
strength such as tlanount ofcorrosiondimensias ofbeam, concrete compressive
strength, and the ratio of strength between the prestressed steel and mild
reinforcement and concrete. As an outcome of the study, the restiending
capacity of postensioned beams reported to be predominantly influehgethe

extent of corrosion. Based on the findings, an empirical model for flexural stiffness

of corroded postensioned concrete beams proposetiipyYang, and Li (2023)

Castellanosloro et al. (B23)used both static and vibration testing to examine how
damage affects the dynamic properties and flexural performance indicators-of post
tensioned concrete beams. To replicate the various load phases ctenpiosted
beam, the beams were testechattiple load levels of preracking, during and after

the formation of first cracks, and ultimately, during and after the creation of more

significant cracks. Vibration tests were employed to monitor the change in the modal
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characteristics. Additionallygcoustic emission analyses were carried out to identify
the level of damage experienced. Visional inspection was another method applied by

the authors to detect the degree of degradation.

An experimental study consisting of six internally ptstsioned bams made with
ultra-high performance concrete with steel fibers was carried ouDdyu and
Menkulasi (2023) The ratio of nofprestressed reinforcement and volumetric fiber
content, as well as the loading arrangement, were among the variables examined. In
the context of postensioned ultrénigh performance concrete flexural meens, the
recommendation was to incorporate fastressed flexural reinforcement. This
suggestion was founded on several considerations, including enhanced member level
ductility, delayed initiation of flexural failure attributable to crack localizaaod
hinging, and improved dispersion and distribution of cracks. The beams having non
prestressed flexural reinforcement exhibited significantly higher flexural capacity

and membetfevel ductility compared to those without such reinforcement.

1.3  Objective and Scope

The primary objective of this research is to comprehensively investigate and analyze
the seismic behavior of moment resisting frames (MRFS) incorporating post
tensioned beamsAs discussed in the preceding section of this chapter, the existing
literature does not adequately address the relationships between ductility and post
tensioning, ductility and the minimum and maximum amounts of mild
reinforcement, as well as ductility and response maodification factors in reinforced
concrete frames with pbgensioned beams. To fill this gap, a project was developed
and funded by the Scientific and Technological Research Council of Turkey
(TUBITAK) under grant number 119M978heflowchartof the project is givein
Figurel.4 on which the scope of this thesis study is highlightedreen
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The study aims to provide valuable insights into seesmic behavioof such
structural systes under seismic loading conditions. Through a combination of
experimental and analytical methods, the research seeks to address key challenges
associated with thestimation of ductility oposttensiored beams usad moment
resisting framedviain objecive of the research was focused on setting relationships
between ductility of the posénsioned systems with the mild reinforcement and
effective prestress useddditionally, ductility dependent behavior factors of such

frames were investigated througbntinear time history analyses.
Scope of the study can be summarized under following subtitles:

Experimental Investigation: Design and execute experimental tests on-doaled
prototypes to simulate seismic loading conditions. Monitor and analyzectimdser
response, including displacemerdgformations andtrains, to validate analytical
models.Investigate the influence of pesnsioning on the lateral load resistance,

ductility, and energy dissipation capacity of the structural system.

ParametricAnalysis: Conduct parametric analyses to investigate the effediseof
parameterdike mild reinforcement amount, compression reinforcensnount

effective prestress, and strength of concrete on the ductility ctgresibned beams.

Development ofClosed Brm Solutions Proposeclosed form relation between
curvature ductility and mild reinforcement amouatachieve a ductile behavior.

Contribute to the advancement of seismic design codes and standards.

By achieving these objectives within the defined sctipe research aims to deepen

our understanding of the seismic behavior of monnesisting frames with post
tensioned beams. It seeks to offer practical recommendations for more accurately
estimating the amount of mild reinforcement needed to achiew#edoehavior, as

well as for determining the behavior factors of these types of frames.
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CHAPTER 2

EXPERIMENTAL PROGRAM

2.1 General

The study aims to investigate the seismic performance of reinforced concrete frames
with posttensioned cagh-place beams. In thesgystems, the posénsioning

tendonis placed as a single piece across all spans in the beams and then post
tensioned abne orboth endslepending its lengtiBecause of this placement, there

is an anchorage zone in the external connections, while théepssoning tendons

are placed continuously in the internal
process, the sheath is filled with nshrink grout to ensure full adherence between

the strands and concrete.

Within the scope of the study, a prototyframe system that reflects the current
design and application practice was first designed to guide the selection of test
specimen sizes. Structures similar to the prototype frame have been designed and
used in important buildings like libraries, shoppmglls, airport terminal buildings

in our country (Figure 2.1). In those buildings, pogensioned frames can be
combined with reinforced concrete frames as well or whole structural load carrying
system can be purely formed by thasttensioned frames. TS3233 and ACI31B

were followed in postensioning design. The prototype framasdimensioned as a

part of ad-storybuilding consisting oposttensioned beams with 3 spans.

An exterior columrbeam joint was detached from theofotype frame at the

contraflexure points of beam and columns where zero moment expected. The
experimental setup was established using appropriate boundary conditions for the
external connection. A scale ratio of 1:2 was chosen considering the laboratory
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conditions and its ability to represent realifpble2.1 presents the scaling ratios of

the parameters corresponding to 1:2 dimensional scaling.

Table2.1 Scaling Ratios

Parameter Scaling Ratio
Dimension, displacemen 1.2
Area 1:4
Volume 1.8
Force 1:4
Moment 1:8
Density 11
Stress 1.1

Four external joint assemblies having different amount of mild reinforcement were
designed with the selected dimensions. Since the focuge stuly is to investigate

the effect of the mild reinforcement amount to ductility of the-pessioned beams,
three of them incorporated with the same fiessioning characteristics in terms of
amount of tendon and prestressing level but with diffeaemunts of mild tension
reinforcement whereas one connection was produced as aché&anm joint of a
conventional reinforced concrete frame without prestress. In our country, the
amount of dead load balanced by pestsioning is kept around 50%. Desigi®ve

this value are realized in other countries and can offer much more economical
arrangements which is achieved through reducing the size of beams and slabs by
carrying more portion of dead load by ptstsioning. Taking this into account, it is
very important to include dead load balancing ratio as experimental parameters in

the experiments.

Specimen fabrication and pesinsioning were carried out at METU Structural
Mechanics Laboratory. Cyclic reversed displacent@sed load history and
constant aal load on the column was exerted as loading protocol and applied by
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means of electrically controlled hydraulic pistomthe sections following the design
of the prototype frame, the production of the test specimens, the experimental

method and the relis of the tests are presented in detail.
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Figure2.1. Example of postensioned beam applications in Turkiye
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Bilkent University Pool Building 21.5 m span with 40x80cm post
tensioned beams

Figure2.1 Continued Example ofposttensioredbeamapplications in Turkiye
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2.2  Prototype Frame

221 Characteristics ofthe Prototype Building

A prototypestructurecomposed of reinforced concrete frames with pessioned

beams in accordance with the currently usechmon construction methogas
designed to accurately size the test specimens based on realistic dimensions. To
fulfill this purpose, the building was assumed to be used as an office building

composedf 4 storyreinforcedconcrete frames having 3 sparsl 3 bays.

Building plan dimensions, spans and member sizes were determined according to the
safe and economic suitability of the ptsihsioned bearalab system. A structural
system in which all earthquake loads are carried by highly ductile frames was
createdClear spanwaschosen to be 16 m long, providing sufficient length to apply

a practical level of prestressing with a parabolic profile draped at midspan. This was
achieved using beams thaere80 an wide and 80 m deepconformingdepth to

span rat of 0.005 The 4story building has dimensions of 24.9 x 52.2 m in plan.
Height of a single storwas3.2 m. Slab thickneswas20 cm. All columnswere
90x90 cmin cross sectionn theshortdirection building consistdof 3 bayswith 8

m spacing havingecondary beams along the midspans of the.ldagsre 2.2
represents several views of the building with an emphasis on the exterior beam

column assembly under examination.

The building wasassumed to ba relatively high seismity region with ashort
period spectral acceleratiofbs value of 088 g and a long period spectral
acceleratiorspi value as0.21 g.Requiredoy theTurkish Building Earthquake Code
(TBDY 2018), the structural behavior coefficieRtwas taken as 8nd oerstrength
factorD as 3corresponding toraenhanced ductilgystem in which all lateral loads
are carried by frame$heductiledesign aims to prevent cracking of beams and post
tensioning reinforcement from yielding in the service condition, to prewgnare

of posttensioning reinforcement against thalapse preventioperformance level

under the design earthquake and to maintain the moment capacity in a ductile
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manner. Together with TBDY 2018 TS500, TS3233 and ACI31919 were

followed for the renforced and poginsioned concrewesign.

In terms of gravity loads,® kg/n? was exerted on the slab as superimposed dead
load to consider slab cover with screed, mechanical and electrical plumbing
equipment, and partition walls. This load is compatiblth the architectural needs

for a typical office building. Additionally, @0 kg/nt of live load was taken into
account which was suggested by the Turkish code for Loads to Be Taken in

Dimensioning of Structural Elements TS498.

Characteristic parameteskthe structural materials used in design are givaiabie
2.2.

Table2.2 Material Properties

Concrete Mild Reinforcement Strand
C40/45 B500c A416Gr270K/1860A
Ec 34555 MPa Es 20000 MPa Ep 190000 MPa
fc' 40 MPa fy 500 MPa fpu 1860 MPa
fet 2.21 MPa fu/fy 1.25 Ap 150 mnt

g 0.0025

Uh 0.0080

Ghu 0.0800
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2.2.2 Prestressing

The prestres design involved determining the optimal tendon profile and adjusting
the amount of effective prestress after the {@rgn losses to counterbalandead

loads.

Owing to the total length of 52.2 m, the prestressing of tendons from both ends was
assumedo minimize friction loss. This approach aligns with practical applications

in the real world. Consequently, the loss profile exhibited symmetry around the
midpoint of the frame, precisely at 26.1 m station. Additionally, a parabolic profile
was implementedwith tendons passing through the geometric centroid of the
flanged section at exterior joints and the highest drapes being adjusted at midspans
and interiorsupports This configuration effectively eliminatede eccentricity at the
external column faceand secondary moments resulting from prestressyiding

the utilization of counter forces at the midspans of the beBigsre 2.3 visually

depicts the adopted profile across the fiessionecheamsof the building
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#C.g.s.

=
52.86,/=

1
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0= ~90~ ~90= -9

Figure2.3. Tendonprofile

As depicted in the figure,g.c.represents the geometric centroid of the flanged beam
section, whilec.g.s.denotes the geometric centroid of the prestress tendon. The
application of presessing generates a counter moment due to the eccentricity
between these centroids. The magnitude of prestressing and the configuration of the
tendon profile determine the proportiond#fadloads that are balanced by prestress
within the tendonsRelatian between the tendon geometry andebaivalent loads

is given below.
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Equivalent distributed loads can be calculated with the following equation.

CA

2-1
- (2-1)
If the lower drape is arranged to be at midspan thenmitlyeelds;

0 qJQOA (2-2)

The primary objective ithe design phase is to offset a minimum of 50% of the dead
loads through posgensioning. A comprehensive analysis accounted for a 17% total
loss in prestress, incorporating factors such as friction, anchorage settlement, elastic
shortening, creep, shringge, and steel relaxation. The jacking prestress is established
at 80% of the ultimate tensile strength of the strands. The necessary quantity of
tendons was determined to be two sets, each comprising eight groups of seven wire

strands, resulting in a cunative prestressing steel area of 12002mm

In order to account for the contribution of the slab, a design approach utilizing a
flanged T section was adopted. The calculation of the effective flange width adhered
to the guidelines outlined in TS500 and AC&M19. It is noteworthy that both
codes were in agreement regarding the specified widihi318-M19 suggest the
Equation2-3 for the effective width of a flanged beam section whereas TS500 gives

Equation2-4.
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A Qp @ g W [y (2-3)
A4 QLo Y (2-4)
b : width of the beam
Is: span length between the centerlinésupports
t: thickness of slab
Tw: tributary width of the beams

Accordingly, geometric properties of the effective flanged seetiegiven inTable
2.3.

Table2.3 Flanged Seatin Properties of the Beam

Parameter Value
Ac cross sectional area 1,120,000 mrh
I moment of inertia 6.04E+10 mrh
Yt distance of centroid to top fiber 271.43 mm
Yb distance of centroid to bottom fibe  528.57 mm
S section modulus for top fiber 2.23E+08mm°
Sy section modulus for bot. fiber 1.14E+08 mrh
bett effective flange width 3200 mm
— 'o
gi. i R | &
& 2
! '
_ 1200 __ 800 __ 1200
3200

— -

Figure2.5. Cross sectia dimension®f the flanged section
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2.2.3 Code Regulations forServiceability and Ductility

Following the prestress design, section was detailed to conform code regulations to
achieve enough strength and serviceability together with a ductile behavior under

gravity and seismic loads

Stress checks were madethe top and bottom fibers of the $ewstin accordance

with TS3233. Prestress transfer and long term states of the structure were considered.
In the transfer stagenly selfweight of the structure was considered together with

the effective prestress adjusted for short term lossents dictated byTS3233are

given in the table.

Table2.4 Stress Limits for A Prestressed CosierSection TS3233

Type of Stress Short Term  Long Term
Compression 0. &i5. 0. &% A
Tension 0. &PA 0. &®°A

Wheref.istands for the 7 days characteristic compressive strength of concréi® and
denotes the 28 days characteristic compressive strength of cohtrtesections

of the posttensioned beams ttie prototype building givelimits were satisfied.

As a complement to the servicd#lp checksthe ultimatelimit state design was
made following the provisions given in TS3233 and TBDY 20tli8.worth to note
that the hyperstatic actions due to posttensioning were taken into account while
cdculating the internal actions under design lo&isce TBDY 2018 does not cover
specific clauses regarding the ptstsioned cadh-place frame type structures,
requirements dedicated foonventionakeinforced concrete frames with enhanced
ductility werefulfilled. These requirements invola®nfinementonditions, strong

columni weak beam obligation, joint shear checks and capacity design philosophies.

While minimum reinforcement amountas determinetb satisfy flexural capacity

to bemore than the cracking moment, maximum mild and prestress reinforcement
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amount was checked with the limits given in TS3233 summarized bBkesigned

sectionsuccessfullycomplies with the maximum reinforcement limit.

ror T & U (2-9)

r ] U (2-6)
0 r— 2-7

[ pi%ee) g (2-7)
0 &,

[ = @3”— (2-8)
0 or— 2-9

[ 50 g (2-9)

2.2.4 Summary of the Design

The design processifthe prototype frame was concluded with the detailing of the
reinforcement bars. A summary of the design is outlineBable 2.5, highlighting

variations that will be subject to evaluation throtigiiexperimental program.

Upon examining the frames outlined in the table, TO2 aligns with the prototype
building, accommodating both gravity and seismic design actions. TO1 demonstrates
the ability to sustain gravity loads with minimal flexural reinforcement, as advised
by TS500. In ontrast, TO3 is characterized by an ex&nforced condition
compared to TO2. TOC represents a conventional reinforced concrete frame without
any prestres€£ach beam section was configured with compression reinforcement,

the quantity of which equaled thaf the tension reinforcement.

Flexural capacitieof the flanged beam sectiongere calculated utilizing the
expected strengths of the materials, followingrdtcommendations in TBDY 2018.
The characteristic strength of concrete was scaled by a cesffioi 1.3, and the

strength of steel was increased by a factor of 1.2.

Consistent with the strong colurmnveak beam principle to prevent column hinging,

uniform reinforcement was applied to all columns. Additionally, to mitigate shear
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failure in both themembers and joint core, the detailing of all frame variations was

executed by considering the frame with the highest lateral load carrying capacity.

2.3  Test Specimens

The laboratory tests primarily focused on the investigation of the external beam
column assmbly, as highlighted iRigure2.2. The initial consideration in specimen
design was the determination of inflection points where the joint assembly would be
extracted from the full size frame. Recognizing that moments arepatédito be

zero at contraflexure points, these locations can be treated as internal hinges.
Consequently, moment diagrams were analyzed under both gravity loads and seismic
lateral loads to identify the positions of zero moment within the beams. It was
concluded that 3.55 m from the support center which makesn3.(055 m scaled)

from the support face was a reasonable distance where the inflection point expected
to occuras shown inFigure 2.6. It should be mentioned that thecdion of the
inflection point with this long span frame system is mainly governed by gravity loads
shifting the inflection point from the mid of the beam to about 1/3 of the span length
from the supportFor columns, the inflection point was designatethasmidpoint

of the clear height which is 1.2 (0.6 m scaledineasured over the beam top face.
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Figure2.6. Moment diagrams of the prototype beam
Four specimens with a scale of 1:2 as TOC, T01, TO2, @3dafe given inmable
2.5. TOC represents the conventional reinforced concrete frame whereas, T01, T02,

and TO3 are the poegtnsioned specimens. All specimens are in the same dimensions.
Dimensions of the specimen is given below.
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Figure2.7. Specimerdimensions

231 Material Properties

The characteristics of the materials used in thesfgstimens, including concrete,
deformed reinforcing steel, deformed wire mesh, and prestressing steel are described

in detail. Properties determined through experimental procedures are documented.

2.3.1.1 Concrete

All specimens were constructed with C40/45 clesscrete which has a 28 days
characteristic cylindrical compressive strength of 40 MParing the concrete

pouring process, seventeen 150x3®@n sized cylindrical samples were cast.
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Removing the steel casings, all samples cured with damp d@verof tremwere
testedwith a pressure controlled piston devit® obtain uniaxial compression
strengtls at the 28 day of castingThree samples per specimen making twelve in
total were tested at the degf experimendto obtain the compressiwgtrength. Mix

designcharacteristics for the C40/45 class concrete used areigiVale2.6.

Table2.6 C40/45 Class Concrete Mokesign Details

Water Cement w/c Sand @4mm  Aggr. 411mm Aggr. 1:22mm
(kg/n®)  (kg/n?) (kg/n?) (kg/n?) (kg/n?)
160 280 0.47 1005 236 633

Resuts of the uniaxial compressive tests of the samples are givEsbie2.7. 28
day sampleare the ones tested after 28 days from the day of castiegotiers are

given with respect to the test specimensghe day of experiment.

Table2.7 Compressive Test Results of Cylindrical Samples

Sample £l f2 f3 £ f5 f AVERAGE
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
28-day 36.93 36.55 35.71 35.38 36.70 36.85
TOC 53.83 43.38 48.88 - - 48.70
TO1 40.63 49.76 41.51 - - 43.97
T02 35.11 44.30 40.86 - - 40.09
TO3 47.30 48.45 43.30 - - 46.35

2.3.1.2 Reinforcement Steel

Two different types of reinforcing steel were used ia groduction of the test

specimensB500c class deformed bars were used as longitudinal bars, stirrups, and

ties of beam and col umn member s, featur.i

and 022. Conversely, B500a class wired
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of 6 mm was utilized aseinforcement for the slabs. Direct tension tests were
conducted to ascertain both yield and ultimate strengths, along with rupture strains.

Results are given ihable2.8.

Table2.8 Characteristics of Reinforcement Steel

Steel Diameter(mm) Es(MPa) fy(MPa)  fu(MPa) ¥ W
10 200000 563 702 0.00281 0.16222
12 200000 557 693 0.00278 0.14667
B500C 14 200000 556 679 0.00278 0.20000
18 200000 553 645 0.00276 0.20333
20 200000 547 677 0.00273 0.19167
22 200000 553 673 0.00276 0.18833
B500a 6 200000 576 631 0.0288 0.10000

Sample uniaxial test curves for the mild steel reinforcements of 18 mm diameter

rebar and wire mesh are presented below
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e strain (mm/mm) e strain (mm/mm)

(a) B500c clas$i1l8 mm rebar (b) B500a class wire mesh

Figure2.8. Uniaxialtest curves for B500c and 500a class mild reinforcement steel

2.3.1.3 Prestressing Steel

EN-101383 1860 MPa class 7 wire low relaxation prestressing strands with a cross
sectional area of 150 nfrwere used to apply pestnsioning to the beams. Four

samples of sandswere tested under direct tension to identify the ultimate tensile
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strength Averageof the tests yieldeti860 MPatensile capacity at an ultimate strain
of 0.036.
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Figure2.9. Uniaxial test curve fotendon

2.3.2 Test Specimens

Employing the 1:2 scalatio to the prototype frame variatiotise characteristics of

all the test specimengproduced within the scope TUBITAK research projact
summarizedin Table 2.9. Accordingly, eight beamcolumn assemblies were
constructedTOC, TO1, TO2, and TO3 were examined within the scope of the thesis.
All productions including formwork, rebar and concrete workmanships together with
posttensioning andyrouting of the tendon sheaths were manlehe Structural

Mechanics Laboratory of the Middle East Technical University.

In specimens T01, T02, and TO3, a consistent number of prestressing strands and
level of prestressing were maintained, while the amount of mild reinforcement
varied. Specificdy, 2x150 mm? postensioningtendonswere utilized in these
specimens to counterbalance 50% of the dead loads. MK4 brand prestressing tendons
were employed, housed within their corrugated sheaths during the fabrication of the
reinforcement cages. The tanation point of the posiensioning tendons, situated

at the outer face of the beasnlumn joint, served as the anchorage point, while the

opposite end, corresponding to the beam's free end, functioned as the active point for
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applying prestress using admaulic jack. Postensioning operations were carried
out on day 28 following the casting of the specimens, although conventionally, post
tensioning could be executed once the concrete reachesddy Btrength,
constituting approximately 70% of its chararistic compressive strength.
Subsequent to pestnsioning, the sheaths were filled with cerdessed norshrink

grout to ensure proper adhesion, with the filling grout possessing an ultimate

compressive strength of 60 MPa.

The initial test was condusdl on Specimen TOC, characterized by a tension
reinforcement ratio 01.00 % embodying a traditional reinforced concrete frame
assembly. Following this, Specimen TO1 was tested, featuring a longitudinal tension
reinforcement ratio 0f0.30 % meeting the mimum criterion for tension
reinforcement as outlined by TS500. Subsequently, Specimen T02 was examined,
designed to withstand both gravity and seismic loads, with a rebar percentage of
about0.4 % Finally, Specimen TO03, slightly ovelesigned with a redy ratio of
about0.7 %, was tested last. All specimens possess equal amount of compression

reinforcement with the tension reinforcement.

2.3.2.1  Production of Test Specimens

The construction process commenced with the production of formwork and
reinforcement cage accompanied by the installation of blast reinforcement in
pertinent areas and tendon shealigure2.12, Figure2.14, Figure2.16, andFigure

2.18). Subsequently, the reinforcement cages were positioned within plywood
formwork with oiled internal surfaces, followed by the pouring of concrete. Upon
curing, posttensioning operations were executed on the specimen, which was then
transferred to the taag setup. The pogensioning tendons were prestressed to
approximately 1100 MPa and anchored, with monitoring of tendon stresses
facilitated by load cell instrumentation at the jacking end during the prestressing
processPosttensioning sheaths were saguently filled with norshrink cement

based grout. To prevent the creation of any unrealistic secondary maanh&imés
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columnsupportface,the support at the free end of the beam was mounted after the
prestressing and grouting. Finally, the specimenpvagared for the installation of

instrumentation equipment and subsequent testing.

12018 4022 4212 4214 4218

I g -
= ‘ ‘ —r ' p188/188 8
0 2 2 2 O &
a2 300mm 300mm=| | 300mm~ F ? [@6/150/150]
Pt a2 4312 4914 4218 . 1600
. 450 _ | 400 _ _ 400 _ _ 400 _| _ 400 _ - -
Column TOC TO1 T02 T03 Slab

Figure210. Secti on views of tshndslabpeci mens?o

Two major assumptions were considered during the. testgibuted loads othe
slabwereignored in the tests because applying external gravity loads after the roller
support was connected would alter the shear span of the specimen in a manner
incompatible with the prototype frame. Additionally, applying\gty loads after
prestressing the tendons would create unrealistic support moments due to the
cantilever action, where the pdgshsioning would not balance the support moments.
While the imposed moments from the gravity and lateral loads were assubwd to
combined with the application of lateral loads in the test fraBesond assumption

was toassumehe axial load level on the columa beconstantby adjusting the

hydraulic actuatormanually with the help of thiead cells.
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(9) (h) (i)

Figure2.12. TOCi Production
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(d) (e) (f)

(9) (h) ()

Figure2.14. TO11 Production
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Figure2.16. TO21 Production
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(9) (h)

Figure2.18. TO31 Production
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(c) Blast reinforcement (d) Anchorage plate

Figure2.19. Posttensiondetails
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2.4  Test Setup and Instrumentation

The test specimen was placed in the test rig isofabed the points corresponding

to the expected bending points in the structure in case of earthquake induced lateral
loads. To simulate seismic conditions, several measures were taken: a hinge was
positioned at the midpoint of the lower floor colunm simudate the column
inflection point a hydraulic piston was affixed at the midpoint of the upper floor
column to administer horizontal force, aadinge assemblywas mounted at the
beamfreeend, facilitating horizontal movement while restricting verticaleraent.
Furthermore, all dead loads and 30% of live loads corresponding to the mass
potentially active during an earthquake eveaidculatedaccording to the isolated

floor level, were applied as axial force to the column from its upper end via two
vertical hydraulic actuat@with a capacity of 90 tons eachhis force corresponded

to about10% of the characteristic axial load carrying capacity of the coluhich
nearl vy resembl ed t he axi al force. | evel
Throughout the xperiment, the axial load applied by tiydraulic actutors
remained constant due to an inverter loading systéese pistons were kept aligned

with the column axis with the help of high strength threaded rods which are
connected with hinge assembliestb@ strong floor Horizontal load application,
involving reversible cyclic displacement, was achieved using a hyd@atliator

with a 9Gton capacity connected to the midpoint of the top floor column. This
horizontal piston was secured to the reactiati,wvhile the specimen joints were
anchored to the laboratory's sturdy floorihg.order to preserve the eaf-plane
stability of the specimen, a stabilizer system was integrated into the setup. This
system utilized rollers to facilitate displacementhe intended loading direction
while providing support in the owif-plane direction.

Figure 2.20 illustrates the supports antydraulic actuatorsutilized in the
experimental setup. The schematic layout of mh@or measuring istruments,
comprising a total of 29 channels, is depictefligure2.21 andFigure2.22, with a

corresponding list provided ifable2.10.
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Photographs of the measuring instruments are presenkggure 2.23. Within the

setup, 20 LVDTs (Linearly Varying Differentidransducers) were strategically
positioned on the specimen to record vertical and horizontal displacement readings.
Additionally, rotation readings were targeted with a total of 3 tiltmeters, with 2
positioned on the band beam faces and 1 at the bofttime golumn. Through the
implemented measurement system, strain, curvature, and rotation measurements
were conducted within the beam plastic hinge area, extending up to 250 mm from
the column face, which is the estimated plastic hinge length calculatedhei
Equation2-10 according toPaulay and Priestly (1992)n this equationlpis the

plastic hinge length estimated witkength of shear spady is the bar diameter and

fy is the yield strength of the reinforcement. Local rotatiolues attributable to
reinforcement shear were determined based on strain values obtained approximately
5 cm from the column face. Similarly, curvature values were assessed at the column
ends, expected to remain below the yielding point. Horizontal dtifieofystem was
monitored at both piston and slab levels, while horizontal and vertical displacements
at the beam end support were also recorded. Two strain gauges were used to calculate
the reaction force exerted on the roller support at the beam freasesttown on
Figure2.22.

a  TELgx TEc@ 00 (2-10)

To regulate the axial load exerted on the column, two load cells with a capacity of
100 tons was positioned beneath the pistons on the column, while anotheglload
with a capacity of 50 tons was situated at the end of the horizontal piston.
Additionally, to continuously monitor the stress in the gesioning tendons
during the applied displacemetntrolled load history, one another load cell with a

capaciy of 100 tons was installed at the anchor end of the tendons.
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LVDT no: 12, 13, 14,

" -y

LVDT no: 21,22 and Tilmeters: 36, 38 and Tiltmeter 37
Load cell: LC4 load cell: LC1

Figure2.23. Photographs of the instruments

As the system is isostatic, indicating that the beam end and column bottom reactions
can be computed using the applied forces, all calculations were executed based on
the deformed shape. The horizontal components of the vertical load piston and the
articulated connection at the beam support were employed to rectify the applied
horizontal force. Subsequently, all bearing reactions and internal forces were
determined by utiling the free body diagram of the deformed system shown in
Figure2.26.
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Table2.10 Monitoring Instruments

No. Type Direction Measurement Capacil  Unit
LC1 Load cell Horizontal 50,000 kg
LC2 Load cell Column axis 100,000 kg
LC3 Load cell Column axis 100,000 kg
LC4 Load cell Horizontal 100,000 kg

4 LVDT Horizontal 200 mm
5 LVDT Horizontal 200 mm
6 LVDT Horizontal 200 mm
7 LVDT Vertical 30 mm
8 LVDT Horizontal 30 mm
9 LVDT Horizontal 30 mm
10 LVDT Horizontal 30 mm
11 LVDT Vertical 30 mm
12 LVDT Horizontal 30 mm
13 LVDT Horizontal 30 mm
14 LVDT Horizontal 30 mm
15 LVDT Vertical 30 mm
16 LVDT Vertical 30 mm
17 LVDT Horizontal 30 mm
21 LVDT Horizontal 100 mm
22 LVDT Vertical 50 mm
23 LVDT Horizontal 100 mm
24 LVDT Vertical 50 mm
25 LVDT Vertical 50 mm
26 LVDT Horizontal 20 mm
27 Strain gauge Strain - mm/mm
28 Strain gauge Strain - mm/mm
36 Tiltmeter Counterclockwise + radian
37 Tiltmeter Counterclockwise + radian
38 Tiltmeter Counterclockwise + 27 radian

61



(@) (b)

Figure2.24. Dataacquisitionsystem

(a) Invetor used to (b)Invertor used for (c) Crack measuremen
control lateral actuator prestress

Figure2.25. Invertorsandcrackmeasurement
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