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ABSTRACT 

 

SEISMIC BEHAVIOR OF POST -TENSIONED BEAMS 

 

 

 

Karageyik, Can 

Doctor of Philosophy, Civil Engineering 

Supervisor: Prof. Dr. Barēĸ Binici 

 

 

 

July 2024, 185 pages 

 

Post-tensioning is an effective alternative for beams of long span moment resisting 

frame systems. Such frames are designed by using the behavior factors given for 

conventional reinforced concrete structures under the assumption of similar ductility 

levels. In this study, the behavior of post-tensioned beams was experimentally 

investigated to evaluate their ductility ranges for seismic resistance. For this purpose, 

an exterior post-tensioned beam-column 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 and the ratio of 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 the reinforced concrete. 

The required amount of longitudinal rebar for target ductility was studied through 

the parametric study of post-tensioned members calibrated with the experiment 

outputs. Subsequently, ductility dependent behavior factor demands, Rdemand 

obtained from nonlinear time history analyses of two prototype buildings were 

related with curvature ductility and corresponding mild steel reinforcement amounts. 

Keywords: Post-tension, Reinforced Concrete, Beam, Seismic Design, Ductility 
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ÖZ 

 

ARD-GERMELĶ BETONARME KĶRĶķLERĶN SĶSMĶK DAVRANIķI 

 

 

 

Karageyik, Can 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Barēĸ Binici 

 

 

Temmuz 2024, 185 sayfa 

 

Ardgerme, uzun a­ēklēklē moment aktaran ­er­eve sistemlerin betonarme kiriĸlerinde 

kullanēlēr. Bu t¿r ­er­eveler, benzer s¿neklik seviyeleri varsayēmē altēnda geleneksel 

betonarme yapēlar i­in verilen yapēsal davranēĸ faktºrleri kullanēlarak 

tasarlanmaktadēr. Bu ­alēĸmada, s¿neklik seviyelerini deĵerlendirmek i­in 

ardgermeli kiriĸlerin davranēĸē deneysel olarak incelenmiĸtir. Bu ama­la, 1:2 ºl­ekli 

numuneler ¿retmek i­in yºnetmelik uyumlu tasarlanmēĸ bir prototip ­er­eveden bir 

dēĸ ardgermeli kiriĸ-kolon birleĸimi se­ilmiĸtir. Temel test deĵiĸkenleri, ºngerme 

miktarē ve yumuĸak donatē oranē olmuĸtur. Test sonu­larē, s¿nekliĵin yumuĸak 

donatē miktarēndan ve ºngerilmenin varlēĵēndan etkilendiĵini, dolayēsēyla 

betonarmeye benzer s¿neklik seviyelerine ulaĸmak i­in minimum ve maksimum 

yumuĸak donatē miktarēna ihtiya­ duyulduĵunu gºstermiĸtir. Deney ­ēktēlarēyla 

kalibre edilen ardgermeli elemanlarēn parametrik ­alēĸmasēyla hedef s¿neklik i­in 

gerekli boyuna donatē miktarē irdelenmiĸtir. Ardēndan  iki adet prototip bina ¿zerinde 

zaman tanēm alanēnda yapēlan doĵrusal olmayan analizler sonucunda elde edilen 

davranēĸ faktºr¿ talepleri ile eĵrilik s¿nekliĵi ve buna karĸēlēk gelen yumuĸak donatē 

mikatarē arasēnda iliĸki kurulmuĸtur. 

Anahtar Kelimeler: Ardgerme, Betonarme, Kiriĸ, Sismik Tasarēm, Süneklik 
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q0 Corresponding basic value of the behavior factor; 3.9 for medium 

ductility, 5.85 for high ductility 

r Ratio of compression to tension reinforcement area 

s Spacing of the confining reinforcements 

sô Clear spacing of the confining reinforcements 

Sb Section modulus for bottom fiber 

St Section modulus for top fiber 

t Thickness of slab 

T1 Fundamental period of the building 

TC Period at the upper limit of the constant acceleration region of the 

spectrum 

Tw Tributary width of the beams 

W Section modulus 

wb Equivalent distributed load 

w'i Clear distance between the longitudinal adjacent reinforcements 

restrained by the transverse reinforcement 

Yb Distance of centroid to bottom fiber 

Yt Distance of centroid to top fiber 

Ŭ Coefficient depending on local behavior of bar; 1.0 for linear 

hardening, 0.75 for elastic perfectly plastic behavior 
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ɔ Prestressing index 

Ůc Compressive concrete strain 

Ůcc Compressive strain at the confined concrete strength 

Ůce Initial strain at the tendon level due to the eccentricity 

Ůco Compressive strain at the unconfined concrete strength 

Ůcu Ultimate compressive strain of the confined concrete 

Ůps Strain at tendon level due to positive curvature after moment applied 

Ůpu Ultimate strain of tendon 

Ůpy Yield strain of tendon 

Ůse Initial strain at the tendon level due to prestress 

Ůsh Strain onset strain hardening of mild reinforcement steel 

Ůsu Ultimate strain of mild reinforcement steel 

Ůy Yield strain of mild reinforcement steel 

ɕeq Equivalent viscous damping ratio 

ɟ Tension reinforcement ratio 

ɟ' Compression reinforcement ratio 

ɟcc Longitudinal reinforcement area to core area ratio 

ɟs Volumetric ratio of confining reinforcement 

ůpe Effective prestress 

ůsl Stress on the reinforcing steel in tension at the capacity point 

ūcr Curvature where the first cracking initiates 
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ūw Diameter of the confining reinforcement 

ūy Curvature where the first yielding of mild reinforcement in tension 

initiates 

ūŮ,cap.drop Curvature corresponding to 10% drop in bending moment capacity 

ūŮ,conc Curvature where the outermost concrete fiber in compression 

reaches to a strain value of 0.005 

ūŮ,tendon Curvature where the strain at the tendon level reaches to tendonôs 

rupture strain 

ɣ Tension reinforcement index 

ɣ' Compression reinforcement index 

ɣp Prestressing reinforcement index 

ɤ Compressive strain limit value dependent on the confinement of the 

section 

ɤwe Confinement factor 
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CHAPTER 1  

1 INTRODUCTION   

1.1 General 

Post-tensioned beam and slab systems are widely preferred building systems in the 

world due to their architectural attractiveness, allowing large spans, economical 

design and less building height. Post-tensioned systems are generally used as post-

tensioned flat plate slabs in buildings in modern countries. Although P.H. Jackson 

first patented the use of post-tensioning 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 patent for use in slabs. However, due 

to the low strength of the steel ropes used at that time, it was not possible for the 

post-tensioning stresses to remain effective in the long term (Billington, 1976). With 

the improvements in steel strength, Freyssinet post-tensioned concrete technology 

developed 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 post-tensioning technology is the same, its application in reinforced 

concrete systems differs. When the applications in the world are evaluated, post-

tensioned slab systems can be grouped as post-tensioned flat slabs, post-tensioned 

slabs with post-tensioned wide band beams and systems in which post-tensioning is 

applied to beams and slabs together. While the application examples in the world 

focus on the first two of the above-mentioned methods, the last method is preferred 

in multi-story parking structures in the USA (Aalami, 2014).  

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

conventional reinforced concrete practice. Conventional reinforced concrete shear 
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frame systems are designed with moment-resisting frames with cast-in-place post-

tensioned beams with longer spans. Because of increasing 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 Justice, Namet 

Prouction Facilities, K¿­¿kyalē Shopping Mall etc. 

Frames with post-tensioned beams are generally formed at 3~5 m intervals ended 

with one-way slab system. The frames are connected to each other with edge beams 

in the other direction. Post-tensioned beams are fabricated monolithically 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 the pre-tensioned end, blasting 

reinforcements can also be used to carry localized stresses. Post-tensioning is applied 

after the concrete gains its 7-day compressive strength at least and the sheaths are 

filled with epoxy or cement-based non-shrink grout to ensure adherence between 

post-tensioning wires and reinforced concrete. In case of the anchorage system loses 

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 cross-section, but elliptical cross-section or plastic sheaths can 

also be used (Williams and Khan, 1995).  

Post-tensioning design is usually performed only under gravity loads together with 

short and long term stress losses. In the design, it is aimed to keep the post-tensioning 

tendons elastic in service and earthquake conditions. In addition, the tensile and 

compressive stresses in the concrete should not exceed the limit conditions given by 

the regulations (TS3233 or ACI318-19). In case of horizontal loads, post-tensioning 

is neglected in the selection of the structural system behavior coefficient (R). The 

main reason for this is that the earthquake code does not include a moment-resisting 

frame system with cast-in-place post-tensioned beams. Therefore, the ductility 
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expected from this kind of frame system is not truly reflected in the design. 

According to the engineer's preference, a lower structural behavior coefficient 

corresponding to a more brittle system is sometimes selected based on the experience 

of the designer to be on the safe side. The amount of mild reinforcement is 

determined according to the tensile stresses on the beam during the transfer of post-

tensioning stress and the stresses calculated as a result of the analysis under 

horizontal loads but without a clear R value. In the detailing of post-tensioned beam-

column connection zone, no special calculation related to ductility is made. Section 

8.4.3 of the Turkish Building Earthquake Code (2018) provides shear checks for 

moment-transmitting fully post-tensioned connections (MAB2) for pre-engineered 

buildings. However, this connection type is quite different from the cast-in-place 

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

The performance of post-tensioned beam-column connection under seismic loads 

will be investigated through experimental and analytical studies. In the study, the 

effects of post-tensioning steel ratio ɟpt and stress level, soft reinforcement ratio ɟst, 

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 calibrated 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, design parameters that will provide safer and 

more economical design of cast-in-place 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 been widely used in the past experimental 

studies aiming to evaluate the behavior of reinforced concrete column - beam 

connections under seismic loads (Pagni and Lowes (2003), Lowes (2004), Bonacci 

and Pantazopoulou (1993), Park and Mosalam (2012)), will be used. The specimen 

in this setup, which is also used for the experimental investigation of prefabricated 

post-tensioned beam-column connections, is formed by cutting two floor columns 
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and the beam connected to them at the bend points to represent the frame exterior 

connection. (Aktaĸ (2006)). 

   

(a) interior joint (b) exterior joint (c) elbow ñTò joint 

Figure 1.1. Examples of reinforced concrete frame column-beam joints 

Figure 1.2 shows the schematic test specimens, and loading methods of previous 

studies on post-tensioned slab or beam-column connection assemblies.  

 
   

(a) Kang (2005) 
(b) Trongtham N 

(1977) 

(c) (Martinez-

Cruzado, 1993) 

(d) Foutch DA 

(1990) 

Figure 1.2. Experimental studies on post-tensioned flat slab-column joints (Han, 

Kee, Park, Lee, & Kang, 2006) 

1.2 Review of Past Studies 

As narrated by Billington (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 long-lasting. A new patent for flooring was granted to 

C.W. Doehring in 1888. Nevertheless, the long-term effectiveness of the post-

tensioning stresses was not attainable because of the weak steel ropes that were in 

use at the time. Eugene Freyssinet's 1940 invention of Freyssinet post-tensioned 

concrete technology, which opened the door for its current use and saw widespread 
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usage in flooring systems both domestically and internationally, was made possible 

by advancements in steel strength. Ever since, the structural engineering community 

keeps his enthusiasm about the behavior of post-tensioned concrete. 

An extensive survey was made on the available literature about the behavior of 

reinforced concrete frames with post-tension. It is revealed that existing research on 

how the frames with cast-in-place post-tensioned beams respond to seismic forces is 

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 beamïcolumn joints, behavior of self-centering systems, and behavior of 

fully and partially prestressed frames. 

While the thesis work focuses on the performance of the cast-in-place post-tensioned 

beams in reinforced concrete frames under seismic actions, the reviewed literature 

involves experimental and numerical studies encompassing a broad range of studies 

that might be considered relevant. 

1.2.1 Prestressed Precast Frames Tests and Research 

A study involving experimentation on a precast beam-column system incorporating 

post-tensioning is presented in  Aktaĸ (2006) where the post-tensioned hybrid 

moment frame was defined as the fames formed by the precast reinforced concrete 

beams and precast reinforced columns joined with post-tensioned 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 post-tensioned bonded tendons. Contributing to the frame's seismic 

performance comprises the post-tensioning tendons, which are joined and made to 

be elastic during earthquakes. Compared to monolithic frames, hybrid moment 

frames behave differently under 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 event is primarily limited to it. Within the limits of 
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permitted displacement, this mechanism exhibits exceptional seismic performance. 

It was noted by the author that the post-tensioning steel provides more initial rigidity 

compared to the conventional precast frames. When the areas under the load-

deformation diagram were compared during the experiment, it was observed that the 

post-tensioned column-beam connection frame absorbed less energy than the 

monolithic specimen. However, as long as the post-tensioning cables remained in 

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

concrete at the column-beam interface cracked. 

 

Figure 1.3. Vew of test setup and the specimen from Aktaĸ (2006) 

The superior earthquake resistance of jointed unbonded post-tensioned precast 

concrete frames was reported by Li (2006). Inelastic rotations due to significant 

lateral loads, formed through the open and close mechanism of the gaps at the beam-

to-column connections. Precast parts was shown to be effectively protected against 

damage by a steel-steel armoured connection, utilizing the concepts of Damage 

Avoidance Design as proposed by Mander and Chang (1997). The building can be 

recentered with minimal residual deformation following an earthquake thanks to the 

unbonded prestressed system. The study experimentally evaluated the biaxial 

performance of the 80% scaled unbonded precast beam-to-column joints having 

simplified the armored connection details. Test protocols selected to include quasi-
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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 steel-steel armored joint details. It was concluded that the specimen with straight 

tendon 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 moment-resisting beam-column assemblies with post-tensioning by 

Ozden and Ertas (2007). Five joints were investigated under displacement controlled 

reversed cyclic loads in the experimental program. The primary variable was the 

ratio of mild steel, defined as the contribution to the jointôs flexural capacity in terms 

of percentage varies from 0% to 65%. For every hybrid connection, the stiffness 

deterioration, energy dissipation, residual displacement, and strength were compared 

to the reference monolithic subassembly test results. The primary goal of the research 

was to ascertain how mild steel rebar affected the behavior of hybrid joints made of 

post-tensioned 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 opening approach accurately 

predicted the connection capacities. If sufficient strength, energy dissipation, 

ductility and minimal residual displacement parameters are considered, then a mild 

steel reinforcement contribution of 20% to 30% to the moment capacity appears to 

be the most sensible connection design. The authors also reported an additional 

benefit of mild steel reinforcement, namely an improvement in the ductility when 

mild steel was introduced as compression reinforcement. 



 

 

 

8 

1.2.2 Conventional Reinforced Concrete Beam-Column Connection Tests 

and Research 

Bonacci and Pantazopoulou (1993) studied 86 beam-column joint tests mostly from 

United States, New Zealand, and Japan to investigate the effect of design parameters 

such as axial load, transverse reinforcement, concrete strength, bond demand. The 

most significant outcome of the study was that transverse beams effectively prevent 

joint shear failure, despite the parametric reliance and the variety of experimental 

methodologies used by different researchers. 

A model was proposed by Lowes (2004) to 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 interface 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 arrangement that assemblies with larger beam bars exhibit 

more inelastic behavior due to bar slip but less due to joint shear deformation. 

Beam-column joints with inadequate transverse reinforcement are susceptible to 

shear failure under seismic loads. A shear strength model was presented with a 

technical report written by Park and Mosalam (2012) as a result of an extensive 

experimental and analytical research program by Pacific Earthquake Engineering 

Research Center. Within the context of the report, four full-scale exterior corner 

beam-column joint assemblies featuring two orthogonal beams and floor slab were 

tested under quasi-static reversed cyclic load. According to the test results, joint 

shear strength dropped as joint aspect ratio increased, and they are directly correlated 

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

Hande and Tankut (2017) tested seven strengthened and four reference ñTò shaped 

2/3 scaled test specimens. Strengthening was made by drilling and placing diagonal 

steel bars into joint with epoxy resin to resist principle stresses formed through the 
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beam-column joint under seismic loads. Thanks to the ease of application, this 

method is practical and efficient to increase the shear capacity of beam-column 

connections lacking the joint reinforcement according to the study. However, 

intruded reinforcements do not provide confinement to the joint.   

1.2.3 Self-centering Systems Tests and Research 

A self-centering precast concrete frame is a structural system used in construction 

that employs precast concrete components. These elements 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 well as certain connections and 

devices, are usually the core components of a self-centering precast concrete frame. 

The self-centering aspect of these systems is made possible by mechanisms that 

absorb and disperse seismic energy, allowing the structure to return to its 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 

quicker 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 earthquake-prone areas, 

where strong structures are necessary for both long-term durability and safety. 

The seismic behavior of reinforced concrete frames with self-centering capabilities 

was experimentally and numerically evaluated by Cui, Lu, and Jiang (2015). Test 

results of a half scale model of a two story self-centering frame were verified by 

OpenSEES. Prestressed tendons were used to provide self-centering 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 complementary. Area and location of 



 

 

 

10 

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 rubber, and stiffer beams 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 self-centering capability. 

Extreme earthquakes may cause strands to endure inelastic cyclic loading, despite 

the fact that they are normally meant to remain elastic during design basis seismic 

occurrences. Moreover, the collapse mechanism of self-centering systems is 

primarily determined by the yielding and fracture characteristics of post-tensioned 

strands. To describe the cyclic inelastic behavior of mono-strand anchoring systems 

as they may be used in self-centering frames, a testing program was carried out by 

Bruce and Eatherton (2016). More than fifty experiments with different testing 

protocols, strands, manufacturers, anchorage systems, and initial prestress were 

included in the experimental program. The experimental program's outcomes show 

that the investigated monostrand anchoring systems exhibit significant fracture 

deformation capability where the fracture strain was reported as 2.3% to 2.7% in 

addition to strength and elastic deformability . 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 capability. 

In self-centering frames, hybrid connections are essential to regulate the behavior 

and progression of damage throughout the whole structure (Zhou, Song, and Huang, 

2020). Twenty-nine hybrid connections with different structural properties were 

studied based on the current experiments. The damage model was utilized to examine 

the progression of damage in hybrid connections. It consists of three components: 

cumulative energy, residual deformation, and maximal deformation. It has been 

shown that damage states of hybrid joints were not significantly affected by the initial 

prestress in tendons. Under significant deformations, the concrete strength, the 

stirrup ratio, and the self-centering may all significantly reduce the damage that 

hybrid joints create.  
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Song, Yang, and Zhou (2021) proposed an energy-based design procedure 

alternative to direct displacement design approach for self-centering concrete frames 

with hybrid joints where equal flexural capacities of bottom and top sections 

provided and unbonded post-tension tendons connect the beams and column through 

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 self-centering concrete frames designed with the 

proposed 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 of joint characteristics on the seismic behavior of post-tensioned self-

centering frames were examined by Li, 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 self-centering connections with substantial 

energy dissipation capacity that generates significant residual deformations were 

also utilized, together with the standard range of energy dissipation ratio for 

preserving the self-centering behavior of connections. Numerical results were 

evaluated by the authors to conclude that the beam end confinement condition and 

energy dissipation ratio have a major influence on the mechanical behavior of the 

connection. Moreover, the post-yield stiffness increases with the increase of energy 

dissipation, and negative stiffness would result from 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 seismic behavior of the post-tensioned self-

centering frames under near fault pulse like ground motions. Nonlinear time history 

analysis was performed on a 4 and 12 story frames having different energy 

dissipation characteristics. It was reported that unfavorable pulse periods differ with 

the fundamental periods of the frames. According to the outcomes of the study, for 

the frames with 4-stories, which exhibits the first-mode response dominantly, the 

most unfavorable ground motions are those with Tp/T1 larger than 2, which 
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correspond with the extended fundamental periods when structures go beyond the 

elastic limits. The strongest structural reactions are ultimately induced in the 12-story 

self-centering structures due to the more substantial influence of higher-mode 

responses stimulated by the near fault pulse like ground motions with pulses of Tp/T1 

< 0.8. 

1.2.4 Fully and Partially Prestressed Post-Tensioned Frames Tests and 

Research 

An extensive experimental campaign into the seismic resistance of concrete building 

frames was carried out by  Park and Thompson (1975) in the University of 

Canterbury. In this progress report, the authors presented the findings of the tests 

conducted on internal beam-column 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 between post-tensioned and 

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 objective was to provide essential data for the evaluation and design 

of framed structures with enhanced earthquake resistance. The tendons were 

prestressed to around 70% of their ultimate tensile strength and then grouted in fully 

prestressed units. In contrast, for partially prestressed units, the effective prestressing 

was set at approximately 20% of the ultimate tensile strength. Non-prestressed steel 

consisted of mild steel deformed bars. 

In fully prestressed units, the ability to withstand loading up to near 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 a decrease in the cross-sectional area. Partially prestressed 

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

capacity and then unloaded with minimal residual damage. 
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Prestressed beams exhibited a reduction in strength and stiffness upon concrete 

crushing due to the loss of cover concrete, 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. Prestressed 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 their inelastic deformations primarily from 

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

cores. 

Thompson and Park (1980) pursued the research on ductility of partially and fully 

prestressed beams. This study presents an analytical investigation focusing on the 

impact of various factors, including the percentage and distribution of longitudinal 

prestressing steel, the percentage and distribution of longitudinal non-prestressed 

steel, amount of the transverse reinforcement, and the clear cover, and on the 

curvature ductility. The primary objective of the paper was to provide seismic design 

recommendations, particularly concerning the optimal distribution of longitudinal 

and transverse steel within potential plastic hinge regions of prestressed beams in the 

frames. In all cases examined, the ultimate tensile strain of the tendons was 

considered as 0.035. The findings suggest that incorporating non-prestressed 

reinforcement is advantageous from the seismic design point of view, as it serves as 

compression reinforcement, mitigates the strength degradation during cyclic loading, 

and enhances the energy dissipation capacity. 

Another study focusing on the flexural ductility of partially prestressed frames was 

conducted by Naaman, Harajli, and Wight (1986).  They introduced the reinforcing 

index which is a function of the neutral axis depth and concrete 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 finding is that decrease in the 

effective prestress in the prestressing steel reduces ductility in partially prestressed 
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beams by delaying the start of yielding. This impact is more noticeable in completely 

prestressed beams but fades at lower partial prestressing ratios. 

On the contrary, Mo and Han (1996) ended with decreasing ductility and energy 

dissipation as the effective prestress increase as a result of the tests made on eight 

small scale 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 was given as the ratio of 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. Whereas in case 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 (2003) examined four one-third scaled reinforced 

concrete post-tensioned internal beam-column joints. The prestressing force and the 

bond state between grouted mortar and prestressing tendons through a joint were the 

primary test criteria. Using the post-tension technique, prestressing force was applied 

from the ends of the beams concentrically. A nonlinear finite element technique 

analysis was performed as well on these beam-column joints. The study was 

performed by considering, as in the tests, the bond between prestressing tendons and 

grouted mortar. Joint shear was reported as every specimenôs failure mode both for 

the test and the FEM 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 comparisons between the experimental and FEM analysis results. 

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 joint's shear cracking angles. The 
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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 mortar dispersed 

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 columns by Sakai and Mahin (2004). Through 

a set of quasi-static and dynamic analyses, the seismic performance of such columns 

with prestressing strands was studied. Results of the evaluations suggest that reduced 

amounts of longitudinal 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 the centroid of 

the cross section reduces the quasi-static residual displacement by 85%. Post-yield 

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 increases, so do the residual displacement, flexural strength, 

initial yield force, post-yield stiffness, and energy dissipation capacity. A lower 

reinforcement ratio leads to a reduced residual displacement, which is desirable, but 

it also reduces flexural strength and energy-dissipation capacity. Thus, necessity of 

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

Han et al. (2006) tested three samples of exterior post-tensioned flat plate slab 

column joints to assess the hysteretic behavior. Two-third scaled specimens 

consisted of two post-tensioned assemblies with different unbonded tendon layouts 

and one reinforced concrete flat slab. Distribution of the tendons whether banded or 

uniformly distributed along the 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 reinforcement is required for an improved performance in 

case of moment reversals under severe seismic loading.   
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Hamahara, Nishiyama, Okamoto, and Watanabe (2007) tested eight prestressed and 

two non-prestressed reinforced concrete exterior beam-column joints to reveal the 

effect of prestress on joint shear capacity. The authors found that there was no 

significant impact of prestressing force on the ultimate shear strength of the cores in 

beam-column joints. Furthermore, the design shear force acting on a beam-column 

joint should be calculated using the average shear force obtained from the bending 

moment at the joints, as opposed to the horizontal input shear force. Based on these 

findings, the researchers developed 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 fifty-one beam-column joint assemblies that failed 

under shear in the joint cores. 

Coronelli, Castel, Vu, and François (2009) investigated effects of corroded 

prestressing tendons and failed wires on the structural response of post-tensioned 

beams with bonded tendons. Within the scope of the research, main concerns and 

variables of the bonded wire failure were examined with experimental and 

computational studies. The explanation provided indicates that the rupture of the 

wire concentrates damage, resulting in cracks and yielding of the mild reinforcement, 

particularly 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 as those 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 increases in strain 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 rupture 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 loads. However, when 

wire breakage occurs at midspan, the prestressing is significantly diminished. In 
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beams with inadequate shear rebars, 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 utilized by Gharighoran, Daneshjoo, and Khaji (2009). This approach 

identifies damage in post-tensioned reinforced concrete beams, encompassing both 

the precise location and the extent of the damage. The method relies on changes in 

dynamic characteristics, and finite element analysis is utilized to acquire 

fundamental periods and modes. Both numerical simulations and experimental 

observations underscore that the dynamic characteristics of the beams are notably 

influenced by patterns of structural damage and level of post-tensioning.  

Vu, Castel, and François (2010) estimated the structural behavior of post-tensioned 

beams in which unbonded tendons incorporated, considering both deflections under 

service loading both for pre and post cracking phases. The 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 to Karayannis and Chalioris (2013), permanent cracks of limited width 

may form in a partially prestressed reinforced concrete beam under service loads.  

To meet the structural stability criteria under lateral cyclic loads, (Raka, Tavio, & 

Astawa, 2014))  advised to increase the area of compression reinforcement, 

especially at the beam support or in close proximity to the beam-column 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 reinforcement 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 non-prestressed reinforced concrete beams were 

tested by Ghallab (2014) to put forth how ductility affected by post-tensioning. 

Although fiber reinforced polymer tendons were used to prestress the specimens, 
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results are directive for the case of post-tensioning with bonded steel tendons. 

According to test results, prestressing greatly decreased the ductility of the beams. 

Additionally, the ductility of the beams was primarily influenced by the eccentricity 

and the profile of the 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 in the depth of the prestressing force all had a 

substantial impact on the loss of ductility. Changes in the effective prestressing force 

and exerted loads had a limited impact on the ductility of the reinforced concrete 

beams. The increment in prestressing force is mainly associated with a decrease in 

the ultimate displacement capacity of the member and an increase in its ultimate 

energy. 

Davey, Abdouka, and Al-Mahaidi (2013) (2016) investigated the behavior of 

exterior post-tensioned beam-column assemblies under seismic actions. These 

assemblies were designed and detailed to withstand gravity loading conforming the 

common Australian practice in which post-tensioned beams with a larger width to 

depth ratio were incorporated. The experimental program 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, layout of the tendons 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 incorporating post-

tensioned tendons exhibited both higher initial stiffness and greater ductility but less 

yield displacements compared to similar specimens without post-tensioning. As 

expected effect of the post-tensioning 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. This was done 
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under progressive loss of tension in the post-tensioning cables, both during and 

subsequent to the development of cracks at the midspan. Static and dynamic analysis 

were made to compute the natural frequencies at each stage. It was concluded that 

the initial modal frequency, determined through dynamic tests, and the flexural 

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 (2017) conducted an experimental program to 

explore the flexural behavior of post-tensioned concrete beams with bonded tendons 

experiencing strand corrosion. The cyclic loading-unloading test was employed to 

assess the initial stiffness of the beams during the corrosion process. The flexural test 

was then utilized to elucidate the impact of corrosion on failure mode, ultimate 

strength, concrete cracking, post-cracking stiffness, and ductility. Findings 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 markedly 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 beam. As the 

corrosion loss increases, the failure modes of the beams shifted from concrete 

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 

ultimate strength of the beams. 

Nogueira and Rodrigues (2017) introduced a simplified numerical method to 

examine how the confinement provided by transversal reinforcement, impacts the 

ductility of reinforced concrete beams under flexure. The impact of longitudinal 

rebars on ductility is determined by the position of the neutral axis across the cross 

section of the structural element. Neutral axis position values that are lower result in 

reinforced concrete beams with greater cross-sectional heights and, consequently, 

lower longitudinal reinforcement percentages. This 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 of longitudinal steel reinforcement ratio on ductility was 

carried by Mansor, Mohammed, and Salman (2020). One of the remarkable 

conclusions made by the authors is that the 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 that the 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 (2020) got benefit from actual crack patterns developed in the 

post-tensioned beams with unbonded tendons to simulate the change in flexural 

stiffness.  

Lu, Zhou, Li, and Zhao (2021) formed a set of bending tests on corroded post-

tensioned prestressed beams. They discussed parameters that affect the flexural 

strength such as the amount of corrosion, dimensions of beam, concrete compressive 

strength, and the ratio of strength between the prestressed steel and mild 

reinforcement and concrete. As an outcome of the study, the residual bending 

capacity of post-tensioned beams reported to be predominantly influenced by the 

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

of corroded post-tensioned concrete beams proposed by Lu, Yang, and Li (2023). 

Castellanos-Toro et al. (2023) 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 of a post-tensioned 

beam, the beams were tested at multiple load levels of pre-cracking, 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. Additionally, acoustic 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 post-tensioned beams made with 

ultra-high performance concrete with steel fibers was carried out by Dogu and 

Menkulasi (2023). The ratio of non-prestressed reinforcement and volumetric fiber 

content, as well as the loading arrangement, were among the variables examined. In 

the context of post-tensioned ultra-high performance concrete flexural members, the 

recommendation was to incorporate non-prestressed flexural reinforcement. This 

suggestion was founded on several considerations, including enhanced member level 

ductility, delayed initiation of flexural failure attributable to crack localization and 

hinging, and improved dispersion and distribution of cracks. The beams having non-

prestressed flexural reinforcement exhibited significantly higher flexural capacity 

and member-level 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 beams.   As discussed in the preceding section of this chapter, the existing 

li terature 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 modification factors in reinforced 

concrete frames with post-tensioned beams. To fill this gap, a project was developed 

and funded by the Scientific and Technological Research Council of Turkey 

(TUBITAK) under grant number 119M973. The flowchart of the project is given in 

Figure 1.4 on which the scope of this thesis study is highlighted in green. 
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Figure 1.4. The flowchart of the research project 
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The study aims to provide valuable insights into the seismic behavior of such 

structural systems under seismic loading conditions. Through a combination of 

experimental and analytical methods, the research seeks to address key challenges 

associated with the estimation of ductility of post-tensioned beams used in moment 

resisting frames. Main objective of the research was focused on setting relationships 

between ductility of the post-tensioned systems with the mild reinforcement and 

effective prestress used. Additionally, ductility dependent behavior factors of such 

frames were investigated through nonlinear time history analyses. 

Scope of the study can be summarized under following subtitles: 

Experimental Investigation: Design and execute experimental tests on scaled-down 

prototypes to simulate seismic loading conditions. Monitor and analyze the member 

response, including displacements, deformations and strains, to validate analytical 

models. Investigate the influence of post-tensioning on the lateral load resistance, 

ductility, and energy dissipation capacity of the structural system. 

Parametric Analysis: Conduct parametric analyses to investigate the effects of the 

parameters like mild reinforcement amount, compression reinforcement amount, 

effective prestress, and strength of concrete on the ductility of post-tensioned beams. 

Development of Closed Form Solutions: Propose closed form relation between 

curvature ductility and mild reinforcement amount to achieve a ductile behavior. 

Contribute to the advancement of seismic design codes and standards. 

By achieving these objectives within the defined scope, this research aims to deepen 

our understanding of the seismic behavior of moment-resisting frames with post-

tensioned beams. It seeks to offer practical recommendations for more accurately 

estimating the amount of mild reinforcement needed to achieve ductile behavior, as 

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

2 EXPERIMENTAL PROGRAM  

2.1 General 

The study aims to investigate the seismic performance of reinforced concrete frames 

with post-tensioned cast-in-place beams. In these systems, the post-tensioning 

tendon is placed as a single piece across all spans in the beams and then post-

tensioned at one or both ends depending its length. Because of this placement, there 

is an anchorage zone in the external connections, while the post-tensioning tendons 

are placed continuously in the internal connections. After the tendonsô tensioning 

process, the sheath is filled with non-shrink grout to ensure full adherence between 

the strands and concrete. 

Within the scope of the study, a prototype frame 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, shopping malls, airport terminal buildings 

in our country (Figure 2.1). In those buildings, post-tensioned frames can be 

combined with reinforced concrete frames as well or whole structural load carrying 

system can be purely formed by the post-tensioned frames. TS3233 and ACI318-19 

were followed in post-tensioning design. The prototype frame was dimensioned as a 

part of a 4-story building consisting of post-tensioned beams with 3 spans. 

An exterior column-beam joint was detached from the prototype 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 reality. Table 2.1 presents the scaling ratios of 

the parameters corresponding to 1:2 dimensional scaling. 

Table 2.1 Scaling Ratios 

Parameter Scaling Ratio 

Dimension, displacement 1:2 

Area 1:4 

Volume 1:8 

Force 1:4 

Moment 1:8 

Density 1:1 

Stress 1:1 

 

Four external joint assemblies having different amount of mild reinforcement were 

designed with the selected dimensions. Since the focus of the study is to investigate 

the effect of the mild reinforcement amount to ductility of the post-tensioned beams, 

three of them incorporated with the same post-tensioning characteristics in terms of 

amount of tendon and prestressing level but with different amounts of mild tension 

reinforcement whereas one connection was produced as a beam-column joint of a 

conventional reinforced concrete frame without prestress.  In our country, the 

amount of dead load balanced by post-tensioning is kept around 50%. Designs above 

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 post-tensioning. Taking this into account, it is 

very important to include dead load balancing ratio as experimental parameters in 

the experiments. 

Specimen fabrication and post-tensioning were carried out at METU Structural 

Mechanics Laboratory. Cyclic reversed displacement-based load history and 

constant axial load on the column was exerted as loading protocol and applied by 
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means of electrically controlled hydraulic piston. In the sections following the design 

of the prototype frame, the production of the test specimens, the experimental 

method and the results of the tests are presented in detail. 

 

Jw Mariott Hotel ï 27m span with 80x100cm post tensioned beams 

 

 

Namet Production Facilities in G¿ĸmüova 

Figure 2.1. Example of post-tensioned beam applications in Turkiye 
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Atat¿rk Cultural Center, Ķstanbul 

 

Bilkent University Pool Building ï 21.5 m span with 40x80cm post 

tensioned beams 

Figure 2.1. Continued, Example of post-tensioned beam applications in Turkiye,  
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2.2 Prototype Frame 

2.2.1 Characteristics of the Prototype Building 

A prototype structure composed of reinforced concrete frames with post-tensioned 

beams in accordance with the currently used common construction method was 

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 

composed of 4 story reinforced concrete frames having 3 spans and 3 bays.  

Building plan dimensions, spans and member sizes were determined according to the 

safe and economic suitability of the post-tensioned beam-slab system. A structural 

system in which all earthquake loads are carried by highly ductile frames was 

created. Clear span was chosen 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 that were 80 cm wide and 80 cm deep conforming depth to 

span ratio of 0.005. The 4 story building has dimensions of 24.9 x 52.2 m in plan. 

Height of a single story was 3.2 m. Slab thickness was 20 cm. All columns were 

90x90 cm in cross section. In the short direction, building consisted of 3 bays with 8 

m spacing having secondary beams along the midspans of the bays. Figure 2.2 

represents several views of the building with an emphasis on the exterior beam-

column assembly under examination. 

The building was assumed to be a relatively high seismicity region with a short 

period spectral acceleration SDS value of 0.88 g and a long period spectral 

acceleration SD1 value as. 0.21 g. Required by the Turkish Building Earthquake Code 

(TBDY 2018), the structural behavior coefficient R was taken as 8 and overstrength 

factor D as 3 corresponding to an enhanced ductile system in which all lateral loads 

are carried by frames. The ductile design aims to prevent cracking of beams and post-

tensioning reinforcement from yielding in the service condition, to prevent rupture 

of post-tensioning reinforcement against the collapse prevention performance 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 ACI318-M19 were 

followed for the reinforced and post-tensioned concrete design. 

In terms of gravity loads, 300 kg/m2 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 compatible with the architectural needs 

for a typical office building. Additionally, 500 kg/m2 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 parameters of the structural materials used in design are given in Table 

2.2. 

Table 2.2 Material Properties 

Concrete 

C40/45 

Mild Reinforcement 

B500c 

Strand 

A416Gr270K/1860A 

Ec 34555 MPa Es 200000 MPa Ep 190000 MPa 

fc' 40 MPa fy 500 MPa fpu 1860 MPa 

fct' 2.21 MPa fu/fy 1.25 Ap 150 mm2 

  Ůy 0.0025   

  Ůsh 0.0080   

  Ůsu 0.0800   
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Figure 2.2. Prototype building views 
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2.2.2 Prestressing  

The prestress design involved determining the optimal tendon profile and adjusting 

the amount of effective prestress after the long-term losses to counterbalance dead 

loads.  

Owing to the total length of 52.2 m, the prestressing of tendons from both ends was 

assumed to 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 implemented, with tendons passing through the geometric centroid of the 

flanged section at exterior joints and the highest drapes being adjusted at midspans 

and interior supports. This configuration effectively eliminated the eccentricity at the 

external column faces and secondary moments resulting from prestress, providing 

the utilization of counter forces at the midspans of the beams. Figure 2.3 visually 

depicts the adopted profile across the post-tensioned beams of the building. 

 

Figure 2.3. Tendon profile 

As depicted in the figure, c.g.c. represents the geometric centroid of the flanged beam 

section, while c.g.s. denotes the geometric centroid of the prestress tendon. The 

application of prestressing generates a counter moment due to the eccentricity 

between these centroids. The magnitude of prestressing and the configuration of the 

tendon profile determine the proportion of dead loads that are balanced by prestress 

within the tendons. Relation between the tendon geometry and the equivalent loads 

is given below.  
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In case of c equals d; 

 

Figure 2.4. Equivalent loads 

Equivalent distributed load wb can be calculated with the following equation. 

ύ
ςϽÁϽ0

ὧ
 ( 2-1 ) 

If the lower drape is arranged to be at midspan then the wb yields; 

ύ
ψϽÁϽ0

ὒ
 ( 2-2 ) 

The primary objective in the design phase is to offset a minimum of 50% of the dead 

loads through post-tensioning. A comprehensive analysis accounted for a 17% total 

loss in prestress, incorporating factors such as friction, anchorage settlement, elastic 

shortening, creep, shrinkage, 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 cumulative prestressing steel area of 1200 mm2. 

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 ACI318-M19. It is noteworthy that both 

codes were in agreement regarding the specified width. ACI318-M19 suggest the 

Equation 2-3 for the effective width of a flanged beam section whereas TS500 gives 

Equation 2-4.  
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άὭὲρφϽὸ ὦȟπȢςυϽὰ ȟὝ   ( 2-3) 

άὭὲςϽφϽὸ ὦȟὝ  ( 2-4) 

b : width of the beam 

ls : span length between the centerlines of supports 

t : thickness of slab 

Tw : tributary width of the beams 

Accordingly, geometric properties of the effective flanged section are given in Table 

2.3. 

Table 2.3 Flanged Section Properties of the Beam 

Parameter Value 

Ac cross sectional area 1,120,000 mm2 

I moment of inertia 6.04E+10 mm4 

Yt distance of centroid to top fiber 271.43 mm 

Yb distance of centroid to bottom fiber 528.57 mm 

St section modulus for top fiber 2.23E+08 mm3 

Sb section modulus for bot. fiber 1.14E+08 mm3 

beff effective flange width 3200 mm 

 

 

Figure 2.5. Cross sectional dimensions of the flanged section 
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2.2.3 Code Regulations for Serviceability 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 made at the top and bottom fibers of the section in accordance 

with TS3233. Prestress transfer and long term states of the structure were considered. 

In the transfer stage, only self-weight of the structure was considered together with 

the effective prestress adjusted for short term losses. Limits dictated by TS3233 are 

given in the table. 

Table 2.4 Stress Limits for A Prestressed Concrete Section - TS3233 

Type of Stress Short Term Long Term 

Compression 0.55Āfci 0.45Āfcô 

Tension 0.50Āfci
0.5 0.50Āfcô0.5 

 

Where fci stands for the 7 days characteristic compressive strength of concrete and fcô 

denotes the 28 days characteristic compressive strength of concrete. In all sections 

of the post-tensioned beams of the prototype building given limits were satisfied.  

As a complement to the serviceability checks the ultimate limit state design was 

made following the provisions given in TS3233 and TBDY 2018. It is worth to note 

that the hyperstatic actions due to the post-tensioning were taken into account while 

calculating the internal actions under design loads. Since TBDY 2018 does not cover 

specific clauses regarding the post-tensioned cast-in-place frame type structures, 

requirements dedicated for conventional reinforced concrete frames with enhanced 

ductility were fulfilled . These requirements involve confinement conditions, strong 

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

While minimum reinforcement amount was determined to satisfy flexural capacity 

to be more than the cracking moment, maximum mild and prestress reinforcement 
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amount was checked with the limits given in TS3233 summarized below. Designed 

section successfully complies with the maximum reinforcement limit. 

‪ ‪ ‪ πȢςυ ( 2-5 ) 

‪ πȢςυ ( 2-6 ) 

‪
ὃ

ὦϽὨ
Ͻ
„

„
 ( 2-7 ) 

‪ᴂ
ὃᴂ

ὦϽὨ
Ͻ
„

„
 ( 2-8 ) 

‪
ὃ

ὦϽὨ
Ͻ
„

„
 ( 2-9 ) 

2.2.4 Summary of the Design 

The design process for the prototype frame was concluded with the detailing of the 

reinforcement bars. A summary of the design is outlined in Table 2.5, highlighting 

variations that will be subject to evaluation through the experimental program. 

Upon examining the frames outlined in the table, T02 aligns with the prototype 

building, accommodating both gravity and seismic design actions. T01 demonstrates 

the ability to sustain gravity loads with minimal flexural reinforcement, as advised 

by TS500. In contrast, T03 is characterized by an over-reinforced condition 

compared to T02. T0C represents a conventional reinforced concrete frame without 

any prestress. Each beam section was configured with compression reinforcement, 

the quantity of which equaled that of the tension reinforcement. 

Flexural capacities of the flanged beam sections were calculated utilizing the 

expected strengths of the materials, following the recommendations in TBDY 2018. 

The characteristic strength of concrete was scaled by a coefficient of 1.3, and the 

strength of steel was increased by a factor of 1.2. 

Consistent with the strong column ï weak beam principle to prevent column hinging, 

uniform reinforcement was applied to all columns. Additionally, to mitigate shear 
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failure in both the members 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 assembly, as highlighted in Figure 2.2. 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 are anticipated to 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 makes 3.10 m (1.55 m scaled) 

from the support face was a reasonable distance where the inflection point expected 

to occur as shown in Figure 2.6. It should be mentioned that the location 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 support. For columns, the inflection point was designated as the midpoint 

of the clear height which is 1.2 m (0.6 m scaled) measured over the beam top face.  

 

Figure 2.6. Moment diagrams of the prototype beam 

Four specimens with a scale of 1:2 as T0C, T01, T02, and T03 are given in Table 

2.5. T0C represents the conventional reinforced concrete frame whereas, T01, T02, 

and T03 are the post-tensioned specimens. All specimens are in the same dimensions. 

Dimensions of the specimen is given below. 
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Figure 2.7. Specimen dimensions 

2.3.1 Material  Properties 

The characteristics of the materials used in the test specimens, 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 class concrete which has a 28 days 

characteristic cylindrical compressive strength of 40 MPa. During the concrete 

pouring process, seventeen 150x300 mm sized cylindrical samples were cast. 
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Removing the steel casings, all samples cured with damp cover. Five of them were 

tested with a pressure controlled piston device to obtain uniaxial compression 

strengths at the 28th day of casting. Three samples per specimen making twelve in 

total were tested at the days of experiments to obtain the compressive strength. Mix-

design characteristics for the C40/45 class concrete used are given in Table 2.6. 

Table 2.6 C40/45 Class Concrete Mix-design Details 

Water 

(kg/m3) 

Cement 

(kg/m3) 

w / c Sand 0-4mm 

(kg/m3) 

Aggr. 4-11mm 

(kg/m3) 

Aggr. 11-22mm 

(kg/m3) 

160 280 0.47 1005 236 633 

 

Results of the uniaxial compressive tests of the samples are given in Table 2.7. 28-

day samples are the ones tested after 28 days from the day of casting. The others are 

given with respect to the test specimens on the day of experiment. 

Table 2.7 Compressive Test Results of Cylindrical Samples 

Sample fc1 

(MPa) 

fc2 

(MPa) 

fc3 

(MPa) 

fc4 

(MPa) 

fc5 

(MPa) 

fcAVERAGE 

(MPa) 

28-day 36.93 36.55 35.71 35.38 36.70 36.85 

T0C 53.83 43.38 48.88 - - 48.70 

T01 40.63 49.76 41.51 - - 43.97 

T02 35.11 44.30 40.86 - - 40.09 

T03 47.30 48.45 43.30 - - 46.35 

2.3.1.2 Reinforcement Steel 

Two different types of reinforcing steel were used in the production of the test 

specimens. B500c class deformed bars were used as longitudinal bars, stirrups, and 

ties of beam and column members, featuring diameters of ū10, ū12, ū14, ū18, ū20, 

and ū22. Conversely, B500a class wired mesh with deformed bars with a diameter 
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of 6 mm was utilized as reinforcement for the slabs. Direct tension tests were 

conducted to ascertain both yield and ultimate strengths, along with rupture strains. 

Results are given in Table 2.8.  

Table 2.8 Characteristics of Reinforcement Steel 

Steel Diameter (mm) Es (MPa) fy (MPa) fu (MPa) Ůy Ůsu 

B500c 

10 200000 563 702 0.00281 0.16222 

12 200000 557 693 0.00278 0.14667 

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 0.00288 0.10000 

 

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

rebar and wire mesh are presented below 

  
(a) B500c class ű18 mm rebar (b) B500a class wire mesh 

Figure 2.8. Uniaxial test curves for B500c and 500a class mild reinforcement steel 

2.3.1.3 Prestressing Steel 

EN-10138-3 1860 MPa class 7 wire low relaxation prestressing strands with a cross-

sectional area of 150 mm2 were used to apply post-tensioning to the beams. Four 

samples of strands were tested under direct tension to identify the ultimate tensile 
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strength. Average of the tests yielded 1860 MPa tensile capacity at an ultimate strain 

of 0.036. 

 

Figure 2.9. Uniaxial test curve for tendon 

2.3.2 Test Specimens  

Employing the 1:2 scale ratio to the prototype frame variations, the characteristics of 

all the test specimens produced within the scope TUBITAK research project are 

summarized in Table 2.9. Accordingly, eight beam-column assemblies were 

constructed. T0C, T01, T02, and T03 were examined within the scope of the thesis. 

All productions including formwork, rebar and concrete workmanships together with 

post-tensioning and grouting of the tendon sheaths were made in the Structural 

Mechanics Laboratory of the Middle East Technical University.  

In specimens T01, T02, and T03, a consistent number of prestressing strands and 

level of prestressing were maintained, while the amount of mild reinforcement 

varied. Specifically, 2x150 mm² post-tensioning tendons were 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 termination point of the post-tensioning tendons, situated 

at the outer face of the beam-column 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 a hydraulic jack. Post-tensioning operations were carried 

out on day 28 following the casting of the specimens, although conventionally, post-

tensioning could be executed once the concrete reaches its 7-day strength, 

constituting approximately 70% of its characteristic compressive strength. 

Subsequent to post-tensioning, the sheaths were filled with cement-based non-shrink 

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

compressive strength of 60 MPa.  

The initial test was conducted on Specimen T0C, characterized by a tension 

reinforcement ratio of 1.00 %, embodying a traditional reinforced concrete frame 

assembly. Following this, Specimen T01 was tested, featuring a longitudinal tension 

reinforcement ratio of 0.30 %, meeting the minimum 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 

about 0.4 %. Finally, Specimen T03, slightly over-designed with a rebar ratio of 

about 0.7 %, 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 cages, accompanied by the installation of blast reinforcement in 

pertinent areas and tendon sheaths (Figure 2.12, Figure 2.14, Figure 2.16, and Figure 

2.18). Subsequently, the reinforcement cages were positioned within plywood 

formwork with oiled internal surfaces, followed by the pouring of concrete. Upon 

curing, post-tensioning operations were executed on the specimen, which was then 

transferred to the testing setup. The post-tensioning 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 

process. Post-tensioning sheaths were subsequently filled with non-shrink cement-

based grout. To prevent the creation of any unrealistic secondary moments at the 
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column support face, the support at the free end of the beam was mounted after the 

prestressing and grouting. Finally, the specimen was prepared for the installation of 

instrumentation equipment and subsequent testing. 

 

Figure 2.10. Section views of the specimensô column, beams and slab 

Two major assumptions were considered during the tests. Distributed loads on the 

slab were ignored 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 gravity loads after 

prestressing the tendons would create unrealistic support moments due to the 

cantilever action, where the post-tensioning would not balance the support moments. 

While the imposed moments from the gravity and lateral loads were assumed to be 

combined with the application of lateral loads in the test frames. Second assumption 

was to assume the axial load level on the column to be constant by adjusting the 

hydraulic actuators manually with the help of the load cells. 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

Figure 2.12. T0C ï Production 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

Figure 2.14. T01 ï Production 
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(a) (b) (c) 

 

 

 

(d) (e) (f) 

 

 

 

(g) (h) (i) 

Figure 2.16. T02 ï Production 
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(a) (b) (c) 

   

(d) (e) (f) 

  

(g) (h) 

Figure 2.18. T03 ï Production 
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(a) 7-Wire prestressing strands (b) Sheath 

  

(c) Blast reinforcement (d) Anchorage plate 

Figure 2.19. Post-tension details 
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2.4 Test Setup and Instrumentation  

The test specimen was placed in the test rig isolated from 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 column to simulate the column 

inflection point, a hydraulic piston was affixed at the midpoint of the upper floor 

column to administer horizontal force, and a hinge assembly was mounted at the 

beam free end, facilitating horizontal movement while restricting vertical movement. 

Furthermore, all dead loads and 30% of live loads corresponding to the mass 

potentially active during an earthquake event, calculated according to the isolated 

floor level, were applied as axial force to the column from its upper end via two 

vertical hydraulic actuators with a capacity of 90 tons each. This force corresponded 

to about 10% of the characteristic axial load carrying capacity of the column which 

nearly resembled the axial force level in the prototype buildingôs columns. 

Throughout the experiment, the axial load applied by the hydraulic actuators 

remained constant due to an inverter loading system. These pistons were kept aligned 

with the column axis with the help of high strength threaded rods which are 

connected with hinge assemblies to the strong floor. Horizontal load application, 

involving reversible cyclic displacement, was achieved using a hydraulic actuator 

with a 90-ton capacity connected to the midpoint of the top floor column. This 

horizontal piston was secured to the reaction wall, while the specimen joints were 

anchored to the laboratory's sturdy flooring. In order to preserve the out-of-plane 

stability of the specimen, a stabilizer system was integrated into the setup. This 

system utilized rollers to facilitate displacement in the intended loading direction 

while providing support in the out-of-plane direction. 

Figure 2.20 illustrates the supports and hydraulic actuators utilized in the 

experimental setup. The schematic layout of the major measuring instruments, 

comprising a total of 29 channels, is depicted in Figure 2.21 and Figure 2.22, with a 

corresponding list provided in Table 2.10.  
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Photographs of the measuring instruments are presented in Figure 2.23. Within the 

setup, 20 LVDTs (Linearly Varying Differential Transducers) 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 bottom of the column. 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 calculated with the 

Equation 2-10 according to Paulay and Priestly (1992). In this equation, lp is the 

plastic hinge length estimated with l length of shear span, db is the bar diameter and 

fy is the yield strength of the reinforcement. Local rotation values 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 drift of the system 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 free end as shown on 

Figure 2.22. 

ὰ πȢπψϽὰ πȢπςςὨ ϽὪ ( 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 another load cell 

with a capacity of 50 tons was situated at the end of the horizontal piston. 

Additionally, to continuously monitor the stress in the post-tensioning tendons 

during the applied displacement-controlled load history, one another load cell with a 

capacity of 100 tons was installed at the anchor end of the tendons. 
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LVDT no: 11, 25, 23, 

16 

LVDT no: 24, 4, 5, 6, 7, 

8, 9, 10  

LVDT no: 12, 13, 14, 

15 

   

LVDT no:  21, 22 and 

Load cell: LC4 

Tilmeters: 36, 38 and 

load cell: LC1  

Tiltmeter 37 

Figure 2.23. 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 utilizing the free body diagram of the deformed system shown in 

Figure 2.26. 
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Table 2.10 Monitoring Instruments 

No. Type Direction Measurement Capacity 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 + 2 ́ radian 

37 Tiltmeter Counterclockwise + 2 ́ radian 

38 Tiltmeter Counterclockwise + 2 ́ radian 
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(a) (b) 

Figure 2.24. Data acquisition system 

   

(a) Invertor used to 

control lateral actuator 

(b)Invertor used for 

prestress 

(c) Crack measurement 

Figure 2.25. Invertors and crack measurement 
























































































































































































































































