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ABSTRACT

INVESTIGATING USE OF UNTENSIONED PRESTRESSING STRANDS IN
REINFORCED CONCRETE FLEXURAL MEMBERS

Arsava,Tuğba
M.S., Civil Engineering Department
Supervisor: Assist. Prof. Dr. Eray Baran
January 2011, 56 pages
In this thesis use of untensioned prestressing strand in flexural members as tension
reinforcement is investigated.

In manufacturing of prestressed/precast concrete

elements prestressing strands are used. According to a questionnaire survey carried
out by companies being active in manufacturing of prestressed/precast products it is
observed that the remaining pieces of cut strands are used only as lifting hooks. In
case these remaining pieces could be used as bending reinforcements, it will be
possible to make a more economical use of these high strength products which are
imported from abroad. When conventional reinforcing bar and high strength strand
compared, high strength strand strands indicate different stress-strain behavior. The
fulfillment of the design requirements of the contemporary building regulations
about using concrete elements reinforced with high strength strands instead of
concrete elements reinforced with conventional reinforcing bars, is still a field which
is open to investigation and research. Aiming to contribute closing the gap in
literature on the subject issue, a research is carried out consisting of laboratory tests
supported by analytical analysis. thirteen reinforced concrete beams prepared, seven
out of thirteen beams were reinforced with conventional reinforcing bars and the
remaining six beams reinforced with high strength strands. All beams were tested
under two point loading. Following the laboratory tests, a numerical parametrical
evaluation is carried out on beams with different cross-sectional areas and with
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different material properties. Following the laboratory tests and the numerical
analysis, the behaviour of concrete members which are reinforced with high strength
steel strands instead of standard reinforcing bars under bending conditions are
evaluated and the differences observed are noted. Finally the applicability of the
procedures with regard to provision of moment carrying capacities and the minimum
required ductility levels identified in American Concrete Institute (ACI-318) and
TS500 regulations to concrete beam elements reinforced with high strength tensile
strands are reviewed and summarized.

Keywords: Reinforced concrete, prestressing strand, high-strength reinforcement

iv

ÖZ
BETONARME EĞĐLME ELEMANLARINDA ÖNGERME HALATLARININ
ÇEKME DONATISI OLARAK KULLANILMASI

Arsava,Tuğba
Yüksek Lisans, Đnşaat Mühendisliği Bölümü
Tez Yöneticisi: Yrd. Doç. Dr. Eray Baran
Ocak 2011, 56 sayfa

Bu çalışmada, öngerme halatlarının betonarme yapı elemanları içerisinde eğilme
donatısı

olarak

(öngerilme

uygulanmadan)

kullanılabilirliği

incelenmiştir.

Öngerilmeli/önüretimli beton yapı elemanlarının üretimi sırasında artık öngerme
halatları oluşmaktadır. Türkiye’de öngerilmeli/önüretimli beton yapı elemanı üretimi
konusunda faaliyet gösteren firmalar arasında yapılan bir anketin sonuçlarına göre,
oluşan bu artık halat parçaları yalnızca yapı elemanlarında kaldırma kancası olarak
kullanılmaktadır. Artık halat parçalarının betonarme yapı elemanlarında eğilme
donatısı olarak kullanılmaları durumunda, oldukça yüksek çekme dayanımına sahip
ve yurdumuza ithal edilmek sureti ile tedarik edilen bu öngerme halatlarının verimli
bir şekilde değerlendirilmesi mümkün olacaktır. Öngerme halatları, normal donatı
çeliğine göre farklı gerilme-birim uzama davranışı gösterdiğinden, donatı çeliği
içeren betonarme yapı elemanları için günümüz yapı yönetmeliklerinde belirtilen
tasarım yaklaşımlarının, yüksek mukavemetli halatlarla donatılandırılmış elemanlar
için kullanılabilirliği günümüzde halen araştırılmayı bekleyen bir konu olarak
bulunmaktadır. Literatürde varolan bu boşluğu doldurmak amacıyla, analitik
çalışmalarla

bütünleştirilmiş

laboratuvar

deneylerinden

oluşan

bir

çalışma

yürütülmüştür. Yedi tanesi konvansiyonel donatı çubukları ile altı tanesi de yüksek
mukavemetli çelik halatlarla donatılandırılmış toplam 13 adet betonarme kiriş
v

numunesi yükleme deneylerine tabi tutulmuştur. Deneysel çalışmaların ardından,
farklı kiriş kesitleri ve malzeme özellikleri kullanılarak rakamsal bir parametrik
çalışma yapılmıştır. Deneysel ve rakamsal çalışmalar sonucunda, betonarme eğilme
elemanlarında çekme donatısı olarak konvasiyonel donatı çubukları yerine yüksek
mukavemetli çelik halatların kullanılması durumunda, elemanın yapısal davranışında
ortaya çıkan farklılıklar belirlenmiştir. Betonarme kiriş elemanlarının moment
kapasitesi ve minimum sahip olunması gereken süneklik seviyesi ile ilgili Amerikan
Beton Enstitüsü (ACI-318) ve TS500 yönetmeliklerinde belirtilen prosedürlerin
yüksek mukavemetli halatlar kullanılarak donatılandırılmış betonarme kiriş
elemanları için uygulanabilirliği incelenmiştir.
Anahtar Kelimeler: Betonarme kiriş elemanları, öngerme halatı, yüksek mukavemetli
donatı
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CHAPTER 1
INTRODUCTION
1.1 Research Objectives
A recent survey conducted among the prestressed concrete member producers in
Turkey has revealed that the strand pieces that are leftover during the fabrication of
prestressed concrete structural members are generally used as lifting hooks. Due to
their improved mechanical properties, these leftover strand pieces can be effectively
used in reinforced concrete members as flexural reinforcement. Considering the high
production cost of prestressing strands due to the special production techniques used,
such an application has the potential of providing a certain level of economical
advantage to the prestressed concrete member producers. Even though there is such a
potential, the structural behavior of concrete flexural members reinforced with
untensioned prestressing strands has not been studied to date. This project aims at
filling this gap by investigating the use of untensioned prestressing strands as tension
reinforcement in concrete flexural members.
The prestressing strands display a stress strain behavior that is different than the
behavior of conventional reinforcing steel bars, as shown in Fig. 1. Stress-strain
behavior of reinforcing steel bars is characterized by a distinct yield point.
Prestressing strands, on the other hand, do not have a distinct yield point and exhibit
higher tensile strength than conventional reinforcing bars. As a result of this
difference, the use of design equations and some limit values that are available in the
current reinforced concrete design specifications have to be studied in order to show
the applicability of them for the design of members reinforced with prestressing
strands.
The main objective of this study is to investigate the behavior of concrete members
reinforced with untentioned prestressing strands. Based on the results of this
research, a flexural design procedure for concrete beams reinforced with prestressing
strands is proposed.
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Figure 1.1 Stress-strain behavior of prestressing strand and conventional reinforcing
steel bar
1.2 Research Methodology
This study consists of two parts. In the first part of the study, behavior of beam
specimens reinforced with prestressing strands and conventional reinforcing bars was
investigated experimentally. In the second part of the study, behavior of these beams
was investigated numerically.
Experimental part of the study included loading testing of thirteen concrete beams
reinforced with either conventional reinforcing bars or high-strength strands. Seven
out of thirteen beams were reinforced with conventional reinforcing bars and the
remaining six beams were reinforced with strands. Beams were tested under twopoint loading. Using the information obtained from load tests, the flexural behavior
of beams reinforced with the two types of steel reinforcement was studied and the
differences and similarities in the response of beams were investigated.
Numerical study included Visual Basic programming in Microsoft Excel to
investigate the flexural response of various concrete beam sections reinforced with
conventional reinforcing bars and high-strength strands. Based on the results of this
parametric study, a procedure that can be used for design of concrete beams
reinforced with high-strength strands was proposed.
2

CHAPTER 2
LITERATURE REVIEW
In this chapter, studies are available in the literature about the flexural behavior of
concrete beams reinforced with high-strength reinforcement is presented.
2.1 Study by Dawood, Seliem, Hassan and Rizkalla
In this study the behavior of flexural members reinforced with MMFX (Multi
Structural Formable Reinforcing Steel) was investigated and a design guideline for
the use of MMFX steel as flexural reinforcement was proposed. MMFX steel has
yield strenght close to twice that of reinforcing bars. For numerically investigating
the behavior of beams reinforced with MMFX, the researchers used cracked section
analysis. Numerically obtained results were compared with experimental results to
determine validity of the proposed material model.
At the end of the study resistance factors were investigated for the flexural members
reinforced with MMFX steel. A resistance factor of 0.65 was proposed for
compression controlled sections with the reinforcement strain limit of 0.006. For
tension controlled sections the reinforcement strain limit was taken as 0.015. As
these sections exhibit substantial plastic deformation, a resistance factor of 0.9 was
proposed.
2.2 Study by Mast, Dawood, Rizkalla and Zia
The objective of this study was to investigate the potential advantages of highstrength reinforcement. Their objective was also to establish acceptable strain limits
for tension and compression controlled sections which are reinforced with highstrength reinforcement. Moment-curvature analyses of reinforced concrete sections
were conducted to establish suitable design limits for tension and compression
controlled sections. Totally eight beams were considered in analyses. Three of them
were designed according to ACI 318 code requirements with a concrete compressive
strength 34 MPa and the remaining five beams were reinforced with high-strength
reinforcements with concrete compressive strengths varying between 28 and 69 Mpa.
Based on their results, they concluded that for acceptable behavior, flexural members
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should be designed with the following criteria; when the reinforcement strain is less
than or equal to 0.004, resistance factor is equal to 0.65 (compression controlled
sections) and when the reinforcement strain is greater or equal to 0.009, resistance
factor is equal to 0.9 (tension controlled sections). Between these strain values, linear
interpolation is used to determine the resistance factors in transition zone.
2.3 Study by Galloway
In this research; the strength and flexural performance of concrete beams reinforced
with MMFX steel was investigated. Ten beams were tested under three point
bending. Four of them were reinforced with MMFX and six of them were reinforced
with A615 reinforcement. The average yield strength of the MMFX bars was 1060
MPa and the average yield stress of A615 reinforcing bars was 425 MPa.
Researchers concluded that if under reinforced flexural members are reinforced with
MMFX capacity of flexural member will increase, on the other hand, using MMFX
steel in flexural members which are over reinforced is not recommended because
capacity of beam specimen characterized by the crushing of concrete.
2.4 Study by Ansley
In this study, concrete beams reinforced with MMFX and grade 60 steel was
investigated under 4 different test setups. At each setup four beams were tested. Two
of them reinforced with Grade 60 and others reinforced with MMFX. Test 1 was the
test of pure flexural behavior of beam specimens. Test 2 was same with the test 1 but
at second setup the flexural reinforcement was lapped. At test 3 lap length of flexural
reinforcement was increased. And at the last setup shear capacities of beam
specimens were measured.
From the experimental results, it was stated that concrete beams reinforced with
MMFX exhibits higher flexural capacity. Both types of reinforcement resulted in the
same flexural behavior up to first cracking with similar crack initiation loads. For
members with lapped reinforcement; MMFX reinforcement exhibits equal or slightly
better bond behavior than Grade 60 reinforcement. Regarding the shear behavior of
beams, it was concluded that both types of reinforcement resulted in similar
response.
4

CHAPTER 3
EXPERIMENTAL STUDY
Experimental part of the research, which includes load testing of 13 reinforced
concrete beam specimens, is presented in this chapter. Information on the design and
construction of specimens, and the procedure of load testing is given, followed by a
discussion of the test results. The test observations and the failure modes of
specimens are presented, measured cracking, ultimate load capacities, stiffness of
beam specimens and reinforcement efficiencies are discussed.
3.1 Specimen Design
Experimental studies were performed using rectangular cross section beam
specimens tested under two-point loading. Beams were 18 cm wide, 25 cm high and
350 cm long, with a clear span of 330 cm. The shear span was 140 cm long and the
constant moment zone was 50 cm long. A drawing showing the dimensions of beam
specimens together with the reinforcement details is presented in Fig. 3.1.
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Section A-A

Section B-B

Figure 3.1 Reinforcement details and dimensions of beam specimens
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Depending on the reinforcement amount used, the cross-section view of the
specimens varied. In Fig. 3.1 section view of a beam specimen reinforced with a
single reinforcing bar is presented.
In the experimental study, seven beam specimens were reinforced with conventional
steel bars and six beam specimens were reinforced with high-strength strands.
All specimens were named with letter and numbers. Letters indicates the
reinforcement type and numbers indicates the reinforcement amount of the beam
specimens. For instance; beam specimen reinforced with strand and with 110 mm2
reinforcement amount, called as S-110. Reinforcement amounts of beam specimens
and number of bars are presented in Table 3.1.

High-strength
steel strand

S-55
S-99
S-110
S-197
S-296
S-428
R-78.5
R-113
R-154
R-201
R-308
R-402
R-603

Reinf.
type

Conventional steel
reinforcing bar

Specimen

Reinf.
amount
1- 3/8 inch
1- 1/2 inch
2- 3/8 inch
2- 1/2 inch
3- 1/2 inch
3- 0.6 inch
φ
1-φ10
1-φ12
1-φ14
1-φ16
2-φ14
2-φ16
3-φ16

Reinf.
area
mm2
55
99
110
197
296
428
79
113
154
201
308
402
603

Reinf.
ratio
%

0.14
0.26
0.29
0.52
0.78
1.13
0.21
0.30
0.41
0.53
0.81
1.06
1.60

Table 3.1 Reinforcement types and amounts used in specimens
Steel stirrups were used inside the beams except at constant moment region. The
reason for not using any stirrup inside the constant moment region was not to affect
the behavior of concrete by providing confinement in this region. Also, as seen in
shear diagram of member in Fig. 3.2 no shear develops in the constant moment
region under two-point loading, therefore there is no need to use stirrups in this
region of the beam.
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Figure 3.2 Shear and moment diagrams for beam specimens
3.1.1 Theoretical Background on Flexural Behavior of Reinforced Concrete Sections
Reinforced concrete beam sections exhibit two different flexural behaviors, namely;
under-reinforced behavior, and over-reinforced behavior, depending on the amount
of reinforcement inside the section.
Balanced reinforcement ratio is the transition limit between the reinforcement ratios
corresponding to the under-reinforced and over-reinforced section behavior.
Balanced reinforcement ratio corresponds to the condition at which the steel
reinforcement yields and concrete crushes simultaneously. Concrete crushing strain
is taken as 0.003, with a corresponding steel strain is of:
εsy = f y / Es

(3.1)

Strain distribution of the cross section at the balanced condition is given in Fig. 3.3.
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εc=0.003

c
d

Neutral Axis

εs
b

Figure 3.3 Strain distribution of balanced case
Balanced reinforcement ratio ρb is derived from equilibrium of compressive and
tensile forces at ultimate capacity of beam section. Compressive and tensile force
distribution of a section is presented in Fig. 3.4. For compressive stress distribution
of concrete, rectangular stress block is used.
0.85 fc

d

C

k1 c

c
Neutral Axis

T
Equivalent
rectangular stress
block

b

Figure 3.4 Internal force couple at ultimat state
Equilibrium of forces is given as
C = T
0.85 fc k1 c b = As fy

(3.2)
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Dividing both sides with bd:
0.85 f c k

Where

cb As f y
=
bd
bd

(3.3)

As
is the reinforcement ratio, ρ.
bd

Strain compatibility between steel reinforcement and concrete gives:
c
=
d

0.003
0.003 +

(3.4)

fy
Es

Substituting Eq. (3.4) into Eq. (3.3):
0.003

0.85 f c k

0.003 +

fy

As f y

=

(3.5)

bd

Es

Balanced reinforcement ratio takes the following form:

ρ b = 0.85k

fc
fy

0.003
0.003 +

(3.6)

fy
Es

When the reinforcement ratio is less than balanced reinforcement ratio, the section is
termed as “under-reinforced”, and the failure mode is expected to be tensioncontrolled failure, which is a ductile type of failure. If the reinforcement ratio is
greater than the balanced reinforcement ratio, the beam section is termed as “overreinforced”, and the failure mode is expected to be compression-controlled failure,
which is a brittle type of failure.
To ensure that reinforced concrete beams have a certain level of ductility ACI 318-99
Building Code defines a maximum flexural reinforcement ratio as given in Eq. 3.7,
and prohibits the use of beam sections with reinforcement amounts larger than this
maximum reinforcement ratio.
ρmax = 0.75 ρb

(3.7)
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On the other hand, to ensure that reinforced concrete beams will have a certain level
of moment capacity following the initiation of cracking, Code ACI also provides a
minimum reinforcement ratio as given in Eq. 3.8.

ρ min =

fc
4 fy

(3.8)

Reinforcement ratios of beam specimens tested in this study reinforced with
conventional rebar are presented in Tables 3.2. Balanced reinforcement and
minimum reinforcement ratios of beam specimens reinforced with high-strenght
strand could not determined because they do not have a distinct yield point.

Specimen Reinforcement
name
amount

ρ minimum

ρ balanced

0.75 ρbalanced

ρ

%

%

%

%

R-78.5

78.5

0.34

3.08

2.31

0.21

R-113

113

0.29

2.52

1.89

0.30

R-154

154

0.28

2.43

1.82

0.41

R-201

201

0.30

2.56

1.92

0.53

R-308

308

0.27

2.30

1.72

0.81

R-402

402

0.28

2.42

1.82

1.06

R-603

603

0.29

2.51

1.88

1.60

Table 3.2 Reinforcement amount of beam specimens reinforced with conventional
rebars
As it is seen from Table 3.2 all beam specimens reinforced with conventional rebars
have less reinforcement than the balanced reinforcement ratio. In addition to this they
all have less reinforcement amount than the reinforcement amount defined by the
code. Only beam specimen R-78.5 has less reinforcement than the minimum
reinforcement amount defined by the code.
3.2 Construction of Specimens
Beam specimens were fabricated at Atılım University Structural Mechanics
Laboratory. The reinforcement cage was prepared and placed inside the form (Fig.
3.5). The concrete was mixed with a drum type mixer and placed inside the form
with shovels, as shown in Figs. 3.6 and 3.7. During the placement of concrete inside
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the form, a hand-held needle type vibrator was used for consolidation. Following the
placement, the surface of concrete was screeded (Fig. 3.8), and the specimen was
covered with wet burlap (Fig. 3.9).

Figure 3.5 Preparation of reinforcement cage

Figure 3.6 Mixing of concrete
11

Figure 3.7 Placing concrete inside the form

F
i
Figure 3.8 Screeding concrete surface
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Figure 3.9 Beam specimens covered with wet burlaps for curing
Concrete used in specimens had a target 28-day compressive strength of 30 MPa.
Concrete mixture components and their amounts are given in Table 3.3. The same
mixture design was used for both group of beam specimens (beams reinforced with
conventional rebars and high-strength strands).

Material

Amount (kg/m3)

Portland Cement

507.9

Water

254.0

Crushed Aggregate (Coarse)

736.5

Crushed Aggregate (Fine)

558.7

Sand

1142.9

Superplasticizer

1.3

Table 3.3 Concrete mix design
For determining the compressive strength of concrete, three 150 mm x 300 mm
cylinder samples were cast together with each beam specimen. Beam specimens and
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cylinder samples were covered with wet burlaps for curing until the day of testing.
The cylinder samples were capped prior to compressive tests, as shown in Fig. 3.10.

Figure 3.10 Cylinder samples capped before compressive testing
The compressive strength of concrete cylinder samples measured at the day of load
testing of the corresponding beam specimens is presented in Table 3.4. The values
given in the table are the average of strengths obtained from three cylinder samples.

Specimen name

Concrete compressive strength
(MPa)

R-78.5
R-113
R-154
R-201
R-308
R-402
R-603
S-55
S-99
S-110
S-197
S-296
S-428

32.0
34.2
33.8
37.8
31.4
35.0
36.7
31.4
31.4
29.5
32.7
32.6
33.5

Table 3.4 Measured concrete compressive strength values
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Tension tests were also performed on pieces of reinforcing bars used in specimens in
order to determine the stress-strain behaviors. Fig. 3.11 presents the measured stressstrain behaviors for the four different sizes of conventional reinforcing bars used in
beam specimens, and the measured yield strength and tensile strength values are
tabulated in Table 3.5. The theoretical stress-strain behavior for a seven-wire
prestressing strand is also shown in Fig. 3.12.
800

Stress (MPa)

600
1
1
1
1

400
200

φ 10
φ 12
φ 14
φ 16

0
0

0,05

0,1

0,15

0,2

0,25

0,3

Strain

Figure 3.11 Measured stress-strain behavior of conventional reinforcing bars.
Yield
strenght
(MPa)

Tensile
strenght
(MPa)

φ10

495

593

φ12

500

562

φ14

510

567

φ16

520

546

Rebar size

Table 3.5 Measured strengths of conventional reinforcing bars
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Figure 3.12 Theoretical stress-strain behavior of seven-wire prestressing strand.
3.3 Test Setup and Procedure
The beams were tested after at least 30 days of curing. The date of concrete casting
and the date of load testing for each specimen are given in Table 3.6.
Specimen name

Date of casting

Date of load testing

R-78.5

13.05.2009

25.06.2009

R-113

18.05.2009

29.06.2009

R-154

21.05.2009

01.07.2009

R-201

25.05.2009

07.07.2009

R-308

27.05.2009

09.07.2009

R-402

02.06.2009

09.07.2009

R-603

04.06.2009

16.07.2009

S-55

24.02.2010

27.04.2010

S-99

30.07.2009

05.10.2009

S-110

19.02.2010

28.04.2010

S-197

10.08.2009

09.10.2009

S-296

17.08.2009

16.10.2009

S-428

19.08.2009

21.10.2009

Table 3.6 Casting and testing dates of specimens
The beams were placed inside the loading frame as shown in Fig. 3.13 and were
supported on steel rollers at two ends such that the clear span was 330 cm. Load was
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applied to specimens with the assembly of hydraulic cylinder, load cell, swivel head,
and a steel spreader beam. Rubber pieces and steel rollers were provided between the
top surface of beam specimens and the load spreader beam.

Figure 3.13 Test Setup
During tests, loading was done with the help of a manually-operated hydraulic pump.
Loading was increased continuously until the failure of the specimen, which was
evident by crushing of concrete near the top part of the cross section in the constant
moment region. However, for some of the beams loading was terminated before
reaching the failure, when the stroke capacity of the hydraulic cylinder was reached.
During load testing, the beams were visually monitored for initiation and progressing
of cracking. The cracks were marked on beams and the crack pattern at the end of
load testing was determined.
3.4 Instrumentation
The main objective of instrumentation used on beam specimens was to capture the
flexural response under loading. Beams were instrumented with displacement
transducers, a load cell, and strain gauges as indicated in Fig. 3.14.
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Figure 3.14 Test Setup and Instrumentation
A load cell with a load capacity of 20 tons was used to measure the total load applied
on specimens. A displacement transducer with 150 mm capacity was placed at the
mid-span of the beam. In an attempt to investigate the variation in reinforcement
strain during loading, two of the beams reinforced with strands were also
instrumented with strain gauges. In these specimens, three strain gauges were placed
on individual wires of strands as shown in Figs. 3.15 and 3.16. These strain gages
were placed at midspan section, 125 mm away from midspan section and 250 mm
away from midspan section. A protective covering was applied on gauges to prevent
damage during concrete casting (Fig. 3.16).
Two additional transducers were also used in the beam specimen that was tested the
first in the testing program to measure the displacements at supports. Because no
appreciable support displacement was measured in this specimen, the additional
transducers measuring the support displacements were eliminated in the load testing
of the rest of the specimens.
The load cell, displacement transducer, and strain gages were connected to a data
acquisition system, and measurements from these instruments were continuously
stored and monitored during load testing of the beam specimens.
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Figure 3.15 Strain gauge placed on an individual wire of the strand

Figure 3.16 Placement of strain gauges on strands
3.5 Test Results
3.5.1 Cracking and Failure Patterns
During load testing, beam specimens were visually inspected to monitor crack
initiation and growth. No distinct difference was detected between the cracking
patterns of beams reinforced with conventional reinforcing bars and high-strength
strands. For both group of beams, cracking started in the constant moment region in
the form of flexural cracking and then spread towards the beam ends as the loading
continued. Fewer and wider cracks were observed on beams with relatively small
amount of reinforcement, and the number of cracks was observed to increase with
the reinforcement amount. Pictures of beam specimens with conventional reinforcing
bars and high-strength strands showing the cracking patterns at the end of load
testing are given in Figs. 3.17 and 3.18, respectively.
For reinforced concrete sections, the internal tensile force resisted by reinforcement
increases with increasing reinforcement amount. Due to this, internal compressive
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force resisted by concrete and hence the depth of compression zone also increase.
This behavior can be seen in Figs. 3.17 and 3.18, respectively for beam specimens
reinforced with conventional rebars and high strength strands. The depth of
compression zone is evident by the level to which flexural cracks have propagated
inside the constant moment region during the load tests.
As evident in the pictures in Figs. 3.17 and 3.18, beams with relatively small amount
of reinforcement had residual deflections after the removal of loading. The reason for
the residual deflections is the flexural cracks remaining unclosed in beams with small
amounts of reinforcement, whereas the cracks in beams with relatively large amount
of reinforcement were hardly visible after unloading. The residual deflections in
beams reinforced with high-strength strands were observed to be smaller than those
with conventional reinforcing bars. It is believed that there are two reasons for this
observation. The first reason is that the beams reinforced with strands were subjected
to lower maximum midspan deflection values during load tests than the beam
specimens reinforced with conventional reinforcing bars. The second reason is due to
the difference in stress-strain behaviors of conventional reinforcing bars and high
strength strands. Due to characteristics of their stress-strain behaviors, tensile strain
in strands remained relatively smaller than the strain in conventional rebars. As a
result of small or no plastic strain in the strands, residual deformations of beam
specimens reinforced with strands were observed to be smaller than beam specimens
reinforced with conventional reinforcing bars.
Crushing of concrete in top part of the beams, which was common to both group of
beams, can also be seen in the pictures in Figs. 3.17 and 3.18.
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Figure 3.17 Pictures of beam specimens reinforced with conventional reinforcing
bars at the end of load testing
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Figure 3.18 Pictures of beam specimens reinforced with high-strength strands
3.5.2 Load-Deflection Response
Flexural behavior of beam specimens reinforced with conventional reinforcing bars
and high-strength strands were investigated by studying the variation of the midspan
deflection with applied load.
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Load-deflection curves of beam specimens reinforced with conventional reinforcing
bars are shown in Fig. 3.19. With increasing reinforcement amount, the ultimate load
capacity increases, while the deformation capacity of beam specimens decreases.
Loading of specimens were continued until the crushing of concrete in the top part of
the beam cross-section. For beam specimens R-78.5 and R-113 loading of beam was
not continued until concrete crushing because these specimens exhibited more
deformation than the stroke capacity of hydraulic cylinder used. As a result,
deflection capacities for these two specimens could not be determined. However, it is
certain that their deflection capacity is greater than the maximum measured value of
110 mm.
Load versus midspan deflection response of beam specimens reinforced with
conventional rebars is shown in Fig. 3.19. Response of beams to applied load was
linear until the initiation of flexural cracking, after that point the flexural stiffness
decreased. Following the initiation of cracking, load resisted by the beams continued
to increase until the yielding of reinforcement. Once the yielding of reinforcement
took place, the load capacity remained almost unchanged until the end of testing.
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Figure 3.19 Load-deflection response of beam specimen reinforced with
conventional rebars.
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120

Load-deflection curves of beam specimens reinforced with high strength strands are
shown in Fig. 3.20. Similar to the specimens reinforced with conventional
reinforcing bars, the maximum load capacity increased and deformation capacity
decreased with reinforcement amount for these beams.
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Figure 3.20 Load-deflection response of beam specimens reinforced with highstrength strands
A comparison of the measured load versus deflection response of the two groups of
beam specimens is shown in Fig. 3.21. For the same reinforcement area, beam
specimens reinforced with strands have greater load carrying capacity and smaller
deformation capacity than the specimens reinforced with conventional reinforcing
bars. The load and deflection capacities of specimens extracted from the plots in
Figs. 3.19 and 3.20 are also listed in Table 3.7.

24

100
324ρ
ρb %
63ρ
ρb %

80

230ρ
ρb %

Total load, kN

152ρ
ρb %

60

44ρ
ρb %
87ρ
ρb %

35ρ
ρb %
82ρ
ρb %

40

21ρ
ρb %
17ρ
ρb %

43ρ
ρb %

20

12ρ
ρb %
8ρ
ρb %

0
0

20

40

60

80

100

120

Midspan deflection, mm

Figure 3.21 Load-deflection behavior of all beam specimens

Specimen
name

Reinforcement area
(mm2)

Load capacity
(kN)

Deflection capacity
(mm)

R-78.5

78.5

11.8

>110

R-113

113

18.5

>110

R-154

154

25.4

107

R-201

201

31.6

104

R-308

308

47.9

91

R-402

402

58.1

56

R-603

603

81.4

40

S-55

55

24.4

90

S-99

99

44.6

77

S-110

110

50.0

70

S-197

197

72.2

55

S-296

296

80.0

51

S-428

428

90.9

39

Table 3.7 Load and deflection capacities of beam specimens

25

3.5.3 Cracking Load
The loads at which initiation of flexural cracking on beam specimens occurred were
determined and presented in Table 3.8. The cracking load values were determined by
using two methods. In the first method, the value of the load at which the first
flexural crack was visually detected during the load tests was taken as the flexural
cracking load. In the second method, the value of the load at which the initial slope
of the load-deflection plot changed was taken as the flexural cracking load. The
values in Table 3.8 indicate that the cracking load capacity of beam specimens is
independent of the amount and type of reinforcement used. The differences in the
cracking load capacity of specimens can be attributed to the differences in the tensile
strength of concrete used in specimens.
The visually determined crack initiation loads are the upper bound for the flexural
cracking load. As seen in Table 3.8, the crack initiation loads determined from the
load-deflection plots are always smaller than the visually determined cracking loads.
This is because of the difficulty and observer dependence in visually detecting the
crack initiation. The cracks must have a certain width in order to be able seen. Loaddeflection plots, on the other hand, indicate the first initiation of cracking in the form
of change in stiffness.
Cracking load values of beam specimens, instrumented with strain gauges, can also
be determined with the help of reading from these gauges. As given in strain values
of reinforcement, with respect to applied load (Fig. 3.22) up to initiation of flexural
cracking measured strain of reinforcement increases with occurred crack sudden
decrease in strain of reinforcement was observed. Same behavior observed in the
load deflection behavior of beam specimen (Fig. 3.21).
As seen in load versus strain plot in Fig 3.22, initiation of cracking in the beam
caused a sudden increase in the reinforcement strain. Therefore, for the two
specimens instrumented with strain gauges, the crack initiation load was taken as the
value of the load at which the reinforcement strain showed a sudden increase. Based
on this procedure, the cracking load for specimens S-55 and S-110 was 8.3 kN and
6.6 kN, respectively. As seen in Table 3.9 the flexural crack initiation loads from
strain gauge data are consisted with those determined from the load deflection data.
26

Specimen

Reinforcement
area
(mm2)

Visually observed
cracking load
(kN)

Cracking load from
load-deflection plots
(kN)

R-78.5

78.5

7.64

7.50

R-113

113

7.64

7.30

R-154

154

8.53

7.00

R-201

201

7.84

7.50

R-308

308

12.74

8.64

R-402

402

12.74

7.51

R-603

603

9.21

8.60

S-55

55

8.82

8.33

S-99

99

6.86

6.09

S-110

110

7.35

6.62

S-197

197

8.82

6.76

S-296

296

8.82

6.47

S-428

428

9.80

6.10

Table 3.8 Cracking load values of specimens
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Figure 3.22 Determining cracking load with the measured values by strain gauge
(Specimen S-55)
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3.5.4 Service Stiffness
Relation between the flexural stiffness and the amount of reinforcement used in
beam specimens was studied to identify possible differences between the
deformation characteristics of beams reinforced with conventional rebars and highstrength strands under service loads. Variation of the service stiffness with the
amount of reinforcement for both groups of beam specimens is shown in Fig. 3.23.
The service stiffness values were determined as the slope of the load-deflection curve
following the initiation of flexural cracking. As seen, the type of reinforcement did
not have an influence on the overall trend between the measured service stiffness and
the reinforcement ratio. However, the plots indicate that for the same reinforcement
ratio, a beam would have a slightly smaller stiffness, if it is reinforced with highstrength strands, than conventional rebars. This will result in for beams reinforced
with high strength strands to show slightly larger deflection values than for beams
with conventional rebars under the same level of service load.
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High-strength strand
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2,0

1,0

0,0
0,0

0,4
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1,2

1,6

Reinforcement ratio, %

Figure 3.23 Relation between service stiffness and amount of reinforcement
3.5.5 Reinforcement Efficiency
Because of differences in the stress-strain behavior of conventional reinforcing steel
rebars and high-strength steel strands, the relation between the flexural capacity and
the amount of reinforcement for beams reinforced with these two types of
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reinforcement was also different. In order to quantify this difference, a parameter
called “reinforcement efficiency” was used. The reinforcement efficiency for each
beam was determined as the ratio of the measured load capacity to the reinforcement
area used in the beam. The relation between reinforcement efficiency values and the
amount of reinforcement for both groups of beam specimens is shown in Fig. 3.24.
Reinforcement efficiency in beams with conventional reinforcing bars was almost
independent of the amount of reinforcement used in the beams. This means that as
the reinforcement amount in the beams is increased, the flexural capacity also
increases with the same order. The plots in Fig. 3.24 also show that the beams with
strands had higher reinforcement efficiency values as compared to those with rebars,
and that the efficiency of strand reinforcement decreased with increasing
reinforcement ratio. The reason for such a trend is the fact that the ultimate behavior
of the beams is controlled by the reinforcement for small reinforcement ratio values,
while concrete becomes the controlling material as the reinforcement ratio gets
relatively high. Once the ultimate behavior of the beam is controlled by concrete, the
flexural capacity of the member does not increase with the same order as the
reinforcement amount. It should also be mentioned here that a decrease in
reinforcement efficiency would also be observed for beams with conventional rebars
if higher reinforcement ratio values were used in the test specimens.
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Figure 3.24 Relation between reinforcement efficiency and amount of reinforcement
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CHAPTER 4
NUMERICAL STUDY
In this chapter the numerical studies performed for the assessment of the load and
deformation capacities of concrete beams reinforced with high-strength strands is
discussed. Firstly, the main assumptions and working procedure of the computer
code used in this study are presented followed by the explanation material models
used in analyses. Lastly, behavior of beam specimens and their capacities are
presented.
4.1 Working Procedure of Numerical Analysis Code
The numerical analysis code, which was prepared in Visual Basic in Microsoft
Excel, determines the flexural load-deflection behavior of different beam specimens
with different material models. The code asks the user the beam dimensions and the
amount of reinforcement, and using this information, the moment-curvature and
load-deflection behaviors of beam specimens are determined.
In the numerical analyses, the following assumptions were done;
i.

Strain compatibility (i.e., perfect bond) between steel and the
surrounding concrete

ii.

Plane sections remain plane after loading

iii.

Tensile strength of concrete is neglected

For an assumed value of top fiber strain, the code assumes a neutral axis depth value.
This neutral axis depth is then divided into 100 pieces, and from strain compatibility,
strain of each layer is calculated (Fig. 4.1). With these strain values, code goes to the
concrete model and finds the stress of each concrete layer. By multiplying the stress
of each layer with the area of that layer, the compressive force at each layer is
calculated. The total internal compressive force is found as the summation of the
forces in all layers. Then steel strain also calculated with strain compatibility. With
obtained steel strain, code automatically goes the steel model and finds the stress
value corresponding the obtained strain value. By multiplying these stresses with the
corresponding reinforcement area code finds the internal tensile force of the section.
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Figure 4.1 Stress and strain distribution of a section
By dividing compressive and tensile forces to each other, code controls the
equilibrium of forces. If division of these forces is within the specified tolarances,
then code calculates moment and curvature values created by these forces. If
equilibrium of forces is not satisfied, the initial assumption of neutral axis depth is
changed and the internal force equilibrium for this new value of neutral axis depth is
checked.
To investigate moment curvature response of section, more than a point is needed so
code determines the sectional response for many different values of top fiber strain.
With this procedure, 50 force couples are determined. With these forces, code
calculates the moment, curvature, deflection and load capacities. Number of these
points can be increased but in this study 50 points were used to investigate capacity
of beam specimens.
4.1.1 Determination of Load Deflection Behavior from Moment Curvature Response
Deflection response of beam specimens was determined from the moment curvature
behavior using the moment area theorem. In moment area theorem, the change in
slope between any two points (Fig. 4.2) on the elastic curve is equal to area of the
curvature diagram between these two points. (Eq. 4.1)
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Figure 4.2 Determination of slope from moment area theorem
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dx
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(4.1)

The vertical deflection of any point B relative to the tangent drawn to the elastic
curve at any point A, is equal to the first moment of the area under the curvature
diagram between these two points, with respect to the point B.

B M

xdx
∆ B / A = ∫
 A EI


(4.2)

For a beam under two-point loading configuration as shown in Fig. 4.3(a), it is
assumed that all plastic action occurs within the constant moment region. In Fig.
4.3(b) curvature distribution at first yield is shown for such a beam. After yield,
plastic deformation starts to occur. Plastic curvature distribution is represented in
Fig. 4.3(c) with shaded area.
The total deflection of the beam is the summation of the yield and plastic deflection
values, which was found by using the expressions in Eqs. 4.3 and 4.4.
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Figure 4.3 Curvature distributions along beam span
4.1.2 Material Model for Concrete
The nonlinear concrete stress-strain behavior used in the numerical investigations is
defined by the following expression

fc = fck

εc
ε c0

n
n −1+ (

(4.5)

ε c nk
)
εc0

Where fck is concrete compressive strength obtained from cylinder tests and εc is
concrete strain.

εco =

f ck n
Ec n − 1

(4.6)

n = 0.8 +

f ck
17

(4.7)

k = 0.67 +

f ck
62

(4.8)
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The modulus of elasticity Ec is estimated from the Eq. 4.9.

E c = 3320 f ck + 6900 MPa

(4.9)

The stress-strain plots for concrete compressive strength values used in numerical
analyses are shown in Fig. 4.4.
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Figure 4.4 Stress-strain behaviors of concrete used in numerical analyses
4.1.3 Material Model for Conventional Reinforcing Steel
The rebar stress-strain model used in the sectional analysis code was based on the
measured behavior, as shown in Fig. 4.5. The measured behavior represents the
results of tension tests performed on φ10, φ12, φ14, and φ16 rebar pieces. For each
bar size, a multi-linear stress-strain model was adopted based on the measured
behavior, as indicated Fig. 4.5 for φ14 bar.
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Figure 4.5 Measured and idealized stress-strain models for rebars
4.1.4 Material Model for High-Strength Strand
The following expression was used for the stress-strain behavior of high-strength
strand in the sectional numerical analyses:

0.97
f p = 200000ε s 0.03 +

1 + (121ε s ) 6

[

]

0.167


 ≤ 1860 MPa


(4.10)

Where εs is steel strain.
The stress strain curve defined by the expression of Eq. 4.10 is shown in Fig. 4.6.
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Figure 4.6 Actual and idealized stress-strain response for high-strength strands
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CHAPTER 5
MOMENT CAPACITY ASSESMENT
In this chapter, the moment capacity of concrete beams reinforced with high-strength
strands is investigated. A comparison of the results of the nonlinear sectional
analyses with the measured moment capacity of beam specimens is given first,
followed by a description of the procedure to predict the moment capacity of beam
sections reinforced with high-strength strands.
5.1 Moment Capacity of Beam Specimens
In order to investigate the change in flexural capacity in relation to the amount of
conventional steel rebars and high-strength strands, the cross section used for beam
specimens was analyzed with varying reinforcement ratios.
Moment capacity of sections was calculated using two different methods. The first
method was to determine the moment capacity of sections using the sectional
analysis with the actual nonlinear material models shown in Fig. 5.1 for steel
reinforcement and in Fig. 5.2 for concrete. The second method used to calculate the
moment capacity of beam sections was the procedure outlined in the ACI[318]
Building Code. In this procedure, the actual nonlinear concrete stress distribution is
replaced by an equivalent rectangular stress block as indicated in Fig. 5.3, and the
steel reinforcement is assumed to have a perfectly elastic and plastic stress-strain
behavior. As shown in Fig. 5.4, actual stress-strain behavior of high-strength strands
was replaced by a behavior that has a perfectly elastic and plastic bilinear relation
with a modulus of elasticity of 200.000 MPa and a “yield” strength of 1700 MPa.
The actual stress-stain behavior of conventional reinforcing rebar replaced with that
has perfectly elastic plastic behavior bilinear relation with a modulus of elasticity of
200.000MPa and a yield strenght 500 MPa. The 500 Mpa yield strenght values was
based on the measured yield strenght values of rebar pieces used in specimens.
Therefore, it can be said that t difference between the actual and idealized behaviors
for convertional reinforcing bars was the elimination of the strain hardening portion
in the idealized behavior. Idealized behavior of high-strenght strand and rebar is
shown in Fig. 5.5
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Figure 5.1 Stress-strain behavior for conventional rebar and high-strength strand
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Figure 5.2 Stress-strain behavior for concrete
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Figure 5.3 Nonlinear and equivalent rectangular stress block for concrete
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Figure 5.4 Idealized stress-strain behavior adopted for high-strength strand
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Figure 5.5 Idealized stress-strain behavior adopted for high-strength strand and
conventional rebar
The relation between the moment capacity of beam sections reinforced with
conventional reinforcing bars and the reinforcement amount is shown in Fig. 5.6. The
graph provides a comparison of the calculated moment capacities with those
determined experimentally. The agreement between the moment capacities
determined by three methods indicates the accuracy of code procedure in predicting
the flexural capacity of concrete beam sections with different reinforcement ratios.
For beam sections reinforced with high-strength strands, moment capacities were
determined using the sectional analysis code with nonlinear material models, and the
ACI code procedure with idealized stress-strain behavior for reinforcement and
equivalent rectangular stress block for concrete. As mentioned earlier in this chapter,
the idealized stress-strain behavior for high-strength strands was assumed to have a
perfectly elastic and plastic bilinear relation with a modulus of elasticity of 200.000
MPa and a “yield” strength of 1700 MPa (Fig. 5.4).
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Figure 5.6 Relation between flexural capacity and reinforcement ratio for beams
sections reinforced with rebars
Variation of the moment capacity of beam sections with the amount of high-strength
strands is shown in Fig. 5.7. Experimentally measured moment values are also given
in the figure. The figure clearly indicates that the moment capacity of beam sections
reinforced with high-strength strands can be predicted accurately for a wide range of
reinforcement ratio values following the procedure used in most structural design
codes as long as an idealized stress-strain behavior is utilized.
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Figure 5.7 Relation between flexural capacity and reinforcement ratio for beam
specimens reinforced with high-strength strands
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CHAPTER 6
DEFORMATION CAPACITY ASSESSMENT
In this chapter, the deformation capacity of concrete beams reinforced with highstrength strands is investigated. In order to be able to quantify the deformation
capacity of such beams, a new parameter called “deformability ratio” is introduced
first, followed by a comparison of the ductility and deformability of concrete beams
reinforced with conventional rebars and high-strength strands. Lastly, the parametric
study performed for the deformation capacity assessment of beams with different
section sizes and concrete strengths is presented.
6.1 Ductility and Deformability
Ductility is a measure of the ability of a structural member to undergo inelastic
deformation and absorb energy. The ratio of deformation at ultimate to the
deformation at yield gives the ductility of the beam. Ductility can be expressed in
terms of various deformation type, such as; displacement, rotation, or curvature. In
this study ductility is evaluated in terms of displacement, as expressed in Eq. 6.1.
µ= ∆ultimate / ∆ yield

(6.1)

Where,
µ is the displacement ductility factor
∆ultimate is the maximum midspan deflectionof beam
∆yield is the midspan deflectionat the initiation of yielding in reinforcement.
Ductility can be determined using Eq. 6.1 for beams reinforced with conventional
reinforcing bars. On the other hand, using this equation to determine ductility is not
possible for beams reinforced with high-strength strands, because ∆yield can not be
defined for such beams. Therefore, a new parameter called “displacement
deformability ratio” is defined to be able to quantify the deformation capacity of
concrete beams reinforced with high-strength strands.
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Displacement deformability is the ratio of the ultimate deflection to the service
deflection of beam specimens, as expressed in Eq. 6.2. Service deflection is taken as
the deflection amount which corresponds to the service load. In previous studies
service load is taken as %60 of the ultimate load capacity (Noaman Reinharelt). In
this study service load level is also taken as %60 of the ultimate load capacity.
δ = ∆ultimate / ∆service

(6.2)

Where, δ is the displacement deformability ratio and ∆service is the midspan deflection
at service load level.
To define the relation between ductility and deformability for beam specimens
reinforced with conventional reinforcing bars, deformability and ductility behavior of
these specimens were investigated and are presented in Fig. 6.1. The figure includes
the numerically determined displacement ductility factor and displacement
deformability ratio values, as well as the ductility and deformability values
determined using the measured load-deflection behavior of the beam specimens. The
figure clearly shows the match between the numerically predicted and
experimentally determined displacement ductility and displacement deformability
values. As seen in Fig. 6.1, there is a close correlation between deformability ratio
and ductility factor. Based on this observation it was concluded that displacement
deformability ratio can be used to assess the deformation capacity of beam
specimens.
It is known that beam specimens with relatively small amount of reinforcement
exhibits more ductile failure and with increasing reinforcement amount the level of
ductility starts to decrease. This trend is also seen in deformability and ductility
behavior of beam specimens shown in Fig. 6.1. Both the displacement ductility factor
and the displacement deformability ratio decrease with the increasing reinforcement
ratio, with the rate of change being much higher for relatively smaller values of
reinforcement ratio.
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Figure 6.1 Deformability and ductility of beam specimens reinforced with
conventional reinforcing bars.
The relation between the displacement deformability ratio and the amount of
reinforcement for beam specimens reinforced with high-strength strands is presented
in Fig. 6.2. The experimentally determined deformability ratio values are in
agreement with the numerically predicted values.
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Figure 6.2 Displacement deformability ratio of beam specimens reinforced with
high-strength strands
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A comparison of the displacement deformability ratio values for beams reinforced
with conventional rebars and high-strength strands is given in Fig. 6.3. As evident in
this figure, both reinforcement types resulted in similar response in terms of the
behavior between the displacement deformability ratio and the reinforcement
amount. It is also clear in these plots that for the same reinforcement ratio values, a
beam reinforced with high-strength strands has considerably lower deformability
than a similar beam with conventional rebars.
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Figure 6.3 Comparison of displacement deformability ratio values for beams
reinforced with conventional rebars and high-strength strands
6.2 Determination of Maximum Reinforcement Limits for Beams Reinforced with
High-Strength Strands
Limiting the amount of tension reinforcement is accepted by several researchers and
design codes to be a method of providing a certain level of ductility in reinforced
concrete members (1995, ACI318 Code) Therefore, to avoid non-ductile failure, the
ACI Building Code has provisions regarding the amount of tensile reinforcement.
Prior to the 2002 edition of the Code, this provision was in the form of directly
limiting the maximum value of the tensile reinforcement ratio to 75% of the
reinforcement ratio corresponding to the balanced condition. A new approach was
adopted in the more current editions of the code, such that the value of the net tensile
strain in the extreme tension steel at ultimate capacity was limited to 0.004. In the
commentary part of the Code, it is stated that limiting the maximum net tensile strain
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of the extreme compression fiber to a value of 0.004 has the same effect as limiting
the tensile reinforcement ratio to about the same value as in the editions of the Code
prior to 2002.
As the numerical analysis indicated that using high-strength strands and conventional
rebars results in similar behavior between the displacement deformability ratio and
the amount of reinforcement, the maximum reinforcement ratio that is specified by
the ACI Code for concrete sections reinforced with conventional rebars is used in
this study to form a basis for the maximum reinforcement amount that should be
allowed for concrete sections reinforced with high-strength strands.
A parametric study was performed to investigate the maximum reinforcement limits
for high-strength strands. Results of this study are presented in Table 6.1. In this
study, five different rectangular beam cross sections were considered with four
different concrete compressive strength values. For each combination of cross
section and concrete compressive strength, the beam was analyzed under varying
amount of reinforcement for both reinforcement types and the corresponding load
versus midspan deflection behaviors were determined.
For beams reinforced with conventional rebars, the maximum reinforcement ratio

ρmax was calculated using Eq. 6.3 as suggested by the ACI Code.
ρ max = 0.75ρ b

(6.3)

Where ρb is the reinforcement ratio corresponding to the balanced condition.
The displacement ductility factor and displacement deformability ratio values
corresponding to the calculated maximum reinforcement ratios were identified using
the numerically determined load versus midspan deflection behavior of beams
reinforced with conventional rebars. These displacement ductility factor and
displacement deformability ratio values represent the minimum values allowed by
the ACI Code for concrete sections reinforced with conventional rebars. It is
considered that a concrete beam reinforced with high-strength strands should have a
displacement deformability ratio of at least the minimum value allowed by the ACI
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Code for a similar beam reinforced with conventional rebars. Based on this
consideration, the reinforcement ratio values corresponding to these minimum
displacement deformability ratios were determined for beams reinforced with highstrength strands using the numerically determined load versus midspan deflection
curves. These values represent the maximum reinforcement amounts for beams
reinforced with high-strength strands such that the corresponding displacement
deformability ratios would be similar to those allowed by the ACI Code for beams
reinforced with conventional rebars. The procedure of determining the maximum
reinforcement ratios for beams reinforced with high-strength strands is explained
graphically in Fig. 6.4, and the results are presented in Table 6.1
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Figure 6.4 Determination of maximum reinforcement ratio for beams reinforced with
high-strength strands (300x550 mm beam cross section, 30 MPa concrete
compressive strength)
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Section
Width

Depth

mm

mm

180

200

250

300

400

210

350

450

550

650

Beams reinforced with conventional

Beams reinforced with

reinforcing bars

high-strength strands

Concrete
strength
(MPa)

ρb %

ρmax

Ductility

Deformability

Deformability

ρmax

20

2.10

1.57

1.6

3.4

3.4

0.16

30

2.93

2.20

1.5

3.1

3.1

0.23

40

3.62

2.72

1.5

2.9

2.9

0.32

50

4.17

3.13

1.5

2.8

2.8

0.37

20

2.10

1.57

1.6

3.4

3.4

0.14

30

2.93

2.20

1.5

3.0

3.0

0.25

40

3.62

2.72

1.5

2.8

2.8

0.30

50

4.17

3.13

1.5

2.7

2.7

0.35

20

2.10

1.57

1.6

3.4

3.4

0.16

30

2.93

2.20

1.5

3.0

3.0

0.24

40

3.62

2.72

1.5

2.8

2.8

0.31

50

4.17

3.13

1.5

2.7

2.7

0.35

20

2.10

1.57

1.6

3.4

3.4

0.16

30

2.93

2.20

1.6

3.1

3.1

0.23

40

3.62

2.72

1.5

2.8

2.8

0.30

50

4.17

3.13

1.5

2.7

2.7

0.35

20

2.10

1.57

1.6

3.3

3.3

0.16

30

2.93

2.20

1.5

3.0

3.0

0.23

40

3.62

2.72

1.5

2.8

2.8

0.32

50

4.17

3.13

1.5

2.7

2.7

0.32

Table 6.1 Numerical values of deformability, ductility and reinforcement ratios of
beam specimens
6.2.1. Procedure to Predict Maximum Reinforcement Limits for Beams Reinforced
with High-Strength Strands
As mentioned previously, ACI Building Code limits the maximum amount of tension
reinforcement to 75% of the reinforcement ratio corresponding to the balanced
condition in order to guarantee a certain level of ductility for reinforced concrete
beams. A similar approach was adopted in this study to develop an expression to
predict the maximum reinforcement ratio for beams reinforced with high-strength
strands.
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The reinforcement ratio corresponding to the balanced condition can be determined
considering the equilibrium of internal tensile and compressive forces:

ρb =

0.85 f c cb
k1
fy
d

(6.4)

Where,
fc is the concrete compressive strength
fy is the yield strength of reinforcement

κ1 is the factor relating the depth of equivalent rectangular
compressive stress block to neutral axis depth, as specified by the ACI
Code.
The ratio of cb/d in this expression is determined using the strain compatibility
principle at the condition of balanced reinforcement:
cb
0.003E s
=
d 0.003E s + f y

(6.5)

Where Es is the modulus of elasticity for reinforcing steel.
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Figure 6.5 Actual and idealized stress-strain response for high-strength strand
As mentioned in the previous chapter, using the idealized stress-strain behavior
shown in Fig. 6.5 resulted in an accurate prediction of the moment capacity of beam
sections reinforced with high-strength strands. The same idealized stress-strain
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behavior was used to predict the maximum reinforcement ratio. In this case, the
modulus of elasticity and the yield strength values are taken as 200.000 MPa and
1700 MPa, respectively, and Eq. 6.4 takes the following form:

(ρ b )strand

=

k1 f c
7700

(6.6)

Limiting the maximum reinforcement to 75% of the reinforcement ratio
corresponding to the balanced condition as accepted by the ACI Building Code, the
maximum reinforcement ratio for beams reinforced with high-strength strands
becomes:

(ρ max )strand

= 0.75(ρ b )strand

(6.7)

The maximum reinforcement ratio values predicted by Eq. 6.7 for beams reinforced
with high-strength strands are presented in Table 6.2. As seen, the maximum
reinforcement ratio values determined using Eq. 6.7 are in close agreement with
those determined using the procedure explained in Fig. 6.4. The agreement between
the maximum reinforcement ratio values determined using these two methods is also
graphically shown in Fig. 6.6.
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Section
Width
mm

180

200

250

300

400

Concrete
Depth strenght
(MPa)
mm

210

350

450

550

650

Deformability

ρmax determined
from load-deflection
behavior

20

3.4

0.16

0.17

30

3.1

0.23

0.24

40

2.9

0.32

0.30

50

2.8

0.37

0.34

20

3.4

0.14

0.17

30

3.0

0.25

0.24

40

2.8

0.30

0.30
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2.7

0.35

0.34
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3.4

0.16

0.17
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3.0

0.24

0.24
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2.8

0.31

0.30
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2.7

0.35

0.34
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3.4

0.16

0.17
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3.1
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0.24
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2.8

0.30

0.30

50

2.7

0.35

0.34

20

3.3

0.16

0.17

30

3.0

0.23

0.24

40

2.8

0.32

0.30

50

2.7

0.32

0.34

(ρmax) predicted
by Eq. 6.7

Table 6.2 Predicted maximum reinforcement ratios for beams reinforced with highstrength strands.

50

0.40
0.35

(ρmax) determined,%

0.30
0.25
0.20
0.15
0.10
0.05
0.00
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

(ρ max) predicted, %

Figure 6.6 Comparison of determined and predicted maximum reinforcement ratios
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CHAPTER 7
SUMMARY AND RECOMMENDATIONS
7.1 Summary
Flexural behavior of concrete beams reinforced with high-strength strands was
investigated through an experimental study integrated with numerical analyses.
Thirteen concrete beams reinforced with either conventional reinforcing bars or highstrength strands were fabricated and load tested as part of the experimental part of
the study. The experimentally obtained results were used for the assessment of the
differences between the measured flexural behavior of the two groups of beam
specimens. The numerical studies performed within the scope of the project included
sectional analyses utilizing nonlinear material stress-strain models. The aim of the
numerical studies was to determine the moment-curvature and load-deflection
response of beam specimens. A parametric study, including five different beam
section sizes and four different concrete compressive strength values was also
conducted for the purpose of the determination of the maximum reinforcement ratio
for concrete beams reinforced with high-strength strands.
Experimental results indicated that for both group of beams, the increase in the
reinforcement amount resulted in an increase in the peak load and a decrease in the
maximum midspan deflection, as expected. For beam specimens reinforced with
conventional reinforcing bars, the flexural capacity was observed to increase with the
same order as the reinforcement amount. Flexural capacity of the beams reinforced
with strands had higher rate of change for relatively small values of reinforcement
ratio and the rate of change of the flexural capacity decreased with increasing
reinforcement ratio.
The experimentally determined flexural crack initiation load of the beam specimens
was independent of the type and amount of reinforcement inside the beams. No
distinct difference was detected between the cracking patterns of the two groups of
beams. Load versus midspan deflection of beam specimens reinforced with
conventional reinforcing bars was observed to remain linear until the yielding of
reinforcement, after which the load resisting capability remained almost unchanged
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until the failure. For the case of beam specimens reinforced with high-strength
strands, the load-deflection behavior did not indicate a definite yield load value. Test
results also indicated that for the same reinforcement amount, beams reinforced with
high-strength strands have slightly smaller service stiffness than those reinforced
with conventional reinforcing bars.
A comparison of the measured and numerically predicted response of beam
specimens indicated that the cracking load, peak load, and the deformation capacity
of concrete beams can be accurately determined by the sectional analysis procedure
for both types of reinforcement. Further numerical results using an idealized stressstrain behavior for high-strength strands indicated that the moment capacity of
concrete beam sections reinforced with high-strength strands can be predicted
accurately for a wide range of reinforcement ratio values following the procedure
used in most structural design codes.
The level of ductility present in concrete beams reinforced with high-strength strands
is evaluated using the parameter called “displacement deformability ratio.”
Displacement deformability ratio is defined as the ratio of the response at ultimate
state to that under service load level. The maximum reinforcement limits to be used
for concrete beams reinforced with high-strength strands were determined using the
criteria that these beams should have a displacement deformability ratio of at least
the minimum value allowed by the ACI Code for similar beams reinforced with
conventional reinforcing bars. Using the numerically determined maximum
reinforcement limits for concrete beams reinforced with high-strength strands, an
expression was proposed be used at the design stage. The form of the proposed
expression is similar to the maximum reinforcement ratio limit available in the ACI
code for concrete beams reinforced with conventional rebars, such that the maximum
reinforcement ratio is limited to 75% of the value corresponding to the balanced
condition.
7.2 Recommendations
Using high-strength steel strands as the main reinforcement in concrete flexural
members can provide significant benefits in certain cases due to the superior
mechanical properties of the strands. Because of the fundamental differences in their
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stress-strain behaviors, the procedures provided in the current structural design codes
for the design of concrete flexural members reinforced with conventional steel
reinforcing bars can not be directly used when high-strength strands are used as
reinforcement. The design procedure summarized below provides the same level of
load and deformation capacities for concrete beams reinforced with high-strength
strands as those available in beams designed according to the ACI Code using
conventional reinforcing bars.
The moment capacity shall be calculated using the equivalent rectangular stress
block for concrete as defined in the ACI Code. The material model for the highstrength strands shall be a bilinear behavior with perfectly elastic and perfectly
plastic regions with a modulus of elasticity of 200.000 MPa and a yield strength of
1700 MPa. The maximum reinforcement limit shall be calculated as follows:

(ρ max ) =

k1 f c
10250

(7.1)
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