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Abstract The major disadvantage of using ordinary reinforced concrete (RC) elements is the cor-

rosion of steel, which occurs due to effect of cracks in tension zones. The main advantage of the

fully prestressed concrete system is the absence of cracks in the concrete at the nominal service load

and therefore better durability will be achieved. Combining the PC system with the use of high

strength concrete is a milestone, which will potentially result in a new design approach. The disad-

vantage of the use of this combination is referred to the reduced ductility of concrete members.

This paper presents an experimental program conducted to study the behavior of bonded and

unbounded prestressed normal strength (NSC) and high strength concrete (HSC) beams. The pro-

gram consists of a total of nine beams; two specimens were reinforced with non-prestressed rein-

forcement, four specimens were reinforced with bonded tendons, and the remaining three

specimens were reinforced with unbonded tendons. The overall dimensions of the beams are

160 · 340 · 4400-mm. The beams were tested under cyclic loading up to failure to examine its flex-

ural behavior. The main variables in this experimental program are nominal concrete compressive

strength (43, 72 and 97 MPa), bonded and unbonded tendons and prestressing index (0%, 70% and

100%). Theoretical analysis using rational approach was also carried out to predict the flexural

behavior of the specimens. Evaluation of the analytical work is introduced and compared to the

results of the experimental work.
ª 2012 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
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Introduction

The development of reliable prestressing techniques has cer-

tainly been an important innovation in the field of structural
concrete. It enabled concrete construction to compete success-
fully within areas that had previously been dominated by steel

constructions, including long span bridges, high rise buildings,
ction and hosting by Elsevier B.V. All rights reserved.
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Notation

A0s area of non-prestressing compression reinforce-

ment
As area of non-prestressing tension reinforcement
b width of section
c neutral axis depth from the extreme compression

fiber in concrete
dp distance from extreme compression fiber to cen-

troid of prstressed reinforcement

dp depth of prestressing reinforcement from extreme
compression fiber

ds depth of non-prestressing reinforcement from ex-

treme compression fiber
Eps modulus of elasticity of prestressing reinforcement
fps stress in prestressing reinforcement at ultimate
fse allowable prestressing stress at time of transfer

f0c concrete compressive strength

fy yield stress in non-prestressing reinforcement
f coefficient with regard to the loading type = 3 for

two point loading or uniform loading
fpy yield stress of the prestressing reinforcement

K 100 for L/d 6 35; K = 300 for L/d P 35
L span
L1 the sum of lengths of loaded spans containing ten-

dons
L2 total length of tendons between anchorages
ecu assumed failure strain of concrete in compres-

sion = 0.003
qps ratio of prestressing reinforcement Aps/bdp

Xu strain reduction factor
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pressure vessels and offshore structures. Today, prestressing
and, in particular, post-tensioning is a mature technology, pro-

viding efficient, economic and elegant structural solutions for a
wide range of applications. The difference between fully and
partially prestressed concrete beams is referred to the allow-

able permissible tension stresses [1]. Fully prestressing is de-
fined as a complete elimination of tensile stresses in members
at full service load or allow small tension stresses, which can

be resisted by concrete only, while partially prestressing allow
for higher tension stresses in concrete and cracking under full
service loads [2,3]. In this research, the partially prestressed
concrete beams were achieved with a combination of pre-

stressed and non-prestressed reinforcement while fully pre-
stressed concrete beams contained prestressed reinforcement
only. Manalip et al. [3], studied the behavior of the compres-

sion zone of reinforced and prestressed HSC elements and con-
cluded that HSC has a brittle behavior in case of specimens
subjected to axial compression, while different behavior was

observed for reinforced or prestressed beams. It was also re-
ported that use of HSC results in doubling the plastic rotation
capacity, for reinforced or prestressed concrete beams sub-
jected to pure flexural stresses.

Use of high strength concrete is considered a modern trend
in construction. Many researchers have investigated experi-
mentally and theoretically high strength concrete members.

Compared to normal strength concrete, high strength concrete
has several advantages. For example, it is characterized by a
high density, strength, as well as, good workability. Combining

the advantage of using HSC with prestressing shall result in
more durable and elegant structures. Moreover, the use of
replaceable unbonded tendons allows for future upgrade,

maintenance, and rehabilitation of concrete structural ele-
ments. In case of bonded prestressed beams, the stress changes
in the prestressing steel can be determined from the strain com-
patibility between concrete and steel, which means that the

analysis is section dependent. However, in case of beams with
unbonded tendons, it is necessary to formulate the global
deformation compatibility between the anchorages of tendons.

The stress change in tendon is member dependent and is influ-
enced by initial cable profile, span to depth ratio, deflected
shape of the structure and beam end conditions. This makes
the analysis of beams with unbonded tendons more compli-

cated. ACI 423.7-07 [4] presents recommendations for materi-
als, design, and construction for concrete structures
prestressed with unbonded tendons. Since the early 1950s,

many experimental and analytical researches have been con-
ducted to evaluate the stress at ultimate in unbonded tendons
such as:

(1) The ACI-ASCE committee 423.7-07 [4] proposed the
following equation:
fps ¼ fse þ 70þ f0c

kqps
6 fse þ 420 MPa

6 fpvMPa If fps > fpy use fps ¼ fpy ð1Þ
(2) Namman et al. [5] proposed the following equation to
accommodate many of the factors, which were ignored
in the ACI equation such as the combined presence of
reinforcing and prestressing steel in partially prestressed

members, type of tendons either steel or FRP, span to
depth ratio, loading conditions, loaded spans, and the
effect of the elastic modulus of the used prestressing

tendons. � �

fps ¼ fse þ Xu Ep ecu

dp

c
� 1

L1

L2

ð2Þ

where: for simply supported beam with uniform loading
L1 = L2

Xu ¼ 3

ðL=dpÞ
(3) Lee et al. [6] proposed the following equation to take

into consideration plastic hinge length and effect of
bonded reinforcements.
fps ¼ 70þ 0:8fse þ
1

15

ðA0s � AsÞ � fy
Aps

þ 80

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ds�f0c

dp � qps
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f
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L=dp
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Fig. 1 Concrete dimensions and cable profile of prestressed beams.
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(4) Ozgur et al. [7] presented the generalized incremental
analysis GIA, which is an incremental loading procedure
that can be applied at various load levels to calculate
unknowns in a prestressed beam with unbonded tendons

or a combination of bonded and unbonded tendons.

This paper presents an experimental investigation to inves-

tigate the difference in the behavior between partially pre-
stressed concrete beams with bonded and unbonded tendons
having various compressive strengths (43, 72 and 97 MPa).

In addition, this research investigats the difference between
partially and fully prestressed concrete beams using bonded
tendons with various compressive strengths (72 and 97 MPa)

and comparing the results with reinforced concrete beams.
The program consists of a total of nine rectangular beams with
overall dimensions equal to 160 · 340 · 4400-mm. Modes of
failure, ultimate capacities, deflections and strains of the main

reinforcement and concrete at mid-span for each specimen
were examined. Strain compatibility approach was used to pre-
dict the ultimate carrying capacity of the beams that reinforced

with bonded prestressing strands. ACI-ASCE committee
423.7-07 [4], Naaman et al. [5] and Lee et al. [6] equations were
used in this research to predict the ultimate strength of the par-

tially prestressed beams with unbounded tendons. Deflection
of the beams was calculated using integration of the curvature
along the span of the beams.

The experimental work

The experimental program consists of nine prestressed and non-

prestressed beams with overall depth, width and length of 340,
160 and 4400-mm, respectively, as shown in Fig. 1. The beams
were simply supported with a clear span of 4000-mm. The flex-
ural non-prestressed steel and steel stirrups were made of de-

formed high tensile steel with yield stress of 470 MPa and
ultimate strength of 610 MPa. The top longitudinal reinforce-
ment of the specimenswas two 10-mmdiameter bars with a ratio

of 0.29%. The stirrups were 10-mm diameter bars every 200 and
100-mm at mid-span and beam ends, respectively, with a volu-
metric percentage of 0.34% and 0.68%, respectively. The con-

crete cover of the stirrups was 25-mm.
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Fig. 2a Reinforcement details
The selection of mixture properties for normal and high
strength concrete was based on several trail mixes and their

dry-cured 28-day compressive strength. The average dry-cured
28-day compressive strengths of the selected mixes were 43, 72
and 97 MPa.

The main reinforcement of the specimens changed accord-
ing to the prestressing index (ip), which was defined as the ratio
of the yield strength of the prestressing reinforcement to the

sum of the yield strength of the prestressing and non-prestress-
ing reinforcement, as given by the following equation [9]:

ip ¼
Apsfpy

Apsfpy þ Asfy
ð4Þ

One strand with diameter 15.24-mm was used to reinforce
the fully prestressed beams, one strand with diameter 12-mm

in addition to two 10-mm diameter non-prestressed bars were
used to reinforce the partially prestressed beams and six 10-
mm diameter bars were used to reinforce the non-prestressed
beams, as shown in Figs. 2a, 2b and 2c. The yield and ultimate

stress of the prestressing steel strands were 1674 and
1860 MPa, respectively.

The prestressing steel strand had a profile similar to the

bending moment induced from the concentrated loads, as
shown in Figs. 2b and 2c. Additional horizontal stirrups were
added at the anchor zone to resist the splitting force; these stir-

rups were calculated according to the recommendation of the
ACI code [1]. The prestressing strand was placed inside a poly-
ethylene duct and fixed with the beam stirrups using horizontal

steel chairs, as shown in Fig. 3. The grouting fitting was placed
at distance of 300 mm from each side of beam. The prestress-
ing force was applied at both ends of each beam using 250 kN
jack capacity after the concrete reached an age of 28 days on

four steps up to 1395 MPa stress level, which is equal to
75% of the ultimate stress for bonded and unbonded strands,
as shown in Fig. 4. During prestressing, the strand elongation

was measured using digital measurement tool with accuracy of
0.01 mm and the prestressing force was monitored by load cells
with 250 kN capacity. Table 1 presents the measured and the

calculated force based on the measured elongation taking into
consideration the friction losses. Table 1 also includes the mea-
sured elongation of each specimen. The specimens with
200 100
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of non-prestressed beams.



2 10 2 10 

15.24mm 
Strand 

15.24 mm Strand 

P/2 P/2 Φ Φ

Fig. 2b Reinforcement details of fully prestressed beams.
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Fig. 2c Reinforcement details of partially prestressed beams.

Fig. 3 The prestressing strand placed inside the polyethylene duct.

Fig. 4 Application of the prestressing force.
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bonded strands were grouted under pressure using grout with

36 MPa compressive strength, as shown in Fig. 5.
Fig. 6 shows the calculated and measured prestressing force

along the beam span.

Test specimens

The variables considered in this study, were concrete compres-

sive strength (43, 72 and 97 MPa), bonded and unbonded ten-
dons and prestressing index (0%, 70% and 100%), as given in
Table 1. The details of the tested specimens are as follows:

h Specimens B1 and B4 had six 10-mm diameter non-pre-
stressed bars installed in two layers, as shown in Fig. 2a.
The volumetric percentage of non-prestressed bars is

0.87%. The concrete compressive strength of these speci-
mens was 72 and 97 MPa, respectively.
h Specimens B3 and B6 had one strand with 15.24-mm diam-
eter, as shown in Fig. 2b. The volumetric percentage of pre-
stressed bars is 0.26%. The concrete compressive strength

of these specimens was 72 and 97 MPa, respectively.
h Specimens B2, B5, B7, B8 and B9 had one strand with 12-

mm diameter and two 10-mm diameter non-prestressed

bars, as shown in Fig. 2c. The volumetric percentage of pre-
stressed and non-prestressed bars is 0.18 and 0.29%, respec-
tively. The concrete compressive strength of specimen B7

was 43 MPa, while for specimens B2 and B8 was 72 MPa.
Specimens B5 and B9 had concrete compressive strength
equal to 97 MPa. The specimens B2 and B5 were reinforced
with bonded prestressing strands, while specimens B7, B8

and B9 were reinforced with unbonded prestressing strands.

Test set-up

The beams were subjected to a cyclic loading up to failure
using a hydraulic machine of 300 kN capacity. The load was

measured using a load cell of 1000 kN capacity, as shown in
Figs. 7a and 7b. Two concentrated loads at 1000 mm from
mid span were applied on the beam using a stroke control sys-

tem. The cyclic loading was achieved by increasing the stroke
at 0.5-mm increments up to 4 mm, 4 mm increments up to
20 mm, 0.5 mm increments up to 40 mm, 5 mm increments
up to 100 mm and finally with 10 mm increments. Two cycles

were applied at each load increment, as shown in Fig. 8. The
data was collected using a data acquisition system and ‘‘lab
view’’ software at a rate of 1 sample per s.

The longitudinal and transverse strains of the specimens
were measured by two different methods; linear variable differ-
ential transducers, (LVDT), and electric strain gauges. The

strains of non-prestressed steel reinforcement were measured



Table 1 Experimental program for beams.

Beams Legend f0c MPa Prestre-ssing

index

Strand area

(mm)

Non-prestressed

steel

Calculated force

(kN)

Measured force

(kN)

Elongation after

losses (mm)

Bond

B1 B1-70-N-B 72 0 – 6T10 – – – Bonded

B2 B2-70-P-B 75 0.70 99 2T10 105.6 100 22.22 Bonded

B3 B3-70-F-B 76 1.00 140 – 152.1 140 22.06 Bonded

B4 B4-100-N-B 95 0 – 6T10 – – – Bonded

B5 B5-100-P-B 97 0.70 99 2T10 105.6 102 22.58 Bonded

B6 B6-100-F-B 94 1.00 140 – 152.1 142 22.15 Bonded

B7 B7-40-P-U 43 0.70 99 2T10 105.6 104 23.02 Unbonded

B8 B8-70-P-U 72 0.70 99 2T10 105.6 101 22.3 Unbonded

B9 B9-100-P-U 95 0.70 99 2T10 105.6 104 22.93 Unbonded

Where legend of the beams was as follows: Beam number-compressive strength-degree of prestressing-grout in the duct B – fcu – fully (F) or

partially (P) or without prestresing (N)- bonded (B) or unbonded (U).

Fig. 5 Grouting process.
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in the longitudinal direction. Deflection was measured at the

mid-span and under the concentrated loads. Fig. 9 shows loca-
tion of the different instrumentations.

Experimental results

The parameters used in this study are the concrete compressive
strength, the prestressing index and bond of the prestressing

strands. Effect of the concrete compressive strength is pre-
sented by the specimens B1 and B4, B2 and B5 as well as B3
and B6 for non-, partially and fully bonded prestressed beams,
respectively. In addition specimens B7, B8 and B9 present the

effect of the concrete compressive strength for partially unb-
onded prestressed beams. Effect of the prestressing index is
presented by the specimens B1, B2 and B3 as well as B4, B5

and B6 for concrete compressive strength equal to 72 and
97 MPa, respectively. Effect of bond of the prestressing strands
is presented by the specimens B2 and B8, B5 and B9 for con-

crete with compressive strength equal to 72 and 97 MPa,
1127 N/mm2

1100 1056 N/mm2
1000 N/mm2

Jacking stress =1395 N/
1200
1300
1400

Fig. 6 The calculated and measured prestressing stress along the be

72 MPa.
respectively. Table 2 summarizes the experimental results: the
cracking load Pcr at the mid span and the corresponding verti-

cal deflection Dcr, the maximum load Pmax and the correspond-
ing vertical deflection D, the yielding load and the
corresponding vertical deflection Dy and the vertical deflection

at failure Du. The table also shows the initial stiffness, which
represented by the slope of load deflection curve before crack-
ing, post cracking stiffness, which represented by the slope of

load deflection curve after cracking up to yielding of reinforce-
ment and the modes of failure for the tested beams.

Naaman and Jeong [8] defined the ductility of the pre-
stressed beams using uploading path of the load deflection

relationship of concrete beams. The proposed ductility index
given by Eq. (5) is based on the elastic and inelastic energies
released at failure. The elastic and inelastic energies released

at failure (Eel, Einel, Et) were calculated based on the area un-
der the load deflection relationships of beams. The cyclic load-
ing carried out for each specimen was used to calculate the

energies. Failure load is defined as 80% of the maximum load
measured on the descending branch of the curve.

Ue ¼
1

2

Et

Eel

þ 1

� �
ð5Þ

Most common ductility index calculation method presented
by Park and Pauley [10] is as follow:

lD ¼ Du
Dy

ð6Þ

The ductility factor was calculated with both methods and

the results were evaluated. Table 3 shows ductility index.

Crack pattern and failure modes

Failure of all non- and partially prestressed specimens started
by yielding of the main bottom steel reinforcement followed by
mm2

(Measured) 

1127 N/mm2

1056 N/mm2

1000 N/mm2

am span for Partially prestressed beam with compressive strength
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Fig. 7b Test set-up of beam specimens.
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crushing of concrete at the top surface. At onset of concrete
crushing, the top reinforcement buckled and the stirrups were
exposed. Sudden collapse was observed for specimens B3 and

B6, which were reinforced with prestressing strands only due
to rupture of the steel strand after crushing of the concrete
top chord. Failure modes of the non- and partially prestressed
beams were more ductile than that of fully prestressed beams.

This is mainly due to the ductility of the non- prestressed steel



Table 2 Experimental results.

Specimen Pcr (kN) Dcr (mm) Py (kN) Dy (mm) Pmax (kN) D at Pmax (mm) Du (mm) Initial Stiffness

(kN.mm/mm)

Post cracking

Stiffness

(kN mm/mm)

Failure mode

B1 33 2.54 103 16.8 152 140.7 140.7 6.70 5.525 A

B2 64 3.15 79 19.05 148 121.8 151 20.33 3.003 B

B3 70 3.57 83 19.88 135 63.2 63.2 18.63 2.856 C

B4 39 2.81 105 18.9 157 138 152 9.91 5.595 A

B5 67 3.56 81 19.8 153 112 121 22.07 3.451 B

B6 74 4.09 88 20.7 145 76 102 19.70 2.877 C

B7 47 4.07 115 29.2 141 76 91 12.71 2.928 B

B8 63 3.54 113 25.4 148 66 76 18.10 2.991 B

B9 65 3.6 121 24.8 155 53 70 20.96 3.561 B

(A) Yielding of steel reinforcement followed by crushing of concrete. (B) Yielding of non-prestressed steel followed by crushing of concrete then

rupture of the prestressing strand. (C) Crushing of concrete followed by sudden collapse for the beam due to rupture of the prestressing strand.

Table 3 Ductility index.

Beam Einel (kN/mm) Eel (kN/mm) Et (kN/mm) Ductility index Ue Ductility index lD = Du/Dy

B1 16,551 1933 18,484 5.28 8.38

B2 16,468 4053 20,521 3.03 7.93

B3 3778 3247 7025 1.58 3.18

B4 21,380 1817 23,197 6.88 8.04

B5 15,348 2981 18,329 3.57 6.11

B6 8043 4670 12,713 1.86 4.93

B7 8538 2107 10,645 3.026 3.12

B8 4631 1846 6477 2.254 2.99

B9 5774 2707 8484 2.066 2.82
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reinforcement. The crack pattern of the non- and partially pre-
stressed beams in the region between the two concentrated

loads was distributed along this length with small width and
large number, as shown in Fig. 10a, b, d and e, compared to
the fully prestressed concrete beams in the same region, where

the cracks were few and with large width as shown in Fig. 10c
and f. This is again due to the presence of non-prestressed steel
in the non- and partially prestressed beams, which it controls

the cracks in the tension zone. In unbonded prestressed beams
the crack pattern was the same as in non- and partially pre-
stressed beams with bonded tendons having distributed cracks
along the beam length between the two concentrated loads

with small width and large numbers as shown in Fig. 10g–i.
According to the pervious observations the non-prestressed

steel improves serviceability of the beams, because it decreases

the crack width and distributes it along the beam length. In
addition, the small crack width produces lower stress concen-
tration at the location of cracks. These results are complying

with those given in the literature for the prestressed beams with
different prestressing indices.

Discussion of the experimental results

The load deflection curves for all tested beams are given to
discuss the effect of prestressing index, grouting and the con-

crete compressive strength. Results are presented through
Figs. 11–18.
Effect of prestressing index

Fig. 11 shows the load-deflection of beams B1, B2 and B3 with

prestressing indices of 0, 70 and 100, respectively and average
concrete compressive strength equal to 72 MPa. The cracking
loads of the specimens B1 and B2 were lower than B3 by

53% and 9%, respectively. This is due to the prestressing force
effect, which concludes that the cracking loads increase by
increasing the prestressing level. The maximum loads of spec-
imens B1 and B2 were higher than B3 by 13% and 10%,

respectively. The slight difference in the failure load is attrib-
uted to the little variation in the designed cross section of par-
tially, fully and non-prestressed concrete beams based on the

commercially available prestressed and non-prestressed rein-
forcement in Egypt. The maximum deflection at the failure
load of specimens B1 and B2 were higher than B3 by 223%

and 239%, respectively. This is due to the presence of non-pre-
stressed steel, which is more ductile than the prestressing
reinforcement.

Fig. 12 shows the load-deflection of beams B4, B5 and B6,

with prestressing indices of 0, 70 and 100%, respectively and
average concrete compressive strength equal to 97 MPa. This
figure presents the same conclusions that were presented by

Fig. 11 for beams with compressive strength 72 MPa. The
cracking loads of specimens B4 and B5 were lower than B6
by 47% and 10%, respectively and the maximum loads of

specimens B4 and B5 were higher than B6 by 8% and 6%,
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Fig. 10 Failure modes of tested specimens.
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respectively. The maximum deflection at the failure load of
specimens B4 and B5 were higher than B6 by 149% and

119%, respectively.
The initial stiffness of the fully and partially prestressed

beams was higher than that of non-prestressed beam. This is

due to the presence of the prestressing force, which delays
the concrete cracking. The opposite phenomena were observed
after cracking, where the post-cracking stiffness was higher for
non-prestressed beam than that of the fully and partially pre-

stressed beams. This is due to the larger area of non-pre-
stressed in B1 and B4 compared to other beams. In the
tested specimens, the initial stiffness of partially prestressed

beam was slightly higher than that of fully prestressed beam.
This slight increase can be explained by the effect of



(h) B8-70-P-U 

(i) B9-100-P-U 

B9

B8

Fig. 10 (continued)

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80 100 120 140 160 180
Deflection (mm)

L
oa

d 
(k

N
)

B1-70-N-B

B2-70-P-B

B3-70-F-B

Fig. 11 Load deflection relationship for specimens B1-70-N-B,

B2-70-P-B and B3-70-F-B.

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80 100 120 140 160 180
Deflection (mm)

L
oa

d 
(k

N
)

B4-100-N-B
B5-100-P-B

B6-100-F-B

Fig. 12 Load deflection relationship for specimens B4-100-N-B,

B5-100-P-B and B6-100-F-B.

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80 100 120 140 160 180
Deflection (mm)

L
oa

d 
(k

N
)

 B2-70-P-B

B8-70-P-U

Fig. 13 Load deflection relationship for specimens B2-70-P-B

and B8-70-P-U.

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80 100 120 140 160 180
Deflection (mm)

L
oa

d 
(k

N
)

B5-100-P-B

B9-100-P-U

Fig. 14 Load deflection relationship for specimens B5-100-P-B

and B9-100-P-U.

Behavior of bonded and unbonded prestressed normal and high strength concrete beams 247
non- prestressed steel, which overcome the effect of the differ-

ence in the prestressing force between partially and fully pre-
stressed beams.

For beams with 72 MPa average compressive strength, the

initial stiffness of the non-prestressed beam B1 was 304% and
278% lower than that of partially (B2) and fully (B3)
prestressed beams, respectively. The initial stiffness of partially
prestressed beam B2 was higher than that of fully prestressed

beam B3 by 10%. In post cracking stiffness, non-prestressed
beam B1 was higher than that of B2 and B3 by 184% and
194% respectively, as shown in Fig. 11.
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and B5-100-P-B.
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For beams with 97 MPa average compressive strength, the
initial stiffness of the non-prestressed beam B4 was 223% and
199% lower than that of partially (B5) and fully (B6) pre-

stressed beams, respectively. The initial stiffness of partially
prestressed beam B5 was higher than that of fully prestressed
beam B6 by 12%. In post cracking stiffness, non-prestressed

beam B4 was higher than that of B5 and B6 by 163% and
195% respectively, as shown in Fig. 12.

Ductility of partially prestressed concrete beams B2 and B5

were higher than that of the fully prestressed concrete beams
B3 and B6 by 249% and 124%, respectively. This increase in
ductility was due to the presence of non-prestressed reinforce-
ment. Using of non-prestressed reinforcement in partially pre-

stressed beams enhanced the ductility and also control crack
formation and reduce the crack width at service loads.

Effect of grouting

Fig. 13 shows the load-deflection of beams B2 and B8 to com-
pare the partially prestressed beams with bonded and unbond-

ed tendons of beams with average concrete compressive
strength equal to 72 MPa. The presence of grout validates
the fact that plane sections remain plane after bending and

the stress distribution is linearly related across the concrete sec-
tion. The cracking loads of specimens B2 and B8 were almost
the same 64 and 63 kN, respectively. The maximum loads of
specimens B2 and B8 were the same 148 kN. The effect of
grouting appears obviously in the maximum deflection at fail-
ure load, which was higher in the bonded beam B2 than B8 by

199%. This can be translated automatically in increase in the
ductility of B2 than B8 by 265%. The initial stiffness of B2
was higher than B8 by 13%, due to presence of grouting.

Fig. 14 shows the load-deflection of bonded and unbonded
beams B5 and B9 with average concrete compressive strength
equal to 95 MPa. This figure presents the same conclusions

that were presented by Fig. 13 in the previous statement.
The cracking loads of B5 and B9 were also almost the same
67 and 65 kN. The maximum loads of the specimens B5 and
B9 were almost the same 153 and 155 kN. The maximum

deflection at the failure load was higher for B5 than B9 by
173% and the ductility of B5 was higher than B9 by 217%.
The initial stiffness of B5 was higher than B9 by 6%.

Effect of compressive strength

Fig. 15 shows the load-deflection of beams B1 and B4 with

concrete compressive strength 72 and 97 MPa, respectively.
The increase in the concrete compressive strength from
72 MPa to 97 MPa led to an increase in the maximum load

by only 4% and in the cracking load by 18%. The maximum
deflection at the failure load of the specimen B4 with higher
compressive strength was higher than B1 by 8%. The initial
stiffness of beam B4 was higher than that of B1 by 48%, as
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well as post-cracking stiffness for B4 was higher than that of
B1 by 2%.

The ductility index lD for B4 with higher compressive

strength was lower than that of B1 by 5%, which complies
with the conclusion made by Naaman and Jeong [8], that the
significant increase in the compressive strength of concrete

may lead to decrease in member ductility.
Fig. 16 shows the load-deflection of partially prestressed

beams B2 and B5 with average concrete compressive strengths

72 and 97 MPa, respectively. This figure presents the same con-
clusions that were presented by Fig. 15 in the previous state-
ment. The maximum load of the specimen B5 was higher
than B2 by 4%. The cracking loads of the specimens B5 was

higher than B2 by 5%. On the contrary of expected the maxi-
mum deflection at the failure load of the specimen B5 was low-
er than B2 by 20% that is because there was a problem in the

machine test during testing this beam. The initial stiffness of
beam B5 was higher than that of B2 by 9%. Post-cracking
stiffness for B5 was higher than that of B2 by 15%. The duc-

tility index lD for B5 was lower than that of B2 by 23%.
Fig. 17 shows the load-deflection of fully prestressed beams

B3 and B6 with concrete compressive strengths 72 and

97 MPa, respectively. The mode of failure of fully prestressed
beams was premature failure, which means that the failure
was mainly due to rupture of prestressing steel strands. The
variation in the ultimate strain of steel strands may have led

to the results given in the graph, which shows that the maxi-
mum deflection of beam with higher fcu B6 is larger than that
of beam with smaller fcu B3 by 62%. The maximum load of
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specimen B6 was higher than B3 by 8%. The cracking loads
of specimens B6 was higher than B3 by 6%. The maximum
deflection at the failure load of specimen B6 was higher than

that of B3 by 62%. The initial stiffness of beam B6 was higher
than that of B3 by 6%. The post-cracking stiffness of B6 was
higher than that of B3 by 1%.

Fig. 18 shows the load-deflection of beams B7, B8 and B9,
which were studied the effect of nominal compressive strength.
This figure presents the same conclusions that were presented

by Fig. 15 in the previous statement. The maximum loads of
the specimens B8 and B9 were higher than B7 by 5% and
10%, respectively. The cracking loads of the specimens B8
and B9 were higher than B7 by 34% and 38%, respectively.

The maximum deflections at the failure loads of the specimens
B8 and B9 were lower than B7 by 16% and 23%, respectively.
This is mainly due to the absence of grouting, which can be

seen obviously when increasing of the nominal compressive
strength. The initial stiffness of specimens B8 and B9 were
higher than that of B7 by 43% and 65%, respectively. The duc-

tility index of specimens B8 and B9 were lower than that of B7
by 25% and 31%, respectively.
Theoretical analysis

Beams with bonded tendons

Analysis of the tested specimens was carried out to predict the
deformational behavior of partially and fully prestressed high
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Table 4

Beam p
ð1Þ
max theo KN p

ð2Þ
max theo KN p

ð3Þ
max theo KN Pmax theo

Pmax theo

ð1Þ Pmax theo

Pmax theo

ð2Þ Pmax theo

Pmax theo

ð3Þ

B7 134 122 134 0.95 0.86 0.95

B8 140 130 140 0.95 0.88 0.95

B9 144 137 144 0.93 0.88 0.93

(1) ACI method; (2) Naaman method; (3) Lee method.
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strength concrete beams. Deflections and curvatures at the
mid-span sections were calculated. Concrete was modeled

using a parabolic stress-strain curve, while steel was modeled
using a bi-linear stress–strain relationship. Strain compatibility
and force equilibrium were carried out using an iterative pro-

cess to establish the moment–curvature relationship at each
section. For each load increment, the curvature at different
sections along the length of the beam was determined. Maxi-

mum deflection of the beam was calculated by integration of
the curvature from the support section to the mid-span section
under the specified incremental load. The stress–strain rela-
tionship for the strands is taking into account according to

the formula presented by Abdelrahman [9].

fps ¼ 196000 eps Aþ B

ð1þ ðC � epsÞDÞ1=D

" #
6 fpu

where: for low relaxation strand with fpu = 1860 MPa,
A = 0.03; B = 0.97; C = 102; D = 10.

A very good correlation between the predicted and mea-
sured behavior was observed and presented in Fig. 19.

Beams with unbonded tendons

Namman and Alkhairia [5] proposed the following procedure
for beams with unbonded tendons:

(1) Calculate the stress in the unbonded tendons at nominal
resistance of the beam using ACI equation. Eq.(1)

(2) Apply the force equilibrium equation on the section at

nominal bending resistance assuming rectangular sec-
tion behavior and get equation with unknown ‘‘c’’.
C ¼ Apsfps þ Asfy
0:85f0cbb1

γ1 fc
β1c fs'

f s fs

fspfsp

εs

εs'

εc

c

 ds
h

b

d\

 dsp

εsp
(3) Apply in the equation by Naaman et al. [5] to calculate
fps Eq. (2).

(4) Solve the two equations simultaneously.
(5) Get the values of C and then get the value of fps
(6) Calculate Mmax theo
Mmax theo ¼Apfps � ðdp�bc=2ÞþAs � fy � ðds�bc=2Þ

þAs0 �Es � ðC� d0sÞ � 0:003
c

� �
� bc=2� ds0ð Þ
(7) Calculate Pmax theo
Pmax theo ¼
2M

a

The values of Pmax theo were calculated by ACI, Namaan and
Lee equations and the results are presented in Table 4.

The equation presented by ACI to predict fps is based on
the past experience with steel tendons and don’t account for
a number of important parameters, such as partial prestress-

ing, span-depth ratio, loading conditions loading pattern and
the presence of As or its value. According to ACI-ASCE com-
mittee 423.7-07 [4], when the fps > fpy use fps = fpy. Accord-

ingly, Pmax was computed using fpy in the ACI and Lee
equations. The results were given by Naaman’s equation com-
pared with the experimental results give the lesser value than
thought given by the ACI and Lee equations.

Conclusions

From the analysis and discussion of the test results obtained

from this research, the following conclusions can be drawn:

(1) The partially prestressed concrete beams with bonded

tendons provide better behavior than those of undonded
tendons such as increase ductility, initial stiffness and
the ultimate deflection up to 265%, 13% and 199%,

respectively.
(2) Presence of non-prestressed reinforcement in
partially prestressed beams enhanced the ductility up
to 92% in comparison to that of fully prestressed con-
crete beams and controlled the crack formation and

crack width.
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(3) Increasing the nominal compressive strength from 72 to

97 MPa for bonded prestressed beams led to a slight
increase in the ultimate and cracking loads by 4% and
18%, respectively.

(4) Increasing the nominal compressive strength from 43, 72
to 97 MPa for unbonded prestressed beams decreased
the maximum deflections at the failure loads by 16%
and 23%, respectively.

(5) The theoretical analysis based on strain compatibility
and force equilibrium gave good prediction of the defor-
mational behavior of non-prestressed, partially and fully

prestressed high strength reinforced concrete beams.
(6) The presented equations by ACI, Lee and Naaman to

predict fps in unbonded tendons gave good prediction

for the maximum stress in the tendons compared with
the experimental results up to 95% in ACI and Lee
equations and up to 88% in Naaman’s equation.
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