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Using a verified finite element algorithm, non-linear analysis of externally
prestressed concrete beams was carried out to investigate the flexural
behavior of such beams under static loads. The behavior of such beams is
represented by; change of tendon’s eccentricity, load deflection diagram,
the relations of load and stress in external tendons, effective depth of
beam, and bond strain reduction factor. The parameters affecting the
behavior of such beams include: span to depth ratio, distance between
loads to span ratio, distance between deviators to span ratio, the ratio of
prestressing index and reinforcement index concrete compressive
strength and tensile and compressive reinforcement ratios. The strain
variation in an external tendon was investigated on the basis of the
deformation compatibility of beam. The proposed method for the
numerical analysis can satisfactorily predict the behavior of externally
prestressed concrete beams up to the ultimate loading stage. The stress
increase in an external tendon depends mainly on the overall deformation
of beam. The behavior of externally prestressed concrete beams is
different than that of bonded prestressed beams due to the second order
effect of tendon’s eccentricity. This point is clearly investigated in the
current study. From the obtained results, a model was proposed to
estimate both of the bond strain reduction factor ( R ) and effective depth
reduction factor (K) considering the effect of the parameters affecting the
behavior of such beams. Based on numerical analyses, a model was
proposed to calculate the flexural strength of externally prestressed
concrete beams considering the parameters of the study.

KEYWORDS: Externally prestressed beam, external tendon,
deviators, flexural strength, bond strain reduction factor, effective depth

NOTATION
Ags cross sectional area of external dou effective depth of external
tendon tendon at ultimate stage (mid-
A, As area of tension and compression span)_
. . ps effective depth of external
reinforcement, respectively

tendon at initial stage (mid-
span)
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Ope effective depth of external L, length of tendon between end
tendon at initial stage (ends) anchorages

ds effective depth of tension steel Lo distance between loading

d S effective depth of compression points

L/dys  span-to depth ratio,

. steel ) L,/L  distance between point loads to
f. concrete compressive strength span ratio
foe stress in tendon at effective Sd/L  distance between deviators to
prestressing stage span ratio
foy yielding strength of Sy distance between deviators
prestressing tendon s reinforcing index of tension
fou nominal ultimate strength of steel

prestressing tendon

INTRODUCTION

Externally prestressed concrete (PC) beams are widely used nowadays — especially for
bridges - because of its great merits such as simplicity of construction, cost
effectiveness and construction time savings [1-8]. This type of structures could be
applied not only to new structures but also to those, which need to be repaired or
strengthened. External prestressing is defined as prestress tendon introduced by the
high strength cable, which is placed outside the cross section and attached to the beam
at some deviator points along the beam [1-3]. The prestressing force is transferred to
the beam through the end anchorages and deviators. Although various advantages of
external prestressing have been reported, some questions concerning the behavior of
externally prestressed concrete beams at ultimate are often arisen in the design
practice. The complication involves the overall analysis of the whole structure
deformation (member — dependant) and the external tendon’s eccentricity is some of
the problems facing the analysis of such type of structures. One of major problems
concerning the beams prestressed with external tendons is in calculating the tendon
stress beyond the effective prestress. In the case of beams prestressed with bonded
tendons, since the tendon strain is assumed to be the same as the concrete strain, the
calculation of tendon strain under the applied load is a problem related only to a
section of maximum moment, i.e., the increase of tendon strain is section-dependent
[1-3]

This is totally different in the case of beams prestressed with external tendons.
Since the tendon is unbonded, the tendon freely moves in the relation of beam
deformation. Therefore, the tendon strain is basically different from the concrete strain
at every cross section, i.e., the tendons strain cannot be determined from the local strain
compatibility between the concrete and the cable. For the calculation of cable strain, it
is necessary to formulate the global deformation compatibility of beam between the
extreme ends. The strain variation in an external tendon should be considered to be a
function of the overall deformation of beam. This means that the strain change in the
tendons is member-dependent, and is influenced by the initial tendon profile, span to
depth ratio, deflected shape of the structure, friction at the deviators, the initial
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condition of beam, etc. [1 -9]. This makes the analysis of a beam with external tendons
more complicated, and proper modeling of the overall deformation of beam becomes
necessary. Figure 1 illustrates the typical deflected shape and the change of tendon’s
eccentricity in externally PC beam. Figure 2 illustrates the details of externally PC
simple beam showing the beam, deviator section and the end section of the beam.
Figure 3 illustrates the details of reinforcement.

When the behavior of externally prestressed concrete beams was investigated,
many researchers attempted to calculate the increase of tendon stress either by using
their formulations with some parameters involved for the certain cases [1-14] or by
using equations, which are provided in the codes for unbonded beams.

: change of Eccentricit
Deviator External Tendon g Yy

Fig. 1 Typical externally Prestressed Beam
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Fig. 2 Details of externally PC simple beam
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Fig. 3 Details of reinforcement

While some researchers assumed that the strain variation in a tendon is uniform
over its entire length, and tried to calculate the tendon strain by adopted assumption,
which stated that the total elongation of a tendon must be equal to the total elongation
of concrete at the tendon level [1-14]. Since the prestressing force transfers to the
concrete beam through the deviator points and anchorage ends, the tendon friction
obviously exists at the deviators, resulting in a different level of strain increase
between the two successive tendon segments. However due to the complicated
calculation of cable strain, almost all analytical approaches did not consider friction at
the deviators into account because of its unknown extent. For simplicity in the
calculation of cable strain, two extreme cases are usually considered, namely, free slip
(no friction) and perfectly fixed (no movement) at the deviator. In the first case, the
tendon moves freely through the deviators without any restraint, and the cable is
treated as an internally unbonded cable. The tendon strain is assumed to be constant
over its entire length regardless of the friction at the deviators. The characteristic
behavior of externally prestressed concrete beams at the ultimate state are a research
topic, which has yet to be well understood in any depth.

Research Significance

The current study is carried out to investigate the structural behavior of externally PC
beams under flexural loads, which is dominant on such a long span structure. A
numerical analysis model, which was previously developed in Japan, was utilized to
investigate the flexural behavior of externally PC beams throughout the loading up to
ultimate state. The model has been adopted from the fundamental assumptions used for
flexural members (beam theory).
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Non-linear Analysis algorithm

A previously developed nonlinear model was adopted in the analysis [1-5]. The
following assumptions were used: Plane sections still remain plane after bending; only
flexural deformations are considered and shear deformations are neglected;
nonlinearity of materials (concrete, reinforcement and prestressing tendons) are
considered through constitutive equations as shown in Fig. 4 (a, b and c) and external
tendons are free to slip at deviator points or the increase of strain in external tendon is
uniformly distributed along the whole length. The last assumption implies the concept
of deformation compatibility which means that the deformation of concrete located at
prestressing tendon level equals to that of elongation of tendons. The model was
modified [1, 2] to consider the shear deformations. It consists of three main parts; data
input; computational loop and output of the results. Fig. 5 illustrates the model of PC
beam used in the analysis. The program includes the following iterative loops:

1- Force Equilibrium (Loop 1): Compression forces in concrete:

Cope = 3.0, (X, )bAX— 307, (x,)(0—b, )X W)
X =0 Xn =N

Tensile forces in reinforcement and prestressing tendons
Ts = Akas - A§Gs + APSGPS (2)
Where, o, (X,),0,, 0, are stress of concrete, reinforcement and prestressing tendon

respectively, which are calculated from constitutive relations. The other items of
equations 1 and 2 are illustrated in Fig. 6 (a, b, and c).

2- Moment Equilibrium (Loop 2): In this step, the calculation involves the moment
equilibrium of all integration points. The equilibrium of internal forces will be repeated
in iterative loop 1 by assuming the compressive concrete strain at the extreme fiber

&_(i)and strain distribution. The moment of internal force M, (i" =1,2,...)can be

simultaneously obtained and the iterations continue till the difference between any
moment and the previous moment is less that 1%.

3- Compatibility of Deformation (loop 3): Once the equilibrium of forces and
moment is achieved for all integration points, the deformation of concrete at tendon

level o, is calculated by numerical integration of the average strain increase in
..ps DEtween end anchorages, o, =ZA8€YPSAL. The
total elongation of external tendons o, is obtained from the strain increase in

o thatis: 5, =" Ag L, as shown in Fig. 7.

4- Evaluation of Change of External Tendon’s Eccentricity: The term of change of
external tendon’s eccentricity is defined in the external prestressing system when the
tendons are arranged outside the cross section of the beam. When the beam of external
tendons is subjected to bending, the tendon will not follow the beam deflection except
at deviator points. The large deflection of the beam, particularly at the failure, could
induce second order effect on flexural strength of the beam. The effect of change of
external tendon’s eccentricity is considered in the analysis for accurate estimation of
beam. Fig. 8 illustrates the evaluation of effective depth of external tendons to consider

concrete at tendon level, Ag

tendon Ag
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such change of tendon’s eccentricity. The value of deflection of tendon dy is given as
follows:
a) For Lx < L1L

(dy —dpe J*Lx

d,.=d_ + A, 3
ps pe LlL i ()
b) For L1L < Lx(i) < LIL+L2
(d, —d,)*(Lx—L1L)
d,=d,, +A +——2 % — A, (4)
3) For Lx(i) > AL+ L2
d,—d,+A,)*(Lx—Lx
d,=d +( m e + 8 ) )—A (®)

ps pc LlR 1
Where, dye, doc, dpm are effective depth of tendon at end supports, deviator and middle
span respectively. The other items are defined in Fig. 8. Appendix A illustrates the
flow chart diagram of the program.

In previous studies [1-4], a non-linear finite element program together with the
displacement control method had been developed to obtain the entire behavior of
externally prestressed concrete beams up to the ultimate limit state [1-4]. The program
used a stepwise analysis and deformation control to trace the nonlinear response of
prestressed concrete beams with external tendons. A complete description of the model
can be found in references [1-4]. The accuracy of the model was verified
experimentally [3-4] in Structural Material Laboratory of Saitama University, Japan [3-
5] at which the author participated in carrying out the experimental tests for several
beams strengthened with external tendons.

f tension pu
y

fl fpy

0.85f
C Ssy -
&y
&€, — 0.0035 compression f _
_— y SPy u
modeling of steel modeling of tendon
modeling of concrete reinforcement
(a) (b) (c)

Fig. 4 (a, b, c) Modeling of Concrete, steel reinforcement and tendon
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Fig. 8 Evaluation of effective depth of external tendons

Previous Equations to Estimate the Stress in External Tendons

All the existing equations give estimation for the stress in external tendon but they
neglected the second order effect of tendon’s eccentricity effect.
1- ACI Building Code. The ACI suggested the following equation [15]:

f,=f,+105 ©)

Where fy, is the effective prestressing stress and fy is the stress of tendon
2- Canadian Code [16] suggested the following equation:
500Qd  —c O A F +DOAT
fps = fpe + d = Y) » Gy = mPP SAS . (7)
L 0.850 4, f.b

e

Where @, ® and® are resistance factors for the prestressing steel,

nonprestressing steel and concrete respectively.
3- European code [17] suggested the following equation:

AL
fo=foetAfy <y, AT =EL () (8)

Where AL =d  /17and L is the length of the tendon between end anchorages.

4. Other researchers suggested several equations. Warwaruk et al [18] suggested the
following equation from experimental tests:

fpS = fpe +(207+ (pps / fc')xlolz) 9)
Mattock et al [19] modified the ACI code equation as follows:
f = f.+700+14(f /p,,) (10)

Where f . <0.6f ,, p,, is the prestressing steel ratio, f_is the strength of concrete

and fy, is the nominal tensile strength of tendon. Pannel et al [20] investigated the
effect of span to depth ratio L/d,s on flexural strength and they proposed the following:

c H As+Asf _As'_cf
fpszfpe+7s(l__)’ C= PP . (11)

P 0.858,f.b, +7. (fs

ps
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_Cw
L/d
If Bc<h, then C=0.0, and b,=b. E is Young’s Modulus of prestressing steel,
L/ds is the span to depth ratio, b is the width, hy is the flange thickness, A is the area
of prestressing steel, A, and Agare area of tension and compression steel respectively.

Du and Tao [21] suggested the following equation based on experimental study:

f,+A T,
As)l,:)d%) (13)

Provided that: (A f, + A f)bd, f, <03, 0.55f < f <0.65f , f <f
Where fps, fy are yield stress of prestressing and nonprestressing tensile steel, d; is the

distance from extreme concrete compressive fiber to centroid of tensile steel.
Harajli and Kani [22] proposed the following equation:

C, =0.85f,(b—b,)h;, 7, =105E iy =T+ (12)

foo = f, +786-192Q

ps fpe

Af +AT L, 0.25
f o=f +y f (LO+3.0—22 227, ,=—=2(0.12+—= 14
ps pe 7/0 pu( [ bdpsfc ]) 7o L2( I—/dps) ( )
Where, (ApS fpe + A fy)/bdps fc' is not more than 0.23, L, is the loaded span length,
L. is the total length of the beam and L/d,; is the span to depth ratio.
Naaman and Alkhairi [17] proposed the following simple equation:
d
_ ps
fps - 1:pe + Epsngcu (T_l) (15)
Where = Lf.G for one-point loading, o __°% for two-point loading ¢, is the
“L/d

ps ps
concrete strain, c is the depth from extreme concrete compressive fiber to neutral axis
and L/d, is the span to depth ratio.

Factors affecting the flexural strength of Externally PC beam

Based on the previous studies, the parameters affecting the flexural behavior of
externally prestressed concrete beams are summarized as follows:

a) Span to depth ratio [L/d]. Previous studies [1-5] showed that (L/d,s) ratio has
significant effect on the flexural strength.

b) Distance between loads to span ratio [Lp/L]. It is 0.0 for one-point loading to
0.333 for two points loading. This ratio has an effect on the flexural strength of beams
[1-5]

c) Distance between deviators — to span ratio [Sy/L]. It was shown that [S4/L] has a
significant influence on flexural strength of beams [1-13]

d) The ratio between prestressing index and reinforcement index w. The effect of
the amount of ordinary reinforcement is considered using o, and o, indices for tensile
and compressive reinforcement respectively. The effect of the prestressing tendons is
considered using . index, as follows [1, 2]:
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o Af, oo A:sfy o At

* fbd, f.bd, ® f.bd,
A+ (A - AT

0=0,+(0,+0,)=—F (A )y

ps 1:c bd ps
All the above parameters are non-dimensional values.
e) Concrete compressive strength fc' ,and

f) Tensile reinforcement and compressive reinforcement ratios 1z, 1 %

CASES OF STUDY
Table 1 illustrates the details and variables of the analyzed beams. The effective
prestressing f,. was 50 % and 80 % of the ultimate prestressing, f,,. Tensile
reinforcement ratios ps were 0.4 and 1.8 % and compression reinforcement p_was

0.25 %. Grade of steel reinforcement is 36/52. Figure 9 illustrates the details of the
analyzed beams. Mechanical properties of the external tendons are illustrated in Table
2.

b A's
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-]
As bw

Cross section

Fig. 9 Details of the analyzed beams

RESULTS AND ANALYSIS
1- Change of Tendon’s Eccentricity

Figure 10 illustrates the relation between load and change of tendon’s eccentricity as a
ratio of the effective depth (d,) for beams with different number and distance of
deviators. As the number of deviators increases, the change of tendon’s eccentricity
decreases. As distance between deviators increases, change of eccentricity increases.
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Table 1: Details and variables of the analyzed beams
No. Description Number of | Distance of | Area of | Concrete
Deviators | deviators | tendons Grade
Sa(m) kg/cm?
1 | Effect of distance 2 1.8 2918 400
2 | between deviators 2 3.0 2018 400
3 | (Sa) and number of 3 1.8 2018 400
4 | deviators 3 3.0 2018 400
5 | To study the effect 2 1.8 3918 400
6 | of area of tendons 2 1.8 2018 600
7 | and grade of 2 1.8 3018 600
concrete
8 | To study the effect 2 8 3918 400
9 | of span to depth 2 12 3918 400
10 | ratio, L/dp 2 20 3018 400
11 | Effect of distance 2 0.0 3918 400
12 | between load Lp/L 2 0.33 3918 400
Table 2 Mechanical Properties of the prestressing tendons
Type Sectional area (cm?) | Yield load (t) | Ultimate load (t)
Ext. tendons 1.54 21.4 25.0
2.54 24.9 39.4

Load (t}

Sd=18 m, 3devdors

1 T T
] 1.26 3192 E

T
7.4

T T T
9.5 12.5 14

T T
147 134

change of tendon"s eccentricity as % of dps

Fig. 10 Relation between the load and the change of tendon’s eccentricity

2-Load Deflection Diagram

Figure 11 illustrates the load deflection diagrams for beams with different number and
distance of deviators. As number of deviators increases, both of ultimate load,
maximum deflection and ductility increase. As distance between deviators increases,
both of ultimate load, maximum deflection and ductility decrease. Fig.12 illustrates the
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effect of the prestressing force (as a ratio of ultimate force) on load deflection diagram.
As the prestressing force is high, maximum deflection and ultimate load increase
significantly.

12

10 prestressing force =80 %

load (1
=]

prestressing force =50 %

S4=1.8m

0 3 7 12 20 30 45 60 80
maximum deflection ({mm)

Fig. 11 Load — maximum deflection diagrams

1£
Ho. ofdeviators =3, s4=3 m
10 Hu.ufdeuia‘tuwﬁﬂ.sm
g
=
-
S 6 0. of deviators™=2, sd=1.8m
Ho. of deviators =2, sd=3 m
4
2
0
o 2 T 12 20 20 a5 EOQ a0

maximum deflection (mm)

Fig. 12 Effect of the prestressing force on load — maximum deflection diagram

3- The relations of load and stress in external tendons

As the number of deviators increases, the external tendon resists higher stress. Also, as
the distance between the deviators is small, the tendon carries higher stress. This is
clear from Fig.13, in which the relations between the stress in external tendon and the
carrying load are plotted for beams with different numbers of deviators and different
distances between deviators. The given figures are plotted for prestressing force equals
80 % of the ultimate prestressing. Similar results are obtained for other ratios of
prestressing force.
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Fig. 13 Relations between the stress in external tendon and the carrying load

4- Effective Depth of Externally Prestressed Beam

It is not clear from the previous studies how to evaluate the effective depth of the cross
section of flexural beams with external tendon. For this reason, it is not easy to
evaluate the flexural strength of such beams. This is due to the effect of tendon’s
eccentricity as shown in Fig.14. Here, we will try to estimate the value of effective
depth of external tendon, d,,, as a function of the initial effective depth of the external
tendon, dys. We introduce the factor K, which is defined as effective depth reduction
factor as follows:

K= (dpu)/( dgs) OF dy=K. dps (16)

original beam

deflected beam

External Tendon

dpu=R.dps

change of tendon's eccentricity

Fig. 14 Tendon’s Eccentricity

From the obtained results, the factor K is obtained for different cases. Fig.15 illustrates
the relations of effective depth reduction factor (K) and the distance between deviators
Sq which taken as a ratio of the span L. As the distance between deviators is big, the
reduction factor K is small and vice versa depending on the span to depth ratio L/d.
From curve fitting, the relations of Fig.15 are represented by the following equations:

K =0.953-0.604S, /L) for L/d =15 With correlation factor R=0.977
K =0.962-0.536S,/L) forL/d, =20 R=0.978
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K=0.986-0515S,/L) forL/d, =25 R=0.99
K=1.025-0.503S,/L) forlL/d,=30 R=0978

K=1.041-0476S,/L) forL/d, =35 R=0.977
The above equations are represented by one equation as follows:
K =(0.874+0.0047&L/d ;) —[0.669-0.00571L/d )]{S, / L}, R=0.97 (17)

1
L/dps =15
=20
=25
=30
=35

o o o o
o ~ [ ©

E ffective depth reduction factor (K)
o
o

o
S

0.25 0.3 0.5 0.6 0.8
Ratio of distance between deviators (Sd/L)

Fig. 15 Evaluation of the Effective Depth of PC beam

5- Bond Strain Reduction Factor

If the prestressing tendons are bonded with concrete, so complete bond is assumed.
However, for externally prestressed beams, the tendons are bonded to beams at only
the end anchorages and at deviators. For such reason, partial bond is assumed. This is
introduced through bond strain reduction factor (R). This factor is evaluated as a
function of (L/d,), which is the ratio of the beam span to effective depth ratio. Fig. 16
illustrates the relations of the factor R and (L/ds) ratios for different cases of (Sq/L)
ratio, where Sy is the distance between deviators and L is the span of the beam. From
curve fitting, the shown relations are represented by the following equations:

R=0371-0.0078L/d,) forS,/L =033 R=0.98
R=0.399-0.00767L/d,) forS,/L=05 R=0.973
R=042-000737L/d,) forS,/L=07 R=0.973

The above equations are written in one equation as:
R=[0.33+0.13S, /L)]-[0.0083-0.0014S, /L)]{L/d pS} ,R=0.989 (18)
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Fig. 16 Relations of the factor R and (L/d,s) ratios for different (Sq/L) ratios

Figure 17 illustrates the relations of the factor R and (L/d,) ratios for different
cases of (Ly/L) ratio, where L, is the distance between loads. From curve fitting, the
shown relations are represented by the following equations:

R =0.0604-0.00404L/d ) for L,/L=00 R=0.90
R=0.1654-0.0020§L/d ) forL,/L=0.1 R=0.94
R=0.2463-0.0033§L/d,) forL,/L=02 R=0.986
R=03171-0.00549L/d ) for L,/L=0.333 R=0.986

The above equations are written in one equation as:
R=[0.0761+0.766(L, /L)]-[0.000453+0.015XL , /L)]{L/d } ,R=0.99 (19)

Fig.

Lp=distance between loads
Lp/L =distance between
load to depth ratio

>y

Lp/L =0.1

Lp/L =0.0

Bond strain reduction factor( R)

7 10 15 20 25 30
span to depth r atio (L/dps)

17 Relations of the factor R and (L/d,s) ratios for different (L,/L) ratios
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PROPOSED MODEL FOR FLEXURAL STRENGTH OF
EXTERNALLY PRESTRESSED FLEXURAL BEAMS

Based on ACI Code for analysis of unbonded prestressed beam, the following method
is proposed to calculate the flexural strength of externally prestressed concrete beams
1- Calculate the effective depth dps and strain reduction factor R. To calculate the
effective depth, the reduction factor K is calculated using Equation (17). Equations 18
and 19 are used to calculate the bond strain reduction factor.

2- Referring to Fig. 18, and from equilibrium of forces at the critical section, we
determine the values of ¢ and f, as follows:

A f +Af, +Af =085fbh +085f (b-h,)c (20)

dp,
1Eps = fpe + Epngcu( (';) -1 < fpy (21)

Solving the above equations, we get

|
|

_—I . " I ]:hf E C

c u
strain distribution "
d of concrete at d
ps ultimate & pu
- e '] e hs T

external tendon b“—"w

Cross section

Fig. 18 Equilibrium of Forces of Externally Prestressed Beam

L Equivalent stress
strain distribution Block

—B1+,/(Bl)*> —4AIC1
= (22)
2A1
Al=0.85f b, A,
Bl= A, (Epse,R— f) —(A —A)f, =0.85f; (b—b,)h,
Cl=—A E_ &.Rd,

s ps ~cu
B1 is a coefficient of equivalent stress block; gq, is the ultimate strain of concrete
(0.003 =~ 0.004 ), f,e is the effective prestressing (50 —70%) of f,,
3- Calculate the moment of resistance by taking moment at the center of compression
force of concrete as follows:

M, (d,, _pie )+Asf (d, —’Bl )+Asf (d, —ﬂ—l (23)

ps PS
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Conclusions and Recommendations

Using a finite element algorithm, non-linear analysis of externally prestressed concrete
beams was carried out to investigate the flexural behavior of such beams under static
loads. The accuracy of the used model was verified experimentally in Japan. The
behavior of such beams is represented by; Change of Tendon’s Eccentricity, Load
Deflection Diagram, The relations of load and stress in external tendons, Effective
Depth of Beam, and Bond Strain Reduction Factor. The strain variation in an external
tendon was investigated on the basis of the deformation compatibility of beam. The
following conclusions can are obtained:

1.

The proposed method for the numerical analysis can satisfactorily predict the
behavior of externally prestressed concrete beams up to the ultimate loading
stage.

2- The parameters affecting the behavior of such beams are: span to depth
ratio[L/d,s], distance between loads to span ratio [Lp/L], distance between
deviators to span ratio [S¢/L], the ratio of prestressing index and reinforcement

index [ /[ concrete compressive strength fc' and tensile and compressive steel

ratios 1, 1 %

The stress increase in an external tendon depends mainly on the overall
deformation of beam.

4- The behavior of externally prestressed concrete beams is different than that
of bonded prestressed beams due to the second order effect of tendon’s
eccentricity. This point is clearly investigated in the current study.

5- From the obtained results, a model was proposed to estimate the both of the
bond strain reduction factor ( R )[ Equation 19 in the text] and effective depth
reduction factor ( K ) )[ Equations 17 and 18 in the text] considering the effect
of the mentioned parameters.

6- Based on numerical analyses, a model was proposed to calculate the flexural
strength of externally prestressed concrete beams considering its parameters

7- the study should be extended to analyze the continuous beams and the
beams with large eccentricity.

REFERENCES

1. Diep, and Umehara “Non-Linear Analysis of externally prestressed concrete
continuous beams” Electrical Journal of Structural Engineering 2(2002),
Www.ejse.org

2. Diep, 2000 “Non Linear analysis of externally prestressed concrete continuous
beams considering shear deformation” Master Thesis, Civil Eng.,Nagoya Univ.,

3. Aravinthan, Mutsuyoshi, H., “Flexural behavior of two span continuous segmental
prestressed concrete beams with external tendons” Proceedings of JCI, 1996,
V/o0l.18, No.2, pp.1121-1126.



886 Khairy Hassan Abdelkareem

4. Aravinthan, Mutsuyoshi, H., Niitsu., Chen “Flexural behavior of externally
prestressed concrete beams with large eccentricities”, Proceeding of JCI, 1998,
Vol.20, No.3,673-678

5. Mutsuyoshi, H., Tsuchida, K., Matupayont, S., Machida, A., “Flexural behavior and
proposal of design equation for flexural strength of externally prestressed concrete
members”, JSCE Journal of Materials, Concrete Structures and Pavements, 1995,
Vol.26, N0.508, pp.67-77.

6. Rao P.S., Mathew, G., “Behavior of externally prestressed concrete beams with
multiple deviators”, ACI Structural Journal, July-August 1996, pp.387-396.

7. Umezu, K., Fuyjita, M., Tamaki, K., Yamazaki J., “Study on ultimate flexural
strength of two span continuous beams using external cables”, Proceeding of JCI,
1995, Vol.17, No.2,743-748.

8. Diep, B.K., Tanabe, T., “Analysis of two continuous span prestressed concrete beam
with external cables considering shear deformation”, Proceeding of JCI, 1999,
Vol.21, No.3,955-960.

9. Garcia-Vargas, J.A., Menezes, N, Trinh, J.L., “Effect of external tendon slipping at
deviator on beam behaviour”, Proceeding of the Workshop on Behavior of
External Prestressing in Structures, France, 1993, pp.227-237.

10. Lee, L.H., Moon, J.H., Lim, J.H., “Proposed methodology for computing of
unbonded Ultimate loads and Stress increase in cable N/mm?, ACI St. J., Nov-Dec,
1999, pp 1040-1048.

11. Macgregor,.R.J.G., Kreger M.E., Breen J.E., “Strength and ductility of three span
externally post tensioned segmental box girder bridges model”, Proceeding of
External Prestressing in Bridges, 1990, Sp120-15, pp.315-338.

12. Paulo Chaves de Rezende-Martins, Paulo de Araujo Regis, Jean-Marie Desir, “A
study on the behavior of hyperstatic concrete beams with mixed prestressing”,
Proceeding of the Workshop on Behavior of External Prestressing in Structures,
France, 1993, pp.217-226.

13. Takebayashi, T., Deeprasertwong K., Leung Y.W., “A full scale destructive test of
precast concrete segmental box girder bridge with external tendons and dry joints”,
Proceeding of Institution Civil Eng. Str. & Buildings, 1994, No.104, pp.297-315.

14. Virlogeux, “External prestressing” Proc. of IABSE, Zurich, Swiss, 1982, 101-108.
15. ACI Code 318 “Building Code Requirements for Reinforced Concrete” ACI, 1989

16. Naaman and Alkairi “Stress at ultimate in unbonded post-tensioned tendons- Part
1: Evaluation of the state of the ART”ACI Structural Journal, Vol.88, No.6, Nov-
Dec. 1991, pp. 641-649

17. Naaman and Alkairi “Stress at ultimate in unbonded post-tensioned tendons- Part
2: Proposed Methodology” ACI Structural J., Vol.88, No.6, Nov. 1991, pp. 683-
692



A STUDY ON FLEXURAL BEHAVIOR OF PRESTRESSED...... 887

18.

19.

20.

21.

22.

Warwaruk, Sozen and Siess “Investigation of Prestressed Reinforced Concrete of
Highway Bridges, Part Ill: Strength and Behavior in Flexure of Prestressed
Concrete Beams” Bulletin No. 464, Univ. of Illinois, Urbana, August 1962, pp.
105

Mattock, Alan , and Basil “Comparative Study of Prestressed Concrete Beams
with and without Bond” ACI Journal, Vol. 689, No.2, Feb. 1971, pp.116-125

Pannel and Tam “Ultimate Moment of Resistance of unbonded Partially
Prestressed Reinforced Concrete Beams” Magazine of Concrete Research, Vol.
28, 97,1976, 203-208

Du, and Tao “Ultimate stress of Unbonded Tendons in Partial Prestressed Concrete
Beams” PCI Journal, V.87, No.3, Nov. 1985, pp. 72-91

Harajli, M, and Kani “Effect of span-depth ratio on the ultimate steel stress in
unbonded prestressed concrete members”, ACI Structural Journal, May-June,
1990, pp.305-312.



888

Khairy Hassan Abdelkareem

P Section, Material
Input Data < Load and prestress
v
Division of longitudinal element and discrete element of section
. 4
Establishment of concrete strain at compression fiber g, i"=0
L 2
‘ Assumption of Elongation of the tendon, Agps |«
L 2
Assumption of strain distribution of critical section
v
Eauilibrium of internal forces
No
- y Yes

Calculation of Moment of critical section, M,,
and performing moment distribution

\ 4

Iterative Loop No.3
Compatibility of
deformation

next section, i =0

Calculation of strain distribution of

v

Iterative Loop No.1, (Force equilibrium)

N ] _
° M=M. 1 Yes

Iterative Loop No.2
Moment Equilibrium

tendon position: &, = > Ae, AL

c,ps

Calculation of total deformation at

Next Step
- Increase of concrete strain at compression fiber

- Renewing depth of external tendon, dps (second
order effect due to change of eccentricity

Calculation of deflection of beam 5, =96

No

Yes

A 4

No Ultimate stage Yes
\A{ Data Output

Appendix A Flow Chart of the Finite Element Program
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