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Time dependent service load behaviour of prestressed
composite tee beams
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Abstract. This paper is concerned with the time dependent service load behaviour of prestressed compos-
ite tee beams. The effects of creep and shrinkage of the concrete slab are modelled using the age
adjusted effective modulus method and a relaxation approach. The tendon strain is determined consid-
ering compatibility of deformations and equilibrium of forces between the tendon and the composite
tee beam. A parametric study is undertaken to study the influence of various aspects on the stress,
strain and deformations of the concrete slab, steel beam and prestressing tendon. The effect of loading
type and tendon relaxation has also been considered for various types of prestressing tendon materials.

Recommendations are then made in relation to adequate span to depth ratios for varying levels of
prestressing force.
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1. Introduction

Composite tee-beams may have their strength and stiffness increased by the application of
a prestressing force subjected to the member as shown in Fig. 1. This is becoming an increasingly
popular form of reparation and rehabilitation throughout the world as infrastructure such as
bridges are deteriorating due to increased traffic loads and due to harsh environmental conditions.
Also this application has several other advantages including elastic behaviour to higher loads,
increased ultimate capacity, reduced structural steel weight and improved fatigue and fracture
behaviour. Therefore, the method has applicability in both buildings and bridges.

For new construction the steel beam may be pretensioned before the concrete is placed, or
it may be post-tensioned after full composite action has been achieved. For rehabilitation, post-
tensioning of existing composite bridges has proven to be the more popular. This paper considers
post-tensioning of composite beams only.

Currently in the USA over 50 % of highway bridges are required to be rehabilitated or replaced
due to increased traffic loads and environmental degradation, (Li, ef al. 1995). The most economical
and attractive method of rehabilitation of existing steel and composite bridges is that of external
prestressing, (Li, ez al. 1995). Research into external prestressing of composite beams has been
undertaken for over 35 years. The earliest work appears to be that of Szilard (1959) who developed
design equations covering the problems of prestressing composite structures. Hoadley (1963) analy-
sed the ductile behaviour of simply supported prestressed composite beams with a constant
eccentric prestressing force. He calculated the stresses in the steel beam and concrete deck, and
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Fig. 1 Prestressed composite tee beam.

derived an expression for the increase in tendon force with applied load using the strain energy
method and assuming elastic behaviour. Further work incorporating the effect of shear connectors
was carried out by Reagan and Krahl (1967).

Troitsky, et al. (1989) researched pre-tensioned and post-tensioned composite girders both analy-
tically and experimentally. The analysis was based on simply supported bridge girders using
straight, bent up, or short straight tendons. Perfect shear connection between the steel and concrete
was assumed, and the effects of losses due to creep, shrinkage, tendon relaxation, and the effects
of residual stresses in the steel beam were not considered.

Saadatmanesh, et al. (1989a and 1989b) considered prestressed composite tee beams under
positive moment with theoretical and experimental studies being carried out. Saadatmanesh,
et al. (1992a and 1992b) then considered prestressed composite tee beams under negative moment
with theoretical and experimental studies being carried out. These studies were also useful in
identifying the relationship between tendon and beam strains at the level of the prestressing
tendon.

Uy and Bradford (1993) developed a simple cross-sectional analysis method to study the mo-
ment-curvature response of composite steel-concrete tee-beams subjected to an eccentric prestress
near the bottom flange of the steel. A parametric study was undertaken to study the influence
of prestress and slip as well as strengths and geometry of the cross-section. The ramifications
of these on the strength and ductility of prestressed composite beams at ultimate loads were
therefore developed.

Bradford (1994) illustrated the strength gain from prestressing the steel portion of an existing
simply supported composite tee beam with a straight tendon. The distortional instability of the
steel beam which may occur under eccentric prestress was then analysed. Design charts for
calculating the elastic critical stress in the bottom flange, and hence the prestressing force to
cause elastic distortional buckling were also developed.

Most recently Li, et al. (1995) and Albrecht, er al. (1995) considered the fatigue strength of
prestressed composite steel-concrete beams theoretically and experimentally. These results are
of particular importance in assessing the remaining life of bridge girders when rehabilitated
using the prestressing technique.

In rehabilitation of bridges, decks are often replaced or upgraded by pouring of fresh concrete.
Also, if a composite steel-concrete beam is prestressed very early in its life then creep and shrinkage
of the concrete slab can have an effect on the stress in the tendon and the long term deformations
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of prestressed composite beams. This study involves the long terra behaviour of prestressed com-
posite tee beams by considering the creep and shrinkage of the concrete slab as well as the
relaxation of the steel tendon. A numerical model is presented which is initially calibrated against
existing experimental results for conventional composite beams.

2. Time dependent behaviour

As serviceability is often the governing criteria in the design of structural members in bridges
and buildings, the long term behaviour has therefore had close attention over the last decade.
Time dependent studies on composite beams have been carried out by numerous investigators
in both an experimental and theoretical capacity.

Gilbert (1989) developed an age adjusted effective modulus method (AEMM) and a relaxation
procedure to study the time dependent behaviour of composite steel-concrete cross-sections. Brad-
ford and Gilbert (1989) also developed a model to include all non-linearities of materials incorpo-
rating residual stresses in the steel section and creep and shrinkage in the concrete. Lawther
and Gilbert (1990 and 1992) studied the behaviour of composite steel-concrete cross-sections
using the rate of creep method and established a method for the calculation of beam deformations.
Bradford (1991) then developed a theoretical model for the moment-curvature response due to
time dependent deformations of creep and shrinkage.

Benchmark experiments were undertaken by Bradford and Gilbert (1991a and 1991b) on beams
subjected to self weight and sustained load to determine the effects of shrinkage and creep
independently. Wright e al. (1992) undertook an experimental study for composite beams with
partial shear connection and developed a numerical model which showed good agreement with
the experiments. Dezi et al. (1993) also developed a creep model to study the time dependent
behaviour of composite beams.

The study of prestressed composite beams for the influence of creep and shrinkage has been
limited to studies by Nakai er al. (1995) where a stiffness analysis method was developed to
incorporate the external prestressing cable. This study was limited to studying the effect of tendons
relaxation for various span configurations. This paper is concerned with undertaking a parametric
study to evaluate the influence of various material and geometric properties on the long term
behaviour of a prestressed composite beam. It is also undertaken to determine appropriate span
to depth ratios for various levels of prestressing force which are of direct use and benefit to
practising structural engineers.

3. Analysis method

The analysis method chosen to establish the long term behaviour of strains, stresses and
deflections throughout the member is to firstly undertake the following three steps as described
by Gilbert (1988):

(1) short term analysis

(2) time analysis

(3) member analysis

For the analysis, each cross section may be subjected to a combination of axial force and
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bending moment as shown in Fig. 2. Mechanical shear connectors are usually used to ensure
that the steel-concrete interface is capable of carrying the imposed horizontal shear, and that
the steel and concrete portions act compositely. In the service 1cad analysis of such cross sections,
it is therefore usual to assume that no slip occurs between the steel and the concrete. This
assumption is justified, since at service loads the amount of slip is generally negligible, (Gilbert
1988). Full interaction between the steel and.the concrete is therefore assumed in the ensuing
analyses.

3.1. Short term analysis

The short term analysis was undertaken using the method developed by Gilbert (1989) for
conventional composite beams. Consider the transformed section shown in Fig. 2. The area
A and the first and second moments of area of the transformed section about the top fibre,
B and I, respectively are

A=bD .+ (n,— 1) A, +n A, 4]
B: _;_bD<2+ (n.s‘l — l)1‘151 d.\‘l +n.\‘.\‘A.v.\'ds,\- (2)
I= D+ (1= DA+ I+ Aud) 0)
where n,= ff and n,= E” are the modular ratios of the reinforcing steel and steel section
respectively.

The strain distribution under initial loading may be represented as
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Fig. 2 Prestressed composite tee beam transformed section and strain diagram.
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and the curvature is represented by

__AM+BN, ©
P=TE UI—B)

where N; is the resultant axial force and M, is the resultant moment about the top of the section.
Now the resultant axial force on the cross-section is equal to the prestressing force P

N=—P, @)

and the resulting moment about the top fibre is due to the positive applied service moment,
M, and the negative moment due to prestress (P;d,)

M=M,—(P.d)) )

Concrete and steel stresses are readily obtained from the strain diagram using

o=E(&i—yp) (&)
o.=E(ei—yp) (10)
Oiendon =~ E P Erendon ( 1 1)

where the tendon strain is a function of the initial prestressing force as well as the applied
loading. Saadatmanesh, et al. (1989b) developed a method for obtaining the strain in the tendon
due to the applied loading which involves the consideration of compatibility between the steel
tendon and steel beam and this is used here.

If due to the applied loading the tendon elongates by an amount §, then by using the compati-
bility of deformations this must be equivalent to the elongation of the beam at that level, §.
Now the elongation of the beam will be dependent on the applied loading and this study considers
both uniform loading and point loading at the center. The elongation of the beam at the level
of the tendon is given by the following expression

'L

&= f &dx (12)
0

where & is the strain in the steel beam at the level of the tendon. The elongation of the tendon

is given by the following relationship

5= f edx (13)

where ¢ is the strain in the steel tendon due to the applied loading. By equating the two elonga-
tions one can solve for the tendon strain for a given load condition knowing the strain distribution
throughout the beam. This procedure is valid when there are sufficient anchors along the length
of the beam to ensure that the beam and tendon have the same deformation at that level.
Generally anchors will be at close spacing in order to reduce the likelihood of distortional
buckling of the thin web as suggested by Bradford (1994).

3.1.1. Uniform loading
For the case of uniform loading over the length of the span the expression to determine
the strain in the tendon as shown in Fig. 3 was determined by solving the equations in Egs.
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Fig. 3 Moment and strain distributions for uniform load on beam.

(12) and (13), so that the tendon strain is constant along the whole length

&= [Em_tdé‘g_md] (14)

3.1.2. Point loading

For the case of point loading at the centre of the beam as shown in Fig. 4 the following
expression is derived for the strain in the tendon which is assumed constant along the whole
length and is calculated as

gt:[ gmid; Eend :I (15)

where &,,; and ¢, are the strains at the midspan and end sections of the steel beam at the
level of the tendon. In addition to the strains caused through the application of load the tendon
strain is initially strained by an initial strain of an amount in tension

P
EI’AP

(16)

8”. =

so that the total strain in the tendon for the short term analysis is given by the expression

Eiendon = &i + & (17)

3.2. Time analysis
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Using the age adjusted effective modulus method and a relaxation method developed by Gilbert
(1989) for conventional composite beams the restraining actions —AN and —AM which are
required to prevent the free development of creep and shrinkage in the concrete deck are determi-
ned using Egs. (18) and (19)

— AM=—E,[¢(B.ey+1.p)— 4B+ Rd, (19)

where A4, B, and I, represent the area, first moment of area and second moment of area of
the concrete slab about the top fibre and R represents the relaxation of the steel tendon. The
creep coefficient ¢ and the shrinkage strain &, were based on the AS3600 (SAA 1994) model.
The change of strain distribution with time is calculated by the following expressions in Egs.
(20) and (21). The top fibre concrete strain change is given by

_ B, AM+B,AN

A= (AL-B) 0
and the change in curvature is given as
_ BAM+I, AN
AP=TE(AT-B.) D

where the age adjusted effective modulus is calculated in Eq. (22) as
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_— E.(%)
BT o6 )

and y(¢ 1) is taken as a constant of 0.80 which is representative of a constant load history
when loading takes place at about 10 days and the final creep coefficient ¢* is 3.0 which is
representative of normal strength concretes. The age adjusted effective section properties of area,
first and second moments of area are calculated using Eqgs. (23), (24) and (25) respectively

A, =bDA(n,— 1) A, +n,A4, (23)
EI’: _;_chz + (ﬁ.\'l - I)Asl dxl +ﬁs‘.s'Assdss (24)
Z, - %bD(} + (ﬁx] - 1)Asl dsl2 +ﬁ.\:\' (I.\i\‘ +A\s dxsz) (25)
— __E — _E; . . . .
where n,=="— and n,= N are the modular ratios of the reinforcing steel and steel section
respectively.

The change of stress in the concrete deck at any point y below the top fibre may be obtained
by summing the stress loss due to relaxation and the stress caused by the application of AN
and AM to the age adjusted transformed section.

Ao=—E.[¢(ay—yp)+e,—(Aa—yAp)] (26)

As in the previous analyses, the time-dependent change of steel stress in the steel section and
steel tendon is calculated using Egs. (27) and (28) respectively

A Olendon — E P A Erendon (28)

where the change in the tendon strain due to the loading is calculated using Egs. (29) and
(30) depending on the loading type

3.2.1. Uniform loading

A &= |: 2A gmid; A gmd] (29)

3.2.2. Point loading

A &= [ﬁ_A gmid; A Eend jI (30)

so that the change in the tendon strain is a function of the relaxation and the creep and shrinkage
induced deformations, such that

A Eiendon — A 8rr+ A & (3 1)

where the relaxation strain chosen for the tendon was a linear model which assumed the maxi-
mum relaxation was reached after ten years. The model used was
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'
A &= & pma) * <§6_ST)) (32)

where &, may 1S the maximum relaxation of the tendon after ten years and depends on the type
of material used.

3.3. Member analysis

The above procedures have been developed for analysing the cross-sectional behaviour of
a prestressed composite beam. The results can then be used to look at the global system and
the behaviour of the member. The beam in Fig. 5 is shown acted upon by a force P positioned,
a from the left hand end. The corresponding virtual moment mi(x) is given by

Phx
— <x<
7 0<x<a
mx)= (33)
flliﬁ ~P(x—a) a<x<b

If ¢ represents the real displacement conjugate with the virtual force P, then the external virtual
work done U, is
L

U= f Py dx (34)

while the internal virtual work done due to0 flexure U; is
"M
U;ZL*ﬁ () m (x) dx (35)
where M= the real moment which varies with x and E/= the flexural rigidity which also varies

with x due to cracking and time dependent effects. If the deflection § at the position of the
virtual force P is required, P is set equal to unity and then

|
’E*b

. 8
virtual moment W

O0sx=<a m(x)—f—b-x

Pq

Pb

asxsb m(x) ——'X— (x—a)

Fig. 5 Virtual work formulation.
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5= f o) 7 () e (36)

where p(x)= the curvature due to the loading and m(x)= the virtual bending moment. This
integral can be simplified using Simpsons rule of integration to yield the following relationship
for the midspan deflection

6 {psl %sl + 4pq1 mql + 2pm ;;im + 4qu %qr+ Psr ﬁq’:r } (37)

_L
12
where the subscripts s; and sr refer to the left and right hand supports and g/ and gr refer
to the left and right hand quarter points respectively. The subscript m refers to the value at
midspan. The deflection § at any other point along the span of the beam may be defined
in a similar fashion.

4. Calibration of theory

In order to verify the theoretical model the program was compared with the benchmark experi-
ments undertaken by Bradford and Gilbert (1991b) for composite steel-concrete beams which
were non prestressed. The experimental results were reported for 220 days of data and the theoreti-
cal AEMM model developed herein is shown in Fig. 6. The results of the experiments are
compared with the analytical model in Table 1 for the initial and final deflections of the creep
beams and creep and shrinkage beams.

The self weight loading for the creep beams B2 and B4 was 195 kN/m and the total load
on the creep and shrinkage beams B1 and B3 was 945 kN/m, which represents a service loading

of about 3 kPa depending on the beam spacing in a structure. Most buildings or bridges with
permanent formwork for slabs spanning between beams have a beam spacing of about 2.5 m
and thus this would be equivalent to 3 kPa which is an acceptable service live load for most
international design standards.

The results of Table 1 show that the AEMM model slightly underestimates the experimental
deflections. This slight discrepancy may be due to the inadequate nature of the use of the AS
3600 (SAA 1994) model to represent the creep and shrinkage deformations of the concrete slab.

5. Parametric study

A parametric study is undertaken here to identify the influence of various parameters on
the time dependent behaviour of prestressed composite beams. The cross section is shown in
Fig. 7. The properties of the cross-section are

b=1000 mm

D,=70 mm
d,=1715 mm
A,=3230 mm?
1,=23.6X10® mm*
d,=09 D,=243 mm
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Fig. 6 Calibration of AEMM model with composite beams (Bradford and Gilbert 1991b).

Table 1 Comparison of experiments and AEMM model developed

Beam Init. Defln Init. Definn Final Defln Final Defln
Expts (AEMM) Expts. (AEMM)

Number (mm) (mm) (mm) (mm)

B2, B4 27 2.5 12 10

B1, B3 9 8 22 20

D=270 mm for the entire parameter study
L/D=20 unless noted otherwise

Unless noted otherwise the total service load applied to the beam was 9.5 kN/m which represents
a 3 kPa service live load in addition to the self weight of the beam. The values of creep and
shrinkage strain were determined using the (SAA 1994) model for creep and shrinkage and
depends on the cross-section and the strength of concrete used. Unless noted otherwise the concrete
strength used was 25 MPa which has a modulus of elasticity at 28 days of 25000 MPa.

5.1. Initial prestressing force, P;

The effect of the initial prestression force was considered by using the same calibration beam
and load as that used by Bradford and Gilbert (1991b). The initial prestressing force was varied
from zero to the full force to cause a balanced load condition at midspan. The effect of the
initial prestressing force on the long term deflection is shown in Fig. 8. The initial deflection
can be reduced to zero which may be beneficial for some instances, and span to depth ratios
may be increased as a result of the initial prestressing force.

The effect of the initial prestressing force on the top fibre concrete stress is shown in Fig
9 where it is seen that the top fibre compression is increased as a result of the prestressing
force. The maximum stress is approximately 6 MPa which is less than 045 £’ which is about
10 MPa and represents the point at which the concrete becomes non-linear in nature. The
bottom fibre concrete. stress shows that the effect of increasing the initial prestressing force is
to increase the compression in the slab so that tensile stresses are eliminated as illustrated in
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Fig. 8 Effect of initial prestressing force on long term deflection.

Fig. 10.

The effect of the initial prestressing force on the bottom fibre steel stress was plotted in Fig.
11 where it is seen that by increasing the prestressing force the tensile stress can be decreased
considerably. The long term stress in the beam without any prestress was 170 MPa compared
with 80 MPa for the beam which was fully balanced at initial loading. The top fibre steel stresses
are increased in compression as the level of prestress is increased as shown in Fig. 12 and this
may cause problems with local or lateral buckling. The design of the top flange plate and the
spacing of the shear connectors can therefore have a considerable influence on the local and
lateral buckling of prestressed composite beams, and this needs to be investigated further.

5.2. Span to depth ratio, L/D

For routine design situations structural engineers often use span to depth ratios as a means
of sizing cross-sections. These span to depth ratios should be based on long term deflection
requirements which incorporate creep and shrinkage deformations. For conventional composite
beams, Johnson (1994) suggests a span to depth ratio of 20 in order to satisfy serviceability
limit states without considering creep and shrinkage.

The effect of prestressing force was considered in Figs 13, 14 and 15 for the span to depth
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Fig. 9 Effect of initial prestressing force on top fibre concrete stress.
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Fig. 10 Effect of initial prestressing force on bottom fibre concrete stress.

ratio of 20, 25 and 30. Table 2 summarises the results of the long term deflections and the
allowable span to depth ratios can be established from these. If one takes L/180 as the allowable
maximum deflection of a beam, then the maximum span to depth ratios which are able to
be achieved are 22.5, 23.5 and 25 for each of the values of initial prestressing force of 0, 0.5
P, and P, respectively. This is illustrated in Fig. 16 which suggests a linear relationship for
deflection versus span to depth ratios.

5.3. Tendon modulus, E,

The effect of tendon modulus E, on the long term deflection was considered. The materials
considered were low relaxation strand, low relaxation bar, carbon fibre bar and arapree strand.
The properties of each of these materials was obtained from the study by Gilbert and Gowripalan
(1994) and these are summarised in Table 3. Fig. 17 shows that the effect of varying the material
type on the long term deflection is minimal, however there is a considerable effect on the stress
in the tendon since each material has a different breaking stress and therefore is stressed to
a different level and the results of Fig. 18 illustrate this. Each tendon was stressed to 60% of
the breaking stress, however it is shown that the change in stress in the tendon over time is
virtually zero for all beams. The strains in the tendon at prestressing are very high, however
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200
180 |
160 }
140 |}
120 L
00
80
60
40
20 }

0 —

d
(mm) '

0 100 200 300 400 500 600 700 800 900 1000
t (days)

Fig. 12 Effect of initial prestressing force on top fibre steel stress.

the relaxation in the tendon due to losses and creep and shrinkage are minimal up until 1000
days. The results of these losses reflect the results of Nakai et al. (1995) who showed that for
simply supported beams with eccentric tendons the losses are zero for a very large range of
prestressing forces.

5.4. Concrete strength f'., E.

The effect of the concrete strength on the long term deflection was also considered. As the
concrete strength was increased, so to was the elastic modulus and thus the long term stiffness.
These properties are highlighted in Table 4 which were used in the analysis. However, there
was a minimal change in long term deflection by increasing the concrete strength from 25 to
32 and 40 MPa respectively as shown in Fig. 19.

5.5. Eccentricity, d,

Another parameter to be varied was the eccentricity of the prestressing tendon. It is shown
in Fig. 20 that by increasing the eccentricity by 10% of the section depth the deflection may
be reduced by 10 % for both initial and long term deflection. This is very important for construc-
tion reasons, as a slight error in the location of the stressing tendon can have a dramatic effect
on the behaviour under large prestressing forces.
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Fig. 14 Effect of span to depth ratio on oong term deflection (P=0.5Py).

80
70

60
50
40

(mm)
30 |

20

10 §
0

| NW

0 100 200 300 400 500 600 700 800 900 1000
t (days)

Fig. 15 Effect of span to depth ratio on long term deflection (P=P).

5.6. Loading type

The effect of the loading type on the long term behaviour of the prestressed composite beam
was considered. The two types of loading cases chosen were the uniformly distributed load
and the point load. The uniformly distributed load was 9.5 kN/m to be consistent with the
previous studies. The point load chosen was 26 kN to produce the same bending moment at
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Table 2 Span to deflection ratios for various levels of prestress

Prestressing force Span to depth Span to deflection

(Pi/Py) ratio ratio
(L/D) &/s)

0 20 240
0 25 144
0 30 92
0.5 20 262
0.5 25 158
0.5 30 103
1 20 287

1 25 177

1 30 115

L/D

Fig. 16 Allowable span to depth ratios for various levels of prestress.

Table 3 Tendon material properties

Tendon material Elastic Breaking stress. Maximum
type modulus, E, Jfip(MPa) tendon
X10° (MPa) relaxation (%)
Steel strand 200 1930 3
Steel bar 170 1120 3
Carbon fibre bar 140 1800 5
Arapree stand 130 1930 15

the centre as the uniform load case. Each of these beams was prestressed with a tendon force
to balance the applied bending moment at the centre. It was found that the long term deflections
were similar in proportion to the initial deflections. The uniform beam initially deflected 25%
more than the point loaded beam whilst the long term deflection of the uniformly loaded beam
was approximately 17% greater than the point loaded beam. The long term deflections values

for both types of loading are illustrated in Fig 2I.

6. Conclusions

This paper has introduced and reviewed the concept of prestressing composite beams in buildi-
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Fig. 17 Effect of tendon type on long term deflection (P,=P,).
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Fig. 18 Effect of tendon type of long term tendon stress (P,=FP).

Table 4 Concrete material properties

Concrete strength Elastic modulus,
£ (MPa) E.
(MPa)
25 25,000
32 28,250
40 31,500

ngs and bridges. The advantages of this concept have been outlined and discussed. The long
term behaviour of composite beams has been reviewed and it was shown that the long term
behaviour of prestressed composite beams was important when considering the application of
prestressing in new construction and when fresh concrete is involved during reparation and
retrofitting.

An analytical model based on the age adjusted effective modulus method coupled with a
relaxation method and the principles of equilibrium of forces and compatibility of deformations
was developed to consider the behaviour of prestressed composite beams. This model was calibra-
ted successfully against existing benchmark experiments for non prestressed composite steel-conc-
rete beams by Bradford and Gilbert (1991b).
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A parametric study was established to look at various material and geometric factors which
influence the long term behaviour. It was found that the concept of prestressing reduced the
overall long term deflections of the composite beams. Furthermore a reduction in the long term
stresses of the steel beam in tension was a result, with an increase in the compressive stresses
in the slab and the top of the steel beam. These however were within acceptable limits for

the range of prestressing

. . .
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Fig. 21 Variation of deflection on load type.

forces applied.
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The concept of span to depth ratios was considered as these are often used by structural
engineers for initial design concepts. It was found that if a span to deflection criteria of L/180
was considered then a span to depth ratio of 25 could be achieved by balancing the deflection
at initial loading. If the beam was conventional a span to depth ratio of 22.5 could be achieved.
Thus by balancing the initial deflection an increase of about 10% can be achieved in the span
to depth ratio by prestressing.

It can be concluded that all the deformations and stresses due to creep and shrinkage in
this study converged after 1000 days, and thus if prestressing is used for reparation and retrofitting
more than 3 years after the concrete has been poured, then creep and shrinkage deformations
will be relatively small but may still require attention. In conclusion a simple model is therefore
suggested where the long term deflection of the prestressed composite beam is simply the long
term deflection of a conventional composite beam, minus the initial camber caused by the prestre-
ssing force.

7. Further research

The results considered in this study pertain to simply supported composite beams which are
prestressed with a constant eccentric prestressing force. Further research is required in the follo-
wing areas:

(1) different tendon configurations, including draped and bent up tendons;

(2) consideration of varying loading history;

(3) non-linear behaviour for higher values of service load; and

(4) continuous beams where moment redistribution takes place and the tendon configuration

adds complexity to the analysis due to increased losses of prestress.
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Notations
A area
Aq area of reinforcing steel
A, area of steel section
b  width of concrete slab
B first moment of area
d, distance to prestressing steel centroid
d, distance to steel section centroid
D depth of composite tee beam
D, depth of concrete slab
E, elastic modulus of concrete
E, elastic modulus of reinforcing steel
E, elastic modulus of steel section
I second moment of area
M, resultant bending moment
M, applied service load bending moment
n  modular ratio
N; resultant axial force
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balanced prestressing force
initial prestressing force
relaxation force in prestressing tendon
time in days

distance from top fibre
aging coefficient

deflection

strain

creep coefficient

curvature

stress

age at loading
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