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Abstract

Prestress losses are usually calculated by bringing the tendons in the cross-section to the single resultant tendon. This solu-
tion is correct only for tendons concentrated in one part of the cross-section, while with their wider distribution, for exam-
ple after the use of upper tendons, it may result in underestimation of losses in the lower tendons and overestimation in the
upper tendons. The paper presents formulae to determine time dependent prestress losses separately for the top and bot-
tom tendons of a pretensioned concrete member. Furthermore, variations of stress in the prestressing steel are analysed for
two pretensioned concrete members to evaluate the possibility of using the equation (5.46) from the Eurocode 2 for the
resultant tendon instead of the deduced formulae. The aim of this study is to show how great the error of estimated loss of
prestressing force on the basis of several typical prestressed concrete sections can be.

Keywords: Creep; Prestress losses; Pretensioned concrete member; Relaxation; Shrinkage; Stress in prestressing rein-
forcement; Tendons.

1. INTRODUCTION Current prediction methods to estimate prestress loss-

) ) es were developed in the seventies and presented in
Prestress losses in a pretensioned concrete member  —EB.FIP Model Code 1978 [3], nevertheless there is
are divided Into two groups: 1mrped1ate and time g4 some uncertainty about this issue. The problem of
dependent. The immediate losses include losses due  oyapyation of the time dependent prestress losses sep-
to elastic shortening of concrete, short term relaxation arately for top and bottom tendons of a pretensioned
of prestr essing tendons, ingre.asing the temperature  .4ncrete member is omitted from the widely available
Whl.le curing concrete, fl‘lCFlOn at the deﬂect.mg literature. The widespread approach consisting in
devices, and seating of strand in the anchorage device. e quction of the cross-sections of the top and bottom
The time dependent losses are IOSS?S due to relaxation  yo,4ons to the resultant tendon seems objectionable,
of prestressing steel, creep and shrinkage of concrete.  gince it does not solve the mentioned problem. In this
Accurate evaluation of pres.tress .losses in a .preten— paper, equations to estimate the time dependent pre-
sioned concrete member is highly important, since the g Jogses separately for the top and bottom tendons
incorrect results can lead to immoderate deflection e geduced. Additionally, variations of stress in the
and cracking of a prestressed structure [1, 2]. It should  ,peqtressing steel are calculated for pretensioned con-
be noted that both underestimation and overestima-  ¢1ete members with different depths of the cross-sec-
tion of prestress losses are almost equally harmful. ;¢ of the concrete, loads, and ratios of the top and
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bottom tendons to analyse an error between the
results according to the deduced equations and those
obtained on the basis of the equation (5.46) from
Eurocode 2 [4] for the common substitute cross-sec-
tion of the prestressing reinforcement:

e, (1)) E, +08AG, (1)+ %w(t,zo)ac(to)
Ao,.....(1)= [ = (1)

E 4
R TR 2}[1+08(ptt):|

cm cs

where:

Acpcts+(t) (marked as Agy(f) in the rest of the

paper) is the variation of stress in the prestressing
steel at time ¢;

A, is the area of the cross-section of the prestressing
steel;

£es(t, to) is the shrinkage strain at time ¢ (the loading
is applied at time #y);

E, is the modulus of elasticity for the prestressing
steel;

Aoy, (1) is the variation of stress in the tendons at time

t due to relaxation of the prestressing steel (deter-
mined for the initial stress in the tendons due to ini-
tial prestress and quasi-permanent actions);

E.y is the modulus of elasticity for the concrete;

@(t, to) is the creep coefficient at time ¢ (the loading
is applied at time ty);

oc(to) is the stress in the concrete at the time when the
loading is applied #;

Ags is the area of the transformed cross-section;

I, is the second moment of the area of the trans-
formed cross-section;

z¢p 1s the distance between the centre of gravity of the
transformed cross-section and the prestressing steel.

2. EVALUATION OF THE TIME DEPEN-
DENT PRESTRESS LOSSES SEPARATE-
LY FOR THE TOP AND BOTTOM TEN-
DONS OF A PRETENSIONED CON-
CRETE MEMBER

The variation of strain of the concrete at time ¢ is
given by [5]

O‘C(’O)
Ae (t)=——"20p(t,t,)+
(077 otn) 2
AO-(‘()
+ . [1+ x0(1.t,) |+ €., (t.1,)
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where:

Aoy(2) is the variation of stress in the concrete at time ;
x is the aging coefficient [6, 7].

The variation of strain of the prestressing steel at
time 7 is

Ao, (1)- x40, (1) 3)
E

P

ae, (1) =

where: y; is the reduced relaxation coefficient [§].

It is assumed that on the level of the centroid of the
tendons the variation of strain of the concrete is
equal to that of the prestressing steel, Ag.(f) =Ag,(?),
so the variation of stress in the prestressing steel at
time ¢ is given by

E t

pgc(0)¢(t’t0)+

o “4)
[1+ x0(t.t,) |+ €. (t.4,) E, + A0,

A, (1)=

EAO'()

cm

The equation (4) can be transformed to:

E, Ao, (
Ao, ()| 1= A 1+ (et

E,Ac ( [ I ©)
:M(p(,,%)ww (1.t,)E, + 2,A0, (1)

By the omitting the effect of relaxation of the pre-
stressing steel, it might be assumed that a ratio of the
variation of stress in the concrete to that in the pre-
stressing steel is equal to a ratio of the stress in the
concrete (on the level of the centroid of the tendons)
Ao, to that in the prestressing steel Agy,.

Ao, (t) 0., (6)

Ac,(t) o

p.p

By using the equation (6), the equation (5) for the
top tendons can be expressed as:

E7GC 10
10,0, (0 1= 2225521 20000 -
cm™ p.p.top (7)

E GL‘ o (t )
= pE),ipoqﬁ(t,tO ) +
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gcs (I’ZO )Ep +IrAO-
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For the bottom tendons:

E o
Aap,ba,(z){l—”"”’”’[lﬂm (4.t )]}
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It is known that the tensile stress in the prestressing
steel causes the compressive stress in the concrete.
The relationships between these stresses for the top
and bottom tendons are given by

Ap bot O-p p.bot Ap mpo-p p.lop +
_ A(s Acs
epitop 2
+ Ap 50t0 p.p bot Zep, pot (= Zep, mp) + Ap wop O p.p t{)p( ZL‘p,f{)p)
I cs cs
)
Ap but/(:-p L p.bot + Ap,mp:-p,p,wp +
cs cs
O-L‘,p.]mt == A 4 (10)
'p.bot O-p pobotZep bot p,mpo-p,p,mpz(p,bnz (_Zqz,rnp)
cs I cs
Let:
A A,z
_ “"p.bot p.bot < cp.bi 1 1
W T (b
cs cs
A Az (=2, )
_ “"p.bot p.,bot“cp.bot cp.top
g, = y + 7 (12)
cs cs
79 _ Ap,lop + Ap,lapch,bo[(_ch,mp) (13)
th —
Ac: I cs
2
19 — Ap,tap + Ap,tap (_Zzp,mp) (14)
i
Acs I cs

Therefore, the equations (9) and (10) can be
expressed as:

O-C,p,tup _ [19 + 19 p p.bot ] (15)
O-P»PJDP pp,top
O.c,p,lmt 19 + 19 p p,top (16)
O-p,p,bot p,p.bot

It is assumed that a ratio of the stresses in the top and
bottom tendons stays the same after the time depen-
dent prestress 10SSes, 0y,p,w0p /Oppbor = Opmo,iop | Opmo,or-
By using the equations (7), (8), (15), and (16), the
variations of stress in the top and bottom tendons at
time ¢ are given by

ctop (t0)¢ ) ( )E +Zer-pHOp()
Ao, (1)= E
~r 19” pm0,bot 1+Z(0tl‘)
E ( Pmolﬂpj[ ](17)
igﬁ./}ot(t0)¢(t’t0)+gc ( )E +ZAo-pr/7l)t( )
AC, (1) ==

E
J,+0 Tpmoson |1y 4 (4,1,
EC,,, ( th o J[ ,1’(P :| (18)

pm0,bot

According to the equation (5.46) from Eurocode 2
[4], it is assumed that the values of the aging coeffi-
cient y and the relaxation reduction coefficient y;, are
0.8. Thus, final equations to evaluate the time depen-
dent prestress losses for the top and bottom tendons
of a pretensioned concrete member can be expressed
as

AP, (1)=4,, A0, (1)=

top p.top p.top

E
ﬁo-c,mp(to)¢(t’t0)+gc ( )E +0 SAo-prmp( )

Ptop E
= [19 +0, "'”Obm][l+08(ptt )] (19)

pm0,top

AP;wr( ) 4 Ao-pbm( )

p,bot

E
idc,bot(to)¢(t’t0)+gc ( )E +0 SAo-prbot( )

cm

p,bot E o
1+Ep[ﬂbb +0, M’J[HO.W(A%)] (20)

pm0,bot

cm

It should be noted that the stresses in the concrete,
Ocop(to) and o poto), can be caused by initial pre-
stress P9, quasi-permanent actions y»Q, and self-
weight G. These actions are generally applied at dif-
ferent times, so proper values of the creep coefficient

shall be used in the calculations of the prestress loss-
es (19), (20):

O-c.!ap (tO )@(t,to ) = |:O-C,G,top (IO ) + O-c,me,top (ZO ):| ¢(t’t0 ) +

+O—L’,Q,top (tl )w(t’tl )

2n

O-c,bor ([0 )(P(”to ) = [O-C,G,bot (tO ) + O-L‘,pmoﬁbot (tO )]¢(t { ) (22)
+O-LQ/10I(II)¢(I’I])

where:
tp is the time when initial prestress is applied;

1 is the time when quasi-permanent actions are
applied;

Oc, G, top/bot (t(]), Oc¢,pm0top/bot (t()); Oc, O top/bot (t 1) are the
stresses in the concrete on the level of the centroid of
the top/bottom tendons at times ¢y and #; due to self-

weight, initial prestress, and quasi-permanent
actions, respectively.
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Figure 1.
Cross-sections of pretensioned concrete members: a) a rec-
tangular beam, b) an I-shaped beam

3. ANALYSIS OF VARIATIONS OF
STRESS IN THE PRESTRESSING STEEL
OF PRETENSIONED CONCRETE MEM-
BERS

In this section, variations of stress in the prestressing
steel of two pretensioned concrete members depend-
ing on their depths of the cross-sections of the con-
crete, loads, and ratios of the top and bottom tendons
are presented. These variations found with the help
of the equations (17) and (18) for the top and bottom
tendons are compared with those calculated accord-
ing to the equation (1) for the resultant tendon.

3.1. Parameters of analysed pretensioned concrete
members

The cross-sections of two analysed pretensioned con-

crete members are shown in Fig. 1. The parameters

of the members are presented in Table 1.

For both members:

* The  prestressing strands  Y1860S7-15.7,
E, = 195 GPa. The area of the cross-section of one

tendon is 150 mm?. The class of relaxation — Class
2 (low relaxation). The stress in the prestressing
steel immediately after transfer is 1395 MPa.

* The cement of Class N.
* The strength class of the concrete is C50/60.

e The density of the prestressed concrete is
25 kN/m?.

e The ambient relative humidity is 60%.
* The time when initial prestress is applied: #p = 3
days.

R. Krzywon

Table 1.
Parameters of the analysed members
The rectan- | The I-shaped
gular beam beam
The span L (m) 15 21
The load g (kN/m) 9 25
The perimeter of the member in 22 476
contact with the atmosphere (m) ’ ’

e The time when quasi-permanent actions are
applied: #; = 28 days.

The presented cross-sections and parameters of the
pretensioned concrete members are basic for the
analysis. In the next section, the depth of the concrete
cross-section, load, and ratios of the top and bottom
tendons are changed to show differences in the pre-
dicted loss of stress in the prestressing steel according
to the equations (1), (17), and (18).

3.2. Results and discussion

The results are presented in Fig. 2, 3, and 4. The ver-
tical axes show the time dependent prestress losses
AP in the per cent of initial stress Py, variations of
stress in the prestressing steel Ao, and ratios of vari-
ations of stress in the top and bottom tendons and the
resultant tendon (the centre of gravity of the top and
bottom tendons) to a variation of stress in the resul-
tant tendon Adj resuian. It should be noted that creep
nonlinearity is omitted from the calculations.
Besides, the distance from the centroid of the
top/bottom tendons to the top/bottom surface of a
member remains constant.

The uniformly distributed load g is quasi-permanent
and is applied to the top surface of a member. The

effect of the factor i/ [9] on the value of the load is
omitted from the analysis.
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Figure 2.

Influence of the area of the cross-sections of the bottom tendons A4, po; on the variations of stress in the top tendons (the dashed line),
the bottom tendons (the continuous line with crosses), and the resultant tendon (the continuous line) for: a) the rectangular beam, b)

the I-shaped beam.

The most obvious is the influence of the distribution
of the tendons in the cross-section. The greater the
distance from the resultant tendon, the greater the
error in the determined value of loss of prestressing
could be expected. This is confirmed by the diagrams
in Figure 2. The graphs are showing the full range of
changes in the arrangement of the tendons. Limiting
them to practical solutions, where usually the share
of bottom tendons A, exceeds 80%, a possible

error of the value of the deduced loss will be 8% for
bottom tendons and 18% for top tendons. These val-
ues do not depend on the shape of the concrete cross-
section.

The time dependent loss of the prestressing force is
related not only to the value of the force with which
the tendon has been tensioned, but also to the stress
in the concrete surrounding the tendon. The top or
bottom position of the tendon is very important here,
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Figure 3.

Influence of the quasi-permanent load q on the variations of stress in the top tendons (the dashed line), the bottom tendons (the con-
tinuous line with crosses), and the resultant tendon (the continuous line) for: a) the rectangular beam, b) the I-shaped beam.

qG is the member weight.

as is the value of the external load bending the beam.
This effect is shown in the graphs in Figure 3. It can
be seen that a variation of stress in the top tendons is
greater than that in the bottom ones.

This phenomenon is the effect of the type of stress
around the tendons. The bottom tendons, similar to
the resultant tendon, are present in the zone where
tensile stresses from external loads occur, whereas
the upper tendon usually appears in the compressive
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stress zone. The area of the upper tendons is usually
smaller, and therefore they are more susceptible to
the impact of external loads.

Together with the span of a member, the bending
moment caused by external load increases. The con-
sequence is an error in calculated loss of prestressing
force due to underestimation or overestimation of
stresses in the concrete surrounding the tendon. Here
also, due to the lower impact of top tendons on the
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Influence of the depth of the concrete cross-section h on the variations of stress in the top tendons (the dashed line), the bottom ten-
dons (the continuous line with crosses), and the resultant tendon (the continuous line) for: a) the rectangular beam, b) the I-shaped

beam

value of these stresses, the error of the calculated loss
is greater.

The analysed pretensioned concrete members are
similar to those that are used in the construction
industry, therefore they are characterised by a great
value of a ratio of the bottom tendons to the top
ones. That is why the variations of stress in the bot-
tom tendons are close to those in the resultant ten-
don in Fig. 3 and 4. If areas of the cross-sections of
the top and bottom tendons are equal, it becomes
clear that a value of a variation of stress in the
resultant tendon found using the equation (1) is the
average between variations of stress in the top and
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bottom tendons calculated by the equations (17)
and (18).

The presented in Fig. 2—4 results show that the error
in estimating the value of the time dependent pre-
stress losses, especially in the upper tendons, can
reach up to several dozen percent in extreme situa-
tions. Thus, the equation (1) can’t help to calculate
variations of stress in the top and bottom tendons
separately and the equations (17) and (18) should be
used to do it.
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4. CONCLUSIONS

In this paper, the equations (19) and (20) to evaluate
the time dependent prestress losses separately for the
top and bottom tendons are deduced. Moreover, the
prestress losses are calculated for two pretensioned
concrete members. The results are analysed and it is
concluded that a variation of stress in the bottom ten-
dons is greater than that in the top ones for preten-
sioned concrete members that are characterised by a
great depth of the concrete cross-section, a small
span, a great ratio of the bottom tendons to the top
ones and are subjected to a small load. It should be
noted that a shape of the concrete cross-section does
not affect these patterns. It is established that the
equation (5.46) from Eurocode 2 [4] for the resultant
tendon can’t be used to find the time dependent pre-
stress losses separately for the top and bottom ten-
dons. In the case of a change in a depth of the con-
crete cross-section, a span, and a load, the result of
the equation (1) is the average between the values
determined by the equations (17) and (18). In the
case of a change in a ratio of the bottom tendons to
the top ones, a variation of the stress found by the
equation (1) changes parabolically.
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