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Abstract. In this paper, an attempt has been made to extend application of the recently proposed Flexural constitutive
model to short- and long-term deformational analysis of flexural partially prestressed concrete members. The effect of
tension stiffening and non-linear time effects of creep and shrinkage are taken into account. Effective modulus method
is used for modelling long-term deformations. The proposed calculation technique is based on the layered approach and
use of material stress-strain relationships. Curvatures prediction results were tested against experimental data of partially

prestressed concrete beams reported in literature.
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1. Introduction

Partially prestressed concrete, combining tensioned
and untensioned reinforcement, is a general case of struc-
tural concrete. The effect of non-tensioned steel in re-
ducing time-dependent camber of prestressed concrete
beams is similar to the effect of compressive reinforce-
ment in reducing long-term deflections of ordinary rein-
forced concrete members. The prestress losses due to
creep decrease with a decrease in the partial prestressing
ratio.

Long-term deformations of reinforced (non-pre-
stressed), prestressed and partially prestressed concrete
structures might be several times larger than elastic de-
formations. Such increments are caused by complex
physical effects such as concrete creep, shrinkage and
cracking, bond between steel and concrete, etc. Design
engineers for both short- and long-term deformational
analysis of reinforced (non-prestressed), prestressed and
partially prestressed concrete structures can use either
empirical code [1-4] or numerical methods [5-7].

Different techniques are used for strength, deflec-
tion, prestress losses and crack width analysis. Typically,
methods for calculating prestress losses, which are widely
available in the literature [2, 3], do not account for the
presence of non-prestressed reinforcement in partially
prestressed concrete members. Most importantly, due to
their simplicity the code methods cannot include many
geometrical and physical parameters and, therefore, are
not accurate enough. Numerical methods [5—7] are based
on universal principles and can take into account all
possible material effects.

A constitutive model, called the Flexural, has been
developed for deformational analysis of flexural rein-
forced concrete members subjected to short-term load-
ing [8, 9]. This model consists of traditional constitutive
relationships for reinforcement and compressive concrete.

The most important part of this model is a constitu-
tive relationship for cracked tensile concrete which ac-
cumulates cracking, tension stiffening, reinforcement slip-
page and shrinkage effects. Further, the Flexural consti-
tutive model has been applied for long-term deformational
analysis of reinforced [10, 11] as well as deformational
analysis of flexural prestressed concrete structures [12].

In this paper, a simplified approach to computing
instantaneous and long-term deformations of cracked re-
inforced (non-prestressed), prestressed and partially pre-
stressed concrete members has been proposed. Accept-
ability of the technique was checked by estimating time
deformations of experimental partially prestressed con-
crete members reported in literature.

2. Stress-strain relationships for concrete and rein-
forcement

The present analysis method is based on the classi-
cal techniques of strength of materials extended to ap-
plication of the layered approach and the use of the
materials diagrams of the Flexural constitutive model [9].

Modelling of compressive and tensile concrete. For
both short- and long-term analysis, the stress-strain rela-
tionships for the compressive and tensile concrete are
shown in Fig 1. The ascending branch of the compres-
sive concrete diagram has the following expression:
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here tg is time at first loading (or prestressing) (in days);
t — time under consideration (in days); o.(tg),
oc(t,ty) — the compressive stresses; femax(to) and
eo(to), femax(tito) and eq(t,ty) — the maximum com-
pressive stresses and the corresponding strains for short-
and long- term loading, respectively:
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It is well known that strength of compressive con-
crete varies with time [13]. Structural defects initiated
by hardening of concrete develop with time and cause
reduction of compressive strength. On the other hand,
concrete strength increases with time due to hydration of
cement.

In the present study, these effects are accounted for
factors Be; and B¢ s given in CEB-FIB Model Code
1990 [4].

The maximum compressive stress f () at any

o¢(to)= fe.max (t0>{2£C(t0) (EC(tO)]Z},

eolto)=
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crete and chsus(t,to) — the factor accounting for micro-
cracking effects on concrete strength and are expressed

Beclt)= epol— (ZtS)OS]} , )

Be.sus(t.to) = 0,96 —012{In[72( —to)I°°,  (5)

where s is the coefficient depending on the cement type
[2].

The effective modulus of elasticity of concrete
Eo(t,tg) for modelling the effects of creep in concrete
is expressed as:

_ Elto)
S 1+0(tty)’

where Eg(tg) is the modulus of elasticity of concrete at
time ty; o(t,ty) — the creep coefficient at time t for
concrete loaded at tg.

In the present analysis, the Flexural constitutive re-
lationship [8—10] has been used for modelling short- and
long-term behaviour of cracked tensile concrete. The
descending branches of the tensile concrete diagrams
shown in Fig 2 have the following expressions:
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time t is determined as follows: Blto) Bet(to)
P,
f t,tg)= fc(28)Bclt tt 3 (7
c,max.( 0) c( )Bcc( )Bcsus( O) > ( ) ft (t,t0)= 0,625 fcr (t,to)x
where f;(28) is short-term compressive strength (at time _
to= 28 days); Bec(t) — the factor assessing influence of x{l— g (t.to) + 1+ (),6[3(t,t0)}
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Fig 1. Stress-strain relationships for compressive and tensile concrete (

long-term loading

) — for short-term loading; (e = == =) — for
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where fg (tg), fe(t,tg) are the short- and long-term
strength of tensile concrete, respectively; g(ty) and
e (o), &(tty) and eq(t,tyg) — the strain and the
cracking strain of tensile concrete at time ty and t, re-
spectively.

The factors B(tg), B(t,ty) describing the length of

the descending branch of the constitutive relationship for
short- [8] and long- [10] term loading (Fig 2), respec-
tively, are expressed as:

Btg)=328-27.6p+712p?, )

B(to)
N B+ 0l to)]
where P is the reinforcement percentage; PB(tg)=5,
if p>22%.

The factor mng describing the concrete tensile

strength reduction due to sustained loading [14] is ob-
tained from the following expression:

B(t.to)= (10)

o = M =0,794—0,06l0g(t-tp).
fcr (to)

Modelling of reinforcement. For reinforcement ma-
terial idealization, a bilinear, trilinear or more complex
stress-strain relationship can be adopted. The stress-strain
curve for the long-term analysis is taken the same as for
the short-term one, ie no creep is assumed in the steel.

(11)

3. Short- and long-term deformation analysis of par-
tially prestressed concrete members

In this section, a method for short-and long- term
deformational analysis of flexural partially prestressed
concrete members is being proposed.
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As shown in Fig 3, a and b, ¢ member may contain
multiple levels of both prestressed and non-prestressed
reinforcement. The member’s cross-section is divided into
a number of horizontal layers corresponding to either
concrete or reinforcement (Fig 3, ¢).

The non-linear material properties are assessed in
iterative calculation by means of secant deformation
modulus. The cross-section analysis is performed in the
so-called transformed section.

The proposed calculation technique is based on the
following approaches and assumptions: 1) smeared crack
approach; 2) linear distribution of strain within the depth
of the section; 3) perfect bond between concrete and
reinforcement; 4) effective modulus method based on
effective modulus of concrete elasticity, is used for mod-
elling the effects of creep in concrete; 5) uniform
concrete shrinkage within the section depth.

Longitudinal strain eij (t,tp) in every layer j (Fig 3,
¢, d) is taken as:

ejltto)=ec (tto)+ yixltto)—ew (tLto),  (12)

where yi,- is the distance of the i-th layer from the top
edge; eg4, (t,t;) — the concrete free shrinkage strain;
gL (t,ty) and x(t,ty) are the top fibre strain and curva-

ture, respectively, obtained from the following expres-
sions:

T T
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Fig 2. Stress-strain relationships for tensile concrete (

B)e ) e ()

) — for short-term loading; (e = == @) — for long-term loading
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— the dis-
tance from the initial prestressing force to the top sur-

where P is the initial prestressing force; dp

face; M — the applied bending moment; A, — the trans-

formed section area; S;r and Ig — the first and second

moments of the area (about the top edge) given by the
expressions:

E;

%= ij VE, to)

< ZJ JEe(tt) (19)
4 bi'(ti')3 (] E

=X Ty ) Eoltito)’

b} and t'j are the width and thickness of the i-th layer
(i=1,2...n), respectively; A. and S. — similar charac-
teristics calculated for the concrete section ignoring the
steel; Ngy (t,tg) and Mg, (t,ty) — the external force and
the moment due to concrete free shrinkage strain
£4y (t,ty), respectively. It should be noted that taking
E.(to) instead of Eglt,ty) and &gy (t,tg)=0, the pro-
cedure can be applied to short-term deformation analy-
sis.

The stress change in the prestressed reinforcement
after transfer is obtained from the equation:

Aoy(to)= Ebfel o)+ vixto),  20)

where EiSp is the elasticity modulus of prestressed rein-
forcement.
The time-dependent loss of prestressing due to

shrinkage and creep is given by:

a) b)

h ﬁr_\l

Fig 3. PPC section and strain diagram for short- and long-term loading (

long-term loading

Ack(t.ty)= E‘Sp(el (t.to)+Y) K(t,to))— Aok (to). (21)

A computer program has been developed for calcu-
lating curvatures, deflections, and the stress and strain
state of the member.

4. Comparison with test data

In this section, results of short- and long-term de-
formations and curvatures calculated by the method pro-
posed are compared with experimental data of eight par-
tially prestressed concrete beams reported by Sato et al.
[15, 16]. The experimental program [15, 16] was de-
voted to investigations of the differences between par-
tially prestressed high-strength concrete members
(PRHSC) and partially prestressed middle-strength con-
crete members (PRMSC).

For this purpose, four partially prestressed high
strength (HL20, HL22, HL30, HL32) and the same num-
ber of partially prestressed middle strength (ML20,
ML22, ML30, ML32) members were made. It is to be
noted, that PRHSC members were subjected to the ef-
fect of autogenous shrinkage, then prestressed and, there-
after, loaded.

Main characteristics of the experimental beams and
properties of concrete are presented in Table 1 and 2,
respectively. Four members were provided with compres-
sion reinforcement. All specimens were demoulded at the
age of 1 day for high-strength concrete and 5 days for
middle-strength concrete.

The beams were nominally 2,20 m long, 250 mm
high and 200 mm wide. All specimens were prestressed
on the 9th day. On the 16th day, they were subjected to
a long-term loading under two-point system. The mem-
bers were accepted to crack under a sustained load.

In the long-term analysis, the proposed technique
employs the characteristics of concrete creep factor and
shrinkage strain taken from the experiments [15, 17, 18].
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Table 1. Main characteristics of beams

tM d ' '
No | Beam te t b h ds as ASZ Ao A O oo
[d] [d] [mm] | [mm] | [mm] | [mm] | [mm] | [mm’] [mm?] [mm?] | [MPa]
1 2 3 4 5 6 7 9 10 11 12 13
1. | HL20 - 3972 30,0 - 900,0
2. | HL22 16 30 | 3175 80,0 397,2 | 900,0
3. | uLso | 2 700 | 200 | 230 | 210 160 R 2534 128,0 B 940,0
4. | HL32 30 184.9 128,0 | 3972 | 940,0
5. | ML20 - 3972 80,0 - 940,0
6. | ML22 16 30 | 3175 80,0 3972 | 860,0
7. T mL30 | 2 700 | 200 | 230 21001 160 e e 1280 - 940.0
8. | ML32 30 184,9 1280 | 3972 | 900,0

to, tw - ages at prestressing and first loading, respectively

t : duration of the long-term loading

b, h:width and height of cross-section

ds, dg, a'S : distances from the centre of tensile reinforcing bar, prestressing bar and compressive reinforcing bar to the top

surface, respectively

As, As, A, areas of tensile bar, compressive bar and prestressing reinforcement, respectively

O - initial prestress

Table 2. Properties of concrete

. 2 29 .29
[MPa] [MPa] [MPa]
Medium-strength 44,5 3,6 36,8
High-strength 105,4 6,4 38,7

f.(28), f.(28), E.(28). compressive (cylinder) and tensile strengths and Young's modulus of concrete at 28 days,

respectively

The autogenous shrinkage at early ages in high
strength concrete was taken into account, while shrink-
age strain of medium-strength concrete before prestress-
ing was neglected. It should be noted that deflections
due to autogenous shrinkage in PRHSC before prestress-
ing are not given [15, 16].

Measured time-dependent curvatures of partially
prestressed middle- and high-strength concrete members
are shown in Figs 4-7.

The mean curvatures of PRHSC members corre-
sponding to instaneous loading were by 20 to 40 %
smaller in repeat to PRMSC members under sustained
loading the difference varied from 30 to 55 %. Com-
parison of computed and measured curvatures are shown
in Figs 4-7. The comparison shows a reasonable agree-
ment.

The average test strain in tension steel of cracked
members ML22 and ML32 (measured for the pure bend-
ing zone) are shown in Figs 8-9, respectively.

The comparison given in Figs 8-9 also shows a
fairly good agreement.

It can be noted that the mean curvatures of PRHSC
are by 20-40 % smaller at application of instantaneous
load and also by 3055 % smaller after loading than those
of PRMSC, respectively (Figs 4-7).

5. Concluding remarks

In this paper a simplified approach to computing
instantaneous and long-term deformations for both
cracked and non-cracked section of reinforced (non-pre-
stressed), prestressed and partially prestressed concrete
has been proposed.

The present research further extends the application
of the Flexural constitutive model. Cracking, tension stiff-
ening, shrinkage and creep effects have been included in
the model. The proposed calculation technique is based
on layered approach and the effective modulus method.
A unified algorithm has been applied for both short- and
long-term analysis.

Acceptability of the proposed calculation technique
was checked by estimating curvatures and steel strains
for eight experimental partially prestressed high- and
middle-strength concrete members reported in the litera-
ture [15, 17, 18]

The autogeneous shrinkage at early ages in high-
strength concrete was taken into account in the analysis.
The characteristics of concrete creep facts and free shrink-
age strain were taken from the tests. Comparison of the
computed and measured data has shown a reasonable
agreement.
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STIPRIOJO IR VIDUTINIO STIPRIO BETONO ITEMPTUJU LENKIAMUJU GELZBETONINIUY ELEMENTU
DEFORMACIJU ANALIZE PAGAL INTEGRALIN] MODEL]

R. Zamblauskaité, G. Kaklauskas, D. Bacinskas

Santrauka

Analizuojamos stipriojo ir vidutinio stiprio betono jtemptyjy lenkiamuyjuy gelzbetoniniy elementy trumpalaikés bei ilgalaikes
deformacijos taikant integralini modelj. Integruotai jvertintos betono valk§numo ir traukimosi deformacijos bei tempiamojo
betono pleis¢jimas ir elgsena tarp plySiy. Pasitilytas trumpalaikiy bei ilgalaikiy deformacijy skaiciavimo modelis, pagristas
sluoksniy bei efektyviojo modulio metodais. Taikant pasitilytaja metodika, eksperimentiniy sijy kreiviai palyginti su
apskaiciuotaisiais.

RaktaZozZiai: betono valk§numo ir traukimosi deformacijos, miSriai armuotas jtemptasis gelzbetoninis elementas, i§ankstinio
itempimo nuostoliai, suplei$éjusio elemento tempiamojo betono tarp plySiy darbas, lenkimas, kreivis.
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