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SAFIR APPLIED TO PRESTRESSED BEAMS
AT AMBIENT TEMPERATURE

Jean-Marc FRANSSEN

University of Liége, Belgique

SUMMARY

This paper describes some general features of the code SAFIR and gives the main hypotheses
of its plane beam and truss finite elements. Some parlicular points of the discrelization of the:
prestressed beams defined by. AFPC are discussed, The description of the results that can be

obtained is given,

RESUME

Cet article décrit certains aspects généraux du programme SAFIR et reprend fes principales
hypothéses de ses élémenis finis de poutre plane et de barre de treillis. Certains points
particuliers de’la discrétisation des poutres précontraintes proposées par I'AFPC sont discutés.

On donne une description des résultats qui peuvent &tre obtenus.
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1, INTRODUCTION

Since many vears. had the author been involved in the numerical simulation of struclures
submitted to fire. With the financial support of Arbed and of the ECCS, the program
CEFICOSS had been developed to analyse steel and composite steel-concrete plave frames.
The evolution of the 2D temperatute distribution in the sections was calculated by finite
differences and the structural behaviour via 2 nodes plane beam finite clements.

As this code had been written specilically for the case of plane frames, it was. decided that a
new program should be writien in order to offer more general possibilities. This code received
the name of SAFIR, .

When Professor Dotreppe was awate of the bench mark (est proposed by AFPC, it suggested
the author fo participate, this test being a good validation exercise, although it concerns a
structure at ambient temperature. The results of the bench mark test have been reported in {1].
This paper describes the code SAFIR, in the features that have been used for this test, and
explaing how the prestressed beams have been rodelled.

2. THE CODRE SAFIR
2.1. Plane bean.

The 2D beam is a displacement based element. It has two podes at the ends, each one
supporting two translations and one rolation, plus one intermediate node supporting the non
linear part of the longitudinal displacement. This longitudinal displacement of the node line is
a second order power function of the longitudinal co-ordinate, whereas the transverse
displacement of the node line is a third order power function of the longitudinal co-ordinate.
The hypothesis of Bernoulli is used when evaluating the displacement field within the clement
and the hypothesis of Von Karman when evaluating the axial strain, In ofder to eliminate
Jocking, the non linear part of the strain is averaged on the length of the clement.

= 2
_ow 12 (v
X = ax 2L j_g (ax] dx W

whers  u : longitudinal displacement
v transverse displacement
x 1 Jongitudinal co-ordinate
I, : length of the element.

The system of equilibrium equations linking the incremental nodal displacements to the
incremental nodal forces as well as the energeticatly equivalent nodal forces are established
via the principle of virtual displacements, wrilten in a-total corrotationnal description.

The volumetric integration that must be performed when evaluating the stiffness matrix and

fhe internal nodal forces is split info a longitudinai and a sectional integration.

- The cross section is divided into several fibres. Al ambient temperalure, the strain in a
section is constant at all the points that have the same transverse co-ordinate. In this case,
the fibres are horizontal sectangles, each of them having the width of the section at (his
fevel. The fibre model is here used as a layer model. The strain, tangent modulus and stress
in the layer is evatuated at mid level of the layer. The integration is made by the method of
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the rectangles, i.e. that cach layer is geometrically characterised by ifs area and the position
of its center,

The sectional stiffness are evaluated by |

N
B3 = ,ZlEij Ay
i

Bl = 3 By A y? 2
":—‘Zl 1 }yj ( )
= .

The internal forces are evaluated by

N
Nj =2 oy &)
=1
N .
Mi=Z i AjYj 3)
j=1 N R
where EA;, ES5;, BL : sectional stiffness
Nj, M : axial and bending internal forces
Ejj : tangent modulus of a layer
Aj : area of a layer
¥ : transverse co-ordinate of a layer
i : refers to the section
i : refers to the layer
N : nunber of layers.

It has to be mentioned that this method underestimates the flexural stiffness in a way that is
significant when the number of layer is too low.
For a rectanguiar section, for cxample,

N=1 provides Ei; =0
N=12 v ELL = 0,75 x Elj exact
N=10 ! EI; = 0,99 x Bl exact

- The longiludinal integration is made by the traditionat method of Gauss with the number of
points of infegration ranging from 2 {0 ©. :

The 2D truss element is also based on displacements. Its formulation is so well known that il
will aot be repeated here. If large displacements are considered, the non linear strain is
calenlated according to :
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1
where L : length of the deformed element
L; : initial length of the element

i,e. Van Karman hypothesis is not present,
No provision is made to dislinguish between fension and compression, i.e. the element has no
nolion such as buckling and must be used in compression ondy for slocky seciions.

2.3, Malerial characteristics.

The material characteristics have been used as described in the caleulation forms seat to the
participants i.e. ;

Concrele : parabolic-plaieau. No tension strength.

Passive rebars elastic-plastic. '

Prestressing steel : Ramberg-Osgood.

All the 1aws account for plasticity, i.e. unloading is parallel to the original modulus when the
strain decreases.

2.4, General features.

A general Newton-Raphson method is used in the structural calculation, ie. the stiffness
matrix is recalculated after each iteration.

Dynamic effects are not considered.

Post peak behaviour of the structure can be tracked by means of displacement control.

In addition {o the clements presented here, SAFIR also has a 3D beam element for structural
analyses, and a plane 3 or 4 nodes element for transient conductive thermal analyses or (o
determine torsionnal stiffness and warping function in composite steel-concrete sections.
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;. DISCRETIZATION OF THE CALCULATION T BSTS,

2%2 2x2.5 6x1.67

" (endon
: reinforced concrete beam
s deviator

Figure | : Tsostalic beam, external prestressing

Hach beam has been discretized by means of (see Fig, 1),

- beam elements accounting for concrete and passive rebars,

- truss elements accounting for prestressing strands,

. very Sliff beam elements rigidly fixed to the reinforced beam in order io introduce the
sccentricity of the tendons. Those ¢lements could be easily suppressed if the geometrical
eccentricity of the tendon was directly introduced in the truss element, which would be the
normal way to formulate a prestressing finite element.

The éxternally prestressed isostatic beam is represented by means of
- 18 reinforced copcrete beam elements,

~ 3 {endon elements

- 2 stiff deviator elements.

a) Undeformed b) Deformed
Figure 2 : Internal 'pres_tressing.

The internally prestressed isostatic bearn is represented by means of

- 18 reinforced concrete beam elements,

- 18 tendon elements, .

- 17 devialor elements (see Fig. 2a).

The tendon elements remain straight between 2 fictive déviators in the deformed state (see
Fig. 2b) and their length is therefare slightly shorter than the leagth that could be calculated
in a normally written prestressing element accounting for the curvature of the beam, This
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effect has been shown o be of very limited influence within the frame of a Ph. D. thesis now
under completion in Lidge,

Two longitudinal points of inlegralion in every beam have been used.

The reinforced cross section of the isostatic bean: is represented by
- 20 layers of 1 cm. in the deck,
- 14 layers of 10 cm.,
18 layers of 2 cm.,
4 ayers of 1 cm, in the webs,
~ 1 layer of 40 cm? as passive slecl.

The node line has been placed at 62 ci. from the fop surface in order fo have no eccentricity
of the tendon at the supports.

H\\‘*mﬁw
itnde | i
gl ]
node | \“‘"\Mg noda |
o s SR
node |
a) Undeformed b) Beformed

Figure 3 : Free split at deviators.
The case of free split at the deviators of externally prestressed beams has been represented by
means of two differeat nodes having the same co-ordinate af the lower end of the deviators
(Fig. 3a).
One node is fixed to the deviator,
one note is fixed to the tendons.
The horizontal displacements of the two nodes are independent whereas the vertical
displacements are forced to be equal via a masier-slave refation {Fig. 3b).

The prestressing is introduced by means of initial strains in the tendons. The strain s;
introduced will produce a load P, = - & . Ay This Joad corresponds to the load in the
tendons before elastic shortening of the reinforced concrele beam. As the presiressing load of
6000 kN is described as the tension in tendon after losses, a first step of the simulation is 1o
find the inilial strain that produces this tension of 6000 kN

: 0010
A strain caleulated as g = Egg—%;%—o%

gave a first value of the prestressing load afler clastic losses, The initial strain was then
corrected 10 6,49 103 and a second simulation yielded a load in ihe tendon equal to 6000 kN
in the inclined parts of the tendon and 5930 kN in the central part, after the self-weight has
been applied and the elastic losses have been considered.

= 6,32 10“3,_was first applied and a firsf simulation
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The section of the hyperstatic beam is represented by means of
47 reinforced concrete elements

7 teiidon elements

6 stiff deviator elements.

4, RESTLTS PRESENTED,

Results can be provided after cvery time step or, if required, aficr each iteration. This
possibility produces enormous amounts of results and is generally used for research purposes
in order to establish a convergence criterium for example or to understand why convergence
has not been detected in cases showing numerical problems.

After each time step of this structural simulation, the following results have been printed ;

- The duration of time since the beginning of the loading.

- The number of iterations performed within this time step.

~ The minimum Eigen value of the stiffness matrix at time t divided by the minimum Eigen
value of the stiffhess matrix of the unloaded undeformed structure. This ratio has the value 1
al =0 and decreases to 0 at failure time. Each significant decrease of the ratio indicates a loss
of stiffpess. This ratie is linked to the first vibzation frequency of the structure. Tt can be used
to aulomatically adapt the time step and also to detect numerical failure. If failure is detected
when tht ratio had no yet reached a very low value, there is a good probability that some
problem caused (he numerical simulation (o stop whereas the structure had still a significant
degree of stiffness and presumably of resistance.

- The displacements at the nodes.

- The axial and bending force at the longitudinal points of integration in the beam elements;

- The axial load in the tendon elements.

- The stresses in the layers of one beam element (close to the load).

- The reactions,

At the'time being (sept.93), post processing capacity is fimited (o a sort of the output files in
order to.produce EXCEL files. It is therefore possibie to draw the evolution of one or several
results as.a function of time. The possibility is therefore present to detect yielding or cracking
in diflerent parts of the structure.

Drawings-of the structure on which the deformed body or the diagrams of solicilations is
superimposed has not yef been programmed.
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