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SUMMARY

Thermal loading of prestressed conecrete structures is considered which necessitates the
ineclusion of time effects in the analysis. The technique described in this paper involves
concurrently solving an uncoupled set of equations within a time interval to provide both the
displacement and temperature increments. A two level time stepping scheme is employed tco pre-
dict temperature changes within a time interval and elasto-viscoplastic material analysis is
performed using an explicit forward difference scheme incorporating an equilibrium iteration
procedure,

A dual criterion for yielding and crushing in terms of stresses and strains is considered
which is complemented with a tension cut-off representation.

Numerical computations are presented which indicate that, for thermal loading a full
transient thermal-mechanical analysis is sometimes essential in order to obtain a realistic

structural response.
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1. Introduction
The last decade has witnessed rapid advances in the use of finite element methods for the

analysis of reinforced concrete structures as reported in several comprehensive review arti-

cles 51—5[. Some numerical approaches have been developed to mainly study local behaviours,

such as bond effects, cracking, interface shear and dowel action while other numerical studies

have been directed at the analysis and design of components and structures. In the present

an averaging procedure is employed to simulate concrete cracking; with the crack

study,
An average shear modulus

effects being assumed to be distributed within a sampling volume.

which accounts for both crack interface effects and dowel action is employed and a full bond

is assumed at the steel-concrete interface.
The technique described in this paper for transient thermal loading problems invaolves
concurrently solving an uncoupled set of equations within a time interval to provide both the

displacement and temperature increments. Use of a fully coupled theory is avoided due to lack

of appropriate material data, but the sequential approach adopted allows the material proper-
A two level time stepping scheme with 1/2 <« < 1 is

ties to be temperature dependent.
Elasto-viscoplastic

employed to predict temperature changes occurring within a time interval.

material analysis is performed using an explicit forward difference scheme incorporating an

equilibrium correction procedure.

2. Material modelling
In this section the constitutive behaviour of concrete is described in a form suitable

for numerical computation.
2.1 Compressive behaviour of concrete

A dependence of the yield function on themean normal stress I1 and the shear stress invar-
The following criterion is employed

iant J2 can be shown to be adequate for most situations.
which involves only the definition of two material parameters
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where ¢ and B are material parameters and 00 is the equivalent effective stress taken as the

compressive stress from a uniaxial test. The parameters a and B are determined from the uni-

axial and biaxial experimental results of Kupfer ]GI giving
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This expression is compared in Fig. 1 with the experimental results of Kupfer et al Eﬁi in bi-
nxial stress space, The value of o, is taken as the ultimate stress f’c obtained from a uni-
axial compression test. An elastic response is assumed up to the effective stress value 00 =
£ , after which a perfectly nlastic response follows until the crushing surface is reached.

© The crushing type of concrete fracture is a strain controlled phenomenon. The lack of
available experimental data on concrete ultimate-deformation capacity under multiaxial stress
states has resulted in the appropriate strain criterion being developed by simply converting
the yield criterion described in terms of stresses directly into strains. Thus,

2

B(BJ'Z) + aI'l =& (3)

where I'_  and J'2 are strain invariants ITE and € is an ultimate total strain extrapolated
1
from uniaxial test results. When £ reaches the value specified as the ultimate strain, the
u
material is assumed to lose all its characteristies of strength and rigidity.

2,2 Tensile behaviour of concrete

The response of concrete under tensile stresses is assumed to be linear elastic until the
fracture surface is reached. This tensile type of fracture, or cracking, is governed by a
maximum tensile stress criterion {(temsion cut-off). Cracks are assumed to form in planes per-
pendicular to the direction of maximum principal tensile stress as soon as this stress reaches
the specified concrete tensile strength f't. After cracking has occurred, the elasticity mod-
ulus and Poisson's ratio are reduced to zero in the direction perpendicular to the cracked
plane, and a reduced shear modulus, Gc, {based on the strain component normal to the crack) is

employed.

Due to bond effects, cracked concrete carries hetween cracks, a certain amount of tensile
force normal to the cracked plane. The concrete adheres to the reinforcing bars and contri-
butes to the overall stiffness of the structure lS!. Several approaches based on experimental
results have been employed to simulate this tension stiffening behaviour |9w11|. A gradual
release of the concrete stress component normal to the cracked blane (Fig. 2) is adonted in
this work. The process of loading and unloading of cracked concrete is also illustrated in
Figure 2.

3. Transient thermal stress solution procedures

The solution technique described in this section involves concurrently solving an uncoup-
led set of eguations (the transient heat conduction equations and the incremental equilibrium
equations) within a time interval to provide both the temperature and displacement increments,

3.1 Transient temperature analysis

The temperature field In existing in the solid at any instant of time tn must satisfy the
following equation system

K@DT +CEH T +F@T, t) =0 (4)
in which K and C are respectively the thermal conductivity and heat capacity matrices, which
may be temperature dependent, and F represents the thermal loading which may vary with respect
to both temperature and time. Employing the usual two level scheme for the time discretisation

of (4) results in the following expression for the variation of temperature within a time

interval At =t -t ,
n n+l n
~ -1 ~

T -

Tova = 1Bl E L (5a)
and

1 1

T - T - (1 -7

—n+l o “n+o ¢ u) “n {5b)
where
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Ko = B0 + &I, ant (6a)

F = F(T t ) + C(T )

T 6h
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The appropriate choice of o in the range 0 < a < 1 results in various standard time integration

algorithms.

3.2 Thermal stress determination

Thermal stress determination involves an elasto-viscoplastic time dependent material ana-~
lysis accounting for both nonlinear compressive behaviour and tensile cracking effects. The
onset of viscoplastic flow is governed by a scalar yield criterion of the form [12]

F{ag,x) = £(g) - cro(x) (7
in which y is a hardening parameter.

For associated viscoplasticity the viscoplastic strain rate is given by
£-
=y < @i( Yo, 3¢ (8)

| @ g
(GRS -

E
=vp

in which v is a fluidity parsmeter and <¢> is the flow function taken as non-zero for f > co

only.
n
Expressing the total strain in terms of the displacement increment Ad occurring in a

time interwval &tn = tn+1 - tn and the viscoplastic component according te an Euler forward

difference representation results in

ag”

n n n n
o] d - t -
D (BAd Evp & n) ﬂgx (9)
in which B is the usual strain-displacement matrix and D is the elasticity matrix modified to

n
account for tensile cracking behaviour. The term AgT in expression (9) represents the initial

stress system associated with the temperature change occurring during the time interval &tn.

The incremental form of the equilibrium equations is

.

' B Ag” 40 = Af" (10)

Jq
in which Ain represents the change in equivalent nodal loads resulting from body forces and
tractions occurring during the time interval Atn. Substituting from (9) in (10) results in the

following expression for the displacement increment

n -1
ad" = [ET"] av® (11)
where the current stiffness matrix ETn is
g = J B' " B 40 (12)
=T a” T~

and the incremental "pseudo loads", aﬁ? are given by

Il n b8 n
N S (13
in which af "= 8T D" L ™t do (14a)
—Vp Q - — —Vp T
n T n
a ™ =1 B o " an (14b)
E2) o

With all incremental values known, gquantities can be updated to give the solution at time tn+1
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The above time stepping procedure ¢an be performed concurrently with the thermal process of
Section 3.1 for as many time intervals as required.

4, Numerical Examples

Two numerical examples are presented in this section which illustrate the applicability
of the numerical methods described in this paper.

4.1 Example I, thermal elasto-viscoplastic analysis of a thick walled cylinder

The problem is defined in Fig. 3 where it is seen that the cylinder is discretised by six
B-node Serendipity elements. Both the mechanical and thermal properties of the material are
included and it is seen, in particular, that the yield stress is temperature dependent. The
thermal boundary conditions are that the temperature at the inside surface is specified while
a convective heat transfer condition is assumed at the outer face. The two lateral surfaces

of the cylinder are assumed to be thermally insulated.
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Fig. 3 Thermal elasto-viscoplastic thick Fig, 4 Displacement response of the thick
walled cylinder (Example I) walled cylinder of Example I for dif-

ferent yield stress wvariations
Both the internal pressure and the temperature at the internal surface are varied with time as
indicated in Fig. 4(a) and (b}, The Galerkin time stepping scheme (o = 2/3) is employed for

temperature analysis with a time step length At = 0.5 day, which is within the oscillatoric
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]
limitg[13l. An explicit approach is considered for viscoplastic analysis for which the chosen
time /step length At = 0.5 day satisfies the stability criterion of Ref. !14[. The effects of
different uniaxial yield stress levels are investigated. In particular, comparison is made
bet;een solutions obtained using the yield stress variation of Fig. 3 and a constant value of
40.0 MN/mz. These results are compared in Fig. 4{c) where the significant differences which
are evident clearly indicate theimportance of using accurate values of nonlinear material par-

ameters.

4.2 Example II, thermal cracking of a prestressed concrete ring

The ring of internal radius 38.1 cm and external radius 50.8 cm is subjected to both a
constant internal pressure and a transient thermal loading/unloading cycle as illustrated in
Fig. 5. The problem parameters are listed in Table I. The ring is prestressed at time t=0
and a time step length At = 0.25 hr is employed in solution. The Euler-Backward algorithm
(a®l) is considered for transient thermal analysis and the explicit aprroach of Section 3,2

used for the stress analysis.
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Table I Problem parameters for Example II

In addition to the thermal loading shown in Fig. 5 an analysis was also performed in
which the steady state temperature distributions corresponding to prescribed internal temper-
atures of 950 and 2000 were assumed to be instantaneously achieved and these were then used
for stress determination in the concrete. These two approaches predict significantly differ-
ent thermal cracking histories for the concrete as shown in Fig. 6. No cracks are produced
under prestressing and internal pressure loading. Using the full transient thermal response
in apnalysis, the first radial cracks appear at time t=1.25 hours when the increased internal
temperature causes tensile ithermal stress near the external surface and compensating compres-
sive components near the inner surface. After thermal unloading at t = 9.0 hours, these
cracks become closed, but new radial cracks are formed at the internal surface. Finally all
the cracks in the ring become gradually ‘closed as the temperature in the ring approaches the
steady state condition at t=16.75 hours,

5., Discussion of results and conclusions

Finite element technigues have been presented for the nonlinear analysis of reinforced

and prestressed concrete components and structures snd the numerical examples presented
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Fig. 6 Cracking history for the prestressed ring of Example II
illustrate the applicability of the methods. Moreover the nonlinear solution process proved
to be both robust and computationally economic.

It is claimed in Ref. |15[ that for the numerical analysis of tensile softening materials,
2 judicious choice of element dimensioning is required in order to ensure convergence to the
correct solution. Numerical experiments conducted with successively refined meshes did not
indicate the solution convergence characteristics to be significantly influenced by this fac-
tor for the problems considered.
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