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This report was prepared as an account of work sponsored by an agency of the United States
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employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any zgency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Summary

Scenarios of nuclear reactor safety consider the possibility that structural concrete
may be subjected to very high temperatures and thus raise the concern of containment
integrity. This paper descrihbes the analytical models and numerical tonols that were
developed for the purpose of studying the high temperature behavior of concrete. A
formulation for computina heat conduction and stress analysis 1s presented and incorporated
into the computer code TEMP-STRESS. The code was used to simulate the high temperature
concrete response of an existing experiment. Improvements to the analytical model, which
represent current research efforts, are also presented.
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In the nuclear industry concrete is being heavily utilized not only as a structural
material, but also as a principal component of radiation shieldina. [n fact, because of its
low cost, concrete has hecome an indispensible part of reactor construction. Accident
scenarfos which involve the spillage of hot reactor ccalant or even core debris on concrete
surfaces concerns the overall reactor containment integrity. This basic concern has spurred
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fnvestigations into the response of concrete when exposed to high temperatures and chemical i
attack. ‘

It is well known that concrete is not a consistently well defined material even at
standard conditions. In fact, comparcd to other structural materials, concrete 1s one of the:
least understood. This is understandable, bearing in mind the fact that the concrete pronor-.i
ties depend on numerous variables such as the kind of agareqate used, its particle size, the
cement/water ratio, age of concrete, etc. The method of preparation of the concrete in the
fleld - the mixing, vibration, air entrainment and numerous other factors also contrihute i

invariably to the variations of propertics of the final product.

The deposition of hot sodium onto the surface of concrete superimposes not only the
effect of excessive temperatures of the sodium, but also the Tikelihnod of exothermic sndium-;
concrete chemical reactions. Under hiah temperatures alone the moisture would he aradually :
Tost and material properties could change radically. Furthermore, under thermal aradients ;
ithe formation of microcracks and their consolidation into finite cracks does compound the !
picture considerably. The uncertainty of concrete behavior under these conditions is greatly !
fincreased. The task of attempting to predict the behavior of structural concrete under these

Fevere environmental conditions is extremely difficult. |

The work described in this paper represents structural mechanics effort underway and

p]anned at the Argonne National Laboratory (ANL) as a part of a U.S. attempt to better under-
ttand the behavior of concrete structures in 1iquid metal fast breeder reactor (LMFRR) plants
Vhen such structures are subjected to either sustained high temperature levels or chemical \

httach or a combination of these effects. This paper describes the analytical tools devel-
Pped at AML to study concrete hehavior under high temperatures. The formulation of thermo-
pechanical analysis developed has heen incorporated into the computer code called TENP-STRESS
11, the basic framework of which was taken from the STRAW computer code [2,3,4]1 while the
gonstitutive concrete model used had been developed for the DYNAPCON code [5,6,71.

This paper also includes the descrintion of additional research which may have a bearina

gn the structural response of concrete. For thase specific cases, the phenomenon will be i
incorporated into the detailed analysis of concrete response. |
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Analytical Basis of TEMP-STRESS

The present version of TEMP-STRESS is confined to plane and/or ax{isymmetric geometry.
fhe quadrilateral four-node element with one-point intearation and elastic hourglass control

-ty

E used in the code to represent concrete.
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was primarily dictated by the severe material nonliniarities associated with concrete behav- |
{for. The algorithm incornorated within the TEMP-STRESS code [11 involves lumped mass and ;
capacitance matrices and solves the transient heat conduction eaquation and the continuum ‘
equations of motion.

The temporal derivatives of heat conduction and the equation of motion are approximated
by difference formulas to obtain the following form for the nodal! temperatures {T} and
accelerations (H} at step 1:

(-‘-I'l = {T}f_l + EA't th-l “”ext}i _ lHint}i) , (1)
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while velocities {d} and displacements [d] are obtained by central different expressions

{d-}mlz . {d-}1-1/2 ‘ot {J]i , : {3)
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where At is the time step, ¢ 1s the specific heat, Im)] is the lurmped mass matrix. The
diagonal damping matrix FDJ was introduced into the equation of motion to facilitate dynamic |
relaxation, where By and B, are the damping ratios for the highest and lowest mesh freauency, ’

respectively, and o and Main aT€ the maximum and minimum circular frequencies of the mesh, |

max
respectively, and Fs)] is the current diagonal stiffness matrix whose terms are approximate

'nodal stiffnesses' during the time increment at. The 'nodal stiffnesses' for the j-th
degree-of-freedom are approximated by

- int ;
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The minimum circular frequency is computed from an approximate Rayleigh quotient [8], and the!
Maximum circular frequency is related to the critical time step for the mesh as follows

W N,

vhere N is the total number of degrees of freedom and ate,. is the critical time step of the

esh. i
The external mechanical loads {FE*'} and those due to thermal effects {H®XY} are handled

y computer code through boundary nodes. The thermal and mechanical internal) forces are f
q¢lement-dependent and are derived as follows ) . i
|

Mt -k vf[a]T Blav [T}, : . (8)
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[t ='vfmJT [o]dV (9)

where k is the thermal conductivity, V is the volume of the element and {o} is the element
stress matrix. The [B] matrix relates the strain {[e] of the element to nodal displace-
ments {d}, or the velocity strain {¢] of the element to the nodal velocities {d}, as

{¢} = 181 {4} . (10}

The sequence of computations programmed within the TEMP-STRESS code is the following

START

IypUT

NODAL EXTERNAL FORCES (LOADING ACCORDING TO INPUT)
INODAL TEMPERATURES eq. (1)

NODAL EXTERNAL TEMPERATURES ea. (8}

ELEMENT VELOCITY STRAINS eq. (10)

ELEMENT STRESSES (ACCORDING TO CONSTITUTIVE MODEL)

NODAL INTERMAL FORCES ea. (9)

NODAL DAMPING FORCES eq. (5)

NODAL ACCELERATIONS eq. {2}

NODAL VELOCITIES eq. (3)

NODAL DISPLACEMENTS eq. (4}

QUTPUT

AACITIE LY

EMD

The maximum value of the time step is contralled by a stability criterion which depends on
the discretization of the model and material properties [17,

In the thermo-mechanical explicit integration problems involving crackinayone must be
aware of several considerations. First, to make the thermal solution consistent with that of
the structural solution, the real time of the problem should be reduced. This makes the

because of crackina and the corresponding sudden drop of stress within elements, static
equilibrium is violated immediately after cracking. The system must be hrought back to
static cquilibrium before subsequent cracking can be permitted to continue. For this reason,
khe present version of TENMP-STRESS ascertafns that the kinetic eneray of the system after

Eracking is lower than that hefore cracking.

k. Sample Solution
A typical solution is described here to illustrate the current capability of the TEMP-
TRESS code. ’ .

thermo-mechanical solution very efficient, but should not gffect its accuracy [1]. Secondly,'



Two Dasalt concréte cyTinders [97, {dentical Tn al¥ respects excent for the degree of |
constraint on the outside of the cylinder, are analytically examined here. The two concrete
configurations considered are shown in Fig. 1. Figure la illustrates the initial configura- ﬁ
tion of the free (unconstrained) test specimen, while Fig. 1b shows another spectmen (con- i
strained) enclosed by a 30.48 cm diameter Schedule 40 steel pipe. The instrumentation used ;

in both of the specimens is shown in Fig. 1h,

The analytical model of the concrete specimen used in this study was subdivided into
finite elements as shown in Fia. 2. fRecause of symmetry only one-half of the specimen is
modeled. 1In order to account for the effect of the steel jacket shown in Fig. 1b, an
external force directed radially inward, renresenting the cylindrical membrane shell '
constraint is exerted on the radial houndary of the analytical model shown in Fiq. 2.
Temperature dependent material properties of basalt concrete and steel constraint were used

Hn—this—exampte—{103s |

Figure 3 shows the thermocauple readings of the free concrete cylinder qiven in Fig.

la. 1t may be noted that a sharp temperature rise is indicated by the 1 cm thermocotiple at
about 20 min and a similar deviation is shown at about 35 min by the 2.5 cm thermocouple.
This sharp tempr-ature rise represents the effects of an exothermic chemical reaction and is
indicative of the advancement of the sodium-concrete interface during the test. Figure 4
gives the corresponding temperature distributions for the model with the constraint of the
steel cylinder. Here, sharp deviations of the test temperature readings for the 1 c¢m and the,
2.5 cm thermocouples occur at ahout 70 min from the initiation of the test.

Analytical temperatures for all three models are also plotted on Figs. 3 and 4. The
assumed surface temperature was derived by matching the experimental and the analytical
temperatures. These analytical temperatures fllustrated in Figs. 3 and 4 thus provide
Toadings to which each of the analytical mndels are subjected.

Figure 5 depicts the cracking history of the unconstrained model. Cracking originates
inside the body of the cylinder as early as 3 min. Propagation occurs in a nonuniform .
fashion contrary to what may be expected for a rather uniform heating. The cracking is pre-
dominantly conical-circumferential. A certain amount of radial cracking initiates at the

upper outside houndary and spreads inward.

The cracking patterns for the constrained model are shown in Fig. 6 extending through 70
min, Although the First crack 1s {ndicated at 4 min, sianificant crack propagation fs not
indicated until ahout 10 min. Afterwards, the cracking proceeds in a similar nonuniform
fashion as in the free model, hut at a slower rate. Here cracking is solely conical-
circumferential.

The structural solution shown does not yield any quantitative results to help explain
the experimentally ohserved differences hetween the free and constrained test models.
pparently the phenomenon responsihle for the observed differences s not modeled within the
EMP-STRESS code. The primary reauirement of significant surface erosion is the threshold
emperature, but there must exist some other as yet unknown parameter which triggers the
apid phase of erosion. An attempt is heing made to explain the anparent effect of

.onstraint.




One important influence may be the thermal shrinkage of concrete caused by dehydra-
tion. It has been established that the cement paste shrinks excessively when heated from
.30Q°C to 850°C. It is also known that the surface of concrete is richer in mortar than the
main body of concrete [111. Recause thermal shrinkage competes with thermal expansion, dis- i
tress s created in the microstructure causing a drop in material strength. Confinement i
would impede both the exransion and the shrinkage of the test specimen.

!
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The breaking-up of the surface due to thermal differential expansion between the mortar
and aggregate might be another mechanism which could explain the threshold of rapid surface

erasion [11]. External constraint could restrict the amount of this Yocal relative displace-
ment. On the other hand, if the object is permitted to expand unohstructed, then the ;
thermally induced relative displacement hetween mortar and aagregate could reach some criti- i
cal 1imit and hence rupture the hond hetween the materials.

4, Current Research on Concrete Hodeling

|
i
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The important parameters in the response of concrete under high temperatures concerns
cracking, creep, shrinkage, spallina, possible surface erosion, not to mention the variahles .
fnvolved of concrete interaction with the steel reinforcement. Of equal importance in this
research effort are the mechanical and thermal properties which change with temperature and i
loss of moisture, Constitutive models for concrete are befng explored for implementation .
into the code. Algorithms for crack propagation, creep phenomenon, pore pressure and mois- i

i

ture migration are also being developed.

0f paramount concern in direct thermal attack of concrete by hostile environments (such
as hot sodium coolant) is the formation of cracks, which complicates the analysis consider-
ably. In previous simulations cracking was approximated by the maximum principal stress cri-
terion. Recent efforts involve the prediction of crack propagation using the energy release
rate of concrete. This approach minimizes the element-size effect of the analytical finite
element models. The new approach is presently underaoing close scrutiny.

Creep is another parameter which may significantly affect concrete behavior at very hiah!
temperatures. It is also known that creep is dependent on the loss of moisture from con-
crete. In order to estimate the significance of high temperature creen in stress analysis we,
must know, therefore, not only the temperature but also the water content. An estimate of :
the water content at high temperature can be obtained from alreardy available water release
codes. Most of these codes are limited to 1-D geometry so that additional modifications are |
sti11 needed. Better confidence in material properties, such as the permeability of con-
crete, must also be established. . )

Using experimentally verified water release codes, an approximation of concrete creep
i1l be made. Inftially the effective modulus method will be used to study the significance '
hf high temperature concrete creep. A by-product of the moisture'reIease codes is the calcu-
ation of the pore pressire distribution. Xnowledge of pore pressure may help in the search !
For the cause of concrete surface spalling. Futhermore, hecause shrinkage is approximately ;
broportional to the water loss, the intearal effect of drying shrinkaqe could be approximated
rom the water content.
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5. Final Remarks , ‘
.Lumped mass-capacitance calculations coupled with explicit integration provide a very |
convenient method of calculating thermal stress. The dynamic relaxation solution strateay is'
quite efficient not only for transient but also for steady state problems. There are also .
by-products of the explicit ntegration scheme which are very important. For example, this
procedure provides a detailed cracking sequence simulation, which is essential in the )
history-dependent problems sich as crackina propagation. The very simple codinn architecture'
is another by-product of this approach which is of great significance to the code devel-
oper. Computations are also economical, because the thermal part consumes only about 20% of
the total time. This figure is based on one inteqration per element for structural calcula-

tionsamone Ntegration per element for conductance calculations.

With the objective of hetter understanding of concrete behavior under high temperature

and ultimately under sodium-concrete or for core debris-concrete reactions, we plan to incor-
porate other relevant variahles into our models, such as creep, an updated constitutive model .
for concrete, the equivalent strength criterion or other improved representation of cracking, :
etc. The overall importance of each individual parameter to the modeling of concrete will be;
the controlling factor; a permanent audition to the TEMP-STRESS code will he made when such
importance of the specific parameter to the response of concrete is well established, and

understood.
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