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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

ntogrity. This paper describes the analytical models and numerical tools that were

leveiopod for the purpose of studying the high temperature behavior of concrete. A

ormulation for coniputinn heat conduction and stress analysis is presented and incorporated

nto the computer code TEMP-STRESS. The code was used to simulate the high temperature

oncrete' response of <in existing experiment. Improvements to the analytical model, which

epresent current research efforts, are also presented.



Introduction

In the nuclear industry concrete Is being heavily utilized not only as a structural

material, but also as a principal component of radiation shieldinn. In fact, because of Its

low cost, concrete has hocome on indisponsibie part of reactor construction. Accident

scenarios which involve the spillage of hot reactor coolant or even core debris on concrete

surfaces concerns the overall reactor containment integrity. This basic concern has spurred

Investigations Into the response of concrete when exposed to high temperatures and chemical

attack.

It is well known that concrete is not a consistently well defined material even at

standard conditions. In ftict, compared to other structural inn tori air., concrete Is one of the

least understood. This is understandable, bearing 1n mind the Tact that, the concrete proper-

ties depend on numerous variables such as the kind of aggregate n<;er1, it*; nart-j<;1e «;i7P. thp

cement/water ratio, age of concrete, etc. The method of preparation of the concrete in the

field - the mixing, vibration, air entrainnent and numerous othor factors also contribute

nvariably to the variations of properties of the final product.

The deposition of hot sodiun onto the surface of concrete superimposes not only the

iffect of excessive temperatures of the sodium, but also the likelihood of exothermic sodium-

:oncrete chemical reactions. Under hioh tenperatures alone the moisture would be gradually

ost and material properties could change radically. Furthermore, under thermal gradients

;he formation of microcracks and their consolidation into finite c*acks does compound the

Icture considerably. The uncertainty of concrete behavior under these conditions is greatly

ncreased. The task of attempting to predict the behavior of structural concrete under these

evere environmental conditions is extremely difficult.

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

lanned at the Argonne National Laboratory (ANL) as a part of a U.S. attempt to better under-

tand the behavior of concrete structures in liquid metal fast breeder reactor (LMFRR) plants

hen such structures are subjected to either sustained high temperature levels or chemical

ttach or a combination of these effects. This paper describes the analytical tools devel-

iped at AHL to study concrete hehavior under high temperatures. The formulation of thermo-

echanical analysis developed has been incorporated into the conputer code called TEMP-STRESS

1], the basic framework of which was taken from the STRAW computer code [2,3,41 while the

onstitutive concrete model used had been developed for the P.YMAPCON code [5,6,71.

This paper also includes the description of additional research which may have a bearinq

n the structural response of concrete. For those specific cases, the phenomenon will be

ncorporateri into the detailed analysis of concrete response.

Analytical Rasis of TEMP-STRESS

The present version of TEMP-STP.ESS 1s confined to plane and/or axisymmetric geometry,
quadrilateral four-node element with one-point integration and elastic hourglass control

; used in the code to represent concrete.



while velocities (d"} and displacements [d} are obtained by central different expressions

,1+1/2 .-,1-1/2 , _ .".i

and

An expl ic i t time? liTteqration scheino, coiipled with dynamic relaxation, has been adopted

1n the TEMP-STRESS code for stress analysis of concrete. This choice of tenporal inteqration

was primarily dictated by the severe material noniiniarit ies associated with concrete behav-

ior . The algorithm Incorporated within the TEMP-STRESS code [1] involves lumped niass and

capacitance matrices and solves the transient heat conduction equation and the continuum

equations of notion.

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 (d} at step i :

-I

I

= { T | M + A* i-l (1)

. i.i.

At
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I

'here At is the time step, c is the specific heat, Cm]! is the li/npod mass matrix. The

Hagonal damping matrix ED3 was introduced into the equation of notion to fac i l i ta te dynamic I

elaxation, where B, and ft, are the damping ratios for the highest and lowest mesh frequency, '

espectively, and u „ and M .„ are the inaxfrntirt and minimun circular frequencies of the mesh, ,

espectively, and fs-] is the current dianonal stiffness matrix whose terms are approximate '

nodal stiffnesses' during the tine incronent At. The 'nodal stiffnesses1 for the j - t h

(egree-of-freedom are approximated by

F^/Ad.l ( 6 ) :

he minimum circular frequency is computed from an approximate Rayleiqh quotient [ 8 ] , and the '
iax1mum circular frequency is related to the cr i t i ca l time step for the mesh as follows '

V
min

(7)
cr

'here N is the total number of degrees of freedom and atcr is the critical time step of the

esh. I

The external mechanical loads {Fext} and those due to thermal effects {Hext} are handled !

y computer code through houndary nodes. The thermal and mechanical internal forces are

lement-dependent and are derived as follows . j

(Hfnt} = k J [ R ] T [B]dV {T} , (8)



{F1nt} = / [ B ] T (o]dV . (9)
V

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 \e) of the element to the nodal velocities {d*}, as

{e} = [H] {d} . ' " (10)

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

START

_JUIP1U_

ANODAL EXTERNAL FORCES
/--*NODAL TEMPERATURES

NODAL EXTERNAL TEMPERATURES

ELEMENT VELOCITY STRAINS

ELEMENT STRESSES

NODAL INTERNAL FORCES

NODAL DAMPING FORCES

NODAL ACCELERATIONS

NODAL VELOCITIES

NODAL DISPLACEMENTS

OUTPUT

(LOADING ACCORDING TO INPUT)

eq. (1)

eq. (8)

eq. (10)

(ACCORDING TO CONSTITUTIVE MODEL)

eq. (9)

eq. (5)

eq. (2)

eq. (3)

eq. (4)

t 1 + at
END

he maximum value of the time step is controlled by a s tab i l i ty cr i ter ion which depends on

the discretization of the inoriel and material properties [11.

In the thermo-mechanical expl ic i t integration problems involving crackinojone must be

iware of several considerations. First , to make the thermal solution consistent with that of

;he structural solution, the real time of the problem should he reduced. This makes the

;hermo-mechanical solution very e f f ic ient , but should not <?,ffect i ts accuracy [ 1 ] , Secondly,

iecause of cracking and the corresponding sudden drop of stress within elements, stat ic

quilibrium is violated immediately after cracking. The system must be brought back to

tatic equilibrium hnfnrp subsequent cracking can be permitted to continue. For this reason,

he present version of TMI'-STKESS .lscnrtnins that the kinetic enemy of the system after

racking is lower than that before cracking.

Sample Solution

"A typical solution is described here- to illustrate the current capability of the TEMP-

TRESS code.



Two basalt concrete cylinders [0]," Identical Tn~~aTT respects except lor 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-
tion of the free (unconstrained) test specimen, while Fig. In shows another specimen (con-
strained) enclosed by a 30.40 cm dianoter Schedule 40 steel pipe. The instrumentation used
fn both of the specimens is shown in Fig. lb.

The analytical model of the concrete specimen used 1n this study was subdivided into

finite elements as shown in Fiq. ?.. Because of symmetry only one-half of the specimen is

modeled. In order to account for the effect of the steel .jacket shown in Fiq. lb, an

external force directed radially inward, representing the cylindrical nenbrane shell

constraint Is exerted on the radial boundary of the analytical model shown 1n Fiq. 2.

Temperature dependent material properties of basalt concrete and steel constraint were used

In tills example [lot:

Figure 3 shows the thermocouple readings of the free concrete cylinder given in Fig.

a. It may be noted that a sharp temperature rise is indicated by the 1 cm thermocouple at

bout 20 min and a similar deviation is shown at about 35 min by the 2.5 cm thermocouple,

his sharp tempr-ature rise represents the effects of an exothermic chemical reaction and is

ndicative of the advancement of the sodium-concrete interface during the test. Figure 4

1ves the corresponding temperature distributions for the model with the constraint of the

teel cylinder. Here, sharp deviations of the test temperature readings for the 1 cm and the

.5 cm thermocouples occur at about 70 min from the initiation of the test.

Analytical temperatures for all three models are also plotted on Figs. 3 and 4. The
ssumed surface temperature was derived by matching the experimental and the analytical
emperatures. These analytical temperatures illustrated in Figs. 3 and 4 thus provide
oadings to which each of tho analytical models are subjected.

Figure 5 depicts the cracking history of the unconstrained model. Cracking originates

nside the body of the cylinder as early as 3 nin. Propagation occurs in a nonuniform

ashion contrary to what nay be expected for a rather uniform heating. The cracking is pre-

ominantly conical-circumferential. A certain amount of radial cracking initiates at the

pper outside boundary and spreads inward.

The cracking patterns for the constrained model are shown in Fig. 6 extending through 70
In. Although the first crack is Indicated at 4 min, sianificant crack propagation is not
ndicated until about 10 min. Afterwards, the cracking proceeds in a similar nonuniform
ashion as 1n the free model, but at a slower rate. Here cracking is solely conical-
Ircumferential.

The structural solution shown does not yield any quantitative results to help explain

he experimentally observed differences between the free and constrained test models,

ipparently the phenomenon responsible for the observed differences Is not modeled within the

EMP-STRESS code. The primary reouirement of significant surface erosion Is the threshold

emper.ature, but there must exist some other as yet unknown parameter which triggers the

apid phase of erosion. An attempt 1s being made to explain the apparent effect of

nstraint.



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
300°C to 850°C. It Is also known that the surface of concrete is richer in mortar than the
main body of concrete [11]. Recause thernal shrinkage competes with thermal expansion, dis-
tress is created in the microstructure causing a drop in material strength. Confinement
would impede both the expansion and the shrinkage of the test specimen.

The breaking-up of tho surface due to thermal differential expansion between the nortar

and aggregate might be another mechanism which could explain the threshold of rapic! surface

erosion [11]. External constraint could restrict the amount of this local relative displace-

ment. On the other hand, if the object is permitted to expand unobstructed, then the

thermally induced relative displacement between mortar and aggregate could reach some criti-

cal limit and hence rupture the bond between the materials.

I
4. Current Research on Concrete Modeling I

The important parameters in the response of concrete under high temperatures concerns

cracking, creep, shrinkage, spallinq, possible surface erosion, not to mention the variables •

involved of concrete interaction with the steel reinforcement. Of eoual importance in this

research effort are the mechanical and thermal properties which change with temperature and |

loss of moisture. Constitutive models for concrete are being explored for implementation

into the code. Algorithms for crack propagation, creep phenomenon, pore pressure and nois- j

ture migration are also being developed. '

Of 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 undergoing close scrutiny.

Creep is another parameter which may significantly affect concrete behavior at very hiqtr

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 tomner-ature can be obtained from already available water release

odes. Most of these codes are limited to 1-D geometry so that additional modifications are

till needed. Retter confidence in material properties, such as the permeability of con-

rete, must also be established. • !

Using experimentally verified water release codes, an approximation of concrete creep
dll be made. Initially the effective modulus method will be used to study the significance
f high temperature concrete creep. A by-product of the moisture release codes is the calcu-
ation of the pore pressure distribution. Knowledge of pore pressure may help in the search '
or the. cause of concrete surface spall ing. Futhermore, because shrinkage is approximately j
roportional to the water loss, the integral effect of drying shrinkage could be approximated
rom the water content. '



With the objective of hotter understanding of concrete behavior under high temperature '
and ultimately under sodiun-concrete or for core debris-concrete reactions, we plan to incor- '
porate other relevant variables Into our models, such as creep, an updated constitutive model !
for concrete, the equivalent strenqth criterion or other improved representation of crackinq, ;
etc. The overall Importance of each individual parameter to the modeling of concrete will be;
the controlling factor; a permanent addition to the TEMP-STRESS code will be made when such
mportance of the specific parameter to the response of concrete is well established, and
understood. ',

5. Final Remarks

Lumped mass-capacitance calculations coupled with explicit integration provide a very j

convenient method of calculating thermal stress. The dynamic relaxation solution strateoy 1s'

quite efficient not only for transient but also for steady state problems. There are also t

by-products of the explicit integration scheme which are very important. For example, this j

procedure provides a detailed cracking sequence simulation, which is essential in the

history-dependent problems such as crackinq propagation. The very simple coding architecture

1s 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 207, of

the total time. This figure is based on one integration per element for structural calcuia-

tons and one integration per element for conductance calculations. j

I
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