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An analytical model of a prestressed concrete reactor vessel (pCR V) for LMFBR ilnd the associated finite element com
puter code, involving an explicit time integration procedure, is described. The model is axisymmetric and includes simula
tions of the tensile cracking of concrete, the reinforcement, and a prestressing capability. The tensile cracking of concrete 
and the steel reinforcement are both modeled as continuously distributed within the nnite element. The stresses in the rein
forcement and concrete are computed separately and combined to give an overall stress state of the composite material. 
The reinformcement is assumed to be elastic, perfectly-plastic; the concrete is taken to be elastic, with tensile and com
pressive stress limits. Cracking of concrete is based on the criterion of maximum principal stress; a crack is assumed to form 
normal to the direction of the maximum principal stress. Attention is also given to the tact that cracks do not form instan
taneously, but develop gradually. Thus, after crack initiation the normal stress is reduced to zero gradually as a function of 
time. Residual shear resi.stance of cracks due to 199regate interlock is also taken into account. An existing crack is permitted 
to close. Prestressing of the PCR V is modeled by special structural members which represent an averaged prestressing layer 
equivalent to an axisymmetric shell. The internal prestressing members are superimposed over the reinforced concrete body 
of the PCRV; they are permitted to stretch and slide in a predetermined path, simulating the actual tendons. 

The validity of the code is examined by comparison with experimental data. Both static and dynamic data are com
pared with code predictions, and the agreement is satisfactory. A preliminary design has been developed for both pool and 
loop-type PCRVs. The code was applied to the analysis of these designs. This analysis reveals that the critical locations in 
such a design would be the head cover and the junction betwetln the cover and the vessel wall and indicates the pattern of 
crack development. The results show that the development of a design adequate for current HCDA loads is quite feasible 
for pool-type or loop-type PCRVs. 

1. Introduction 

Prestressed concrete vessels (PCRVs), have recently 
received keen attention as a means of imprOving the ca
pability of sustaining hypothetical core disruptive acci
dents (HCDAs) in a liquid metal fast breeder reactor 
(LMFBR). This concept, in which the PCRV serves as a 
secondary vessel and the main energy absorption barrier 
(originally suggested in ref. [I), takes advantage of the 
well known favorable characteristics of the PCRV [2]. 

One favorable characteristic of PCRVs is the absence 
ofbrittle failure on the macroscopic scale. In the press
ure-deflection curve of a PCRV, the linear elastic 
response is followed by a long, almost horizontal region 
at peak load, so the overall behavior is quite ductile. 
An abrupt decrease ofload·carrying ability, i.e. brittle 

behavior, is never encountered in PCRVs. This advan· 
tageous property endows the PCRV with great energy· 
absorption capability. The ductile behavior of prestressed 
reinforced concrete derives partly from the micro
inhomogeneity of the material and partly from the 
cracking behavior of prestressed concrete. Cracks in con
crete consist of a system of distributed microcracks 
rather than isolated cracks with well-defined crack tips 
characterized by an isolated stress singularity; thus, they 
do not have a tendency to propagate, and it is very un
likely that a crack would propagate from the area of 
one prestressing tendon to another. 

Other favorable characteristics of PCRV are its great 
mass, which assists in resisting impact loads; its ability 
to function as a biological radiation shield as well as a 
structural member; and its use of relatively inexpensive 
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high strength steel in the form of cold drawn wire. In 
view of the preceding, it seems likely that the PCRV 
may offer economic advantages. The relative economy 
of the PCRV would grow with increasing size of the 
vessel, and while the cost of the steel vessel per unit 
volume grows with the wall thickness, the cost of the 
PCRV per unit volume decreases with growing wall 
thickness. So, regardless of the exact unit prices of the 
material, for a sufficiently large reactor the PCRV 
will be more economical than a steel vessel, although 
whether this size is within the probable range of 
1000-1500 MW(e) which is currently of interest, 
remains a question. 

For these reasons a research program has been ini· 
tiated at Argonne National Laboratory to investigate 
the PCRV application in LMFBRs, and in particular, 
to examine the response of the PCRV to HCDA loads. 
The program consists of three phases: (1) investiga· 
tion of the dynamic response of the vessel to pressures 
generated in an HCDA; (2) investigation of the response 
of the concrete vessel to rapid heating, post·accident 
heat removal and the effect of chemical interactions 
between liquid sodium and concrete; and (3) study of 
the design aspects and related questions. This last phase 
will also include a study of a novel design concept, Le. 
the hot·dried concrete vessel which has recently been 
proposed [3J to improve the performance at high 
temperatures as well as to ameliorate the effects of 
possible contact with liqUid sodium. The improvement 
is to be achieved by depriving the concrete of all eva· 
porable water and keeping it hot during reactor opera· 
tion. 

nus paper presents the results of an investigation 
of the dynamic PCRV response as well as its typical 
deSigns. It contains an extension of the work described 
in condensed form in the transactions of a recent con· 
ference [4]. In the interest of comprehensive presen· 
tation, relevant subject matter from ref. [4] is des· 
cribed here in a more detailed form. Further results are 
also included, consisting of comparisons of calculations 
with test data, refinement of the model for cracking, 
and development of the general PCRV designs for 
Lt'ttFBR and their dynamic analysis. 

2. Basic analytical approach 

The analysis of the effects of HCDA can be decou
pled iuto two distinct stages: (1) analysis of the pro· 

pagation of the pressure pulse on the interior wall of 
PCRV, and (2) analysis of PCRV itself. The two stages 
can be considered independent of each other because 
the PCRV is so stiff that it can be treated as a rigid 
body for purposes of the hydrodynamic analysis of the 
HCDA. This decoupHng not only Simplifies the analy· 
sis, but also yields a considerable saving of computer 
time. 

The first stage of analysis can be carried out with 
existing computer codes such as REXCO [5j, which 
uses an explicit Lagrangian time step algorithm, or 
ICECO [6,7J, which uses an implicit Eulerian algo
rithm. These codes, having been designed for the dy
namic evaluations of the LMFBR primary contain· 
ment subjected to the HCDA loads, are perfectly 
suited for the present purpose. The combination of 
finite difference representation of fluid as well as 
solid structures within the REXCO code enables a fair· 
ly detailed representation of the reactor internals. 
The combination of an explicit time integration feature 
and Lagrangian hydrodynamic formulation make the 
code quite efficient. The code can thus analytically 
model the propagation of pressures from the reactor 
core to the inside boundaries of the PCRV. This pres· 
sure history can then be used as the given loading in 
a separate analysis of the PCRV vessel. 

The second stage of the PCRV containment treat· 
ment involves the PCRV analysis, subject to the loa· 
ding history obtained in the first stage. This part of 
the overall treatment is not as yet well established. A 
preliminary computer code which has been developed 
for transient analysis is described in the following 
section. 

3. Particular features of the analytical model 

The PCRV is idealized as an axisymmetric struc
ture. Since the loading is expected to be impulsive and 
of short duration, the use of an explicit step-by·step 
integration in time is appropriate. Therefore, the basic 
framework of the finite element computer code WHAM 
[8] has been selected. This parent code has been sup· 
plemented by a material law that models cracking and 
reinforcement distributed within a continuum finite 
element. In an explicit finite element program, the 
material properties are used exclusively to calculate 
stress increments from strain increments, and the i1T' 
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plementation of constitutive equations must be arran· 
ged accordingly. A prestressing capability is also pro· 
vided. However, more complicated and less important 
features of the response of the vessel, such as bond 
slip, dowel action, strain rate sensitivity of concrete, 
and nonlinearity of concrete under compressive stres· 
ses, are relegated to subsequent studies. 

3.1. Model for concrete 

In the simplified fonnulation used in this initial 
stage, a linear elastic representation of the material 
behavior with tensile and compressive limits is assumed. 
In compression the concrete is assumed to be able 
to sustain stresses up to the uniaxial compressive 
strength f~. In tension, cracks are assumed to fonn 
when the tensile stress in concrete reaches the uni· 
axial tensile limit r: (fig. I). As long as no cracks are 
present within a given element, a triaxial state of stress 
is assumed. With the existence of one fully developed 
crack within an element, a state of plane stress is used 
for the calculations of stress in that element; similarly, 
with two fully developed cracks present, a uniaxial 
state of stress is assumed. Finally, with the fonnation 
of three cracks, the element is assumed to lose all of its 
load·carrying capacity and the stresses are set to zero. 

For the overall behavior of the vessel this ~eems to 
be a reasonable simplification because under internal 
pressure virtually the entire PeR V is subjected to ten· 
sile stress, so the tensile cracking appears to be the 
most important aspect of the nonlinear behavior of 
concrete. Thus, emphasis should be placed on Simulating 
crack development. 

In conventional models for cracking. the cracks are 
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Fig. 1. Idealization of concrete behavior. 
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assumed to form instantaneously. In reality, however, 
densely reinforced concrete cracks gradually. The gra· 
dual crack development is even more true in rapid 
loading because the coalescence of microcracks into 
large iselated cracks requires a certain duration which 
may well be larger than the time step used. Hence, 
larger cracks may not be able to fonn during a single 
time step. Furthennore, if instantaneous fonnation of 
cracks is permitted, severely distorted results are ob· 
tained because the sudden large stress drop causes 
spurious elastic waves which cause spurious cracks 
in adjacent elements; these in turn cause additional 
waves and this chain reaction soon causes disinte· 
gration of the whole structure. If the delay of crack 
fonnation is taken into account, cracking is usually 
more gradual. 

For these reasons the fonnation of a crack is not 
modeled by an instantaneous reduction of the nonnal 
stress to zero; instead, the (lOnnal stress is reduced to 
zero linearly over a prescribed characteristic time 
period T, related to e' in t1g. 1. Although no sound 
direct physical estimate of the constant r is available 
at present, its phYSical motivation is clear: the limited 
rate ot crack growth and the energy dissipation in the 
crack areas found in real concrete. 

The initiation of cracking within an element is 
based on the maximum prinCipal stress criterion. In 
an axisymmetric (r. z. 8) geometry. the circumferen
tial direction always provides a principal stress. The 
remaining two principal planes lie within the r-z 
plane and are given by 

ann) / 2 = arr + au ± 1 (arr - au) + 2 
att 2 t 2 an: ' 

(1) 

where am au, arz are the radial, axial and shear stres· 
ses of the r-z plane; ann and att are the stresses nor· 
mal and tangential to an irripending crack. When a 
principal stress exceeds the tensile limit, a crack is con· 
sidered to be initiated. The direction of the normal to 
an initiated crack with respect to the r·axis is given by 

a =! arctan [2arz /(arr - au)] . 

Once a crack has been initiated its direction is kept as 
a pennanent record so that the stress or strain nonnal 
or tangent to the crack can be monitored during sub· 
sequent time steps. The nonnal, tangential, and shear 
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strains (cnn' Ctt, 1nt) with respect to the crack are, 

{ } [ 

1 
cnn cos Q 

. 2 
Ctt = sm Q 

1nt -sin 2Q 

::': J:: lj{::~}, (2) 
sin 2Q cos 2Q 1,% 

where Cm cn, 1,% are the engineering (small) normal 
strains in the radial, axial directions, and shear angle in 
the r-z plane, respectively. 

The strains of eqs. (2) within a given element are 
related to the stresses as follows: 

C7nn 111 0 
V, 1 Cnn 

C7tt 111 0 III ctt 

=El 
I 

(3) 
C7nt 0 0 G 0 

J 
Cnt 

C788 111 III 0 c88 

where "t = 11/(1 - II), E 1 ::; 2G(I ~ 11)/0 - 211), E is 
Young's modulus of elasticity, "is Poisson's ratio, 
and G is the shear modulus. 

Eqs. (3) are also usedfor the case where cracking is 
assumed to have iriitiated, but a definite crack opening 
is not as yet present. Such a state is assumed to be pos
sible in the presence of microcracks in brittle materials 

< [9]. For purposes of illustrating the crack iriitiation 
model, the principal stresses of eq. (3) are arranged so 
that al > a1 > C73' Initially C71 will be equal to ann or 
a88 depending on which one is of greater magnitude. 
Since cracking is based on the maximum principal 
stress, crack iriitiation should first occur normal to C71 • 

Once the principal stress a 1 reaches or exceeds the ten
sile limit,ft, the stress normal to the impending crack 
is prescribed and is usually independent of the strain 
normal to the crack. At the instant when the maximum 
uniaxial tensile limit is reached or exceeded by the prin
cipal stress, the stress normal to the impending crack is 
set equal to the tensile limit ft. During the subsequent 
time increments the tensile stress normal to the impen
ding crack is degraded by equal decrements, as follows: 

al = ft (1 -;) (al > 0), (4) 

where t is the time elapsed from crack initiation and T 

is the decay constant, as shown in fig. 2. This equation 
applies as long as the 111 is positive; if C71 ;;;. 0, then the 
formation of a crack is considered completed; a fully 
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1 I r-= I --l-61-l 

Tim, 

Fig. 2. History of crack formation. 

developed crack is assumed to have occurred. 
It should be noted that if any of the principal stres

ses are prescribed, the other principal stresses are affec· 
ted correspondingly. For example, if the prescribed 
stress across the crack is taken to be C7 A., the strain com
ponent cnn in eq. (3) is solved for and substituted into 
the expressions of the other principal stresses. The 
state of stress in the element becomes 

• -G (Jnt - 1nt· 

Similarly, if two t'rincipal stresses a A.. C7S are prescribed 
the element state of stress becomes 

where e3 is the minimum principal strain. Finally, if 
all three principal stresses are prescribed, C7 A, as, C7c, 

then the state of stress becomes 

• al =C7A; 

C73 • "" C7C ; 

Note that the prescribed stresses C7A, as, ac need not 
be equal. This may occur, for example, if a second or 
third crack form in an element. As long as no fully devel· 
oped cracks exist, concurrent crack development is 
assumed to originate in orthogonal directions. 

It may be noted that a more realistic way to model 
progressive tensile cracking would be to take into 
account the nonlinearity of tensile stress-strain beha· 
vior and tensile strain-softening, which would entail a 
nonlinear tensile stress-strain relationship. This rela-
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tionship must exhibit the elastic anisotropy intro
duced by partial cracking in particular directions. To 
express this in a tensorially invariant form, it would be 
necessary to postulate a damage tensor the compo· 
nents of which describe the reduction of elastic stiff· 
neSs in various directions. 

The transformation of principal stresses to stresses 
in cylindrical coordinates (r, z, 8) must also be pro· 
vided for. Since 8 is the principal coordinate, no 
change is necessary for the circumferential stress a98. 

The stress components in the r-z plane, however, 
require the following transformation: 

{:::} [::S22: ::22: -: ~:]{:~}. (5) 

a,% ! sin 2Q -! sin 2Q cos 2Q ant 

The state of stress in an element with one fully deve· 
loped radial crack is established by the previous equa
tions provided that aS8 is set to zero. However, with 
a fully developed crack in the r-z plane the presence 
of aggregate interlock makes the conditions somewhat 
more complicated. It has been suggested [10] that the 
effect of aggregate interlock can be accounted for by 
a shear reduction term as follows: 

:] {::}. 
1 e88 

(6) 

where ~ is the shear reduction factor, a constant usually 
taken as 0.5. 'This means that the shear strain tangent 
to the crack is assumed to be reduced by the factor ~ 
from what it would be in the absence of a crack. 
Although a conStant factor for any crack size and aggre· 
gate surface is a rather rough estimate, it seems to yield 
fairly good results under static conditions. Lacking any 
better means of accounting for aggregate interlock, the 
same approach is retained in this formulation. 

Because of the existence of the shear stress due to 
aggreate interlock, the perpendicular to the normal of 
the existing crack within an element is not a principal 
direction. The second principal stress in the r-z plane, 
which is used to check for secondary cracks, and the 
mgle of its normal with respect to the r·axis are 

a~ = !att + v'(!att)l + a~t ' 
(7) 

The non-orthogonal cracking in the T-Z plane cau
ses another complication. With one crack fully deve· 
loped and another impending, there are a total of fOUT 
stress values to be prescribed but the stress tensor has 
only three independent components. This difficulty 
is resolved in the following manner: the nonnal stres· 
ses across the two cracks are given by eq. (4) and the 
shear stress ant of the first crack is computed by the 
shear reduction factor f3, as described before. The shear 
stress a:t along the impending crack, however, is 
obtained from eqUilibrium considerations, as shown 
in fig. 3. Moment equilibrium shows that the shear 
stresses tangent to the new crack is given by . . (. ) ant = ant + at( tan Q - Q . (8) 

From force equilibrium the following expressions are 
obtained: 

-2 sin Q cos Q. cos(C! - C!·)l 

2 sin Q. cos Q cos(Q - Q·)I 

!Ccos 2Q* + cos 1Q) J 

(9) 

It may be observed thateq. (9) reduces to eq. (5) provi· 
ded that ann is set to zero and Q* is set equal to c!. Eq. 
(9) pertains to the case where the second crack in the 
r-z plane is in the process of formation, or has been 
fully developed. Thus, a~ = It if the second crack is 
at the instant of being formed, a ~ = a 1 [see eq. (4) 1 
during crack formation, and a~ = 0 if the crack is fully 
formed. 

After the second crack in the r-z plane has fully 
developed and a;t is set to zero, the remaining stresses 
are calculated by 

{ 
Ent} . 
E89 ~J (10) 

On the other hand, if the radial crack is postulated ~u 
have fully formed first, then ass is set to zero and the 
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lal Ibl 

Fia. 3. Internal forces under nOn-orthogonal Clacking. 

remaining str~s become-

fatt) =E [1 0] fett} 
\ant 0 (jG \ Ent . 

(11) 

Here again the principal stress is not att but is e'tpressed 
by eq. (7) with the correspondlng position. The reso
lution of streS3es into the components of the r-z 
plane is accomplished by eq. (5) where a:n is set to 
zero. 

Eqs. (10) and (11) also apply to the case where a 
third crack hq initiated and is in the process of for
mation. Then the last principal3treSlU ~ed by 
eq. (4). If all three cracks have been fully developed 
in the element, all stresses are taken to be zero. 

Owing to the osCillatory nature of the motiofl of 
the vessel, the cracking model rnust account for the 
possibility that a fully develo~d crack may close or 
an impending crack may be a~ted if compresstve 
loading is detected. The strain normal to each crack 
monitors this condition: if the strain normal to a 
given crack is found to be less than zero, then a 
fully developed crack is .Ulumec:l to have closed and the 
development C)f a crack is usullted to be interrul'ted. 
The element is then able to sustain compressive loa. 
ding in that Particular direction. With the closina of 
a crack or arrest of cracking. the tensile limit normal 
to the crack is changed and stored for later use. If a 
fully developed crack closes, then the tensile limit is 
set to zero. However, in case the crade fonnatjo~ is 
interrupted, the stored tensile limit is assigned that par
ticular value of nress whiCh corresponds to the time 
of crack arrest. The element is hence governed by the 

reduced tensile limit if and when it is again reloaded 
in tension. 

As for the inelastic behavior in compression, only 
the simplest and cru<1est possible model consisting of 
a maximum compressive limit on the principal stres
ses IS considered at this stage. Cn compression the 
stress in the element may be defined by the previous 
expressions, depending on how many principal stresses 
reach the compressive limit Ie at the same time. At 
the present, the maximum uniaxial stress Ie is used as 
the ·maximum stress that the element may be able to 

. sustain. 

3.2. Reinforcement 

In this analyticail110dei the reinforcement is super
imposed over tbe concrete element a3 if it were uni- . 
formly distributed over the entire element as an aniso
tropic material. Uni3Jtial reinforcement within the ele· 
ment can be prescrib~d as a percentag~ of reinforce· 
ment in three directions - one being the circumferen
tial c:lirection, and the other two positioned arbitrarily 
widtin the r-z plane, as shown in fig. 4. 

For p~rposes of computing the stresses of reinforce
ment in the r-z plan~the strain in the direction of the 
reinforcement must be found. If the angle between the 
r axis and the axis of the reinforcement is tPl or tPl, the 
strBitt along the respective directions Correspond to enn 
in eq. (3). The strain in any circumferential reinforce· 
ment of the element is egg. Although the reinforce· 
ment typically exhibits plastic hardening. for the sake 
of simplicity an elastic, perfectly·plastic material beha· 
vior is assumed; this gives the followin~ stress-strain 

z 

L 
Fig. 4. Reinforcement within the r-z plane. 
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relation 

~as =Es~es' 

Os = Oy sign( ~es) , 

if las I < aylor· asAes < 0 

if 10sl = Oy and os~es ;;. 0 • 
(12) 

where the reinforcement strain is es• its increment is 
~Es, the yield stress of the material is a y • and as is the 
axial stress in the reinforcement. 

The contribution of the reinforcement stress to the 
total element stress is then given by 

(13) 

where Ar and A c are the cross-sectional areas of rein
forcement and concrete with normals in the directions 
of "'1 and 4>'2' respectively. The stress in eq. (13) needs 
to be transformed into the cartesian components if 
reinforcement lies in the r-z plane; for circumferential 
reinforcement 0T corresponds to 066 • Finally , the car
tesian stress components due to concrete and steel 
are summed to obtain the overall stress in the element. 

3.3. Simulation ofprestressing 

The prestressing is represented by layers of homo
geneously distributed tendons which are modeled by 
thin axisymmetric shell elements (with 11 = G .. 0 in 
the plane of the shell). These shell elements are super
imposed over the gird of the reinforced concrete body 
of the PCRVand are connected through sliding inter
faces so that they can stretch and slide along a pre
determined path, simulating the behavior of the ten
dons. 

PrestreSsing is most commonly effected by gradually 
loading the prestressing members up to the specified 
prestress load at a prescribed rate at the points where 
they are attached to the concrete. An equal and oppo
site load is also exerted on the concrete grid at these 
nodes so that equilibrium is maintained. When the spe
cified prestress limit is reached, the prestressing ten
dons and concrete are locked together at these nodes 
and remain so from then on. The prestressing operation 
is then considered complete. 

4. Comparison with experimental data 

Since the analytical modeling of reinforced and 
prestressed concrete is rather complex, few analytical 

solutions are available. Furthermore, the model of the 
material behavior is rather crude and simplified. There
fore, an experimental corroboration must be relied 
upon. Seveftl such comparisons with various model 
tests reported in the literature will now be given. 

4.1. Intemally pressurized cylindrical container 

The experimental data used in this comparison 
pertains to an internally pressurized prestressed cylin 
drical container tested at the University of Illinois, 
Urbana [11]. This container simulates the contain
ment of a nuclear reactor, and is shown in fig. S. The 
right-hand side of fig. 5 identifies the components 
of the test structure, while the left-hand side shows the 
analytical model used in the comparison. As can be 
observed, no reinforcement is provided. 

The concrete is characterized by a tensile limit of 
3.10 MN/m 2 , a compressive limit of -49.23 MN/m 2 

with an initial elastic modulus of 29.7 GN/m2 and a 
Poisson's ratio of 0.1 S. The prestress material has. a 
modulus of 192 GN/m2 and a yield stress of 1655 
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Fig. S. Test and analytical model configurations. 
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MN/m2 • Before the internal pressurization is applied, 
each layer of tendons is prestressed longitudinally to a 
force of 0.112 MN and prestressed circumferen tially 
to an equivalent pressure of 3.52 MN/m2

. 

It should be emphasized that while the experi
mental data pertains to static conditions, the analy
tical results are based on a computer code which is 
expressly written for dynamic problems. The use of a 
dynamic code for a static simulation is inefficient and 
rather expensive, but it nevertheless provides a good 
validation for the method. 

Fig. 6. Central deflection of the top cover under applied pressure. 
The static results were thus simulated by a set of 

individual dynamic runs, all of which involved the 
same prestress loading. The pressurization in each of 
these runs consisted of a ramp loading to a given press
ure, followed by a constant pressure at that level. Each 
individual run involved a different pressure level. In 
the first phase the pressurization proceeded at a loa
ding rate higher than that encountered in the experi
ment. 

~_ 4~ 
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Fig. 7. Radial strain at top of the cover. 
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The general response of the model would roughly 
follow the history of the pressurization coupled with 
the dynamic oscillation superimposed over the static 
value. The static equivalent response was thus estimated 
by visual elimination of the dynamic component from 
the overall results. 

The analytical simulation of a static experiment b~ 
means of a dynamic code, as used in this comparison, 
involves certain error sources. Because of the dyna
mic overshoot, the analytical model would be exposed 
to higher stresses, resulting in additional cracks, which 
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Fig. 8. Radial strain at the bottom of the cover. 
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in turn would make the material ·softer'. Thus, because 
of the overshoot beyond the tensile limit the model 
would effectively overestimate the true results. 

Fig. 6 shows the central deformation of the cover 
with respect to internal pressure. The close agreement 
is encouraging since the nonlinearity of the deflection 
stems from the cracking in the concrete; without 
cracking, the deflection would be linear along the ini
tial slope. 

Figs. 7-9 show the comparison of experimental 
strain readings on the cover with code calculations. 
Fig. 7 shows the radial strain on the top surface of the 
cover at three radial locations. Four sets of experimen
tal data are shown at each of the radial distances. The 
calculated strain falls within the experimental data. 

The radial strain at the bottom of the cover is 
shown in fig. 8. Again, the data of four gauges, each 
located at the same distance from the center, is com
pared with the calculated results. Although sometimes 
at the fringes of the experimental results, the calcu
lated values compare quite well with the measure
ments. 

The circumferential strains at the bottom of the 
cover are given in fig. 9. The calculated results show a 
stiffer response at the low pressures. This is consistent 
with the elastic representation of the concrete in com
pression; in reality concrete exhibits softening with 
increasing compression. This effect seems to be offset 
at higher pressures by the occurrence of cracking. 

The overall agreement between experiment and 
calculation is surprisingly good. All the results shown 
pertain to the cover of the model. Since the cover is 
not reinforced, the quality of c9mparisons largely 
reflect on the crack modeling of concrete. Based on 
this comparison with static results, the preliminary 

formulation of crack formation appears quite ade· 
quate for the treatment of concrete cracking. A com
parison of experiment and analysis under dynamic 
conditions will be presented in subsequent sections. 

4.2. Dynamically loaded beam 

The experimental data referred to in this section 
also originated at the University of Illinois, Urbana 
[12]. The details of the reinforced concrete beam 
tested together with the supporting system are shown 
in fig. 100a), while the analytical model used in the 
comparison is given in fig. 100b). Fig. 11 indicates the 
time-history of the applied load on the beam. 

Since the reinforcement is assumed to be distributed 
evenly throughout each of the elements, it may be cha
racterized by averaged vertical and horizontal reinforce
ment densities in the interior elements. The only ele· 
ments without reinforcement are located within the 
top and bottom layers of the beam. 

The history of central deflection of the beam is 
shown in fig. 12, which depicts the experimental data 
and three sets of results pertaining to analytical pre
dictions. One set of analytical results was taken from 
ref. [13] where a different reinforced concrete. model 
had been used to simulate the reinforced beam; the 
remaining analytical results pertain to the present ana
lysis. 

The deflections predicted by ref. [13] and the pre· 
sent analysis, when based on given material properties, 
deviate considerably from the experiment. The maxi
mum deflection is overestimated by almost 100%. The 
rather close correspondence of the two analytical 
results, however, shows that the modeling ingredients 
are quite similar. Furthermore, factors such as the 
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Fig. 10. Dimensions of the (a) the beam and (b) the corresponding analytical model. 

bonding included in the analysis of ref. [13] are of 
smaU importance when the overall disparity with experi
ment data is taken into account. 

sient nature of the loading. The lack of accurate know
ledge of the materia! properties is another factor. To 
illustrate the sensitivity of the results to the material 
properties, the yield point of the reinforcing steel was 
increased by 15%. The results are shown in fig. 12. 
Although such an increase is rather arbitrary, it does 
show the sensitivity of the results to material param
eters. Another unknown under transient conditions is 
the crack initiation criterion. There exist other uncer-

The large discrepancy between experiment and ana
lysis may be accounted for in various ways. A major 
part of this discrepancy is certainly due to the tran-
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Fig. 11. Input load acting on the beam. 
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tainties; they will necessitate further study in particu
larly designed and carefully controlled tests. Only then 
will accurate modeling of the problem be possible. 

S. Typical PCRV structures in LMFBR design 

As examples of the code's application several analy· 
tical models were analyzed to study the PCRY con· 
tainment feasibility for L\1FBR applications [4]. For 
this study the loading history was taken from another 
publication [14], involving conventional containment 
analysis of a typical 1200 MW(e) LMFBR design. A 
structural integrity study of the primary system had 
been performed using an assumed pressure-volume 
expansion for the core, which is shown in fig. 13. The 
total energy available in expanding the core to one 
atmosphere is estimated to be about 2720 MW·sec. 
The study provided a loading on the bottom of the 
reactor cover due to coolant impact during the core 
expansion. This loading was directly used for the design 
of an appropriate PCRY. 

In the initial stage of the investigation the pressure 
on the top slab was assumed to be uniform. and the 
corresponding central plug force, obtained in a pre· 
vious containment study using the REXCO code, is 
shown in fig. 14 for a typical pool-type reactor. and in 
fig. 15 for a typical loop. type reactor [14]. The press
ure on the vertical walls was considered also to be uni
form and half as large as that on the top slab. The 
inside dimensions of the PCRY models were assumed 
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Fig. 13. Normalized core pressure-volume relationship for 
4800 K average core temperature. 
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the pool-type reactor. 

to be coincident with the outside dimensions of the 
REXCO models. 

5.1. Conventional design of PCR Vs 

For the purpose of obtaining suitable preliminary 
dimensiulls and reinforcement, a simple preliminary 
analysis had to be carried out. First a static design was 
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performed under the assumption that the prestressing 
forces should be capable of resisting internal pressures 
without the aid of concrete, mild reinforcement and a 
steel liner. The wall thickness was then determined so 
as to resist the prestress when acting alone. The ulti
mate forces in prestressing tendons, concrete and rein
forcement were required to resist the assumed pressure 
loading with a safety factor of 1.8. The top slab was 
designed by considering equilibrium on a failure cone 
formed by 45° inclined cracks, as well as ultimate 
bending moment according to yield line theory. The 
design was checked by the empirical criterion for top 
slab failure, which was experimentally established at 
the University of Illinois, Urbana [11]. 

After completing the static design, the dynamic 
magnification factor was estimated. The fundamental 
vibration period of the vessel was estimated by a Ray
leigh quotient using the static deflection shape due to 
pressure loading; this period was found to be of the 
same order of magnitude as the duration of the press-

ure pealc Therefore, the vessel was first analyzed sta
tically for a pressure equal to the peak in fig. 14(b) 
(with a central plug for a peak of 680 MN). Sub
sequent dynamic finite element analysis showed this 
design to be adequate for the pool-type reactor, 
while for the loop-type reactor the subsequent dynamic 
finite element analysis indicated failure and a 30% 
increase of the cross sections obtained by the approxi
mate analysis was necessary. 

The PCRV designs considered in the finite element 
computations reported herein were based on the require
ments specified in ref. [14]. These designs are shown 
in fig. 16 for the pool-type LMFBR, and in fig. 17 for 
the loop-type Uv1FBR. The pool vessel is provided with 
a 9.5 mm and the loop vessel with a 6.4 mm thick steel 
liner on all interior surfaces. The circumferential pres
tress is generated through continuous prestressed wire 
laid in steel-dad channels on the exterior surface. A 
traveling prestressing machine could be used for laying 
the curcumferential tendons. The top slab receives its 
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Fig. 17. Analytical model of the loop-type PCRV (dimensions 
in meters). 

prestress partly from the circumferential wires and 
partly from bands of tendons crossing the top slab. 

The layout of top slab tendons is made particularly 
difficult by the need to provide a number of penetra
tions in the top slab: a central plug of9-10.6 m diam
eter, four penetrations of up to 2.6 m diameter for 
sodium pumps, eight or four penetrations of the same 
diameter for intermediate heat exchangers (two or one 
per pump), one inclined smaller penetration for the 
fuel handling machine, and four small penetrations 
required for sodium purification. These penetrations 
severely restrict the amount of prestressing steel that 
can be accommodated within the slab, although the 
space congestion can be alleviated by making the top 
slab thicker. 

It is possible that, in contrast to the design consi
dered so far, a much greater proportion of the prestress 
of the top slab would have to be generated by circum
terential wires, reducing the number of tendons cros
sing the top slab or eliminating them entirely. This 
measure, which would help to eliminate the congestion 
of steel reinforcements, has no effect on service stres
ses; but the ultimate load behavior of the top slab, 
especially the ductility, would be impaired because the 
circumferential wires do not follow the local deforma
tion of the top slab. Nevertheless, it would be pos-
sible to compensate for this reduction in strength by 
increasing the thickness of the top slab. Another alter
native which might be considered is to make the top 
slab a composite steel-concrete structure - essentially 
a steel deck filled with concrete - in which full inter
action between the steel and concrete and with the 
cylindrical walls of the PCRV is achieved by the circum
ferential prestressed wires as well as some prestressing 
tendons crossing the slab. 

5.2. Results of numerical finite element computations 

Having established the PCRV dimensions by approxi
mate calculations, a dynamic computer analysis was car
ried out. The discretization used for the pool~type and 
the loop-type models are shown in figs. 16 and 17. respec
tively. The properties of concrete, reinforcement, and 
prestressing tendons, as used with the analytical mode!, 
are given in table 1. Tables 2 and 3 show the equiva-
lent prestress load and thickness for the pool- and 
loop-type axisymmetric models, respectively. 

The bottoms of both PCRV models were assumed 
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Table 1 
Material properties as used in PCRV models 

Concrete: 
Tensile strength 
Modulus of elasticity 
Poisson's ratio 
Density 

3.35 MN/m2 
31.1 GN/m2 

0.18 
2500 kg/m 3 

Reinforcement (0.3% reinforcement in circumferential, axial, 
and radial directions): 

Yield point 
Modulus of elasticity 
Poisson's ratio 

207 
207 

0.3 

Prel1relSinr tendon, (one tendon consists of 170 wires of 
6.35-mm diameter): 

Wire strength 1655 MN/m2 

Modulus of elasticity 
Ultimate load of tendon 

193 GN/m2 

8.91 MN 

to be fixed axially. Furthennore, since the primary 
interest in this study was the response of the main 
body of the PCRV, the plug was modeled only super
ficially. The plug was assumed to be made of material 
other than concrete, and therefore cracking was not 
permitted. The density of the plug was taken to be 
twice as large as that of concrete. The plug was thus 

Table 2 
Equivalent prestressing for pool-type PCRV model 

Radial Axial 

Bottom slab F- 26.9 MN/m 
h = 27.1 mm 

Top slab Fa 17.95 MN/m 
h = 18.1 mm 

Cylinder F-9.66 MN/m 
h .. 9.74 mm 

Table 3 
Equivalent prestressing for updated loop-type PCRV model 

'Bottom slab 

Top slab 

Cylinder 

Radial 

F • 13.96 MN/m . 
h=14.1 mm 
F = 18.21 MN/m 
h ,. 18.3 mm 

Axial 

F = 10.49 MN/m 
h = 10.5 mm 

designed to serve as a means of transmitting the applied 
load to the PCRV. To allow an axisymmetric analysis, 
the tendons crossing the top slab were treated as if 
they passed through the plug rather than around it. 
The plug and the top slab were thus joined by ten
dons (and at one additional point). 

Some typical computed response results of the PCRVs 
are shown in figs. 18-21 for the loop-type and pool
type reactors. The period of axial vibrations was esti
mated to be 0.043 sec for the pool-type PCRV, and 
0.028 sec for the loop-type PCRV. The respective 
durations of the applied pressure spikes were roughly 
0.02 and 0.004 sec which is quite close to the natural 
period for the pool-type PCRV, but not for the loop
type PCRV. This might be the reason why the crude 
preliminary static analysiS provided an adequate design 
in the case of the pool-type PCRV, but not in the case 
of the loop-type PCRV, so that the dimensions of the 
latter had to be increased by 30% to withstand the 
pressure pulse. 

The crack configurations of maximum extent 
reached are shown in figs. 22 and 23. It is not unex
pected that the cracks are concentrated around the 
corner of top slab. It is of interest to note that the 
pressure pulse produces some vertical circumferential 
cracks. 

Circumferential 

p= 5.05 MN/m 2 

h = 69.7 mm 
p= 5.05 MN/m2 
h = 69.7 mm 
p= 3.1 MN/m2 
h = 42.9 mm 

Circumferential 

p" 4.69 MN/m2 

h,. 41.9 mm 
p" 6.10 MN/m2 
h .. 54.5 mm 
p = 2.77 MN/m 2 

h = 24.8 mm 
---------------_._-------------
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Fig. 18. Central displacement history of the plug for the pool
type model. 

The fact that the displacements produced by the 
pressure pulse are all limited, and that the spread of 
cracking zones also remains limited, indicates that the 
PCRV designs considered are capable of resisting the 
pressure pulse from the HCDA. The extent of cracking 
found in the calculated results thus seems to be accept
able. Nevertheless, the question of maximum admissible 
crack opening, from the point of view of leakage limi
tation, should and will be further studied. 
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Fig. 20. Central displacement history of the plug for the loop
type model. 

5.3. General peR v designs 

Based on the foregoing dynamic analysis and vari
ous spacial requirements, a set of preliminary general 
PCRV designs have been developed, both for pool. type 
and loop-type reactors. They are shown in figs. 24 and 
25, respectively. Some differences between the analy
tical models and the designs shown were inevitable, 
due to the axisymmetric Simplification as well as fur
ther changes in the designs. For example, the prestres
sing of the top cover in the final design of the pool
type PCRV is positioned horizontally. This was neces
sitated by the space restriction caused by the presence 

·8 

-50~~O~~~-O~.I0~-+O.~~~O.2~0--~O=25--~O~· 
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Fig. 21. Displacement history of the top inside comer of the 
loop-type model. 
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of the large number of penetrations. The thickness of 
the top cover was also increased somewhat to improve 
its load-carrying capacity. Although the modified con
figuration has not been subjected to an analytical exa
mination, it is sufficiently close for the design to be 
considered satisfactory. 

According to the preliminary analYSiS, these deSigns 
should be able to sustain the applied load. It is also 
important to note that the load had been derived from 
an energy source that is considerably larger than the 
energy sources utilized in the currently prevailing safety 
evaluation of an L\1FBR. 

6. Discussion of results 

The simple reinforced concrete formulation described 
in this paper appears to be a valuable tool to study the 
transient response of the PCRVs. The computer code 

CRACl(S AT 0.068 s 

(CRACKS START AT O.C6589s1 

CRACl($ AT 00819 s 

(CRACKING STOPS I 

Fig. 23. Cracking sequence for the loop-type model. 

provides a means to locate critical areas of the particular 
design. Parameter or sensitivity studies can also be 
made with great efficiency. As a matter of interest, 
this preliminary version is also quite efficient: one 
element time step takes about 0.7 msec on the IBM 
370/195 .. 

The static experimental results described in the 
report indicate reasonable correspondence with ana
lytical calculations. However, the use of the present 
formulation to model static problems is inefficient 
and also expensive. The transient test results show 
considerable variation with analysiS. Although a v<!ri
at ion in the yield point of the reinforcing steel, as indi
cated before, could bring about closer agreement, the 
discrepancy cannot be dismissed that lightly. This is 
borne out by the fact that analytical models quite 
similar to that shown in the text produce results which 
vary considerably. This is .1 clear indication that the 
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analysis of cracking media, especially one involving 
transient response, is by no means as simple as it may 
appear initially. 

Several simplifications and uncertainties could con
tribute to the observed discrepancies: the properties 
of concrete under dynamic conditions are not well 
known; the crack initiation based on maximum prin
cipal stress may not be a representative criterion; and 
neglecting strain rate sensitivity and strain hardening 
in the reinforcement may not be appropriate, par
ticularly in view of the large change in results of the 
second example when the yield stress was increased. 

It is believed that for transient analysiS of cracking 
media, as is the case in this paper, the suppression of 
the computationally artificial 'crack-shock' is of great 
importance. A rather simple technique is used here 

, which should be subjected to experimental scrutiny. 
It is quite obvious that with the present criterion 

of crack initiation, the results will depend on the 
refinement of the discretization. From the conti
nuum point of view the size of the elements should 

be systematically reduced to achieve convergence to 
the true answer. Yet the assumption of the reinforce
ment being uniformly distributed through the element 
requires that the elements be large in comparison with 
the 'density' of the reinforcement so that this assump
tion be valid. The two competing and opposing require
ments necessarily make the modeling of a PCRV rather 
difficult. A compromise by analytical means is diffi
cult to make, and parametric evaluation must be 
relied upon. 

Keeping in mind the simplicity and preliminary stage 
of development of reinforced concrete model described 
in this paper, the results derived must be weighed with 
a degree of uncertainty. There are, however, trends 
that can be observed from the studies. For example, it 
is quite obvious from the results that no apparent diffi
culties exist in providing sufficient containment capa
bility for even a rather large energy source as the one 
considered in this paper. In fact, the containment capa
bility may well be increased with the conventional size 
PCRVs. 
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1. Conclusions 

(1) Preliminary finite element results indicate that 
a PCRV is capable of reSisting very high pressure pulses 
due to a HCDA. However, more accurate analyses will 
have to·be carried out to examine local effects in com
plete 3D geometries, to examine the subsequent stage 
of theat exposure of the PCRV, post-accident heat remo
val, and eventual contact of concrete with sodium. 

(2) Crude static analyses appear to yield a reason
able preliminary estimate of PCRV dimensions and rein
forcement. 

(3) The explicit ftnite element code formulation is 
suitable for the analysis of a PCRV subject to a HCDA 
and makes possible economical computations; even the 
introduction of prestress can be handled by the expli-
cit finite element code, though this is somewhat trouble
some and time-consuming. 

(4) Modeling reinforced concrete in dynamic prob
lems involving an explicit time integration, tensile 
cracks mU$t be considered to form gradually rather 
than instantly; otherwise the spurious waves generated 
by sudden crack formation in the analytical model 
would cause a premature prediction for disintegration 
of the structure. 

(5) It has been shown that it is possible to develop 
realistic designs for both pool- and loop-type PCRVs 
which are capable of sustaining HCDA loads. 
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