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The Argonne National Laboratory developed 
computer program DYNAPCON for the transient 
analysis of a prestressed concrete reactor vessel 
(PCRV) for liquid-metal fast breeder reactor 
(LMFBR) primary containment is applied to a 
reference design concept representative of large, 
pool-type LMFBR reactor plants. Estimates of the 
energy absorption capability of a PCR V primary 
containment vessel are provided to assist in the 
establishment of the engineering feasibility of such 
a design concept. 

The reference design analyzed utilizes existing 
concrete stnlctures already in place for biological 
shielding and component support. The very large 

INTROOUCTION 

Marchertas and Belytschko I have described the 
development of a computer program for use in 
analyzing the behavior of a prestressed concrete 
reactor vessel (PCRV) under transient loading condi
tions. The purpose of this paper is to describe the 
results of applying that computer program to a 
full-sized liquid-metal fast breeder reactor (LMFBR) 
plant to obtain an estimate of the energy absorption 
capability of the primary containment of that plant 
in resisting the effects of a large, hypothetical core 
disruptive accident (HCDA). Such estimates are of 
value in establishing the feasibility of using a PCR V 
for LMFBR primary containment. Ultimately, feasi
bility of a PCR V for such use rests on the basis that 
it provides much greater energy absorption than steel 
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energy absorption capability is achieved through 
the use of fairly large amounts of prestressing steel 
and mild steel reinforcement within these concrete 
matrices. 

Energy sources used range from 2720 to 10880 
MW-s. Even for the largest energy source, the maxi
mum computed strain in the prestressing tendon 
anywhere in the structure is -2.3%, which is still 
below the strain associated with the minimum ulti
mate stress levels for most prestressing steels. These 
results are very encouraging and should provide suffi
cient incentive to more firmly establish the feasibility 
of this concept of using a PCR V for primary contain
ment. 

reactor vessels currently in use, and that it can eco
nomically provide sufficient capability for absorbing 
the effects of even the most severe HCDA scenarios 
considered. Although work is still under way, prelimi
nary results reported in this' paper are, indeed, very 
encouraging. 

DESCRIPTION OF PRIMARY 
CONTAINMENT DESIGN 

The configuration used for the PCRV in this 
application study was chosen to closely resemble 
(physically) the basic structure used for biological 
shielding in typical pool-type LMFBR plants. The 
purpose of this was to see if sufficiently large in
creases in energy absorption capability could be 
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obtained by merely prestressing and reinforcing the 
concrete already needed for radiation shielding and 
support of components. Then, if the energy absorp
tion capability is sufficiently large, we can state that 
use of the PCRV will probably have a negligible 
effect on the overall size of the secondary contain
ment structure. 

The PCRV design configuration selected is shown 
in Fig. 1. Essential dimensions, such as inside diam
eter, overall height, top closure head thickness, and 
radial biological shield wall thickness, were chosen 
to be fairly representative of large, pool-type LMFBR 
plants, such as the French Super-Phenix and recent 
U.S. designs resulting from an Electric Power Re
search Institute sponsored program for pool-type 
LMFBR design studies. The design of both the 
prestressing steel system and mild steel reinforcement 
was based primarily on obtaining as much steel as 
practical within the physical limitations of the 
concrete vessel. The amount of steel is by no means 
optimal~ additional work is under way and changes 
in the amount shown are likely. It is expected, how
ever, that such changes will tend to reduce the 
amount of steel and, perhaps, some redistribution of 
the prestressing tendons. 

The basic philosophy employed in selecting both 
the prestressing steel and the mild steel reinforcing 
was as follows: 

I. Use as much mild steel reinforcement as prac
tical in addition to prestressing steel. Actually, for 
the present design, there is much more mild steel than 
prestressing steel. The percentage of mild steel to 
concrete used in the current design is 4%, in both the 
vertical and horizontal (hoop) directions. 

2. Use a smaller value for the stress level in the 
prestressing steel than normally used in the design of 
prestressed concrete containment vessels. The design 
analyzed in this paper uses an effective (net) prestress 
level of 50% of the ultimate strength of the prestress
ing steel versus the value of 70% minus prestress 
losses normally used. The benefit of this reduction 
is to permit the prestressing steel to absorb more 
energy in its elastic range of behavior. 

3. Use heavy cross-wall mild steel ties that should 
greatly reduce the cracking of concrete. The perceqt
age of cross-wall steel ties used in this analysis was 
2.77%. This is desired to assure that the concrete 
undergoes a three-dimensional confining pressure that 
tends to increase its ductility, delay crack formation, 
and increase the absorption of the energy. 

4. Additional strength could still be derived, if 
necessary, by (a) increasing the percentage of mild 
steel reinforcement to, say, 6%, and (b) reducing the 
effective prestress level to -30% of the ultimate 
strength of the prestressing steel (the structure might 
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then be called the "partially prestressed" concrete 
vessel). 

As shown in Fig. 1, a separate steel vessel (or 
tank) carrying the primary sodium is suspended from 
the top closure head, and a gas gap of -0.3 m exists 
between this steel vessel and the inner surface of the 
PCRV. First of all, it should be noted that no energy 
is assumed to be absorbed by this suspended steel 
vessel keeping the calculations on the safe side. For 
the greatly simplified design shown here, the steel 
vessel merely acts to establish a barrier for the liquid 
sodium. Further work is required to establish more 
realistic design configurations, including the use of 
some type of insulation on the inner liner of the 
PCRV. 

DESCRIPTION OF ANALYTICAL 
MODEL AND APPROACH 

The analytical modeling of the PCRV response 
was done by means of two codes, ICECO (Ref. 2) 
and DYNAPCON (Ref. 3). The HCDA reactor core 
expansion was modeled by the hydrodynamics code 
lCECO, providing the internal pressure loading on 
the inside walls of the PCR V model. The analytical 
ICECO model involved simplifying geometry assump
tions that influenced the pressure history results. 
First, . the outside boundaries (PeR V walls) were 
taken to be ideally rigid. This is considered to be a 
good assumption in view of the facts that the true 
PCRV displa!?ements are really quite small and that 
no gas space is considered in calculations between 
the steel vessel and the PCRV wall. Neglecting the gas 
space may be overly conservative, since it could 
account for a significant reduction of pressure on the 
walls of the PCRV. 

Furthermore, the core support structure and the 
core barrel are taken as being completely rigid. The 
assumption of a rigid core support structure seems 
reasonable, taking into consideration the large mass 
of the structure and the relatively short time of core 
expansion. The rigid-core-barrel assumption was made 
with the intention of simplifying the analytical solu
tion and also yielding a conservative loading on the 
PCRV due to slug impact of sodium on the top slab. 
The error caused by this aSsumption is small for the 
reference HCDA case, but could become appreciable 
for the larger energy cases. Future work will include 
the use of a flexible core barrel to assess its effects on 
magnitude and location of maximum strains in the 
prestressing steel. 

For computations, the analytical ICECO model 
was assumed to have a flat bottom. This is a depar
ture from the design shown in Fig. I and was done to 
simplify the ICECO modeling. This modification 
should not greatly affect the results of the ICECO 
load predictions, especially as far as the loading on 

NUCLEAR TECHNOLOGY VOL. 51 MID·DEC.1980 



z 
R 
~ 
> 
::0 

r;l 
(") 

::c z o 
t"" o 
~ 

< o 
r 
VI 

:: 
9 
o 
~ 
-a 
()O 
o 

t en 

II ,10m 
SEAL 
RING 

6 LAYERS Of TENDONS 
EACH LAYER: 12 BANDS 
Of 3 TENDONS EACH 

I 
A T 1.5 m ~ - 5.3 m ~ T<:""" ....... .. .F·' 

A 
THREE· 
DIMENSIONAL 
GRID OF 
MILD STEEL 

IUm 
SOfT fiBER 
THERMAL 
INSULATION 

CENTRAL I 
PlUG~r 

r-.<--

EXTRA 
TIES 

Fig. 1. Reinforcement and prestressing details of the biological shielding. 

LS fOR WOUND 
/nn~~Tnr~~ WIRES 

SOfT fiBER 
THERMAL 
INSULATION 

THREE
IMENSIONAL 

GRID OF 
MILD STEEL 

ROWS Of TENDONS 

SECTION A-A 

Ul 
<» s: 
<» e 
! ,.. 
<» ... 
~ 

z 
(") 

~ 
~ 
z 
Cl 
(") 

?o 
~ 
§ 
ttl 
Ul 

~ 

~ 

~ 
Ul 
ttl 
t:J 
(") 

~ 
§ 



Seidensticker et al. INCREASING CAP ABIUTIES BY PRESTRESSED CONCRETE 

the cover and the upper part of the cylinder are 
concerned. It can playa significant part, however, if 
the gas volume shown in Fig. I were made available 
to accommodate core expansion. 

Three runs were made with the ICECO model 
using different HCDA energies in the core. The fIrst 
one, considered to be the reference case, had a source 
tenn equivalent to 2720 MW-s, based on expansion of 
the fuel vapor to I atm. This same source was used in 
an Argonne National Laboratory (ANL) study of 
pool-type reactors to evaluate the energy absorption 
capability of the stainless-steel sodium vessels com
prising the primary containment for systems included 
in the pool study report.4 The pressure-volume rela
tionship is shown in Fig. 2, which was reproduced 
from this reference. Here, V F is the fmal volume and 
V is the current volume of the core. For the other 
two runs, called cases A and B, the pressures were 
doubled and quadrupled, respectively, with every
thing else being the same. The energy content asso
ciated with case A was 5440 MW-s and that associated 
with case B was 10 880 MW-s. Histories of the pres
sures for these three runs were extended beyond the 
time of slug impact and were stored on penn anent 
record for subsequent use with the PCRV model. 

The reinforced biological shielding (or the PCRV) 
was modeled by the code DYNAPCON. In this ver
sion of the code, concrete is represented by a linearly 
elastic material where the cracking criterion is based 
on maximwn stress; aggregate interlock is also ap
proximated in a simplified manner. The components 
of the simplified axisymmetric PCRV model, together 
with the description of the analytical model, are 
shown in Fig. 3. The material properties used for 
modeling are given in Table I, while the equivalent 
prestressing values are listed in Table II. The plug 
was assumed to be a composite structure and to be 
attached to the general body of the PCRV at the 
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Fig. 2. Pressure·volume relationship for the reference case. 
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upper right comer (one node only). No cracking was 
pennitted in the plug. 

The PCR V analytical model is fIrSt prepared for 
internal loading by prestressing it to the specifIcations 
given in Table II. This is accomplished by the dy
namic relaxation procedure, 1 where only elastic 
material behavior is considered and concrete cracking 
is not allowed. The plug does not participate in this 
prestressing operation. The PCRV model is retained 
as a penn anent record, which becomes the initial 
state of the model before the internal loading from an 
HCDA is applied. 

Before calculating· the response of the PCRV due 
to internal dynamic loading, we fIrSt join the plug to 
the general reinforced/prestressed structure. Then the 
combined model of the structure is subjected to the 
previously derived pressure history. Here, cracking is 
pennitted, according to the strain-rate dependence 
described in Ref. I. The strain-rate dependence of 
reinforcing steel is also taken into account. Viscous 

TABLE I 

Material Properties Used in the PCRV Model 

Concrete 
Compressive strength 
Tensile strength 
Elastic modulus 
Poisson's ratio 
Density 

Prestressing tendons 
Yield strength 
Elastic modulus 

Reinforcement 
Yield point 
Elastic modulus 

Plug material 
Elastic modulus 
Poisson's ratio 
Density 

TABLE II 

51.7 MPa 
3.58 MPa 
33 GPa 
0.18 
2440 kg/m3 

1520 MPa 
200GPa 

400 MPa 
200 GPa 

50GPa 
0.3 
4000kg/m3 

Equivalent Prestressing of PCRV Model 

Type of Prestressing 

Location Radial Axial Circumferential 

Bottom slab F= 26.3 MN/m - -- p = 3.87 MPa 
h = 3.18 em --- h = 6.7 em 

Top slab F= 26.3 MN/m --- p = 7.75 MPa 
h=3.l8em --- h = 13.41 em 

Cylinder --- F=9.71MN/m p = 3.87 MPa 
--- h = 1.17 em h=6.7 em 
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damping in the numerical simulations is used to the 
minimum; however, it is increased when extensive 
cracking occurs, which makes the continuation of the 
solution difficult. 

Note that the objective oithis analytical solution 
was to monitor the behavior of the steel tendons, the 
main load-carrying members of the structure. This 
objective necessitated carrying the solution through 
the largest pressure peaks of the loading so that the 
tendons would be stressed to their maximum values. 
It turned out that solutions were necessary far be
yond the point after extensive concrete cracking had 
taken place. These situations necessitated increases in 
viscous damping and the reduction of the time step. 

DISCUSSION OF RESULTS 

The progress of the simulation of cracking 
through the walls of the PCRV model is quite inter
esting. Figures 4 and 5 depict the sequence of crack
ing for cases A and B, respectively. Note that the plug 
is not allowed to undergo any cracking; it serves 
solely as a member transmitting load to the main 
PCRVbody. 

It is observed that for case A, extensive cracking 
is fIrSt initiated with the slug impact, which begins 
at 0.0615 s. After the impact, radial cracks propagate 
also through the cylinder walls starting from the top 
of the vessel For case B, circumferential stresses in 
the vessel cause radial cracks below the core before 
the slug impact starting at 0.0434 s. Slug impact 
causes circumferential cracks at the top cover and 
the top of the cylinder wall. Additional radial cracks 
appear in the cylinder wall after slug impact. Because 
the cracking sequences are different for the two cases, 
it can be seen that the maximum strains and stresses 
in the PCRV model vary with location and time. The 
location of maximum radial displacement of the 
cylindrical wall, for example, would depend on the 
loading case considered. 

For all of the PCRV model runs, the strains of the 
tendons were monitored. A continuous record of 
strain values for the top and bottom layer of the top 
slab and the inner and outer layers of the vertical 
wall tendons were monitored. In addition, the cir
cumferential strain of the simulated wire wrap 
midway between the top and bottom slabs was 
recorded. The absolute maximum recorded strain 
values for the radial tendons in the top slab, the 
axial tendons of the cylindrical wall, and the circum
ferential prestressed wire windings were detennined 
and are plotted in Fig. 6. Combined with the 
respective maximum strain values for all the three 
runs, the curves provide us infonnation on the 
trend of maximum strain as a function of the energy 
content of the HCDA. There appears to be a certain 
degree of uncertainty regarding the shape of the 
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curves, like that of the circumferential wire strain 
at the midpoint of the cylindrical wall. It is not clear 
at this point, especially keeping in mind the different 
cracking sequences in Figs. 4 and 5, that an inflection 
in the relationship is all that unreasonable. More 
detailed studies may reveal the answer. The fact that 
the maximum strain values are acceptable is, however, 
the significant result of the study. For the imaginary 
HCDA source of 10 880 MW-s (case B), the maximum 
strain is 2.3%. The maximum ultimate static strain 
values for these tendons quoted in the literature range 
from 3 to 6%. For dynamic conditions, as the PCRV 
modeling, this range would probably be higher. 

To put the range of HCDA energies in perspective, 
we should refer to some typical values used in present 
designs. The maximum HCDA reference case for the 
Clinch River Breeder Reactor (CRBR) is 661 MW-s 
(Ref. 5), while that for the French Super-Phenix is 
800 MW-s (Ref. 6). For such energy magnitudes, the 
maximum strains in the tendons from Fig. 6 would 
hardly be noticeable. It appears that under the most 
conservative conditions, the HCDA energy could 
easily be increased to 13 000 MW-s to reach a maxi
mum strain of 3% in the tendons. This corresponds 
to more than 16 times the HCDA source used for 
Super-Phenix. 

Note that although the prestressing steel cables 
are not taxed to their ultimate capacity, cracking in 
the PCRV can be quite extensive, both in the extent 
of cracking and the crack opening sizes. Failure of the 
liner of the vessel thus becomes the object of interest 
as far as leak-tightness is concerned. This must be 
kept in mind in safety evaluations of the PCRV. 

CONCLUSIONS 

Preliminary calculations, based on rather con
servative assumptions, indicate very large energy 
absorption potential using a PCRV for LMFBR pri
mary containment. This potential is achieved by the 
introduction of large amounts of prestressing steel, 
both tendons and wound-wire, and large quantities 
of mild steel reinforcement into that physical space 
already devoted to concrete biological shield used in 
a typical pool-type LMFBR. The maximum steel 
tendon strains at any point ·are -2.3% for an energy 
source level of 10 880 MW-s. This energy source of 
1 0 8~0 MW,.s is -16.5 times larger than the maximum 
reference case of 660 MW-s for the CRBR, and -13.6 
times larger than the reference design basis of 800 
MW-s for the French Super-Phenix. 

Clearly, certain questions remain to be answered 
more fully before it can be stated that economic 
engineering feasibility has been finnly established. 
The constitutive equations for the concrete must be 
developed further to include an improved under
standing of the strain-rate dependence of the concrete 
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Fig. 4. Cracking sequence of PCRV model under case A loading. 
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Fig. 5. Cracking sequence of PCRV model under case B loading. 
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behavior. The design configuration used in this paper 
is admittedly greatly simplified, particularly with 
regard to the details of the PCRV liner and insulation 
of the liner and concrete. An analysis must be made 
assuming a flexible core barrel versus a rigid one. 
In spite of these limitations, however, preliminary 
feasibility seems assured. Clearly, very large energy 
absorption capability is achievable with reasonable 
amounts of prestressing and mild steel reinforce
ments. Coupling this with the well-established safe 
behavior in failure modes for PCRVs seems to provide 
strong incentives for carrying through the remaining 
work to establish a sound engineering basis for this 
concept. 

This paper concerns the ultimate strength capac
ity of the PCRV. Leak-tightness of the PCRV, can, 
however, be of equal importance to the safety of the 
LMFBR design. The safety aspect of PCRV, involving 
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fine points of concrete cracking as well as the degra
dation of concrete under severe environmental condi
tions, will be the subject of subsequent studies. 
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