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ABSTRACT

Analyses of the thermo-mechanical response of the l:6-scale reinforced
concrete containment are presented. Three temperature-pressure
scenarios are analyzed to complete loss of the pressure integrity.
These results are compared to the analysis of pressure alone, to
assess the importance of thermal effects.

1.0 INTRODUCTION

Public safety is of utmost importance in the operation of nuclear
reactors in the United states. In the design of nuclear reactors, the
containment must guard the public from possible exposure to harmful
radiation. Therefore, it is imperative to ascertain that in the event
of a nuclear reactor accident, the radiation level to which the public
is exposed would be safe.

At Argonne National Laboratory (ANL), it has been the contention that
safe structural containment can be provided by reinforced/prestressed
concrete structures. Also, it was claimed that in the case of a
nuclear accident, ultimate failure of a concrete containment would be
benign rather than catastrophic. Because of the promising potential
of concrete containment, ANL had launched a concentrated research
effort into this area in 1976. Analytical modeling of concrete,
reinforced concrete containment and prestressed concrete containment
have led to the development of the TEMP-STRESS [1-5] finite element
computer program. This program incorporated the same features as
DYNAPCON [6-9] plus those needed for steady state and transient
thermal problems. The DYNAPCON program was written for the analysis
of prestressed concrete reactor vessels (PCRV's). Introduction of
dynamic relaxation in conjunction with explicit temporal integration
enabled the TEMP-STRESS program to be used for transient as well as
static loading. Details of the static loading analysis and reinforced
concrete analyses are given in references [10] and [11].

Pretest predictions were made by the staff of the Reactor Analysis and
Safety Division, Engineering Mechanics Program, of ANL for the
response of the l:6-scale reinforced concrete containment model
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[12,13], shown in Figure 1, that was tested to failure by liner
tearing and leakage at the Sandia National Laboratories [14,15].
Questions have been raised in regard to possible effects of temper-
ature in combination with internal pressure on the behavior of the
model. Specifically, if the containment had been subjected to
elevated temperature as well as internal pressure, what differences in
pressure capacity, failure mechanism and location would have been
predicted when compared to the analysis of internal pressure alone.
The purpose of this paper is to address these questions.

2.0 STATEMENT OF THE PROBLEM

The containment response due to three different types of thermal
loadings in combination with internal pressure were investigated and
each is compared to the case of internal pressure acting alone. In
all thermal loadings it is assumed that a steady state thermal field
exists and the pressure is applied as a static load (slow loading
rate) afterwards. The thermal loadings investigated are: 1) linear
temperature variation of 70*F (outer wall) to 400*F (liner), 2) linear
temperature variation of 70*F (outer wall) to 700'F (liner) and 3)
nonlinear temperature variation of 700*F (liner) with an exponential
decay to 70'F (outer wall). Figure 2 illustrates the three loadings
just described. The third loading case was included to study the
extreme detrimental effects of thermal distribution through the
containment wall. This will help establish the critical combination
of thermal and pressure loading on the containment. An exponential
decay of temperature through the wall would be expected during the
course of a sudden temperature rise in the reactor. Due to the low
thermal conductivity of concrete, the liner would experience the brunt
of the thermal loading. This in turn would introduce a large
compressive stress in the liner because the reinforced concrete shell
restrains the liner from expanding.

The rise in pressurization could come about at any time during the
accident. It is observed that both the internal pressurization and
thermal conduction are regarded as static phenomenon; the analyses are
conducted accordingly. It is also noted that the increase in pressure
inside the containment could be much faster than the conduction of
heat through the vessel wall. Therefore, for simplicity of analysis,
it is assumed that a constant temperature distribution through the
wall of the containment exists, while internal pressurization is
applied gradually.

3.0 NUMERICAL SIMULATIONS

An axisynunetfic model of the containment shell that excludes the
basemat was constructed and analyzed by the two-dimensional computer
program TEMP-STRESS. The purpose of this model is to portray the
global response of the vessel. TEMP-STRESS treats both geometric and
material nonlinearities with thermally dependent material properties.
The analytical approach in the program is based on an explicit
temporal integration coupled with dynamic relaxation. This enables
the program to be used for static as well as dynamic problems
involving thermal and/or mechanical analysis. The choice of the



integration scheme was primarily dictated by the high nonlinear
concrete behavior and tha relative ease of accounting for non-
linearities in this type of algorithm. Also, in static problems
iteration to equilibrium is always possible with this algorithm. See
references 10-12 for details of these calculations.

The finite element model shown in Figure 3 includes only the
axisymmetric cylindrical vessel and the spherical dome. This model
consists of 31 reinforced concrete shell elements: 12 of them
representing the 7 in. thick spherical dome, one element representing
the transition from the dome to the cylinder, and 18 elements repre-
senting the 9 3/4 in. thick cylinder. A liner on the inside surface
of the vessel is made up of 31 steel shell elements. The liner
elements, which are offset from the concrete elements, have different
thicknesses: 0.09 in. in the dome and 0.068 in. in the cylinder.

The number of reinforcement layers ranges from four in the spherical
dome to 10 layers at the base of the cylinder. Fourteen different
combinations of reinforcements are used within the flexural elements.
The reinforcement bars (rebars) are assumed to remain rigidly bonded
to the concrete; debonding of rebars and concrete is not considered.

Both steel and concrete are modeled as nonlinear materials. The
constitutive equations for these materials are based on an elastic-
plastic law with initial yielding and the subsequent loading surface
described by the von Mises condition. An associated flow rule is
used.

The strength capacity of the concrete in multiaxial stress space is
characterized by the so-called Hsieh-Ting-Chen [16] four parameter
failure surface. The concrete response after failure is simulated
using the element-size-independent cracking criterion established by
Bazant and Oh [17]. In the uniaxial stress-strain relationship, a
linear softening of tensile strength is specified from the tensile
strength down to zero. The maximum strain in tension (where the
stress is reduced to zero) is set to 0.0007 in./in. In unconfined
compression after the ultimate strength is reached in the concrete, a
linear reduction to zero stress is calculated through the plasticity
calculations [4] with a negative plastic slope. The maximum strain in
unconfined compression (where the stress is reduced to zero) is set to
0.006 in./in.

The material properties of the concrete are given in Table 1 for the
temperature range used in the examples. Properties at 70'F are based
on the measured values given in reference [15]. The effect of
temperature on these properties were estimated from the guidelines
given by Freskakis [18]. As indicated in Table 1, it was assumed that
the temperature had no effect on Poisson's ratio and the coefficient
of thermal expansion.

Material properties for the rebars and liner are given in Tables 2, 3
and 4 for the temperature range used. Properties at 70'F are based on
the measured values given in reference [15]. Note that the ultimate
strength of the rebar is based on the strength of the splice. Again,



Table 1. Concrete Material Properties at Various Temperatures

Material Property

Young's Modulus (ksi)

Poisson's Ratio

Tensile Strength (psi)

Coefficient of Thermal
Expans ion (in/in/'F)

Unconfined Compressive
Stress-Strain Curve
(Engineering Valves)

Yield Stress (psi)

Ultimate Stress (psi)

Strain at Ultimate
Stress (in/in)

Ultimate Strain at
Zero Strength (ir./in)

70

4800

0.2

500

5.5X10"6

70

3400

6800

2.3X10"3

0.006

Temperature (*F)

250

2300

0.2

353

5.5X10"6

250

2400

4800

2.97X10"3

0.006

700

1200

0.2

250

5.5X10"6

700

1700

3400

3.72X10"3

0.006

Table 2. Rebar Material Properties at Various Temperatures

Material Property

Temperature (*F)

70 400 800

Young's Modulus (ksi)

Coefficient of Thermal
Expansion (in/in/'F)

31000

6.2x10-6
28500

6.2X10-6
25700

6.2x10-6

Bilinear Engineering
Stress-Strain Curve 70 400 800

Yield Stress (ksi)

Ultimate Stress (ksi)

Ultimate Strain (in/in)

66.6

99.0

0.045

56.6

91.1

0.045

51.3

71.3

0.045



Table 3. Cylinder Liner Properties at Various Temperatures

Material Property

Young's Modulus (ksi)

Poisson's Ratio

Coefficient of Thermal

70

30000

0.3

6.5X10"6

Temperature (*F)

400

27900

0.3

6.5X10"6

700

25200

0.3

6.5X10"6

Expansion (in/in/*F)

Bilinear Engineering
Stress-Strain Curve 70 400 800

Yield Stress (ksi)

Ultimate Stress (ksi)

Ultimate Strain (in/in)

50.

70.

0.

2

0

164

45.
65.

0.

2

1

164

40.

56.

0.

2
0

164

Table 4. Dome Liner Properties at Various Temperatures

Material Property

Young's Modulus (ksi)

Poisson's Ratio

Coefficient of Thermal
Expansion (in/in/•F)

Bilinear Engineering
Stress-Strain Curve

Yield Stress (ksi)

Ultimate Stress (ksi)

Ultimate Strain (in/in)

70

30000

0.3

6.5X10"6

70

51.4

71.0

0.149

Temperature (*F)

400

27900

0.3

6.5X10"6

400

46.3

66.0

0.149

700

25200

0.3

6.5xlO~S

800

41.1

56.8

0.149



the effect of temperature on these properties were estimated from
reference [18]. As in the concrete, it was assumed that the temper-
ature has no effect on Pcisson's ratio and coefficient of thermal
expansion.

3.1 Static Internal Pressurization

In order to evaluate the effect of temperature on the containment
model, it is convenient to refer to the analysis of pressure alone
(see reference [12] for more detail). For the static internal loading
condition with uniform wall temperature, pressurization of the shell
model is imposed by monotonically increasing the internal loading in 5
psig increments. The important events in the response of the model
are shown in Table 5. It is observed that up to 25 psig the behavior
of the vessel is entirely elastic. At internal pressures 25-40 psig
meridional cracking at the base of the vessel propagates from the
inside of the vessel to the neutral surface. The onset of hoop and
meridional cracking in the cylinder above 40 psig is followed by hoop
and meridional cracking in the dome. Hoop cracking and meridional
cracking is practically completed at 90 psig and 115 psig, respective-
ly. A small amount of crushing of the concrete at the outerwall near
the basemafc was observed at 160-185 psig.

Table 5. Response of Shell to Pressurization Only

Pressure (psig) Response '

0 - 2 5 Elastic behavior.

25 - 40 Meridional cracking on inside
base of vessel.

4 0 - 9 0 Hoop cracking in cylinder and hoop/

meridional cracking of the dome.

40 - 115 Meridional cracking in the cylinder.

95 - 110 Yielding of liner begins and spreads

along cylinder.

100 - 105 Yielding of liner at the base.

120 - 125 Yielding of hoop reinforcement
starts.

180 - 185 The ultimate strength of the hoop
splice is reached in the cylinder
(at point A in Fig. 4) leading to
failure of the liner.



Yielding of the liner is observed to start at about 100 psig at mid-
cylinder height, propagates along the cylinder and finally reaches the
base at about 105 psig. The yielding of hoop reinforcement on the
inside of the concrete vessel begins at about 120-125 psig. Failure
of hoop reinforcement is governed by its splice strength; this stress
limit of 99 ksi is reached at an internal pressure of about 180-185
psig. Failure of the hoop reinforcement is found to cause sudden
failure of the liner and rupture. The deformed configuration of the
vessel, before impending failure, is shown in Figure 4.

Deformation of the vessel liner are obtained for internal pressures
ranging from 5 psig r. to 180 psig. Maximum vertical displacement at
the dome apex before impending failure of the hoop rebar is 1.8 in.,
the corresponding vertical and radial displacements at the vessel
springline are 2.2 in. and 2.3 in. The maximum radial and vertical
displacements at cylinder midheight at this load are 5.4 in. and 0.9
in., respectively, while the respective hoop strain in the liner is
0.038 in./in. The displacements over the complete pressure loading at
the dome apex, vessel springline and cylinder midheight are given in
Figures 5 through 9.

3.2 Thermal Loading and Pressurization

When the structure is subjected to elevated temperature as well as in-
ternal pressure, the loadings are performed sequentially. First, the
thermal load is applied in 30*F increments on the inside surface of
the vessel up to the maximum temperature describe in Figure 2; the
external surface is held at 70 *F while the temperature through the
thickness is raised in proportion* to the distribution in Figure 2.
The pressure then is applied in 5 psig increments until failure is
reached. The important milestones for the three thermal load cases
are given in Tables 6 through 8. Displacements over the complete
pressure loading at the dome apex, vessel springline and cylinder
midheight are given in Figures 3 through 9.

In all the thermal load cases, concrete cracking is almost completed
before the pressure is applied. Load case 1 (400*F) resulted in hoop
and meridional cracking through the outer 3/5 of the wall, with the
inner 2/5 still elastic (compressive stresses are present in the 1/5
section of concrete nearest the liner). Load case 2 (700*F linear
distribution) and load case 3 (700* exponential distribution) resulted
in hoop and meridional cracking through 4/5 of the wall, with the
inner 1/5 (nearest the liner) in compression but still elastic. As
the structure is pressurized the rest of the concrete cracks, except
near the basemat where compressive stresses are present. Some
concrete crushing was observed in all three thermal load cases at
about 15-20 psi before the failure pressure. Crushing was limited to
the outside wall near the basemat.

Yielding of the liner in compression is observed in load cases 2 and 3
before pressurization. In load case 1 the liner is in compression,
but still elastic. These compressive stresses result because of the
liner expansion due to temperature, is constrained by the outer
reinforced concrete shell. The largest compressive liner stresses are



Table 6. Response of Shell to Thermal Case 1

Temperature of
Liner (*F)

Pressure
(psig) Response

70 - 400

400

400

400

400

0-105

120

120-125

165-170

Meridional and hoop cracking
at dome and cylinder starts
At outerwall and spreads to
about 3/5 through the wall.

Cracking continues in the dome
and cylinder.

Concrete has fully cracked
except at basemat juncture.

Yielding of hoop reinforcement
in the cylinder begins.

The ultimate strength of the
hoop splice is reached in the
cylinder (at point A in Fig.
4) leading to failure of the
liner.

observed in load case 3, in which the thermal gradient is the
strongest. In all three load cases, failure of the hoop reinforcement
at cylinder midheight governs the ultimate pressure capacity of the
containment model (see Figure 4 for location). Load case 1 failed at
165-170 psig, case 2 failed at 160-165 psig and case 3 failed at 170-
175 psig. The reason that load case 2 failed at the lowest pressure
was due to the hoop rebar being subjected to thfc highest temperature.
As indicated in Table 2, a higher temperature in the rebar results in
lower strength capacity.

Deformations of the vessel liner are obtained up to the failure
pressure for each load case. For the three load cases, respectively,
maximum vertical displacements at the dome apex are 2.6 in., 2.5 in.
and 1.8 in., maximum radial displacements at the springline are 2.7
in., 3.0 in. and 2.5 in.; maximum vertical displacements at the
springline are 2.9 in., 3.2 in., and 2.6 in.; maximum radial
displacements at the cylinder midheight are 6.1 in., 6.1 in., and 5.5
in., and maximum vertical displacements at the cylinder midheight are
1.2 in., 1.3 in. and 1.0 in.



Table 7. Response of Shell to Thermal Case 2

Temperature of
Liner (*F)

Pressure
(psig) Response

70-400

400-700

700

700

700

700

40

0-100

110

160-165

Meridional and hoop cracking
of dome and cylinder starts
at outerwall and spreads to
about 3/5 through the wall.

Meridional and hoop cracking
at dome and cylinder continues
to about 4/5 through the wall.
Plasticity is observed
throughout the cylinder liner.
Maximum plastic strain of
0.25% is observed in element
60. Yielding of seismic rebar
begins (0.1% max. at element
29). yielding of meridional
rebar in element 31 at basemat
(0.1% max.)-

Yielding of hoop reinforcement
in the cylinder begins.

Cracking continues in the dome
and cylinder.

Concrete has fully cracked
except at basemat juncture.

The ultimate strength of the
hoop splice is reached in the
cylinder (at point A in Fig.
4) leading to failure of the
liner.

4.0 SUMMARY

Under thermal loading concrete undergoes extensive cracking; the
higher the temperature gradient, the more extensive the cracking.
Cracking begins on the outside surface and propagates towards the
inside. Due to the imposed thermal loading the inside of the vessel
is under compression, therefore cracking does not extend through the
entire vessel wall. Complete wall cracking occurs only after the
internal pressure is applied. Comparing all the results indicates
that complete cracking of the vessel occurs between 100 psig and 160
psig. The cracking trend, reduction in stiffness is observed in the



Table 8. Response of Shell to Thermal Case 3

Temperature of
Liner (*F)

Pressure
(psig) Response

70-700

700

700

700

700

75

10U-170

160

170-175

Meridional and hoop cracking
of dome and cylinder starts
at outerwall and spreads to
about 4/5 through the wall.
Plasticity is observed
throughout the cylinder and
dome liner. Maximum plastic
strain of 0.45% is observed in
element 60. No rebars have
yielded.

Yielding of hoop reinforcement
in the cylinder begins.

Cracking continues in the dome
and cylinder.

Concrete has fully cracked
except at basemat juncture.

The ultimate strength of the
hoop splice is reached in the
cylinder (at point A in Fig.
4) leading to failure of the
liner.

displacement plots in Figures 5-9. The curves are of similar shape.
Thermal expansion causes the vertical shift upward and thermal
material degradation causes the horizontal shift left in the curves.

The global failure of the containment vessel under combined thermal
and pressure loading does not appear to be significantly changed from
the case with internal pressure alone. The vessel strength is
slightly reduced (11% maximum for load case 2) with the increase in
temperature through the wall of the vessel. The mode of global
failure and location under combined pressure and thermal loading does
not change from the case of pressure alone; in all the cases analyzed
the hoop reinforcement at the mid-height of the vessel fails, which
results in failure of the liner. The reinforcement strength is the
primary load bearing material for both mechanical and thermo-
mechanical loadings. Thermal loading essentially prestresses the
vessel while the internal pressure counteracts the prestressing.
However, high temperature reduces the strength of the reinforcing

10



steel (and other materials as well). While the ultimate strength of
the reinforcing reduces to about 23% at 700*F, the failure pressure of
the vessel reduces by about 11%. Consequently, the reduction of
strength is roughly half of the reduction of the ultimate strength of
the reinforcement.

The axisymmetric model of the containment structure yields results of
global failure. The axisymmetric solution, however, can also indicate
situations or areas where local failures (problems) may arise before
global failure is reached and can provide the necessary input for a
localized analytical model. Yielding of the liner was observed during
the thermal loading for both 700'F inside temperature cases. The
largest yielding was observed for the exponential temperature
distribution. For this case it is noteworthy that compressive
yielding extended to all the liner elements. The maximum compressive
yielding reached about 0.5% (about three-times the elastic strain
limit) just above the basemat juncture. Thus, depending on the local
constraints of the liner, it appears that due to thermal loading
alone, buckling of the liner is a distinct possibility.

In regions of the liner shell, where radial growth due to pressure
does not relieve the thermal growth, such as at the basemat junction,
buckling of the liner might occur [19]. As stated in reference [19],
when the liner experiences high temperatures associated with accident
conditions, large compressive stresses will be induced because the
reinforced concrete shell restrains the liner from expanding and
buckling is likely. Such buckling is usually asymmetrical and would
induce shear in the liner anchorage. Conditions for this failure to
occur are variations in plate thickness, variation in modulus of
elasticity, or a liner panel which is pre-buckled during construction
or has buckled under the thermally induced compression in the liner.
More details on the local analysis are given in reference [19].

This numerical study provides some valuable guidelines in the response
of containment to thermo-mechanical loadings that could result from an
accident scenario. As the temperature was increased (700*F maximum)
the failure mode and location did not change, but the failure pressure
was reduced from 185 psig to 165 psig. Higher reductions in failure
pressure would be expected as the temperature increases, mainly due to
the degradation of the material properties. Localized models are
needed in order to study liner buckling and/or tearing due to severe
thermo-mechanical loadings which could result in lower failure
pressures.
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Fig. 7 Vertical Displacements of Liner
at Vessel Springline for
Various Temperatures
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