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1. INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC) is investigating the performance of
containments subject to severe accidents. This work is being performed by Sandia National
Laboratories (SNL). In 1987, a 1:6-scale Reinforced Concrete Containment (RCC) model was
tested to failure [1]. The failure mode was a liner tear. As a result, a separate effects test
program has been conducted to investigate liner tearing. This paper discusses the design of test
specimens and the results of the testing.

The posttest examination of the 1:6-scale RCC model revealed that the large tear was not an
isolated event [2]. Other small tears in similar locations were also discovered. All tears
occurred near the insert-to-liner transition which is also the region of closest stud spacing.
Also, all tears propagated vertically, in response to the hoop strain. Finally, all tears were
adjacent to a row of studs. The tears point to a mechanism which could involve the liner/insert
transition, the liner anchorage, and the material properties. The separate effects tests
investigated these effects. The program included the design of three types of specimens with
each simulating some features of the 1:6-scale RCC model. The specimens were instrumented
using strain gages and photoelastic materials.

2. TEST SPECIMEN DESIGN
2.1 Weld and Thickness Transition Specimen Design

The first specimen developed addresses the fact that the tear was near the liner-insert plate
transition. This weld and thickness transition specimen tested the effect of the weld and
thickness transition on the liner and insert plate. Figure 2.1 shows the specimen. The specimen
is a 250 mm wide segment of liner plate 450 mm long. The ends of the liner plate are welded to
the insert plate. The insert plates are attached to a uniaxial tension fixture.

2.2 Separately Controlled Loading Specimen Design

The next specimen was designed was to investigate the effects of liner prestress and stud shear
separately. The combination of stud shear and preexisting load in the liner could produce a
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liner tear when either mechanism alone would not. If the liner is preloaded beyond the yield
stress of the material, plastic deformation occurs. Since the material has not reached ultimate
strength, liner tearing does not occur. However, a relatively small change in the stress can cause
liner tearing. This small change is provided by the stud shear load. Figure 2.2 shows this
specimen. This specimen is a dog-bone-shaped piece of liner material with four anchorage studs
attached across the neck of the dog bone on each side of the specimen. The specimen is
symmetric with two dog bone pieces. A concrete block is cast around the studs in the center of
the specimen and attached to the specimen only by means of the studs. This allows stud shear
to be applied separately from axial tension in the specimen and for variation in the preload to
investigate the failure mechanism. At low liner preloads, motion of the concrete block shears
the studs from the liner while, at higher preloads, motion of the block initiates a liner tear.
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2.3 Full Simulation Specimen Design

The final specimen comes closest to a full simulation of the wall section of the 1:6-scale RCC
model. This full simulation specimen is shown in Figure 2.3. To ensure that the tensile load is
in balance, a dual, back-to-back section of the 1:6-scale model was built. That is, the liner and
insert plate is applied to both the front and back of the specimen. Ten #6 (19 mm) reinforcing
bars are installed axially. The reinforcing steel used here is larger than that used in the 1:6-scale
model, but the fraction of the steel area and the ratio of liner steel to reinforcing steel is the
same.

3. TEST RESULTS

The specimens were instrumented with resistance strain gages, load cells, displacement
transducers, and photoelastic coatings. This paper only discusses the photoelastic data. A full
discussion of all data is included in Reference 3. The photoelastic data is whole field data
corresponding to in-plane principal strain differences. This gives an indication of the overall
strain state. The data is reduced to produce gray scale contour plots of the surface strains. The
results of the tests of the three types of specimens will be presented separately in this section.

3.1 Weld and Thickness Transition Specimen Test Results

Three weld and thickness transition specimens were tested. Figure 3.1 shows the strain field
just prior to failure. The weld line is along the bottom edge of the figure with the liner plate
extending upward from the weld. Along the edges of the plate, the strain increases with
increasing distance from the weld. At the specimen edges, slightly above the weld, a strong
strain concentration is apparent. This illustrates that the transition in itself does not produce a
strain concentration. The primary reason for the reduction in strain near the transition is the
Poisson stiffening by the thicker insert plate.

Poisson contraction occurs due to the lack of edge support and Poisson stiffening along the liner
plate weld. This causes a large shear to develop in the transition at the edges. In the 1:6 scale
model, the liner plate and insert plate edge conditions are significantly different since there were
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no free edges. The region most closely approaching the response of the 1:6 scale RCC is the
region far from edge effects. This region is the central region of the specimen near the
transition. The high free-field strain and the very high shearing strain concentrations in the liner
plate corners, may not be representative of the 1:6 scale model. However, examining the central
region of this specimen even up to a few inches from the weld it is apparent that no significant
strain concentration exists from this weld.

3.2 Separately Controlled Loading Specimen Test Results

Six separately controlled loading specimens were tested with each test being conducted using a
different liner preload. The testing applied a preset load to the liner and then, while the preload
was maintained, increased the deflection of the studs until failure. Failure by either liner tearing
or stud shear was expected. Tests were conducted at preloads of 415, 435, 450, and 480 MPa.
The 415 and 435 MPa preload specimens failed by the studs shearing from the liner plate. The
450 and 480 MPa specimens failed by tearing of the liner plate immediately adjacent to the row
of studs. This failure transition between 435 and 450 MPa shows a very strong sensitivity of
failure mode to liner preload. For the liner plate, the yield strength is 350 MPa.

The photoelastic data presented in Figures 3.2 and 3.3 is from specimens on either side of the
transition between stud failure and liner failure. Figure 3.2 is a maximum shearing strain plot
for the 435 MPa specimen. The free-field strain increases from about 4% to about 6% across
the stud row. While significant, it was not sufficient to induce liner tearing.

Figure 3.3 shows the maximum shearing strain in the 450 MPa specimen immediately prior to
failure. The general features are similar to the 435 MPa specimen. However, here the strain
level increases from 3% to 9% across the stud row. The higher preload strain allows the stud
load to induce a much larger strain difference across the stud row, showing that small changes
in the liner and anchorage system can have a great effect on the failure mode. Here, an increase
in preloading of 3% caused a transition from a stud shearing failure mode to a liner tear. This
strongly supports combined stud shear and liner loading as a mechanism for producing failure.

3.3 Full Simulation Specimen Test Results
The stud shear load, which was applied independently in the separately controlled loading

specimens, was developed by differential strain between the reinforcing steel and the liner and
insert plates in these full simulation specimens. The specimen response was expected to be
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Figure 3.3: Maximum Shearing Strain in the 450 MPa Preload Specimen

similar to the 1:6-scale model response. The results of the full simulation tests show very low
strain levels along the weld and high strains induced in the corners by the Poisson restraint,
similar to the transition specimen. In addition, some strain concentration appears at the stud
locations indicating load transfer. All these specimens failed by liner tearing immediately
adjacent to the final stud row on the side of the stud nearest the thickness transition. The
concentration at the studs is much lower than what was expected. The lack of strain
concentration at stud locations may indicate that the failure along the row of studs was
coincidental. Posttest examination of the studs shows some evidence of load transfer with the
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first row of studs being bent significantly. The contradiction between the deflection of the
studs, and the photoelastic data has not been resolved. As was discussed with the separately
controlled loading specimens, the strain resulting from stud load transfer is very sensitive to the
liner strain level. Under low strain conditions, load transfer sufficient to bend the studs could
occur without producing significant strain concentration.

The tests show that edge effects and Poisson stiffening are dominant factors. The primary
feature which does not represent the RCC model is the presence of the edge effects which lead
to strain concentration in the corner of the liner plate and contributes to the large strain in the
central region of the plate. It appears, from posttest examination, that a large amount of load
transfer did occur in the row of studs immediately adjacent to the thickness transition. If the
free-field strain levels were much larger as would be the case if edge affects were not present,
the level of strain concentration caused by the load transfer from the studs could be significant.

4. CONCLUSIONS

The tests indicate that the mechanism of liner tearing produced by combination of liner load and
stud shearing is plausible. However the postulated failure of the 1:6-scale containment includes
both the mechanism of failure caused by liner preload and stud shearing and a mechanism to
generate this stud shear load. The tests conducted are not conclusive in this area. The weld and
thickness transition specimen showed that edge effects may well have a dominant role in the
strain behavior of the specimens. In the full simulation specimens, these edge effects may mask
strain concentrations that might have otherwise occurred due to the transfer of load to the studs.
The only evidence of load transfer is from the posttest examination showing bending of the
studs. Although, the data is not conclusive, the combination of the separately controlled loading
specimens tests and the posttest examination of the full simulation specimens demonstrates the
existence of load transfer and provides limited evidence that the postulated failure mechanism
for the 1:6-scale containment is correct. Overall, the results do imply that details of anchorage
and liner design can have far reaching effects on the failure mechanism.
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