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Abstract

The overpressurization of a 1:6-scale reinforced concrete containment building demonstrated that liner tearing is a plausible
failure mode in such structures under severe accident conditions. A combined experimental and analytical program was
developed to determine the important parameters which affect liner tearing and to develop reasonably simple analytical
methods for predicting when tearing will occur. Three sets of test specimens were designed to allow individual control over
and investigation of the mechanisms believed to be important in causing failure of the liner plate. The series of tests
investigated the effect on liner tearing produced by the anchorage system, the loading conditions, and the transition in
thickness from the liner to the insert plate. Before testing, the specimens were analyzed using two- and three-dimensional
finite element models. Based on the analysis, the failure mode and corresponding load conditions were predicted for each
specimen. Test data and post-test examination of test specimens show mixed agreement with the analytical predictions with
regard to failure mode and specimen response for most tests. Many similarities were also observed between the response of
the liner in the 1:6-scale reinforced concrete containment model and the response of the test specimens. This work illustrates
the fact that the failure mechanism of a reinforced concrete containment building can be greatly influenced by details of liner
and anchorage system design. Further, it significantly increases the understanding of containment building response under
severe conditions.
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Executive Summary

This test series was designed to investigate the causes of liner tear failure of the 1:6-scale reinforced concrete containment
building. The postulated mechanism to cause liner tearing is that a relatively small load applied to the stud anchors can
induce a tear in a highly strained liner. This load is thought to be produced by differential movement between the
reinforcing steel and the liner plate. A combined experimental and analytical approach was used to determine the
important parameters which affect liner tearing and to develop analytical methods for predicting tearing. The tests
investigated the effect on liner tearing produced by the anchorage system, the loading conditions, and the transition in
thickness from the liner to the insert plate. Before testing, the specimens were analyzed using two- and three-dimensional
finite element models. Based on the analysis, the failure mode and corresponding load conditions were predicted for each
specimen.

The test specimens were instrumented with strain gages and photoelastic material. While the tests lend some support to
stud loading as a means of initiating a liner tear, not all tests support this. Early tests and analysis showed that the
thickness and weld transition between the liner and insert plate did not produce a strain concentration. In addition they show
significant edge effects that are an important departure from the actual strain state of the 1:6-scale model.

The tests and analysis to investigate liner tears initiated by stud loading are in good agreement and demonstrate that tearing
can be induced in a highly strained liner material with relatively weak anchorage, which transfers the load to the liner. The
analytical models provide a reasonable method for predicting the transition between liner tearing and stud failure. The
testing also shows that the transition between the failure modes is strongly dependent on material and mechanical
properties.

The final tests and analyses were designed to provide conditions very similar to those of the 1:6-scale model. The tests were
intended to investigate whether the postulated load transfer could occur and whether the transfer could result in liner tearing.
The tests give mixed indications of significant load transfer but are not conclusive. Possible reasons for the discrepancy
have been formulated but have not been fully investigated.
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1. Introduction

The U.S. Nuclear Regulatory Commission (NRC) is
investigating the performance of light water reactor
(LWR) containments subject to severe accidents. This
work is being performed by the International Nuclear
Safety Department at Sandia National Laboratories (SNL).
In 1987, a 1:6-scale reinforced concrete containment
model (RCC) was tested by pressurization to failure
(Horschel, 1992). The failure mode was a liner tear. Asa
result of this test, a separate effects test program has been
conducted to investigate a number of parameters which
could affect liner tearing. Finite element analyses were
also used to investigate analytical modeling techniques for
simulation of liner failure. This report discusses the
design and instrumentation of a number of test specimens
as well as the results of the testing. These results were
compared with the results of finite element simulations for
each of the specimen types.

The objective of this separate effects test series is to
develop an understanding of liner tearing in the 1:6-scale
RCC and increase understanding of potential failure
modes of LWR containments.

1.1 Background

Figure 1.1 shows a cross section of the 1:6-scale RCC
model. This model was tested in July 1987 to a pressure
of 145 psig (1.0 MPa), at which time the model began to
leak. The mode of failure was a 22 inch (560 mm) tear in
the liner adjacent to a penetration insert plate. Figure 1.2
is a photograph of this tear. Upon closer examination, a
large number of small tears and distressed areas were
found in the liner. In general, the direction of the tears
was vertical and the tears occurred at the corners of
penetrations near the mid-height of the model cylinder.
Figure 1.3 is a stretchout showing the location of tears and
distressed areas in the liner.

This post-test examination of the model revealed several
important facts. First, the large tear was not an isolated
instance caused by some imperfection. This is evidenced

by the fact that numerous other tears in similar locations
were developing at the same time. All tears occurred near
the insert-to-liner weld and thickness transition, which is
also the region of closest stud anchorage spacing. Also,
all the tears were propagating in a vertical direction,
which appeared to be in response to the liner hoop strain.
Finally, the tears tended to occur near the mid-height of
the cylinder, where the liner strain was the greatest.

These multiple tears in the liner point to a failure
mechanism which could possibly involve the weld, the
liner/insert thickness transition, the liner anchorage, and
the material properties of the liner plate. In order to
investigate the interactions of these various items and to
develop a fuller understanding of the failure mechanism of
the 1:6-scale RCC model, the separate effects test series
was initiated.

1.2 Program Scope

The program scope included the development of both
experimental and analytical models for investigation of
liner tearing.

A number of different test specimens were required and
three specific types of test specimens were designed to
simulate some features of the 1:6-scale RCC. The
specimens were heavily instrumented with strain gages
and photoelastic materials. Nine different test sequences
were devised to investigate a wide variety of model
parameters. The amount of data gathered during this test
series was quite large. For a comparison, the 1:6-scale
RCC had about 1200 instrumentation channels. In total,
the separate effects test series had about 800
instrumentation channels. In addition, the photoelastic
techniques used provided very large amounts of data by
yielding whole-field indications of strain. These
whole-field strain data provided a convenient means of
comparing the experimental results with results from finite
element simulations.
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2. Basis and Design of Test Specimens

Following testing of the 1:6-scale model, a theory was
developed to explain the mechanism of liner failure near
the insert plate weld. This mechanism is illustrated in
Figure 2.1. The upper half of the figure shows a schematic
cross section of the 1:6-scale model in the region near the
weld and thickness transition. This section is designed to
represent a portion of the model wall section in the hoop
direction. The lower part of the figure shows this same
schematic after a uniform 3 percent strain has been applied
to the section. It is assumed that, in regions far from the
liner-plate-to-insert-plate weld, there is uniform
displacement throughout the wall thickness. Several
highlighted regions in the lower part of the figure explain
the mechanism leading to liner tearing,

Since the reinforcing steel carries the bulk of the tensile
load during the test, it tends to dominate the strain
response and strains uniformly throughout its length. This
uniform strain causes the concrete to crack regularly along
the length of the steel. This regularly fractured concrete is
still attached to the relatively closely spaced studs. The
liner and insert plate to which the studs are attached do
not undergo the same uniform strain. Again, far from the
liner-to-insert plate weld, the overall elongation of the
liner-insert plate combination is the same as that of the
reinforcing steel. However, the insert plate is three times
the thickness of the liner plate; therefore, as tension is
applied to the combination, the insert plate remains elastic
while the liner plate undergoes plastic strain. In the
schematic shown in the figure, the active portion of the
liner and insert plate are approximately equal and,
therefore, since the liner plate must absorb most of the
elongation of the combination, the liner plate strain is
about twice that of the uniformly strained rebar or 6
percent,.

This potential difference in displacement of the liner plate,
insert plate, and reinforcing steel creates a potential for
shear load transfer. As mentioned previously, the heads of
the studs are embedded in the concrete, which is moving
with the uniformly strained reinforcing steel. However,
the bases of the studs are welded to the liner and insert
plate and thus experience the same deflection as the liner
and insert plate. This mismatch in deflection cannot be
tolerated by the studs and results in a shear load being
transferred from the reinforcing steel to the liner and insert
plate. In the figure, both the reinforcing steel and
liner/insert plate have been strained to the configuration
which they would assume if the studs were not present.
This difference in deflection causes the studs to bend. The
angle at which a stud bends is a measure of the shear load,
which could be transmitted from the reinforcing steel into
the liner/insert plate region.

Notice in the figure that the studs with the largest angle
are those nearest the weld and thickness transition. This
leads to the conclusion that, once the liner has undergone
plastic strain, the load transferred adds additional stress to
the liner. In addition, the maximum stress in the liner
should be immediately adjacent to the last row of studs
next to the insert-to-liner transition. Finally, notice that
the angle of the studs in the first row on the insert plate is
the same as the first row in the liner plate. However, since
the insert plate is three times thicker than the liner plate,
the additional stress induced by this shear transfer is only
one-third as great in the insert as in the liner. Recently,
this postulated mechanism has been further supported by
destructive examination of the 1:6-scale model (Lambert,
1992),

2.1 Design of Weld Transition Specimen

The need to investigate this postulated failure mechanism
led to the design and development of a number of
specimens to test separate effects. The first specimen
developed addressed the fact that the tear occurred very
close to the liner-to-insert transition. The mechanism
discussed above is capable of producing a tear regardless
of the properties near the weld. However, since the actual
tear locations are close to a weld, the weld properties, the
thickness transition, and their effect on the liner behavior
had to be investigated. The first specimen provided a
means of testing the effect of the weld and transition on
the liner and insert plate and is called the weld transition
specimen. Figure 2.2 is a perspective drawing of the
specimen as configured and a two-view assembly drawing
of the specimen with the major dimensions included.
Detailed construction drawings of the specimen are
included in Appendix A of this report.

The specimen consisted of a 10 inch (250 mm) wide
segment of liner plate 18 inches (450 mm) long. Both
ends of the liner plate are attached to insert plate sections
using the weld specification and design of the 1:6-scale
model. The insert plates are in turn attached to a pull
fixture to allow the specimen to be placed in uniaxial
tension. As shown in the figure, the pull fixture
incorporates a very large number of attachment bolts.
Only a very small number of these bolts are necessary to
develop sufficient load to fail the specimen. However, to
reduce the moment loading in the specimen that could be
generated by contact with bolts carrying the shear load,
enough bolts are used to ensure that the specimen pull is
developed entirely by friction. Since the development of
friction force begins in the as-assembled position of the
specimen, slight errors in hole placement and diameter do
not affect the overall response.
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Figure 2.1: Postulated failure mechanism for the 1:6-scale model
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Basis and Design of Test Specimens

2.2 Separately-Controlled-Loading Specimen
Design

The next specimen was designed to allow the effects of
liner prestress and stud shear to be investigated separately.
As discussed above, it appears that stud shear load and
hoop strain in the liner combine to produce a liner tear
when neither mechanism separately would tear the liner.
A simplified model of this mechanism can be envisioned
using the idea of stress in the liner. If the liner is
preloaded to a stress that is beyond the yield stress of the
material, plastic deformation occurs. Since the material
has not reached its ultimate strength, liner tearing does not
occur. However, at this point, a small increase in the
stress could induce liner tearing. This small change could
be provided by the stud shear load. The net section stress
increase caused by the studs is the total stud load divided
by the total liner cross-section. This increase, if large
enough, could cause liner failure. This specimen was used
to investigate the detailed effects and interactions between
liner preload and stud shear.

Figure 2.3 shows a perspective drawing and a two-view
assembly drawing of this separately controlled loading
specimen, and Appendix A contains detailed drawings of
the specimen. This specimen consists of two large dog
bone-shaped pieces of liner material with four anchorage
studs attached across the neck of each dog bone. One dog
bone is mounted on each side of the specimen so that the
total specimen is symmetric. A block of concrete is cast
around the studs in the central region of the specimen and
is attached to the specimen only by the studs. This
attachment allows stud shear to be applied separately from
axial tension in the specimen. Again, as with the previous
specimen, a relatively large number of bolts are used at
both ends of the specimen to ensure that the friction
developed will be adequate to fail the specimen. The ends
of the specimen are significantly wider than the center,
unlike the previous specimen, in order to ensure sufficient
frictional capability and to guarantee that, when the
specimen is loaded beyond yield, the initial yielding takes
place in the stud region. The radius of the dog bone is
very large to keep the strain concentration as low as
possible. Analysis shows the strain concentration for this
configuration to be about 4 percent.

During testing, two separately controlled systems were
used to apply the load. The loading took place in the three
steps illustrated in Figure 2.4. First, the upper end of the
specimen was rigidly fixed. Next, the first loading systein
applied direct tension to the liner by pulling on the lower
block. This load was increased to a predetermined net
section stress at the narrowest part of the specimen. Once
this load was achieved, it was maintained through a
load-control device. Finally, the second loading system
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applied downward load to the concrete block to produce
shear loading to the studs. This second system operates
under displacement control and slowly displaces the
concrete block while measuring the force required to
cause the displacement and allowing the load-controlled
portion of the experiment to maintain the load in the liner
throughout the experiment.

By varying the initial liner preload and then displacing the
concrete block until failure occurs, the interaction between
liner preload and stud shear can be studied. This
specimen allows the liner preload parameter to be varied
to investigate the sensitivity of the failure mechanism.
From the postulated failure mechanism of the 1:6-scale
model, it would be predicted that, at low liner preloads,
the motion of the concrete block will simply shear the
studs from the liner while, at higher preloads, the motion

of the block will initiate a tear in the liner.

2.3 Full-Simulation Specimen Design

The final specimen developed for investigation of the
separate effects comes closest to a full simulation of the
actual wall section of the 1:6-scale reinforced concrete
containment. A perspective drawing of this
full-simulation specimen is shown in Figure 2.5 along
with a two-view assembly drawing with limited
dimensions. Again, details of this specimen are included
in Appendix A.

This specimen is sized to closely model the 1:6-scale
containment. However, to ensure that the tensile load
could be balanced on the specimen, it represents a dual,
back-to-back section of the 1:6-scale model. That is, the
liner and insert plate region is applied to both the front
and back of the specimen. Ten #6 reinforcing steel rods
are installed axially in each specimen. The specimen is 10
inches (250 mm) wide and the depth, that is, the distance
from the front liner plate to the back liner plate, is 15
inches (375 mm). The reinforcing steel used here is
somewhat larger than that used in the 1:6-scale model.
However, the fraction of the steel area and the ratio of
liner steel to reinforcing steel is the same as in the model.
This specimen is designed to directly investigate the
failure mechanism discussed earlier. The end blocks on
the specimen ensure that the overall elongation of the liner
insert plate combination and the reinforcing steel are
identical. According to the postulated failure mechanism,
this will develop shear through load transfer between the
reinforcing steel and the nonuniformally strained
liner/insert plate region.
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2.4 Specimen Material Specifications

In all the specimens, the specifications and procedures for
construction were identical to those used in the 1:6-scale
model. However, in some cases, the material used in the
model could not be exactly matched. In the case of the
reinforcing steel and the anchorage studs, there were no
problems in duplicating the material type and fabrication
techniques. The reinforcing steel is connected to the pull
box by a swage connector. The connector was
manufactured and applied by Dayton Bar Splice, who was
the supplier for the 1:6-scale model.

However, considerable difficulty was encountered in
obtaining insert plate and liner plate material that matched
the specifications of the 1:6-scale containment model. In
the model, the liner plate of A414, Grade D steel closely
matched the characteristics of A516, Grade 60, which is
used in the construction of actual containments. The
A414 is available in 1/16 inch (1.6 mm) thickness, unlike
the A516, which is not available thinner than 3/16 inch
(4.8 mm). When the 1:6-scale model was built, an excess
amount of A414 steel was purchased. The original plan
was to use this steel for fabrication of the test specimens.
However, the steel was stored outdoors and exposed to the
elements for several years. The resulting corrosion was
considered severe enough to affect the outcome of the test,
so a search for another suitable material was initiated.

After discussions with several possible sources, it became
clear that locating more A414 steel was very unlikely.

The only way to obtain A414 steel was to initiate another
mill run of the material, which would require 5 months
and provide no guarantee of a close match between the
material properties of the new mill run and that used in the
original liner. This possible mismatch is caused by the
extremely wide tolerance in the A414 material -
specification.

Following the inability to obtain A414, Grade D steel, a
search for another type of sheet steel with similar
thickness and similar mechanical properties was
conducted. Efforts to locate a reasonable substitute
proved to be unfruitful. A414 is a medium carbon steel
with intermediate strength properties. Such a steel is
rarely specified. Also, the liner thickness of 1/16 inch (1.6
mm) seems to be at the transition between thicknesses that
are available hot rolled and cold rolled. The original
material was hot rolled; however, most steel companies,
are not capable of providing hot-rolled steel in thicknesses
of less than 0.075 inch (1.9 mm). The thickness of most
cold-rolled sheet is less than 1/16 inch (1.6 mim).
Therefore, there are very few steels of any strength
produced in this thickness.

Since locating a steel with the proper thickness and the
needed properties did not seem possible, it was decided to
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use the A516 steel that is typically used in containment
construction and is a reasonable match to the A414, Grade
D steel. The primary difficulty with this material is that it
is not readily available in thicknesses less than 3/16 inch
(5 mm). Therefore 3/16 inch (5 mm) material was
reduced by surface grinding to a thickness of 1/16 inch
(1.6 mm). After consultation with metallurgists at Sandia,
it was determined that this grinding would not have an
appreciable effect on the mechanical properties of the
steel. Further, the grinding operation was much less
expensive and could be accomplished much more rapidly
than obtaining a dedicated run of steel.

Owing to the wide range in specified properties of both
the A516 and the A414, Grade D steel, a lengthy search
was required before a small amount of steel that closely
matched the desired properties of the A414 could be
located. This material was A516, Grade 60, and was used
to fabricate the liner for the full simulation specimens,
since the liner properties for these specimens were
considered the most critical. The amount of A516,

Grade 60 located was not sufficient to fabricate the other
specimens. An additional search located a heat of A516,
Grade 70, with material properties that were fairly close to
the A414, Grade D, but not as good a match as the Grade
60. This material was used to fabricate the remainder of
the liner plates as well as all insert plates used in the
specimens. The material properties of the insert plate are
not generally considered important since the plate always
behaves elastically.

Finally, to verify the material properties of the steels,
samples of both heats were subjected to tensile tests
before and after grinding to the 1/16 inch (1.6 mm)
thickness. In summary, the search for appropriate liner
material was difficult and exhaustive, but the results are
that a steel of suitable material properties was located and
was used in the specimens. Figure 2.6is a typical
stress-strain plot of the A414, Grade D material and the
A516, Grades 60 and 70 materials used in these
specimens. The two materials have very similar yield and
ultimate strengths. However, the A414 Grade D has
significantly less ultimate strain (30 percent) than the
A516 material (45 percent) and the effect of this
difference has not been assessed.

The final material required for construction of specimens
was the concrete. The concrete mix was obtained from
the same supplier used during the construction of the
1:6-scale model, and the specifications for the concrete
mix were the same as those used in the model.
Twenty-four concrete specimens were poured at the same
time the concrete was placed for the separate effects test
specimens, and the concrete specimens were tested
periodically to obtain time-dependent material properties.
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3. Test Specimen Instrumentation

Three types of instrumentation were used in these
experiments. These were resistance strain gages, load
cells and displacement transducers, and photoelastic
coatings. This section contains a detailed discussion of
each of these three instrumentation classes.

Resistance strain gages were used extensively. The
various gage types were single-element gages; 45°
three-element rosette gages; axial strip gages, which
consist of up to ten single elements over a 1 inch (25 mm)
gage length and have their sensitive axis along the axis of
the gage; transverse strip gages, which are configured like
axial strip gages except the sensitive axis is across the
overall gage axis; and weldable gages, which consist of a
single wire element welded to the reinforcing steel.

Figure 3.1 shows the front and back gage locations for the
weld transition specimens. The figure is drawn to scale
and is self-explanatory. One note of clarification here is
that the strip gages used were configured so that only six
of the gage elements were active. In general, the strip
gages were connected so that the first three elements,
those being the elements closest to the area of interest,
were connected and after that only every other element
was connected.

Figure 3.2 shows the gage locations for the separately
controlled loading specimens. Only one side of the
specimen is shown since only one side had gages applied
to it. The opposite side of the specimen was used for
photoelastic measurements only. For this specimen, all
gage elements were connected on the strip gages, giving a
total of 56 strain gages per specimen. All specimens were
instrumented identically, with the exception of the
outboard transverse strip gage, which is located at the
right edge of the figure. An axial gage was used in this
location on four of the six specimens to measure Poisson
strains, and a transverse strain was used on two of the
specimens to measure the axial strains. Since the gage is
laid across the axis of the specimen, the axial gage
configuration measures Poisson strain and the transverse
gage configuration measures axial strains.

Figure 3.3 shows the front and back of the strain gage
layout for the full-simulation specimens. Here the strip
gages are concentrated near the weld region and primarily
down the center line of the specimen to avoid the edge
effects induced by the transverse restraint of the insert
plate and the lack of restraint in the central region of the
specimen. As with the weld transition specimens, one half
of one side of the specimen does not have strain gages
attached. This is to allow the attachment of photoelastic
material. In addition to the externally applied resistance
strain gages, each of these specimens has six weldable
strain gages applied to the reinforcing steel. These gages
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are applied to the outermost and central pairs of
reinforcing rods at the center section. In one additional
test of the full-simulation specimens, external pressure
was applied to the liner to simulate the pressure loading of
the 1:6-scale model test. For this specimen, surface strain
gages and the photoelastic material were not used. Only
the six weldable gages were installed.

In addition to the strain gage information, other discrete
values were gathered that indicated the load and deflection
of the specimens. In the case of the weld transition
specimens, the total load applied by the testing machine
and the total deflection of the hydraulic ram were
measured. These monitor the load-deflection response of
the specimen. In the case of the separately controlled
loading specimens, the tensile load was applied by
hydraulic rams placed between the end pull blocks. Both
the total load developed by the rams and the total
elongation of the rams were monitored. In addition, the
concrete load and ram displacement were monitored.
Finally, in the case of the full-simulation specimens, the
total load and specimen deflection were recorded. For the
single specimen on which external pressure was applied,
external pressure was recorded.

On all but one of the specimens, a sheet of photoelastic
material was applied to the surface of the specimen to
obtain a whole-field strain indication. The photoelastic
material exhibits birefringment properties that develop
characteristic fringe patterns in which dark or light fringe
lines correspond to lines of constant difference in principal
stress in the polymer material. The fringe count observed
by this method is directly proportional to the difference in
principal stresses. Since the material was intimately
bonded to the steel plate by an epoxy, the strains in this
polymer are identical to the strain field in the steel. Also,
since the polymer is behaving elastically, even at very
high strain levels, the polymer stress levels are
proportional to the strain levels. Therefore, the polymer
stress levels and the resulting fringes are a direct measure
of the difference in principal strains in the steel material.
This difference applies only to the in-plane principal
strains; through-thickness strains are not measured by this
method. The value of the strain is determined by the
wavelength of light used for observation, the thickness of
plastic, and the stress optic coefficient of the material.
Typically, for the purpose of this experiment, one
complete fringe order--that is, from a dark fringe to the
next dark fringe--corresponds to about a 0.6 percent
difference in principal strains. As used here, where the
ultimate response of the materials is of interest, the
difference of principal strains, which corresponds to
maximum shearing strain, is very useful in determining
the areas of highest probability of failure. Figure 3.4
shows a typical photoelastic photograph for a full



simulation specimen under load. The large number of
data channels and the use of photoelastic materials allow
the response of the various specimens to be monitored
with a detail not available during the 1:6-scale model test.
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Data Acquisition and Test Equipment

This in turn leads to much greater insights into material
behavior and, more generally, into the behavior of an
anchored system under severe accident loadings.
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Figure 3.4: Typical photoelastic response of a full-simulation specimen
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4. Data Acquisition and Test Equipment

All tests were performed in an MTS load frame operated
by the Sandia Geomechanics Department. Depending on
the nature of the test, either a 220,000-Ib (1 MN) load
frame or a 1,000,000-1b (4.4 MN) load frame was used.
The 1,000,000-1b load frame was used for the weld
transition experiments because of its greater available
stroke and for the full-simulation experiments because of
its load capacity. The 220,000 Ib. load frame was used in
the separately-controlled-loading tests since the frame's
load mechanism was used to develop the stud shearing
load. In this case, the higher resolution of the lower rated
frame was important.

The specimen loading was controlled using MTS
controllers, which were normally run in the displacement
control mode. This allows a very low rate and
well-controiled ramp to be applied to the specimen
displacement. The only case where displacement control
was not used was in the separately controlled loading tests
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where the liner preload requirements dictated that a
controlled load be applied. In this case, external hydraulic
rams were used to develop the load, and an MTS
controller connected to load cells that sensed the ram load
was used to maintain the load at the constant desired
value.

All data acquisition was performed using a
Hewlett-Packard 3497A Data Acquisition Unit, which was
capable of recording the strain gage outputs, the voltage
outputs of the load and displacement transducers, and
remotely operating the still camera for photoelastic and
overall response photographs.

Figure 4.1 shows a typical test setup for the separately
controlled loading experiments with a specimen in the
load frame. The control console for the testing machine is
to the left, and the polariscope for use in recording the
photoelastic fringes is directly in front of the specimen.
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Figure 4.1: Test configuration of a separately-controlled-loading specimen
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5. Conduct of Tests

Three of the weld transition specimens were tested to
failure in the 1,000,000-1b machine. The test was
straightforward since the logging of increasing uniaxial
specimen deformation with load and scanning of all
available strain gages was all that was required. In
addition to this, a sheet of photoelastic polymer was
placed in the lower half of one side of the specimen.
Since the specimens are virtually identical from one to the
next, variations in sensitivity of the photoelastic material
could be used. For the first test, the photoelastic material
had a sensitivity of approximately one full fringe per 0.1
percent strain. Because of the relatively brittle nature of
this polymer, this test was done only to study the early
inelastic region of the specimen. On the remaining two
tests, a polymer with a much higher ductility was used, so
data could be gathered until the time of fracture of the
specimen. As will be discussed later, the load deflection
curve was essentially identical for all specimens.

The six separately controlled loading specimens presented
the greatest challenge with regard to testing. The
variation in specimen preloading was the primary
parameter investigated. Preloads are expressed as the
stress (with 1 ksi equal to 1000 psi) in the liner at the
narrowest portion. Liner preloads for the six specimens
tested were: no-liner preload; 60 ksi (415 MPa) , 63 ksi
(435 MPa), 65 ksi (450 MPa), and 70 ksi (485 MPa); and a
specimen which was tested to failure using liner loading
only. The unusual spacing of the liner preloading value
[the 63 ksi test between the 60 ksi (415 MPa) and 65 ksi
(450 MPa) tests] was not determined prior to testing. This
test was included to investigate the very sharp transition
observed between stud shear and liner tearing modes of
failure.

In the four tests where a liner preload was specified, the
load was gradually increased under load control until the
desired value was reached. During the increase, the
attached strain gages were periodically scanned to monitor
the early behavior of the specimen. Also, if fringes
appeared on the photoelastic material, photographs were
taken. During the liner loading, the overall elongation of
the specimen was monitored with a linear potentiometer.

Once the desired liner preload was reached, a controlled
displacement was applied to the concrete block, causing
stud shear loads to develop. Generally, as the stud shear
load was applied, the constant liner preload caused the °
overall specimen to elongate further. As with the response
previous to reaching the desired preload, the overall
specimen elongation was monitored along with the
response of the various strain gages. Specimens were
tested in this way until a failure occurred, with the failure
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being either the shearing of the studs from the liner or
tearing of the liner. Since the liner preload portion of the
testing was load controlled, it was very difficult to
maintain studs intact following tearing of the liner. This
is because liner failure would be expected to occur just
above the studs where the combined liner preload and stud
shear produces the greatest net section stress. Once failure
occurs here, the load on the preloading system is
significantly reduced. Since this system is
load-controlled, once the liner tears, the system extends
rapidly to recover the lost load. This produces a large
shear load in the studs, which in turn causes the studs to
shear very shortly after the liner tears. On some of the
later tests, methods of limiting the load control were
investigated so that the studs remained intact even though
the liner failed.

The full-simulation specimen tests were straightforward.
They were conducted under displacement control with an
initial displacement rate of approximately 0.002 inch
(0.05 mm) per minute. This extremely low displacement
rate was used to allow data to be gathered during the
elastic range of the test. As specimen testing increased,
the ram rate was doubled repeatedly to maintain a
reasonable displacement rate. The available strain gages
were scanned at periodic intervals based primarily on load
during the early portion of the test and on specimen
elongation during the latter parts of the test after general
yielding had occurred. Three specimens were tested using
this method.

One additional specimen of the same type as the
full-simulation specimens was also tested. This specimen
was configured to allow external pressure to be applied to
the liner plate by means of a bladder box bolted around
the specimen and pressurized with dry air. Figure 5.1
illustrates this specimen with the bladder box attached.
During testing, the pressure in the box was controlled and
set to be proportional to the total load to be applied to the
specimen. This was to simulate the pressure effects in the
1:6-scale model that are directly proportional to the hoop
stresses. The elongation rate of displacement control was
constant during the test and the pressure loading was
automatically controlled through a system which allowed
the load signal to be fed directly into the pressure control
system. This test has fewer recorded data than any other
test since surface strain gages could not be used because
of the presence of the bladder box, and photoelastic
methods could not be used since the surface could not be
viewed. The data for this test consist of the load and
deflection and the response of the six reinforcing steel

gages.
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6. Test Results

The results of the tests of the three types of specimens are
presented separately in this section. Owing to the very
large amount of data gathered during these tests, only
selected plots which illustrate specific behavior are
included. Appendix B contains a complete set of plots of
all load deflection and strain gage data. Appendix C
contains selected photoelastic data, both in raw
photographic form and in digitized and reduced maximum
shearing strain plots. These appendices are designed to be
used independently of this report and contain sufficient
information to allow for interpretation of the data.

6.1 Weld Transition Specimen Test Results

Three weld transition specimens were tested during this
series. The weld transition specimen was termed a Phase
2A specimen and the specimen numbers tested in this
series are 2A3, 2A4, and 2A5. The three tests are
differentiated only by serial numbers since in all other
respects they are identical.

Figure 6.1 shows that the overall load deflection response
of the three weld transition specimens is virtually
identical. This can also be seen from examination of the
strain gage data contained in Appendix B. The strain gage
results of these three specimens are extremely similar
from one specimen to the next. The primary purpose of
using this specimen type was to investigate the potential
strain concentration caused by the existence of the weld
and thickness transition at the transition between the insert
plate and the liner plate. Figure 6.2 shows a cross-section
in detail of this weld. This figure also shows the
positioning of the various strain gages in this region. Of
particular interest is the fact that the insert plate
single-element gages on the backside of the specimen
were considerably further back from the weld and placed
on a thicker material than were the gages on the front side
of the specimen. This effect is caused by the relatively
long bevel in the thickness transition between the insert
plate and the liner plate. This gage positioning explains
the apparent discrepancy in the response between the front
and back-side single-element gages on the insert plate.
Specifically, the front-side insert plate gages tend to
exhibit a much higher strain than the back-side gages.
This is caused by a combination of the thicker material for
the back-side gages and an offset loading which induces a
bending that increases the tensile strain for the front-side
gages. Figure 6.2 shows how the offset loading is
generated during the uniaxial tension test. The moment
generated by this loading would serve to increase the
strain on the front-side gages and decrease it on the
back-side gages. This bending effect is less pronounced
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on the thinner liner plate since most gages are positioned
more than a few plate thicknesses from the weld.

The most interesting strain gage response for these weld
transition specimens is seen in the liner strip gage
response. Figure 6.3 shows the edge strip gage response
for specimen 2A4, and Figure 6.4 shows the center line
strip gage response for the same specimen. Notice that for
any given average liner strain, the edge strip gage
response is significantly larger than the centerline strip
gage response. For example, at about 10 percent average
liner strain, the minimum strain in any of the gages along
the edge is about 100,000 microstrain. In contrast, the
maximum strain exhibited by any of the centerline strip
gages is about 54,000 microstrain. The maximum strain
on the edge is about five times the maximum strain in the
center. Referring to Figure 6.3, the gages that exhibit the
highest strain along the edge are located in the center of
both the front and back-side edge strip gages. This points
to the fact that there is a strain concentration occurring at
some distance from the thickness transition. In contrast,
the centerline strip gages represented in Figure 6.4 tend to
exhibit an increase in strain with increasing distance from
the weld.

In general, the overall behavior of the strip gages can be
better visualized through the use of a three-dimensional
contour plot. A number of these plots are presented. On
all contour plots the independent variables are the distance
from the detail of interest and the free-field strain. The
value plotted on these contours is the strain concentration,
which is defined as the local strain at the gage location
divided by the free-field strain. In the case of the weld
transition specimens, the free-field strain is defined as the
axial strain measured on the central rosette located in the
liner plate. Figure 6.5 shows the front edge strip gage for
specimen 2A4. Here the strain concentration that appears
approximately 0.4 inch (10 mm) from the transition is
obvious. The very high level of strain concentration
shown for small values of free-field strain results from the
fact that this region undergoes plastic strain before the
free-field values become plastic, thereby giving a large
strain concentration. Figure 6.6 shows the response of the
front centerline strip gage of specimen 2A4. In this figure
the increase in strain concentration with increasing
distance from the weld is obvious. Notice that for the
later portion of the test when all strains are plastic, the
strain concentration factor approaches one with a large
distance from the weld, but, in general, is always less than
one. This means that the axial strain in this region is less
than the free-field strain on the liner.
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As mentioned before, there is some difference in the gage
response between the front and the back side of the
specimen. This is especially true near the thickness
transition region, where the offset nature of the welded
joint produces a bending moment in both the liner plate
and the insert plate. Figure 6.7 illustrates the bending
strain along the central line of specimen 2A4. The
bending strain ratio plotted in this figure is derived by
taking the front-side strain subtracted from the back-side
strain and dividing the result by the average axial strain.
Using the difference in front and back strains gives an
indication of bending strain, and dividing by the average
axial strain normalizes the value. These plots show that
relatively large bending strains exist close to the
transition, but for all values of free-field strain, these
bending strains die away before a distance of 0.7 inch (17
mm) from the transition is reached. In addition, notice
that the bending strain effect is largest for small free-field
strain values. This is expected since the increase in
average strain with large free-field strain values is
expected while an increase in bending strain is not
expected.

From this examination of the strain gage response of the
weld and thickness transition specimens, it is apparent that
the weld does not cause a strain increase. Further
demonstration of this fact comes from the failure mode of
the specimens. In total, four specimens were tested to
failure. Owing to a machine malfunction, detailed data
exist only for the three that have been reported. Of the
four that were tested to failure, two of the specimens
failed through tearing of the liner in the central region
very far from the weld, and two specimens failed through
a tear near the weld and a tear running across the width of
the specimen. While this tear started near the weld, it was
influenced by the strain concentration along the edge of
the liner plate. The cause and meaning of this strain
concentration is discussed in detail in the next paragraphs.
Figure 6.8 shows three of the weld and thickness transition
specimen failures. No photo is available for specimen
2AS5, which failed near the weld, like 2A3.

In addition to the strain gage data presented here, each
weld transition specimen was also instrumented using a
photoelastic polymer. The birefringent properties of the
polymer allow photographic data to be taken, which
directly measure the difference in principal stresses in the
polymer and therefore are also a direct measure of the
difference in principal strains in the specimen. The
principal strain difference measured here corresponds to
the maximum in-plane shearing strain.

The resulting photographic data consist of a series of light
and dark bands or fringes, with each fringe representing
the same increment in maximum shearing strains. For
most of the data presented here, one whole fringe, that is,
the transition from a dark fringe through a light fringe to
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the next dark fringe, corresponds to a maximum shearing
strain difference of about 0.6 percent. Figure 6.9 shows
the raw photoelastic data of specimen 2A5 in
photographic form just prior to failure. Figure 6.10isa
plot of the data reduced from this photograph. In both of
these figures the weld between the insert plate and the
liner plate is along the bottom edge and the specimen is
loaded vertically with the liner plate extending upward
from the weld and the thickened insert plate extending
downward. The gray-scale plot provides for rapid
interpretation of the data. Several items are immediately
apparent from an examination of this plot. First, the strain
gage data discussed earlier are borne out by the
photoelastic data. Specifically, the monotonically
increasing strain along the center line with increasing
distance from the weld is apparent. Second, the strain
concentration along the edge of the plate slightly above
the weld is apparent. This figure graphically illustrates
that the weld and thickness transition in itself does not
produce a strain concentration. In fact, for this particular
configuration and specimen, the transition seems to reduce
the local strain in the region. This strain reduction,
however, is only with reference to the strain response of
the central or free-field region of the plate. The primary
reason for this reduction in strain near the transition is
Poisson stiffening by the thicker insert plate. This
stiffening, which is caused by the horizontal restraint of
the liner plate, causes the region of the liner plate near the
weld to behave in a much stronger manner.

If restraints could be provided along the edges of the liner
plate, then the uniform Poisson stiffening along the length
of the specimen would significantly reduce or possibly
eliminate the reduction in axial strain near the transition.
However, for the specimen tested, the Poisson contraction
occurs as a result of the lack of edge support and Poisson
stiffening along the liner plate weld. This causes a large
strain to develop in the transition from the
Poisson-stiffened region to the free edge region. This
large shear manifests itself as the very high shearing strain
regions that exist within 1 inch (25 mm) of the weld along
either edge of the specimen. This specimen is designed to
simulate the transition in the 1:6-scale model. However,
in the case of the model, the liner plate and insert plate
were entirely free of edge conditions owing to the
cylindrical geometry. This means that the region of the
specimen that most closely approaches the actual response
of the 1:6-scale containment would be the central area
farthest from the specimen edge. The other areas of the
specimen may not be representative of the 1:6-scale
model. After examining the central region of the
specimen, it is apparent that no significant strain
concentration exists. In fact, any weld-induced
concentration would be expected to occur within about ten
plate thicknesses (0.7 inch or 18 mm) from the weld. The
strain here shows no concentration in this area.
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Figure 6.8: Failure locations in weld-transistion specimens
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In summary, while the bulk of the area of the weld
transition specimen is dominated by edge effects which do
not exist in the 1:6-scale model, the specimen does
provide very strong indication that a strain concentration
caused by the transition between the insert plate and the
liner plate does not exist. One additional insight is that
the potential for bending strains does exist in this region.
This was demonstrated by observation of the front and
backside strip gages along the specimen center line.
Unfortunately, photoelastic data for both sides of the
specimen is not available so the strain gage data is the
only technique for measurement of this bending strain. As
mentioned before, this strain results from the off-center
loading due to the non-symmetric thickness transition. It
is difficult to say whether this strain would also exist in
the 1:6-scale model since the insert and liner plates were
both in intimate contact with the concrete on one side
which could possibly restrict bending deflections. In any
event, the total strain difference from the front side to the
backside of the liner produced by this bending moment is
relatively small compared to the total strains when the
ultimate response and capacity of the material is being
considered.

6.2 Separately-Controlled-Loading Specimen
Test Results

The most interesting and useful tests of this series are the
tests of the separately-controlled-loading specimens. The
primary purpose of using these specimens was to
investigate the interaction between liner loading and
anchorage shear on the failure mechanisms of the liner
and anchorage systems. As mentioned before, the
specimens consisted of a section of liner plate which could
be loaded so that a uniform uniaxial stress could be
developed in the liner plate at the row of studs.. A
separate loading system was available to allow the shear
load to the studs to be varied. As explained before,
post-test examination of the 1:6-scale model indicated that
a combination of liner preload and stud shear may have
led to the liner tear which was experienced when neither
loading mechanism alone was capable of producing such a
tear.

Six separately-controlled-loading specimens were tested,
with each test using a different liner preload. The typical
test consisted of applying a predetermined preload to the
liner and then, while the preload was held constant,
increasing the deflection of the stud shearing mechanism
until failure occurred. Two types of failure mechanisms
were expected and monitored. These were failure of the
liner plate by tearing and failure of the studs by shearing
free from the liner plate. The following tests were
conducted: on one specimen only liner preload was
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applied until the specimen failed (stud shearing loads were
never applied); on one specimen no liner preload was
applied and only stud shear was used to produce failure;
other specimens received preloads of 60 ksi (415 MPa), 63
ksi (435 MPa), 65 ksi (450 MPa), and 70 ksi (485 MPa).
The specimens with no preload and the 60 ksi (415 MPa)
and 63 ksi (435 MPa) preload failed through the studs
shearing from the liner plate. The 65 ksi (450 MPa)
preload, 70 ksi (485 MPa) preload, and preload-only
specimens failed through tearing of the liner plate
immediately adjacent to the row of studs. This failure
transition between 63 ksi (435 MPa) and 65 ksi (450 MPa)
shows a very strong sensitivity of failure mode to liner
preload. This sensitivity was predicted and is also thought
to be a very strong function of the ultimate strength of the
liner material and the ultimate shearing strength of the
studs.

A simplistic view of the specimen failure modes can be
developed in terms of net section stress in the liner
material. When the liner material is loaded to a specified
preload, the amount of stud shear necessary to cause
failure of the liner material can be roughly determined by
calculating the amount of additional load needed to reach
the ultimate strength of the material. This additional
required load divided by the total number of studs
available to carry the load determines the maximum
shearing load per stud which will be required for the liner
to fail. If the average stud strength is less than this value,
then the studs can be expected to shear from the plate
before the liner tears. On the other hand, if the studs are
strong enough to carry the load required to reach the
ultimate strength of the material, then liner tearing will
occur before stud failure.

Figure 6.11 shows the overall stress deflection response of
the separately controlled loading specimens. The plot
shown here is the overall specimen elongation plotted
against the net section stress. The dog-bone shape of
these specimens precludes easy determination of the
average liner strain, so instead, a plot of the overall
displacement of one end of the specimen relative to the
other was used. The net section stress plotted here is the
combination of the stress caused by the preload and the
stress induced by the shear load applied to the studs. Only
five of the six specimens are plotted here because for the
sixth specimen a stud shear only was applied without liner
preload. In this case, the liner material response was
completely elastic and data for this response are not
available.

All five specimens plotted on this graph show very similar
behavior in terms of the net section stress at yield and the
ultimate strength in terms of net section stress.
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The region of the plot immediately surrounding initial
yielding of the specimen is typically quite sparse in data
points because the liner preload must be maintained in a
load-controlled configuration so that at the onset of yield
the overall displacement increases rapidly until strain
hardening begins to take effect. The one specimen on
which liner preload was increased to failure and stud shear
was never applied is an exception to this. In this case,
load could be applied in a displacement-controlled
manner, thereby permitting much more frequent data
scans to be made during the initial yield. On the plot, this
one specimen stands out as having a much more closely
defined early yield behavior. The maximum overall
displacement of the specimen to failure appears to be a
relatively strong function of the liner preload. However,
the three specimens for which liner tearing is the mode of
failure tend to have an overall specimen displacement at
failure which is approximately equal within £13 percent.
On the other hand, the two specimens which exhibited
stud shear failure have overall displacements which are
significantly less and are a function of liner preload. It
should be expected that the specimens which exhibited
liner failure showed somewhat similar overall
displacements since this represents the overall strain in the
liner up until failure. The two specimens which exhibited
stud failure represent an incomplete stress-strain curve for
the material. Since these specimens never reached
ultimate stress, as evidenced by the failure mechanism, the
overall specimen displacement should be somewhat less
than in those specimens in which liner failure occurred.
This is the case, as shown by the figure.

Figure 6.12 shows the response of an axial strip gage on
the 65 ksi (450 MPa) preload specimen. The outboard
axial strip gage is oriented vertically and centered over
one of the outboard studs. The figure plots the strain at
the gage locations against the overall specimen
elongation. If there were no strain concentration, this plot
would consist of straight lines lying on top of one another.
While the strain as a function of overall elongation can be
easily determined for any specific gage location, the
overall response of the gage is very difficult to visualize
here. Figure 6.13 is a contour plot of the response of the
same strip gage. This plot shows the strain as a function
of distance from the stud location and as a function of
free-field strain. Free-field strain is defined as the average
strain of the 10 single element gages located 1 inch (25
mm) above and | inch (25 mm) below the stud line.
Rather than plotting strain on the vertical axis, the strain
concentration, that is, the actual strain divided by the
free-field strain, is plotted.

Several features are notable about the response of this
strip gage. The first feature is that the overall response in
terms of strain concentration is relatively independent of
the free-field strain. This relatively constant behavior
with strain indicates that the strip gage strains were
NUREG/CR-6184
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constantly increasing at a rate proportional to the
free-field strain. The overall response of the strip gage is
divided into three major regions. The region a positive
distance from the stud corresponding to the area
immediately below the studs (the stud shear load is
downward) has a strain concentration factor of
approximately 1.0. The region within 0.1 inch (2.5 mm)
either way of the stud location has a strain concentration
factor of about 0.5. This means that the presence of the
stud reinforces the liner locally so that the liner plate
strain is actually lower than it would be if the stud was not
there. The third and final region is the area above the stud
where the liner preload and stud shear load combine to
produce a larger net section stress than in any other
region. Here the strain concentration is highest. For this
particular plot, the strain concentration factor peaks at
about 1.5.

This large increase in strain is very significant compared
with the magnitude of the stud load which produces the
strain. For this series of specimens, the stud load is
typically in the range of 10 to 15 percent of the liner
preload and never exceeds 20 percent of the preload. For
this strip gage, the anchorage is capable of producing no
more than 20 percent of the ultimate load of the liner, but
when this load is used in conjunction with a preexisting
liner load, this relatively small load increment is capable
of producing a 50 percent increment in overall strain. The
behavior illustrated in Figure 6.13 is typical of the axial
strip gage behavior for all of the preloaded specimens.
Contour plots for all axial strip gages are included in
Appendix B.

The second type of strip gage used on the
separately-controlled-loading specimens was the
transverse strip gage. These gages were oriented
horizontally and centered over a stud location. However,
like the axial strip gages, the sensitive direction of the
gage was still vertical or aligned with the specimen
loading. Figure 6.14 is a contour plot of the strain data
gathered from the inboard transverse strip gage. This
contour plot is quite typical of the response of these gages
and both contour plots and strain versus displacement
plots for all transverse strip gages are included in
Appendix B. As would be expected, Figure 6.14 shows
the strain response to be nearly symmetric about the stud
location. As with the axial strip gages, the stud appears to
provide considerable reinforcement so that the strain
response immediately around the stud is about one-half of
the free-field strain. Moving away from the stud in either
direction, the strain increases rapidly. At about 0.25 inch
(6 mm) from the stud location, the strain level peaks at a
concentration of 0.9-1.1, which corresponds roughly to the
free-field strain. From this position to the edge of the
plot, the concentration factor is relatively constant.
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Figure 6.12: Outboard axial strip gage displacement response, 65 ksi specimen
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Figure 6.13: Outboard axial strip gage response, 65 ksi specimen
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Figure 6.14: Inboard transverse strip gage response, 65 ksi specimen
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In addition to the transverse strip gages some specimens
were instrumented with Poisson strip gages. These strips
were oriented horizontally like the transverse gage, but the
gage elements sensed horizontal or Poisson strain. Not all
specimens used this type of gage. The Poisson strip gage
was located over an outboard stud. The reason for using
such a gage was that the lack of edge constraint on the
liner plate allowed the specimen to contract in a horizontal
direction when the axial load was applied. On the other
hand, the studs embedded in a concrete block were not
allowed to contract horizontally. This difference in
horizontal restraint between the liner plate and the stud is
capable of developing a shear load on the stud, which
could cause a significant strain in the liner.

A contour plot of the Poisson strip gage for the 63 ksi (435
MPa) preload specimen is shown in Figure 6.15, which is
fairly typical of the Poisson strip gage response. Unlike
the axial strip gages, the strain concentration factor of the
Poisson strip gages does change with free-field strain. In
general, the absolute value of strain concentration
increases with increasing free-field strain. The strain
concentration begins at an average value of about -0.3 and
increases to an average value of around -0.5. This
behavior should be expected since Poisson's ratio can be
expected to change from about 0.3 in the elastic region to
about 0.5 in the plastic region of the test. The primary
reason for the inclusion of these Poisson gages in the tests
was to investigate the effect of the Poisson restraint of the
studs on the strain field of the liner plate. As can be seen
in Figure 6.15, there is some increase in the compressive
strain across the stud. The outboard side of the stud would
be expected to experience a larger compressive strain as a
result of the outward force of the stud on the contracting
liner plate.

The size of this effect is best determined by looking at a
plot of the Poisson strip gage strains versus the specimen
displacement. This plot is included in Figure 6.16. Here
the strain concentration ratio can be more accurately
estimated. For example, at an overall specimen
elongation of 1 inch (25 mm), the maximum strain of the
outer region is about 34,000 microstrain, while the
maximum strain of the inner region is about 26,000
microstrain. This indicates that the strain concentration
increases by about 30 percent due to the Poisson restraint
of the studs. While this amount of concentration is
significant, it does not affect the overall failure
mechanisms and conclusions for this specimen. The
overall mechanism is based on the shear strength of the
stud, and regardless of whether the stud load is developed
through Poisson effects or direct loading, the stud is still
very limited in its capability to increase the stress in the
liner because of its relatively low shear strength.
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One final set of strain gage responses is presented for the
separately-controlled-loading specimens. These are the
single-element gages which were located 1 inch (25 mm)
above and below the stud row at 1-inch (25 mm) intervals.
In total, ten such gages were applied to each specimen.
The response of these gages as a function of displacement
is shown in Figures 6.17 and 6.18. The specimen chosen
here is the specimen with a 65 ksi (450 MPa) preload.
Comparison of these two plots shows uniform strain across
the width of the specimen for both positions.

Furthermore, up to an elongation of 1.2 inches (30 mm),
the response of the two specimens is virtually identical,
reaching a strain of about 50,000. However, beyond the
1.2 inches (30 mm), the response of the lower
single-element gages becomes relatively flat while the
upper gages begin to increase more rapidly. At this point
it is believed that the stud shear load applied is sufficient
to cause a highly preferential strain above the stud row.
Of course, if all plastic strain occurs above the stud row,
then the response of the lower single-element gages will
be constant. Such a response is typical of the specimens
in which liner tearing was the mechanism of failure. In
contrast, Figures 6.19 and 6.20 illustrate the typical
single-element gage response of the 63 ksi (435 MPa)
specimen which failed by stud shear. In this case, the
average strain exhibited by the single-element gages is
about 40,000 microstrain at an elongation of 1 inch (25
mm) for both the upper and lower gages. However, there
is more scatter in the data for the upper single-element
gages. Here the upper single-element gages do not exhibit
rapid change in slope and a large change in strain with
increasing displacement immediately before failure. Also,
as would be expected from this failure mode, the
maximum elongation at failure is significantly less than in
the 65 ksi (450 MPa) preload case.

In addition to the strain gage data, photoelastic data are
also available for all the separately controlled loading
specimens. The figures presented here are from
specimens representing both stud failure and liner failure.
The 60 ksi (415 MPa) preload specimen failed through
shearing of the studs while the 65 ksi (450 MPa) specimen
failed through liner tearing. As with the weld transition
specimens, the photographic data have been reduced to
produce contour plots which give a direct reading of the
maximum shearing strain over the specimen of the surface
just prior to failure of the specimen.

Figure 6.21 is a maximum shearing strain plot for the
60-ksi (415 MPa) specimen. The locations of the four
anchored studs are readily apparent in this plot. Outboard
and above the outer studs is a relatively high strain region.
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Figure 6.16: Poisson strip gage displacement response, 63 ksi specimen
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Figure 6.17: Upper single element gage displacement response, 65 ksi specimen
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Figure 6.18: Lower single element gage displacement response, 65 ksi specimen
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Figure 6.19: Upper single element gage displacement response, 63 ksi specimen
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Figure 6.21: Maximum shearing strain in 60 ksi specimen
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This region results from the combination of the liner
preload, the stud shear load, and the Poisson restraint of
the studs. Without the effects of the Poisson restraint,
these studs would be very similar to the two inboard studs
in terms of strain concentration. Notice here that the
free-field strain increases from about 4 percent to about 6
percent going from the region immediately below the stud
row to the region immediately above. While this increase
is significant, it is apparently not sufficient to induce liner
tearing before the maximum stud shearing capability is
reached.

Figure 6.22 shows the maximum shearing strain in the 65
ksi (450 MPa) specimen immediately prior to failure. The
general features of this figure are very similar to the 60 ksi
(415 MPa) specimen, with the primary difference being
the increase in strain across the stud row. Here the strain
level increases from about 3 percent free-field strain to
about 9 percent free-field strain above the stud row. The
maximum available shear load the stud can carry is the
same for this specimen as in the previous one. However,
the more highly strained free-field state of the specimen
causes this increase in net section stress to induce a much
larger maximum strain in the area immediately above the
studs. This specimen failed through liner tearing across
the top of the studs. The resulting tear went essentially
straight across the top of the four studs and, outboard of
each of the outer studs, the tear turned down to about a
30-degree angle, continuing to run perpendicular to the
maximum strain shown in the plot.

From the results of the separately-controlled-loading
specimens, a very important conclusion can be drawn.
Very small changes in the parameters of the liner and
anchoring system can have a great effect on the failure
mode of the liner. As is shown here, an increase in initial
preloading of only 3 percent was sufficient to produce a
transition from a stud shearing failure to a full liner tear.
Using the concept of net section stress compared with
ultimate strength of the material, it can be theorized that
similarly small changes in material ultimate strength and
stud shearing strength would also produce a sharp shift in
the point of transition between liner failure modes. It was
stated earlier that post test examination of the 1:6-scale
model points to a liner failure mode in which a
combination of liner preload and stud shearing load
generated by differential strains led to the liner tear
experienced in the model. The results of these
separately-controlled-loading tests support this as a likely
mechanism for producing the observed failure.
Furthermore, these tests point to the fact that relatively
small changes in liner and anchorage geometry and
material properties could change the failure mode of the
entire containment model.
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6.3 Full-Simulation Specimen Test Results

The full-simulation specimens provided a method by
which a full-scale simulated mockup of a section of the
wall of the 1:6-scale reinforced concrete model could be
tested in the laboratory. Unlike the
separately-controlled-loading specimens, the tests for
these specimens consisted of increasing the specimen
elongation while monitoring the required load and the
response of the various strain gages. The stud shear load,
which was applied separately in the
separately-controlled-loading specimens, was developed
by differential strain between the reinforcing steel and the
liner and insert plates. Internally, the response of the
specimen was expected to be very similar to that described
in the schematic cross-sectional drawing of the 1:6-scale
model in Figure 2.1.

Four full-simulation specimens were tested. The first
three of these were highly instrumented with strain gages
and photoelastic material. In addition to the surface strain
gages used on the other specimens, six weldable strain
gages were applied to the central portion of six of the ten
reinforcing rods to allow the reinforcing steel strain to be
measured. Tests on the fourth full-simulation specimen
went one step further in simulating the conditions of the
1:6-scale reinforced concrete model. On this specimen, in
addition to axial load being applied to the reinforcing steel
on the liner, pressure was applied to the liner to simulate
the internal pressure of the model. This pressure was
maintained proportional to the applied load and was such
that the load per unit width of the specimen divided by the
applied pressure matched that which was used in the
1:6-scale model. This ratio is equal to the radius of the
model. On this last specimen, surface strain gages and
photoelastic material could not be used. For this
specimen, the only data available data are the load versus
deflection of the entire specimen and that from the six
weldable gages attached to the selected reinforcing rods.

Figure 6.23 shows the overall load deflection response of
the full-simulation specimens. During the tests, the
specimens without external pressure were termed Phase
2B, and the single specimen on which external pressure
was applied was Phase 2C. Notice from the figure that the
specimen on which external pressure was applied exhibits
a very slightly higher load for a given deflection. This
increase in load corresponds to about 3 percent of the total
applied load. If this increase in load is attributed to
simple dry friction between the pressure system in the
specimen, it can be shown that the expected value of this
increase is the product of the specimen length and the
coefficient of friction divided by the radius of the
1:6-scale model. For the 44-inch long (1120 mm)
specimens and the observed load increase of three percent
this corresponds to a specimen coefficient of friction of
0.09.
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Figure 6.22: Maximum shearing strain in 65 ksi specimen
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The bladder used to apply pressure to the specimen was
isolated from the specimen by a 0.030-inch (0.75-mm)
thick sheet of Teflon. It is not unreasonable to assume
that the coefficient of friction between the Teflon and the
steel specimen would be on the order of 0.09, thereby
causing the increase in load.

The difference in response from one full-simulation
specimen to the next is very small. This is true for the
recorded strain gage values as well as the overall load
deflection response. In general, only representative data
are presented and discussed in this section. As with the
other specimens, complete plots of all strain gage data are
included in Appendix B, and photoelastic data is included
in Appendix C.

The full-simulation specimens, in addition to surface
strain gages, had six weldable gages attached to six of the
ten reinforcing steel bars. A typical response of the
reinforcing steel is shown in Figure 6.24. Since the
reinforcing steel provides most of the strength of the
specimen, the specimen deflection would be expected to
be directly related to the reinforcing steel strain. In
general, Figure 6.24 shows this to be true. Further, for the
fully plastic behavior of the specimen, the average strain,
as determined by specimen deflection, should correspond
well with the reinforcing steel strain. Referring to Figure
6.24, at an overall specimen deflection of 1 inch (25 mm),
which corresponds to 22,000 microstrain, the average
strain of the reinforcing steel is about 24,000 microstrain.
One aspect of the reinforcing steel response which is
somewhat unusual is the large increase in strain for a very
small increase in deflection at a deflection value of 0.14
inch (3.5 mm). This step corresponds to initial yielding of
the reinforcing steel in the region of the gages and
represents a sudden change in local strain during initial
yield. The initial tensile fracture of the concrete is not
noticeable on the plots. The concrete used has a tensile
strength of about 500 psi, which corresponds to fracture at
a load of 75,000 Ib. From Figure 6.23, this load occurs at
a deflection of 0.02 inch (0.5 mm). On the plots, it is not
possible to detect the postulated decrease in stiffness that
should occur at this deflection.

The first surface strain gages to be discussed are the liner
plate single-element gages. These gages are located along
the center line of the liner plate and positioned halfway
between stud rows. After yielding of the liner plate, it is
expected that the load transfer mechanism discussed
earlier will cause the strain to be larger in the gage nearer
to the thickness transition. Figure 6.25 is a plot of the
liner plate single-gage response for specimen 2B1. From
these plots it is apparent that, after the early plastic
response up to 4 percent strain, no significant strain
difference can be seen among the gages. The strain levels
shown in Figure 6.24 correspond very well with the
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average liner plate strain as determined by the rosette
placed in the center of the specimen.

Figure 6.26 shows the response of the single-element
Poisson gages for specimen 2B1. These gages are placed
in a 2 x 3 array, allowing the Poisson strain gradients to be
observed in both the axial and transverse direction.

Notice from the plot that the Poisson strain is by far the
largest in the comer near the weld and thickness
transition. The gage located along the specimen edge, but
2 inches (50 mm) farther from the weld shows somewhat
less strain, but still exhibits a relatively high strain level.
The gages with the lowest strain reading are the two gages
positioned along the weld and thickness transition, but
away from the specimen edge. Finally, intermediate strain
results are seen in the remaining two gages. This
observation of six different points corresponds very well
with the data seen in the weld and thickness transition
specimens. Again, it was expected that the load transfer
mechanism of the stud would contribute to the strain
levels in this area. This shows that this is not the case.
The Poisson gages indicate that there is a significant
overall drop in strain levels near the weld and thickness
transition.

This indication is borne out in Figure 6.27, which shows
the response of the lower outboard strip gage of specimen
2B1. The abscissa of this plot is the average liner plate
strain, which is calculated by dividing the specimen
elongation by the length of the liner plate. This assumes
that all deflection occurs in the thinner liner plate. The
gage shown measures axial strain levels in the region of
the stud located in the lower left corner of the specimen.
This gage exhibits a significant reduction in strain close to
the transition. At the region farthest from the weld, the
gages show values approximately equal to the average
liner strain. Again, this shows very little evidence for load
transfer since the predicted value without load transfer
(strain concentration of 1.0) and the observed value are
the same.

The strain levels drop significantly close to the weld and
thickness transition. Once more, this is due primarily to
the Poisson restraint, as seen in the weld transition
specimens. This general behavior of decreasing strain
near the weld and thickness transition is repeated in all
appropriate strip gages. (See the plots in Appendix B for
examples of these.)

Figure 6.28 shows a typical response of an edge strip
gage, in this case the front edge strip gage for specimen
2B1. This response is quite different from that of the
interior strip gages. Specifically, the large range in strain
concentration does not exist. At high average strain
levels, the strain concentration is somewhat uniform and
rather than ranging from very low values up to about 1.0,
it tends to range from about 1.0 to 2.
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Figure 6.27: Lower outboard strip gage response, full-simulation specimen
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Figure 6.28: Typical edge strip gage response, full-simulation specimen
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Also, the strain level increases with decreasing distance to
the weld and thickness transition. The strain
concentration seen here is due primarily to the very large
shear induced by the Poisson stiffening at the weld and
thickness transition, and the proximity of a free edge,
which allows Poisson contraction a short distance from the
transition. Again, this response is very similar to what
would be expected from the results of the weld-transition
specimens.

One final strip gage type which was used on these
full-simulation specimens is the transverse strip gage.
These gages were located near the centerline of the
specimen and positioned with the strip axis parallel and
close to the weld and thickness transition. However, the
sensing axis of each element in the gage was vertical.
Figure 6.29 shows a typical contour plot response of these
gages. In general the gages show a strain concentration
factor that is always less than one, indicating that the
Poisson stiffing effect is a major factor in this region.
This strip gage also shows the most uniform behavior of
any gage and has very little variation with distance from
stud. The distance from stud here is the distance from the
vertical row of studs on the centerline of the specimen.
This strip gage had a rapidly increasing strain
concentration very early in the test, followed by a
decrease with strain concentration levels dipping as low as
0.2. This decrease was very likely caused by the bending
moment generated in the liner plate due to the offset
nature of the transition from the thickness of the liner
plate to insert plate. The bending induces a differential
compressive strain, causing the overall strain in the gage
to decrease. As the average strain in the specimen is
increased, this relatively small bending effect becomes
overwhelmed by the overall strain of the plate and the
strain concentration factor begins to increase again. This
factor reaches a level of about 0.7 to 0.8 and remains there
for the remainder of the test.

As with the other specimens tested, the photoelastic data
from the full-simulation specimens provide the most
easily interpreted and useful information from these tests.
The strain gages have shown that the postulated large
increase in strain caused by load transfer from the studs
does not occur. The photoelastic data support this
conclusion. Figure 6.30 is a gray-scale contour plot of the
maximum shearing strains in a full-simulation specimen
just prior to liner failure (additional plots are included in
the appendices.) The figure shows a strong similarity
between the full-simulation specimen and the
weld-transition specimen. The very low strain levels
along the transition and the high strains induced in the
corners by the Poisson restraint are obvious. One
additional feature of the full-simulation specimens is the
appearance of relatively high strain concentrations at some
of the studs. However, the very high strain concentration
that would be expected along the first row of studs near
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the thickness transition is almost entirely absent. Some
load transfer is apparent, as evidenced by the strain
concentration around the second and third row of studs. In
all cases, the full simulation specimens failed through
liner tearing with the tear starting in one of the high-strain
regions in the corners near the weld and propagating
horizontally across the specimen. The tear always
occurred immediately adjacent to the final stud row and
always on the side of the stud nearest the thickness
transition, as predicted.

Post-test examination of the condition of the studs points
to the fact that large load transfers may be occurring in
these specimens. Figure 6.31 is a photograph of the studs
in a full-simulation specimen following testing. The studs
are bent to an angle very similar to that shown in Figure
2.1. In fact, the row of studs nearest the thickness
transition exhibits the largest deflection, with the amount
of deflection decreasing with increasing distance from the
weld. This is predicted by the postulated failure
mechanism. From these post-test data, it seems that a
significant load transfer occurred, especially in the row of
studs closest to the thickness transition, even though the
strain gage data and the photoelastic data show no
evidence of a large load transfer.

The photoelastic data and the post test examination do not
seem to agree. A possible explanation for this has been
developed but has not been thoroughly investigated. As
discussed in the weld-transition specimens, the edge
effects and Poisson effects are not representative of the
response of the 1:6-scale model. These effects produce a
strain gradient that causes the strain near the weld to be
significantly lower than in the free-field. This is true for
both the weld-transition and full-simulation specimens.
Lower strain levels correspond to a larger slope of the
stress-strain curve so that the small increase in net section
stress achievable by load transfer from the studs causes
only a very small increase in the strain. However, if the
free-field strain levels were significantly larger, as would
be the case if edge effects were not present, the level of
strain concentration caused by the same load transfer from
the studs could be much larger. This mechanism may
possibly account for the low strain concentration seen in
the photoelastic data and the evidence of significant load
transfer observed in the post-test examination.

6.4 Test Result Conclusions

A number of general conclusions can be drawn by
observing the results of tests on the three types of
specimens. The first of these, based primarily on the data
obtained from separately controlled loading specimens, is
that the mechanism of liner tearing produced by a
combination of liner load and stud shearing is plausible.
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In addition, it appears that a reasonable prediction of liner
tearing can be based primarily on the net section stress in
the liner when liner preload and the stress induced by stud
shear are combined.

However, the postulated failure of the 1:6-scale
containment model includes both the failure caused by
liner preload and stud shearing, and a mechanism to
generate this stud shear load, which is based on
differential strains between the reinforcing steel and the
liner and insert plate combination. The tests conducted
here are not conclusive in this second area. The weld
transition specimen showed that edge effects may well
have a dominant role in the strain behavior of the
specimens. In the full-simulation specimens, it is possible

NUREG/CR-6184
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that these edge effects completely mask the strain
concentrations that would have otherwise been caused by
the stud load transfer. The strongest evidence of
significant load transfer by studs was found at the post-test
examination of the full-simulation specimens, which
showed bending of the studs consistent with the postulated
mechanism of load transfer.

Although the results are not conclusive, the combination
of the separately-controlled-loading specimens tests and
the post-test examination of the full-simulation specimens
demonstrates the existence of significant load transfer and
lends support to the postulated failure mechanism for the
1:6-scale containment model.
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Figure 6.29: Typical transverse strip gage response, full-simulation specimen
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Figure 6.30: Maximum shearing strain in a full-simulation specimen
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Figure 6.31: Post-test conditions of studs near the liner/insert plate junction
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7. Finite Element Models of Test Specimens

The primary purpose of the finite element modeling effort
was to identify a set of modeling techniques, assumptions,
and failure criteria that could be used to accurately predict
failure of the liner and liner anchorage system of the test
specimens. Two general finite element models were
developed for the three types of test specimens. The
weld-transition specimen is identical to the liner/insert
plate region of the full-simulation specimen without the
studs. Therefore, the finite element model developed for
analysis of the full-simulation specimens was also used to
simulate the weld-transition specimen with only a few
modifications. A separate finite element model was
developed for analysis of the separately-controlled-loading
specimens. All finite element analyses were run using
ABAQUS, a commercially available, general purpose
finite element code (Hibbitt, Karlson & Sorensin, 1989).

7.1 Weld-Transition/Full-Simulation Models

The two-dimensional finite element model used to
simulate the weld-transition and full-simulation
experiments is shown in Figure 7.1. Owing to symmetry
conditions, only one-eighth of the specimen was modeled
(one-fourth of one side). As shown in the middle drawing
in Figure 7.1, symmetry conditions were applied on the
left and bottom edges of the finite element model. Load
was induced in the liner and rebars by imposing horizontal
displacements on the right end. The liner plate was
modeled with plane stress elements (ABAQUS element
type CPS4), the stud anchors with nonlinear spring
elements (SPRINGA), and the steel reinforcement with
three rows of truss elements (CID2). The cross-sectional
area of the truss elements was selected to provide the
correct amount of total steel reinforcement. One end of
each spring element was attached to the liner plate, while
the opposite end was attached to a rebar element. The two
nodes defining each spring element were initially
coincident, but separated as the specimen deformed under
load. The springs thus provided a path for load transfer
between the liner and the reinforcement.

The constitutive response of the liner plate and
reinforcement steel was represented by a standard metal
plasticity model with a Mises yield surface, associated
plastic flow, and isotropic hardening. The relationships
between the Mises stress and the equivalent plastic strain
shown in Figure 7.2 were obtained from uniaxial tension
tests. The curves for the liner plate materials represent the
relationship between true stress and true strain. Stress and
strain values beyond the point of necking were determined
by measuring the thickness of the uniaxial test specimen
in the necked-down region. The tensile elongation at
failure for the liner plate material in the weld-transition
specimen was 60 percent. For the full-simulation
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specimen, the elongation at failure for the liner plate
material was 44 percent.

The load-displacement relationship for the stud anchors
was determined from the stud shear experiments described
by Horschel (1988) and Weatherby (1990). The
specimens used in these experiments were fabricated by
welding studs onto strips of 1/16-inch (1.6-mm) plate.
Concrete was then placed around the studs. The studs
were loaded in shear by applying loads at the end of the
metal strips, and the deflection at the head of each stud
was measured as a function of the applied load.
Considerable scatter was observed in the
load-displacement data. The ultimate strengths of the
studs ranged from 800 Ib (3.6 kNt) to 1600 Ib (7.2 kNt),
and the shear displacement required to fracture the stud
ranged from 0.01 inch (0.25 mm) to 0.07 inch(1.8 mm).
Three different functions describing the shear
load-displacement relationship were developed and are
plotted in Figure 7.3. The middle curve in Figure 7.3,
corresponding to a stud strength of 1450 Ib. (6.5 kNt),
defines the load-displacement relationship for the stud
anchors used in the finite element analyses of the
full-simulation specimen.

The finite element mesh used for analysis of the
weld-transition specimen was the same as that used for the
full-simulation specimen. The only differences were in
the liner plate material and the definition of the stud
strength. The relationship between the Mises stress and
the equivalent plastic strain for the steel used as the liner
plate material in the weld-transition specimen is shown in
Figure 7.2. In the experiments, the weld-transition
specimen did not include any studs. Therefore, to
simulate this test with the same finite element model as
the full-simulation specimens, the studs were assumed to
be weak enough that they transferred negligible load into
the liner material.

To predict the mode of failure and the loading conditions
necessary to cause failure, it is necessary to adopt
appropriate failure criteria for the finite element
simulations. A stud anchor is assumed to fail when the
elongation of the corresponding spring in the finite
element model exceeds a specified value. The elongation
at fracture is marked in the plots shown in Figure 7.3.
Although there is no generally accepted failure criterion
applicable to the liner plate, here we have adopted an
empirical criterion of failure proposed by Manjoine
(1982). The variables which appear in this criterion are
the mean stress, the equivalent plastic strain, and the
elongation at failure in uniaxial tension.
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Figure 7.2: Mises stress vs. equivalent plastic strain in weld-transition and full-simulation specimens
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Further details on how Manjoine's criterion is applied can
be found in his paper.

In addition to the uncertainty in the failure criterion for
the liner plate, the stresses and strains computed in the
liner elements that are attached to the studs are strongly
dependent on the size of the elements. The extreme mesh
sensitivity results from the transfer of load from the spring
to the liner through a single point. To account for the fact
that the load is actually transferred over a finite area, the
continuum elements which are connected to the studs were
given a square shape with the length of each side equal to
the radius of the stud. Numerical experiments
(Weatherby, 1990) indicate that, with this choice of
element size, the stress and strain invariants computed in
the liner elements adjacent to the stud anchor in a
two-dimensional simulation are in reasonable agreement
with the invariants computed in a three-dimensional
simulation at a point which is located at the mid-thickness
of the liner plate directly above the stud.

7.2 Separately-Controlled-Loading Model

A two-dimensional finite element model of the
separately-controlled-loading specimen is shown in Figure
7.4. As in the full-simulation specimen models, the liner
plate is represented with plane stress continuum elements,
and the studs are represented with nonlinear spring
elements. One end of the spring is fixed, and the other
end is attached to the liner. Initially, the two nodes which
define each spring element are coincident, but as the
specimen deforms under load, these two nodes separate,
and a force develops in the spring.
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In the numerical simulations of the
separately-controlled-loading experiments, loads were
applied to the upper and lower edges of the model as
shown in Figure 7.4. Several different simulations were
run to determine the response of the specimen under
different load histories. The loads on the upper and lower
edges of the specimen were initially increased at the same
rate. This is referred to as the "preloading” phase. During
the preloading phase, lateral forces developed in the studs
due to the Poisson contraction of the specimen. Following
the preloading phase, the load on the upper edge was
increased while the load on the lower edge was held
constant. During this loading phase, the forces in the
studs increased as they balanced the difference between
the loads applied to the upper and lower edges of the
specimen.

As in the other models, the liner plate in the simulation of
the separately-controlled-loading specimens was assumed
to be elastic-plastic with a Mises yield surface. The
relationship between the Mises stress and the equivalent
plastic strain obtained from a uniaxial tensile test is shown
in Figure 7.5. Stress and strain values beyond the point of
necking were determined by measuring the thickness of
the specimen in the necked-down region, so that this curve
represents true stress and true strain.

The load-displacement relationships obtained from
experimental data were described in Section 7.1. To
investigate the effect of the stud strength on the predicted
failure mode of the specimens, the three different
functions describing the shear load-displacement
relationship plotted in Figure 7.3 were used in simulations
of the separately-controlled-loading specimens.
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8. Comparison of Finite Element and Experimental Results

In this section, we provide results of the finite element
simulations of each of the three types of test specimens.
A comparison of experimental and computational results
is used to evaluate the analytical modeling techniques and
assumptions. Such comparisons also provide insight as to
how the mechanisms present in the separate effects tests
compare with the behavior of the 1:6-scale containment
model.

The most meaningful comparisons between finite element
and experimental results are for the load-deflection
behavior and the distribution of maximum shearing strain
on the surface of the liner. The load-deflection data
indicate the overall specimen response. Because concrete
exhibits highly localized damage, a direct comparison of
strain gage data with strains at the same location in the
finite element mesh is not meaningful. Rather,
whole-field strain information available from the
photoelastic data provides a global distribution of the
maximum shear strain in the experiments, and these data
can be directly compared with the maximum shear strain
distribution computed by the finite element simulations.

8.1 Results for Weld-Transition Model

The load-deflection response computed by the finite
element simulation of the weld-transition specimen is
plotted in Figure 8.1 along with the experimental results.
As described previously in Section 7.1, the finite element
model of the weld-transition specimen included studs and
rebar, although the actual specimen did not include either.
Therefore, to apply this finite element model to the
weld-transition specimen, the studs were assumed to be
very weak so that they transferred negligible load into the
liner during the simulation. In addition, since the actual
specimen did not include rebar, the loads plotted for the
finite element results are the total applied load minus the
load carried by the rebar. As shown in Figure 8.1, the
finite element results for the load-elongation response of
the weld-transition specimen compare very well with the
results of all of the specimens for which complete
load-deflection data is available. Specimens Al and A2
are not included here since only insufficient
load-deflection data is available.

Photoelastic data recorded during the test of the
weld-transition specimen provided images of the
maximum shear strain field in the plane of the liner plate.
These data provide a meaningful comparison between
experimental and finite element results. Figure 8.2
contains contour plots of the maximum shear strain from
the photoelastic data and the finite element simulation at
an overall liner elongation of 1.5 percent. The top line of
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the plots is the weld line and the edges are the edges of the
specimen. In both cases the maximum shear strain is
about 12 percent. Furthermore, the strain distribution is
very similar in the experimental and computational
results. The difference in the location of the stress
concentrations along the edge is probably due to the finite
thickness of the actual liner plate, which produces a
three-dimensional stress state that the plane stress finite
element model cannot simulate.

8.2 Results for
Separately-Controlled-Loading Model

A total of 15 finite element simulations were conducted
for the separately-controlled-loading specimen. Five
different loading conditions were considered for each of
the three anchorage load-displacement functions shown in
Figure 7.3. Table 8.1 shows the predicted failure mode of
the specimen for each load case along with the response
observed in the experiment. As expected, the predicted
failure mode of the specimen depends on both the
assumed strength of the stud anchor and the applied
prestress. The observed failure modes are most consistent
with a stud strength between 1450 Ib (6.5 kINt) and 1600
1b (7.2 kNt). For lower values of prestress, the predicted
failure mode was fracture of the studs, while for higher
values of prestress the predicted mode of failure was liner
tearing. Table 8.2 provides a comparison of the measured
and predicted failure loads for each set of loading
conditions. In this table, the Prestress column is the
applied preload divided by the cross-sectional area at the
center of the specimen. "Measured" is the experimental
average stud load, determined by dividing the maximum
total stud force by the number of studs. "Predicted" is the
stud load at failure predicted by the finite element model.
"Net Stress" is the predicted stud load at failure based on
the combined preload and stud load producing a stress
equal to the ultimate strength of the material.

Contour plots of computational and photoelastic results for
the maximum shear strain are shown in Figure 8.3 fora
specimen with a liner prestress of 65 ksi (450 MPa). The
photoelastic results show the strain state immediately
before the specimen failed through liner tearing. The
analytical results correspond to a slightly higher level of
stud force than was present when the photoelastic
measurements were recorded. In general, the agreement
between the photoelastic results and the finite element
results is good both quantitatively and qualitatively.

There is, however, a large discrepancy between the peak
value of the maximum principal shear strain at the edge of
the outer stud anchors.
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Figure 8.2: Maximum in-plane shear strain in a weld-transition specimen at 1.5 percent elongation
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Table 8.1
Predicted and observed failure modes for separately-controlled-loading specimens

Liner Preload (ksi)
Assumed
Stud Strength
(1b)
None 60 63 65 70

1300 Stud Stud --- Stud Stud

Predicted
Failure 1450 Stud Stud --- Stud Liner
1600 Stud Stud - Liner Liner

Observed
Failure -—- Stud Stud Stud Liner Liner

Table 8.2
Measured, predicted, and net section stress failure load for separately-controlled-loading specimgns

Prestress Measured Predicted Net Stress
(ksi) (Ib/stud) (b/stud) (Ib/stud)
50 --- 1392 NAT
60 1208 1313 N.A.
63 1171 --- 1250
65 780 1173 1000
70 510 107 375

* N.A.=Not Applicable
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Finite Element Results With Stud Force = 850 Ib/stud
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Experimental Results With Stud Force = 780 1b/stud

Figure 8.3: Maximum in-plane shear strain in the 65 ksi preload separately-controlled-loading specimen
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The analytical results show a maximum shear strain of 30
percent in one of the four elements connected to the outer
stud anchors, while the largest shear strain seen in the
photoelastic data is approximately 15 percent. There are a
number of possible explanations for this discrepancy. At
best, the strain in this element represents the strain
averaged through the thickness of the liner at this point.
Bending of the liner could significantly reduce the surface
strains below the average value. Another possible
explanation is that the strains in the element next to the
stud anchor are simply a poor indicator of the average
strains in the liner at this location.

8.3 Results for Full-Simulation Model

Important events in the finite element simulation of the
full-simulation experiment are marked in the
load-elongation curve shown in Figure 8.4. The first
important event in the simulation is the failure of the first
row of studs on the 3/16 inch (4.5 mm) insert plate at an
elongation of approximately 1 percent. The computed
stress and strain state combined with Manjoine's failure
criterion indicate that the liner plate would begin to tear at
a specimen elongation of 1.2 percent. Liner tearing would
start next to the studs located closest to the weld (row 1 in
Figure 8.4). If the liner does not tear, the finite element
analysis indicates that several more rows of studs would
fail before 2 percent elongation.

The overall force-elongation curves for four
full-simulation experiments are compared with the finite
element results in Figure 8.5. Specimens denoted B1 to
B3 are the full-simulation specimens as described
previously in Section 2.3. The specimen denoted C1 has
the same geometry but was subjected to pressure on the
face of the liner plate as well as axial elongation. This
surface load was used to simulate the internal pressure on
the liner plate in the 1:6-RCC model. The dashed curve in
Figure 8.5 represents the calculated response when the
anchorage is assumed to have negligible stiffness. The
finite element results for the model of the full-simulation
specimen match the experimental results very well up to
the predicted failure point of 1.2 percent elongation. In
addition, the computational results from the finite element
simulation with anchorage lie closer to the experimental
data than do the results from the simulation without
anchorage. This suggests that the anchorage transfers load
between the liner and reinforcement as has been assumed
in the analysis.
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The elongations required to fail the specimens fell
between 3 percent and 4.5 percent, considerably more
than the 1.2 percent elongation at failure predicted by the
analysis. Also contrary to the analytical predictions, no
stud failures were observed in any of the full-simulation
specimen experiments.

The photoelastic data from the full-simulation specimen
experiments provide a valuable source of information for
understanding where the finite element results differ from
reality. Figure 8.6 contains a contour plot of the
maximum shear strain in the liner plate as calculated from
the finite element simulation with anchorage at an overall
elongation of 1.5 percent. The location of the studs is
clearly marked by high strain levels in the liner plate.
Strain levels on average are much higher between the
weld line and the first row of studs on the thinner liner
plate. This is to be expected since load is transferred out
of the liner plate and into the reinforcement with each
subsequent row of studs on the thinner liner plate. Figure
8.6 also contains a contour plot of the maximum shear
strain as determined from the photoelastic technique at an
overall elongation of 1.5 percent. The trends are quite
different from those seen in the finite element results.
Here, the strains on average tend to be lower near the weld
than they are toward the center of the specimen. This
suggests that the stud anchors near the weld line transmit
far less load in the actual experiment than in the finite
element simulation.

To investigate the strain field in the absence of load
transfer through the anchorage, the specimen was
reanalyzed using a very small value for the anchorage
strength. Under these conditions, the resulting strain field
should look more like that seen in the weld-transition
specimen. A contour plot of the maximum principal strain
field from the finite element analysis with the reduced
anchorage strength is shown in Figure 8.7. As in previous
contour plots, the overall elongation is 1.5 percent. The
similarity between the computed strain field shown in
Figure 8.7 and the photoelastic results shown in Figure
8.6, together with those shown in Figure 8.2 for the
weld-transition specimen, reinforce the idea that the stud
anchors are less effective in transferring load than was
initially assumed. This seems to contradict the previous
observations made with regard to the analytical and

experimental load-elongation relationships.
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Figure 8.4 Overall force-elongation curve from the finite element analysis of the full-simulation specimen
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78

NUREG/CR-6184



Comparison of Results

Weld Line \‘

RO o

Finite Element Results

Weld Line ——

Experimental Results

Figure 8.6: Maximum in-plane shear strain in a full-simulation specimen at 1.5 percent elengation
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Figure 8.7; Finite element results showing maximum shear strain in full-simulation model without anchorage
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9. Conclusions

The analysis and testing of the weld-transition specimens
are in good agreement and demonstrate a lack of strain
concentration at the weld. In addition they show the
significance of edge effects on this and the full-simulation
specimens. These edge effects are an important departure
from the actual strain state of the 1:6-scale model.

The separately-controlled-loading analysis and testing are
in good agreement and demonstrate that liner tearing can
be induced in a highly strained liner material with
relatively weak anchorage, which transfers the load to the
liner. The finite element model as well as the net section
stress approach provide a reasonable method for
predicting the transition between liner tearing and stud
failure. However, it was shown that the transition
between the two failure modes is very sharp and strongly
dependent on material properties, stud strength, liner
strain, and amount of load transfer. The models may be
limited in their ability to predict the failure mode by

81

uncertainties in the input parameters required to make the
prediction. This is not a weakness of the models but
rather an indication of the sensitivity of the transition
between the two failure modes.

The full-simulation specimens were designed to provide
conditions very similar to those of the 1:6 scale model.

As a continuation of the previous two sets of tests, these
specimens were used to investigate whether the postulated
load transfer could occur and whether the transfer could
result in liner tearing. The analysis and post-test
examination indicated significant load transfer. However,
the photoelastic and strain gage data gave only limited
indications of increased strain resulting from the transfer.
This disagreement has not been fully resolved. Possible
reasons for the discrepancy are the significant edge effects
and the fact that the actual load transfer mechanism may
not be as strong as postulated for the analysis.
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Appendix B: Strain Gage Data Plots
for the Separate Effects Tests
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Separately Controlled Loading
Specimen (Phase 1) Strain Gage Plots

Specimen Designation

1A1
1A3
1B1
1B2
1B3
1C1

B-2

Liner Preload

Stud Load Only
63 ksi
65 ksi
70 ksi
60 ksi
Liner Load Only
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Gage Placement

Stud Shear
Direction

Plot Legend

B88E88E888
'
'
'

Outboard Axial Strip Gage (all specimens)
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