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Abstract

In a collaborative program between the United States Nuclear Regulatory Commission (NRC) and the Nuclear
Power Engineering Corporation (NUPEC) of Japan, the seismic behavior of a scaled model Reinforced Concrete
Containment Vessel (RCCV) has been investigated. Experimental and analytical work was performed at NUPEC
under the sponsorship of the Ministry of International Trade and Industry; independent analytical work, sponsored
by the NRC, was performed in the United States.

A 1:8 scale RCCV model was constructed by NUPEC and subjected to seismic simulation tests using the high-
performance shaking table at the Tadotsu Engineering Laboratory. A series of tests representing design-level seis-
mic ground motions was initially conducted. These were followed by a series of tests in which progressively larger
base motions were applied until structural failure was induced.

As part of the collaborative program, Sandia National Laboratories and ANATECH Corp. conducted research in the
seismic behavior of the scaled model RCCV structure. Three-dimensional finite element dynamic analyses were
performed, first as pretest blind-predictions to evaluate the general capabilities of concrete-structures analytical
methods, and second as posttest validation of the methods and interpretation of the test results. Because of the non-
linear behavior of the RCCV structures, even for design-level input motions, the analysis sequence must correspond
to the test series. However, the large number of tests performed made such an endeavor very expensive to carry out,
and it was necessary to be selective in the number and type of analyses to be performed. Moreover, the pretest
analyses had, by necessity, to rely on proposed input motions, which differed significantly from their target form
because of the interaction between the shake table and the structure that occurred during the actual tests. Conse-
quently, the pretest analyses predict only general trends of the damage and failure regimes of the structure.

The RCCV analysis benefited considerably from the lessons learned in the course of the PCCV analysis (James et
al., 1999a); however, the RCCV structural characteristics and test conditions introduced new behavior regimes that
required additional concrete material-model improvements. These include the dependence of shear stiffness, com-
pressive stiffness, and viscous damping on the number of crack-open-close cycles. These modeling improvements
had their greatest effect on the failure-level predictions and showed the analysis results to be in reasonably good
agreement with test data.
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Executive Summary

In a collaborative program between the United States Nuclear Regulatory Commission (NRC) and the Nuclear
Power Engineering Corporation (NUPEC) of Japan, the seismic behavior of a Prestressed Concrete Containment
Vessel (PCCV) model and a Reinforced Concrete Containment Vessel (RCCV) model is being investigated. The
work performed at NUPEC is under the sponsorship of the Ministry of International Trade and Industry (MITI),
while the work performed in the U.S. is sponsored by the NRC.

The NRC performance goals are to pursue risk-informed and performance-based approaches to reduce unnecessary
regulatory burden and to enhance public confidence in the NRC's ability to protect public health and safety in a
thorough, disciplined, and timely manner.

The NRC-sponsored program has been separated into three parts. The first part has been completed and is docu-
mented in James et al. (1999a), Seismic Analysis of a Prestressed Concrete Containment Vessel Model. It deals with
the analysis of the scaled PCCV model and comparison of predictions to NUPEC's test results. The second part
deals with the pre- and posttest analyses of the scaled RCCV model and comparisons to test data, which is presented
in this report. The final part will be to evaluate a typical U.S. containment, based on what has been learned from the
tests and analyses of the scaled models. Sample fragility curves will be developed for the typical U.S. containment.

NUPEC was responsible for the design (including scaling), fabrication, construction, seismic analysis, and dynamic
testing of the RCCV model. The NRC collaboration with NUPEC provided independent pre- and posttest three-
dimensional (3-D) finite element analysis of the RCCV model and evaluation of the test results.

The NRC's objective for this effort is to evaluate the maturity of analysis methods for predicting the time-dependent
behavior of concrete containments subjected to design-level and failure-level earthquakes, and to identify needed
improvements. Data was obtained for earthquake motions in the linear-response range and progressively stronger
motions where significant structural damage began to accumulate up to major structural impairment and final failure.
Test data were obtained for horizontal-only acceleration input, vertical-only acceleration input, simultaneous hori-
zontal and vertical acceleration input, and simultaneous horizontal and vertical acceleration input with internal pres-
sure.

As in the case of the PCCV, ANATECH Corp. was contracted by Sandia National Laboratories (SNL) to perform
the seismic analyses of the RCCV. Both pretest and posttest 3D finite element dynamic analyses were performed.
The pretest analyses relied on target seismic accelerations, while the posttest analyses used the measured accelera-
tions at the basemat. The pretest predictions were documented in a report and released in draft form to NUPEC and
the NRC before the tests were performed. The pretest results contained in the present report have been edited from
the pretest draft report, but the technical content has not been changed.

In the design level tests that were analyzed, the measured input motions were similar to the target motions. How-
ever, for larger input motions, particularly horizontal-only motions where the vertical motion of the basemat was not
controlled, the measured input motions were significantly different from the target motions. The pretest analyses
assumed that vertical accelerations were zero at the basemat control points, while in the actual tests the model rocked
and some of the vertical accelerations at these points were almost as large as the horizontal accelerations. Therefore,
it was necessary to perform the posttest analyses with horizontal and vertical input accelerations, as measured by the
accelerometers mounted on the basemat.

Seismic simulation testing of the RCCV scaled model was performed in 1998 and 1999 using the high-performance
shaking table at the Tadotsu Engineering Laboratory. The posttest evaluations by NUPEC consist of evaluating the
measured data for accelerations, displacements, and liner and rebar strains, as well as performing destructive exami-
nations to evaluate concrete cracking, liner attachment integrity, and other forms of damage.

Frequency measurements performed after the first design-level horizontal-only seismic test showed a large drop in
the fundamental frequency, which is indicative of significant stiffness degradation due to cracking. This behavior
was not observed in the pretest analysis which used target input motion. However, it is easily explained by the fact
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that the actual motion applied to the model was about 1.3 times higher than the target input. Moreover, the applied
motion included vertical and rocking components that were of nearly equal magnitude to the horizontal. The actual
time-history records of this test were not available for analytical simulation, but the damage was simulated through a
pre-conditioning analysis which used recorded motion from a later dynamic test amplified by a factor similar to that
recorded in the first test. The fundamental frequency is the structural response variable used in the preconditioning
analysis to arrive at the appropriate level of damage.

The frequency degradation continued with each test performed, but at a decreasing rate, and appeared to reach a state
of saturation after the 1. 1S2(H+V) dynamic test. "Saturation" means that even increasing amplitude levels in subse-
quent dynamic tests did not significantly reduce the frequencies further. This is attributed to the extent of damage
induced by the design level tests. This in turn reduces the structural amplification due to the frequency shift in sub-
sequent tests under the same frequency content in the input. However, the functional integrity of the RCCV model
was not impaired, as was verified by pressurizing the vessel to the design pressure and measuring the leak rate. One
seismic test was conducted while the model was pressurized. Each of these tests confirmed that the liner maintained
its leak-tightness during and after design-level earthquakes. The last pressure leak test was performed before the
final seismic test that resulted in failure of the model. NUPEC's posttest evaluations indicate that, prior to the final
(failure) test, the liner remained leak-tight, despite the appearance of a few distress locations showing localized
buckling and striations induced by plastic flow. Liner rupture did not occur until the structural shear failure occurred
during the final test in the series.

Time, schedule, and cost restricted the analyses to only a subset of the test series, which could not simulate the dam-
age accumulation that occurred with each test performed. It was, therefore, necessary to insert pre-conditioning
analyses before each design-level analysis in the sequence in order to simulate the prior damage that occurred. As
mentioned earlier, comparison of the measured and calculated frequencies was used to measure the adequacy of prior
damage simulation for the pre-conditioning analyses.

The lessons learned in the PCCV analysis effort, James et al. (1999a), were transferred to the RCCV analysis experi-
ence. These included the adoption of an improved shear-stiffness model for cracked concrete, the development of
cracking-consistent damping, and the development of a shear failure criterion for the structure. The RCCV analysis
effort produced new material modeling effects which, although observed in the RCCV to have strong effects for
reinforced concrete,- can be of generic nature to concrete structures in general. This structural behavior indicates that
the compressive modulus normal to a crack surface, the local damping ratio, and the shear modulus tangential to the
crack surface depend on the amplitude and number of crack open-close cycles. As discussed in the report, cycle-
dependent degradation factors were developed for the aforementioned properties, which were applied in the consti-
tutive model locally at the integration points. The input to these models is a single variable, which is the number of
crack status reversals experienced by the material locally at the integration point. In addition, a criterion was devel-
oped that defines the amplitude of the crack open-close cycle before it can be counted as a loading cycle.

Intuitively, the cyclic dependence effect discussed above would be stronger in reinforced concrete than in prestressed
concrete because of the larger crack width in reinforced concrete. It should be mentioned, however, that the relative
magnitude of this effect should depend on the number and severity of the dynamic events. Consequently, it would
impact the PCCV response later in the test sequence, as compared to RCCV where the effect is observed very early
on. It should be of keen interest to examine this effect for the PCCV; however, schedule and budget constraints do
not allow this evaluation to be performed and reported herein.

Another casualty of budget and schedule constraints is the use of the same fine-grid model of the RCCV throughout
the analysis sequence. The pretest analysis series and the posttest design-level analyses were performed using a fine
grid model discussed in Section 2, which consisted of two layers of elements through the thickness, 12 sectors
around the circumference for the half symmetry model, and a highly refined grid around the major penetration. It
was soon realized that the computation time needed to complete the entire posttest analysis sequence, including pre-
conditioning analyses, would be prohibitively long. It was decided to abandon the fine-grid model, and a new model
was developed that preserved the computational integrity of the structure and yet provided acceptable computation
times. This coarse mesh model is described in Section 4. The newly developed analysis model was computationally
optimized to preserve the dynamic characteristics, namely the mode shapes and frequencies, of the original model. It
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is believed that the technical objectives of the analysis effort were not compromised by the switch to a coarser finite
element model.

A very important observation is that direct extrapolation of the test results to assess the performance of any specific
full scale U.S. containment cannot be attempted. There are many situations where the behavior of a full-scale struc-
ture will perform differently from the scaled test model, as discussed in Section 5.2. In addition, because of the
sensitivity to frequency shift due to stiffness degradation exhibited by the test data, the performance of an RCCV is
dependent on the past seismic history as well as the frequency content and magnitude of the specific seismic event.
This is illustrated by the behavior the RCCV test model that survived a 5S2(H) test, but the accumulation of damage
and associated fundamental frequency shift during the previous tests may have prevented a different outcome. It
cannot be concluded that the model would survive a 5S2(H) as the first test, or that it could survive the 5S2(H) later
with a slightly lower frequency content in the seismic input.

The RCCV testing program provided an opportunity to validate the previously developed structural shear-failure
criterion for concrete structures subjected to severe motions, which was presented in James et al. (1999a). This
criterion states that impending shear failure of the structure would occur at a shear strain value of 0.5%, with an
uncertainty band of ± 0.05%, averaged over the entire cross-section of the structure. Shear failure occurred in the
PCCV test when the average shear strain was about 0.45%, and one would expect that the corresponding value for
the RCCV would be higher because of its larger reinforcement ratio. It should be noted that this criterion is a struc-
tural measure rather than a material property measure and, therefore, it can only be applied through the post-
processing of the analysis results. The results for the RCCV posttest analysis indicate that the RCCV can withstand
higher shear strains over a larger extent of the cross-section. This is attributed to the increased dowel action from the
larger reinforcement ratio in an RCCV and to the reduced compressive loads relative to the PCCV. At failure level
loads, the higher compressive loads will contribute to the initiation of concrete spalling and sudden brittle failure.
However, this shear strain criterion indicates that, for all practical purposes, the RCCV was structurally compro-
mised as a result of the 5S2 test, although the test results show that total failure occurred during the 9S2 test.

In general, the analysis results indicate reasonably good agreement between the calculated time histories and the
measured data. Naturally, complete agreement is impossible, and the records show instances of poor agreement for
some of the gauges and excellent agreement for others. Much better agreement was obtained for global measures of
response rather than response measures that are directly affected by local concrete conditions. Considering the de-
gree of details involved in the modeling and analysis of such complex tests, the level of agreement between the test
data and the predictions indicates that existing analysis capabilities can be relied upon to predict the dynamic be-
havior of concrete containment structures. The tests and analytical predictions have provided better understanding of
failure mechanisms of reactor containment structures under seismic loads, and moreover, improved the general state-
of-the-art of concrete structural modeling.

It is believed that this analytical capability can be used to predict the seismic response of U.S. containment struc-
tures, and when used in conjunction with probabilistic methods, design uncertainties could be realistically accounted
for by varying material properties, damping factors, ground accelerations, and other input parameters. This could
provide important risk insights into the functional and structural integrity of U.S. containment vessels.

xi
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1. INTRODUCTION

1.1 Summary

In a collaborative program between the U.S. Nuclear
Regulatory Commission (NRC) and the Nuclear Power
Engineering Corporation (NUPEC) of Japan under
sponsorship of the Ministry of International Trade and
Industry (MITI), the seismic behavior of a Reinforced
Concrete Containment Vessel (RCCV) model was
investigated. The scaled model was constructed by
NUPEC and subjected to seismic simulation tests using
the high-performance shake table at the Tadotsu Engi-
neering Laboratory (Sasaki et al., 1998).

The primary objective of the testing program was to
demonstrate the capability of the RCCV to withstand
the design-basis earthquake with a significant safety
margin against major damage or failure and to verify
the functional integrity and leak-tightness of the vessel.

The scaled model was designed to be representative of
an actual structure while meeting the limitations of the
test equipment and the requirements needed for fabri-
cation. Acceleration time histories of the base motion
were developed for typical design-level earthquakes at
locations of containment structures in Japan. These
motions were scaled so that the fundamental frequency
and the shear stresses in the wall near the basemat of
the scaled model would be similar to that in an actual
containment structure.

The scaled test model was first subjected to a series of
low amplitude motions to determine fundamental fre-
quencies and the characteristics of the test model and
shake table. The response of the model to a design-
basis earthquake was then evaluated by first conducting
tests using the individual horizontal and vertical com-
ponents followed by tests using combined horizontal
and vertical components.

A Loss of Coolant Accident (LOCA), in combination
with an operating basis event, was simulated by pres-
surizing the test model during a seismic simulation.
Several sequential tests of the maximum level and
extreme level design earthquakes, designated as Sl and
S2 respectively, were also conducted. The margin of
safety for the scaled test model was then determined by
subjecting the model to larger and larger amplitude
seismic accelerations until structural failure occurred.
The test program also measured the fundamental fre-
quencies of the test model after each test as a measure
of the damage sustained by the model.

The S 1 level event is equivalent to the maximum de-
sign earthquake used in Japan, and level S2 corre-
sponds to the extreme design earthquake. The relative
magnitudes of SI and S2 earthquakes, as compared to
the Operating Basis Earthquake (OBE) and the Safe
Shutdown Earthquake (SSE) used in the United States,
are shown in Figure 1.1.

1.2 Objectives and Scope

As part of the collaborative program with NUPEC, the
NRC, through Sandia National Laboratories (SNL) and
ANATECH Corp., conducted research in the analytical
modeling of the seismic behavior of RCCV structures.
The objective of this research was to evaluate the pre-
dictive capabilities of current analytical methods, with
the eventual goal of improving these capabilities for
containment performance evaluation under seismic
events.

The scope of this work consisted of pretest predictions
and posttest verification analyses of the NUPEC RCCV
tests. These included a series of calculations under
simulated design-level input motions followed by cal-
culations under amplified motions that eventually led
to the failure of the test model.

At the conclusion of the test program, the records of
test data, which included shake table input and re-
sponse data, were used to perform posttest analyses of
the test model. The posttest calculations quantify the
behavior of the structure under the actual test condi-
tions. The analyses were conducted sequentially to
simulate the sequence of the tests and allow cumulative
damage to develop. However, all tests were not ana-
lyzed, and only a subset of the actual tests was selected
for the analytical evaluations. For pretest calculations,
this subset of the tests was chosen a priori as that most
likely to cause or extend the damage. The tests se-
lected for the posttest calculations were judged to be
the most significant.

1.3 Scaling Issues

The scale of the model was selected by NUPEC, with
careful attention given to construction and fabrication
issues, as well as limitations of the shake table. If the
size of the model is too small, it becomes very difficult
to construct. However, the size cannot be too large, or
the shake table will not have enough capacity to input
the desired motions. Based on these limitations, the
overall configuration was scaled at 1:8, the concrete
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wall thickness was at 1:10 scale, and the steel liner and
anchorage system was scaled at 1:4. The concrete wall
thickness scale was selected to allow all the reinforcing
bars to fit and to fail, while the scale of the liner was
selected based on weldability issues. The top portion
of an actual RCCV structure was replaced with a thick,
flat concrete cap. Weights were attached to the top
portion of the model to match the fundamental fre-
quency and shear stresses in the wall near the basemat
to that of a prototype structure.

In performing a seismic test on a scaled model, mass
does not scale proportionately with geometry. To have
similar magnitudes of displacement, stresses, and
strains in the scaled model as would exist in a full-scale
containment, either of the two similarity laws shown in
Table 1. I could be used. For the RCCV model,
NUPEC used scaling rules that are similar to the
Froude law shown in the table. NUPEC's calculations
show that the RCCV model scaling parameters, shown
in Table 1.1, result in stresses and strains in the cylin-
der wall near the basemat that are similar to the stresses
and strains that would exist in a full-scale vessel.

In a full-scale vessel, the largest shear stresses would
be expected in the wall near the basemat, with the shear
stresses at higher elevations decreasing in proportion to
the total mass above a plane passing through the eleva-
tion point. Because of differences in the mass distri-
bution between the scaled model and a full-scale ves-
sel, the shear stresses above the wall-basemat juncture
would be different in the model than in a full-scale
vessel.

The results of a scaled model test, especially a dynamic
test for which mass does not scale, must be very care-
fully reviewed to determine expected similarities and
differences between the structural response of the
scaled model and a full-scale containment. No attempt
is made in this report to predict the functional integrity,
structural integrity, or seismic margin of a full-scale
U.S. containment based on the scaled-model tests.
However, some useful insights and general conclusions
are made at the end of the report.

1.4 RCCV Test Model
In an actual nuclear plant, the reactor vessel and con-
crete containment structure is a continuous part of the
reactor building. Intermediate floors that support aux-
iliary equipment needed to operate the plant are con-
structed as an integral part of the RCCV walls.

Figure 1.2 shows a schematic of the RCCV test model.
In the model, a section of the reactor building contain-
ing the RCCV containment and intermediate floors was
isolated from the rest of the building. The isolated
structure was scaled to fit within the capacity of the
shake table while retaining enough size for fabrication.
Figure 1.2, taken from reference 2, shows a schematic
of the RCCV test model. The model is a 200 mm thick
by 2.410 m tall reinforced concrete cylinder with an
inside diameter of 3.625 m that is built-in on a I m
thick concrete basemat. The basemat is 9m square and
is anchored to the shake table with a pattern of bolt
groups, 4 bolts per group. The access tunnel is mod-
eled with 538 mm diameter penetrations through the
RCCV wall along a diametric line that is 900 from the
axis of the horizontal shaking direction. Two interme-
diate floors, each 130 mm thick, frame into the cylin-
drical wall creating roughly three equal segments along
the height of the wall. The access tunnel penetrations
occur at the top of the first intermediate floor in the
middle section of the wall. The floors are modeled
horizontally for a distance of I m away from the wall
so that the outer diameter of the floors is 6.025 m. The
top of the RCCV test model consists of a 550-mm thick
by 6.025-m diameter section with an 800 mm diameter
penetration at the centerline. A 400-mm thick by
1.250-m high circular wall is built-in to the top of this
section to support added weights. The weights are
added to achieve a fundamental frequency of vibration
consistent with the scaling to the actual structure. The
basemat weighs 213 metric tons, the cylindrical section
with intermediate floors and top section weighs 76
metric tons, and the attached mass weighs 276 metric
tons. A steel liner, 1.6 mm thick, is anchored to the
inside of the RCCV cylinder with longitudinal T stiff-
eners embedded in the concrete. The overall geometry
of the test model is 1:8 scale, while the concrete wall
thickness is scaled at 1:10 and the liner thickness is
scaled at 1:4. The design operating pressure for a full-
scale RCCV is 3.16 kg/cm 2 (45 psi), and is 2.34 kg/cm2

(33 psi) for the scaled model.

Many seismic tests were performed on the scaled
model, as shown in Table 1.2. Numerous low-level
vibration tests were performed to determine resonant
frequencies and other basic characteristics; these low-
level tests are not shown in Table 1.2. In addition,
NUPEC performed leak checks after many of the major
tests by pressurizing the vessel to its design-level and
measuring for leaks; these leak tests are not shown in
Table 1.2, either. Because of the number of tests per-
formed, analyses were only performed on a limited
subset of the tests, as shown in Table 1.2.
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The model was instrumented with 49 acceleration
gauges, 23 displacement gauges, a pressure gauge, and
228 strain gauges (on the liner and reinforcing bars).
Some of the strain gauges were in one direction only,
some were placed in pairs with relative orientation of
900 and some gauge rosettes were oriented at 0, 45, and

90°. Other gauges were also recorded that were used
by the control system, such as pressure gauges in the
hydraulic actuators or acceleration control gauges.
During each seismic simulation test, data were col-
lected at 0.0025-second intervals for all of the tests.

Table 1.1. Similarity law parameters

Full-Scale Froude Simi- Cauchy RCCV Model
Parameter Vessel larity Law Similarity (Similar to Froude)

Law
Mixed Scale (1:8 Geometry;

Length 1 I:n l:n 1:10 Concrete Wall Thickness;
1:4 Liner Plate Thickness)

Lead Weights Added - 276 tonnes
Mass density I n I (Roughly Equivalent to Increasing

Density by a Factor of 8)

Acceleration 1 I n I

Stress, Strain, I in Wall Section near Basemat;
Modulus I1 1 About 2 near Top of Wall Section

Time 1 1(n)f I/n 1/(8)05 = 1/2.83

Frequency I (n)05 n (8)°5 = 2.83

Japan

U.S.

Earthquake Peak Acceleration >

SI1S2: Maximum/Extreme Design Earthquakes (Japan)
OBE/SSE: Operating Basis/Safe-Shutdown Earthquakes (U.S.)

Figure 1.1. Comparison of design earthquakes between U.S. and Japan
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Table 1.2. NUPEC test and U.S. analysis sequence

Test Sequence Pretest Analysis Posttest Analysis

Pressure Test *

1.3S1(H)

1IS1(H)

I.1S1(V)

I.15SI(H+V)

1.1 S 1 (H+V) * *

1. I S2(H)

1. 1S2(V)

1.1 S2(H+V) * *

I .2S I (H+V) + LOCA

2S2(H) * *
3S2(H) *

4S2(H) * *
5S2(H) *

9S2(H)
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2. NUMERICAL MODELING

2.1 Background

The calculations were performed using the
ANATECH concrete material modelab coupled to the
ABAQUSC general purpose finite element program
(Hibbit et al., 1997). To predict damage that may
accumulate in the series of seismic tests planned for
the CCV test model, the material model must account
for the history dependence of cracking and for the
strength and stiffness degradation under cyclic load-
ing. This requires the time-marching, nonlinear dy-
namic analyses to be performed in series to simulate
the sequence of tests to be conducted. Because of the
large storage and run times required, care was taken
to ensure that the number of degrees of freedom in
the finite element model was small enough for effi-
cient calculations while adequately capturing the
critical response of the test specimen. Figures 2.1
through 2.9 illustrate the baseline finite element
model used in the pretest calculations. As discussed
in Section 4, a reduced model was used for the post-
test analyses to reduce the analysis time. The fol-
lowing section discusses modeling assumptions rela-
tive to this model, and a subsequent section describes
the method used to establish the mesh density.

2.2 Modeling Assumptions

2.2.1 Basemat

Both pretest and posttest calculations are based on the
assumption that the basemat responds as a rigid unit.
The pretest analyses assume that the actual accelera-
tion experienced by the basemat will be the target
input acceleration history. The posttest analyses used
the accelerations actually measured during the test by
acceleration gauges. Only a ring section of the base-
mat around the wall junction is modeled, as shown in
Figures 2.1 and 2.2, with boundary conditions im-

a James, R. J. and R. S. Dunham, ANACAP-U,
ANATECH Concrete Analysis Package, Version 2.5,
User's Manual, Revision 4, ANATECH Corp. San Diego,
1997.

b James, R. J., R. S. Dunham, R. A. Dameron, and D. R.
Parker, ANACAP-U, ANATECH Concrete Analysis
Package, Version 2.5, Verification and Validation Man-
ual Revision 1, ANATECH Report ANA-QA-144,
1998a.

c ABAQUS is a trademark of Hibbitt, Karlsson & Soren-
sen, Inc., of Pawtucket, RI.

posed on the bottom and the vertical cuts of the
basemat. The posttest reduced model applied bound-
ary conditions at the same locations.

For the dynamic calculations, identical acceleration
histories are prescribed for all the nodes of these
boundaries. The basemat ring is modeled to ap-
proximate the area from the wall junction to the first
set of bolts that secure the basemat to the shake table.
The width of the ring is about 2.5 times the thickness
of the wall on either side of the wall. The justifica-
tion for this assumption is that the basemat is securely
bolted to the shake table and that the control points
for the target input acceleration are on top of the
basemat.

2.2.2 Symmetry

The next assumption is that the geometry of the test
specimen is symmetric about a vertical plane that
bisects the structure. The pretest analysis model
retained the half of the vessel containing the equip-
ment hatch penetration. This is a large penetration
that is supported with a thickened section of the
RCCV wall and has a thicker liner and additional
reinforcement. A 1800, 3-D model of this half of the
RCCV is used. This choice of analysis model implies
that another equipment hatch penetration exists at a
diametrically opposite location. The posttest analysis
model did not include the equipment hatch. Experi-
ence with the PCCV testing and analysis (James et
al., 1999a) indicates that ignoring the dissymmetry
has a small effect on the calculated response. This is
also confirmed by the test data, which shows largely
symmetric deformations.

The analytical consequence of this symmetry as-
sumption is that the symmetry plane will prevent any
global twisting deformation that could develop in the
test specimen since the actual geometry is not sym-
metric. Also, any rocking that may develop perpen-
dicular to the direction of shaking is prevented by the
symmetry plane. The thickened wall and added rein-
forcement at the equipment hatch penetration will
cause a hard spot in the RCCV wall that is likely to
induce local hoop bending in the wall. This local
bending can contribute to a failure in the test speci-
men, and this response is included in the pretest
model, but not in the posttest model.
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2.2.3 Liner

The RCCV liner (Figure 2.3) is modeled as fully
bonded to the concrete with no local effects of an-
chorage discontinuities. The liner elements are thus
strain compatible with the concrete and will reflect
local effects of concrete damage. Liner plasticity is
included in the analysis. To reduce the time required
to complete a seismic analysis, the bending compo-
nent of the liner is ignored and the liner is modeled
with plane stress membrane-type elements. The only
liner differences between the pretest analysis model
and the posttest analysis model is that the elements
are bigger in the posttest version.

2.2.4 Reinforcing Bars

Reinforcing bars are explicitly modeled with truss-
type subelements embedded in the concrete contin-
uum elements at the appropriate locations in space.
Figures 2.4 and 2.5 show the pretest modeling for the
axial and hoop reinforcement in the RCCV wall.
Figures 2.6 and 2.7 illustrate the reinforcement in the
floors and top section. Figures 2.8 and 2.9 show
stirrups and miscellaneous reinforcing bars, such as
the extra reinforcing around the penetration. Figures
2.4 through 2.9 show the reinforcing bar placement in
the pretest analysis model. Although not shown, the
posttest analysis model included the same reinforcing
bars, with the exception of details around the equip-
ment hatch that were not included in the reduced
model. The bar stiffness and force are superimposed
on the concrete element, and thus the effect of the
bars is smeared over the element through the contin-
uum element shape functions.

The effects of rebar yield and plastic strain hardening
are included in both models. The rebars are assumed
to be fully bonded to the concrete. For these analy-
ses, no bond slip or anchorage loss was included.
These effects can be important at the point of failure
and may govern the local failure mechanism. For
example, when spalling occurs, the exposed rebars
lose confinement and may buckle under compression
or be ineffective in tension. At the point of total
failure, the concrete spalls, rubblizes, and separates
from the rebar, which is not predicted by the analysis
models.

2.2.5 Other Structural Elements

Truss elements are used to model the bolts that attach
the weights to the top section. These elements are
pretensioned and add prestress to the top section.

Both the baseline and the reduced models assume that
the top section and all attached masses of the test
specimen remain elastic. No effects from cracking or
compressive yield of the concrete in this top section
were included in the calculations. The intent of the
modeling in this region was to adequately represent
the stiffness and the distribution of mass. The at-
tached masses are modeled with lead material en-
cased in steel shells (as constructed) to capture the
distribution of inertial loads and the rocking that
develops.

2.3 Finite Element Mesh
The baseline finite element model was developed to
minimize the computational effort while adequately
capturing the critical response of interest. The
method used for this mesh optimization was first to
build a refined model and establish mode shapes,
frequencies, and the static pushover capacity. The
mesh was then optimized by comparing the mode
shapes, frequencies, and static pushover capacity of
reduced degree-of-freedom models with those of the
refined model. The number of degrees of freedom
was optimized by eliminating much of the basemat,
reducing the number of elements through the wall
thickness, along the length and circumference in the
RCCV, and eliminating bending degrees of freedom
in the liner and plates. Based on past experience with
similar calculations, the baseline model used in the
pretest analyses is considered adequate to capture the
shear capacity at the wall-basemat junction.

For the posttest analysis model, the baseline model
was reduced even further, and this model is referred
to as the reduced model throughout this report.

2.4 Material Models

The material model used for the concrete in the
RCCV wall and basemat was the ANATECH con-
crete material model, which is a modern version of
the classic smeared cracking model (Rashid, 1968).
The behavior of this model is summarized in Appen-
dix A of James et al. (1999a). The material proper-
ties used in the pretest and posttest models for this
concrete are given in Tables 2.1a and 2.1b. These
properties varied somewhat from the measured
strength values shown in Table 2.1 c.

Based on Raphael's formula (Raphael, 1984),

ct = 1.7 f2 3 (in units of psi), the material is as-

sumed to have a tensile strength between 35 kg/cm2

(510 psi) and 40 kg/cm2 (580 psi) for the pretest
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Table 2.1a. Concrete material properties used in pretest analyses

Location

Basemat
1st Layer Shell
Ist Floor Slab
2nd Layer Shell
2nd Flood Slab
3rd Layer Shell
Upper Slab
Upper Shell

Comp Strength, fc'

kg/cm2 (psi)
442 (6287)
390 (5553)
434 (6170)
366 (5203)
374 (5320)
368 (5236)
388 (5520)
388 (5520)

Modulus
kg/cm2 (psi)

2.90x 10 (4.22x 106)
2.73x10 5 (3.96x106)
2.88x10 5 (4.18x10 6 )
2.64xl05 (3.83x106)
2.67x105 (3.88x106)
2.65x105 (3.85x106)
2.72xlO (3.95x 106)
2.72x 105 (3.95x 106)

Fracture
Strain (x1O-6)

191.4
187.5
190.8
185.5
186.1
185.7
187.3
187.3

Table 2.1b. Concrete material properties used in posttest analyses

Location

Basemat
1st Layer Shell
1st Floor Slab
2nd Layer Shell
2nd Flood Slab
3rd Layer Shell
Upper Slab
Upper Shell

Comp Strength, f,'
kg/cm2 (psi)
377 (5467)
333 (4829)
370 (5365)
312 (4524)
319 (4626)
314 (4553)
331 (4800)
331 (4800)

Modulus
kg/cm (psi)

2.37x105 (3.37x106)
2.23x105 (3.17x106)
2.35x105 (3.34x106)
2.16x105 (3.07x 106)

2.18x105 (3.lOx10 6)
2.17x105 (3.09x 106)

2.22x105 (3.16x 106)

2.22xl 05 (3.16x 106)

Static Fracture
Strain (x106)

80
80
80
80
80
80
80

Dynamic Fracture
Strain (x1O6)

122.4
122.4
122.4
122.4
122.4
122.4
122.4

Table 2. lc. Actual concrete material properties at time of first test

Location

Basemat
Ist Layer Shell
Ist Floor Slab
2nd Layer Shell
2nd Flood Slab
3rd Layer Shell
Upper Slab
Upner Shell

Comp Strength, fj
kg/cm2 (psi)

440 (6250)
361 (5133)
395 (5612)
322 (4582)
351 (4988)
299 (4249)
301 (4278)
308 (4379)

Table 2.2. Material properties of rebar and liner used in analyses

Property Rebar* Liner* Bolting*
Modulus kg/cm2 (psi) 2.0E6 (2.9E7) 2.3 1E6 (3.35E7) 2.1E6 (3.0E7)
Poisson's Ratio -- 0.3 0.3
Weight Density kg/cm3 (#/in') -- 7.86E-3 (0.284) --

* SeeFigures2.10and2.11

Table 2.3. Elastic material properties used in analyses

Property Concrete Weights
Modulus -- 1.41 E5 kg/cm2

(2.0E6 psi)
Poisson's Ratio 0.17 0.40
Weight Density 0.0024 kg/cm3

(150 Ib/fte)
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analyses and 32 kg/cm2 (470 psi) and 36 kg/cm2 (530
psi) for the posttest analyses. Under uniaxial com-
pression, the model assumes that the material will
reach its maximum compressive strength at 2300e-6
strain and begin softening under additional strain.

The concrete material characterization described in
Appendix A of James et al. (1999a) has had extensive
application and verification over the years on many
types of reinforced and prestressed concrete struc-
tures. However, dynamic, cyclic calculations for
shear dominated loads is a relatively uncharted area.

The pretest calculations were based on the shear
model used in the PCCV analyses (James et al.,
1999a). However, for the RCCV posttest analyses,
the shear model was modified as discussed in Section
4.

The steel material models for the reinforcing bars,
tendons, and liner are based on classical von Mises
plasticity. The respective stress-strain relationships
determined from NUPEC test data and used in the
analyses are shown in Figures 2.10 and 2.11. The
steel elastic properties used in the analyses are shown
in Table 2.2.

For the top section, an elastic concrete material is
used, and the attached masses are modeled with lead
material encased in steel shells, both linear elastic.
Since the exact volume of the attached weights is not
modeled, the weight density of this material is ad-
justed to give the correct mass. These properties,
which are used for both pretest and posttest analyses,
are summarized in Table 2.3.

2.5 Loading and Analysis Procedure
The RCCV test model was subjected to various levels
of acceleration input in the horizontal and vertical
directions. The target input acceleration histories
used for all pretest analyses for level Sl are repro-
duced in Figure 2.12, and those for level S2 are re-
produced in Figure 2.13. NUPEC scaled these S1
and S2 earthquakes from seismic design criteria for
full-scale vessels. The scaling rules used are shown
in Table 1.1.

For the margin, the magnitude of the S2 acceleration
was multiplied by a constant, such as 2 in an 2S2 test,
or 3 in an 3S2 test.

The Sl input is larger than an operating basis earth-
quake and is similar to a safe shutdown earthquake,

which is used in the United States. The target Sl
input is digitized every 0.003536 seconds for a dura-
tion of 19.22 seconds and has a peak acceleration of
0.29 g (286 cm/sec2) horizontally and 0.146g (143
cmrsec2 ).

The S2 level target input acceleration history is dig-
itized every 0.007071 seconds for a duration of 42.42
seconds. The peak accelerations for the S2 target
input is 0.42g (407 cm/sec2) horizontally and 0.21g
(204 cm/sec 2) vertically.

All pretest analyses were performed using a constant
step size of 0.007071 seconds. This step size was
selected based on experience with the PCCV analysis,
where it was shown that the difference between the
0.008 second step and a 0.004 second step in the
energy content of the input record is 5.9% and 4% for
the horizontal and the vertical components, respec-
tively. Thus, using input records digitized with half
as many points loses about 5% of the input energy but
reduces execution time in half. The solution is
marched in time using the Hilber-Hughes integration
operator with equilibrium iteration as needed for each
time step.

The posttest analyses did not use the SI or S2 target
accelerations to define the input motion, but rather
used measured accelerations at the basemat. There
were some significant differences between planned
target input accelerations and the acceleration values
that actually occurred at the basemat of the model.
Therefore, the posttest analyses used the actual val-
ues. Test data were recorded at 0.0025-second inter-
vals. The posttest analyses used a 0.005-second time
step for all the analyses. The crack-consistent damp-
ing model was used in the pretest and posttest analy-
ses. This model uses a variable damping ratio that is
set internally by the model as function of the crack
status. The range of variability was defined through
input to be between 1% and 4%. In this way, the
amount of damping that gets applied varies with time,
from point to point in the structure, and can be differ-
ent in different directions.

For evaluation of the analytical simulations, the cal-
culated accelerations at points on the top mass are
plotted for comparison with similar points measured
in the tests. Calculated rebar and liner strain histories
are also plotted at various locations in the analysis
model for comparison to test data at similar locations
on the test model. Figure 2.14 shows the locations
used on the analysis model for comparison with
measured test data.
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Figure 2.7 Radial rebars in flor slabs and top section
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3. PRETEST CALCULATIONS

3.1 Preliminary Calculations
As an aid in developing the RCCV model and analy-
sis parameters, preliminary calculations were con-
ducted prior to simulation of the seismic response.
As discussed in the previous section, the goal was to
optimize the finite element mesh by minimizing the
number of degrees of freedom. Comparison of mode
shapes, frequencies, and static capacities under lateral
pushover between various levels of mesh refinement
formed the basis of this mesh optimization. However,
these preliminary calculations also added insight into
the behavior of the RCCV model and how the model
might perform under the given seismic loading. All
of the analyses discussed in this chapter used the
baseline analysis model discussed in Section 2.

3.1.1 Mode Shapes and Frequencies

The mode shapes and frequencies are extracted to
evaluate the fundamental dynamic characteristics of
the model to aid in establishing time step sizes. Fig-
ure 3.1 shows the first fundamental mode shape cor-
responding to a frequency of 15.1 Hz. This mode is
dominated by sliding shear deformation, although
there does appear to be evidence of rocking of the top
mass, which causes some bending deformations in the
walls. The response period for this mode is 0.0662
seconds so that a time increment of 0.007071 (every
other data point in the Sl level event and every point
in the S2 event) corresponds to 9.4 integration points
per period. Figure 3.2 shows the second mode shape
at a frequency of 41.6 Hz. This mode is clearly an
axial mode, which induces near uniform axial tension
and compression in the RCCV wall and cantilever
bending in the intermediate floors. The third mode,
shown in Figure 3.3, is dominated by rocking of the
top mass and bending in the upstream-downstream
sections of the wall. This mode is excited at a fre-
quency of 42.6 Hz.

3.1.2 Input Response Spectra

Although the RCCV analysis is a nonlinear time-
history analysis, it is instructive to evaluate the rela-
tive participation of the fundamental modes in the SI
and S2 loading by examining their response spectra.
Figures 3.4 and 3.5 provide the spectral accelerations
for the horizontal and vertical components of the S1
and S2 level events, respectively. The response
spectrum for Sl indicates that the first fundamental
mode at 15.1 Hz dominates the response, with an

expected amplification of 3.0 to O.9g for 3% damp-
ing. However, the response due to the first axial
mode at 41.6 Hz can be amplified only to 0.25 g, and
hardly any amplification exists for the rocking mode
at 42.6 Hz. Similarly for the S2 level event, the re-
sponse due to the first fundamental mode can be
amplified by a factor of 3, while the vertical and
rocking modes are outside the frequency range of
significant amplification. Based on these results, a
time step size of 0.007071 seconds is selected as the
best compromise between computer resource re-
quirements and solution accuracy.

3.1.3 Static Pushover Capacity

A static pushover analysis is conducted to verify the
integrity of the finite element model and as a bound-
ing estimate for the capacity of the test model. This
analysis is conducted by fixing the displacements on
the cut boundaries of the basemat and incrementally
applying a horizontal body force load on the top
section. This horizontal g force is incrementally
increased until the computational model predicts the
structure's ultimate capacity, which is defined in the
sense that an additional increment in load causes a
large increase in displacement. For this calculation,
the horizontal force is applied monotonically in one
direction. The horizontal reaction load, which is
equal to the product of top mass and g-load, is plotted
against the horizontal displacement of the top section
relative to the basemat. Figure 3.6 shows the static
pushover capacity. This figure also shows the esti-
mated dynamic capacity of the RCCV test model,
which is obtained by applying a knockdown factor to
the statically calculated force-displacement response.

For the pretest predictions, it was assumed that the
dynamic knockdown factor for the RCCV would be
similar to the factor determined for the PCCV in
James et al. (1999a). The knockdown factor is a
function of loading history, damage accumulation,
and so forth. This assumption was made only for
estimating the RCCV response. The knockdown
factor is the ratio between the static capacity curve
and the peak dynamic horizontal forces in the test
sequence. The average shear strain, calculated as the
horizontal displacement of the top section divided by
the distance above the basemat, is used as a common
basis for the PCCV test and the RCCV estimate.
Based on this assumption, the capacity of the RCCV
is estimated at 1000 tons with a horizontal displace-
ment of approximately 15 mm. This estimated dy-
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namic capacity is compared to the results of dynamic
analyses of the RCCV. It is also compared to the
actual measured results of the test series.

3.2 Design Level Analysis

3.2.1 General Approach

The target input acceleration histories for the hori-
zontal and vertical components of the SI and S2 level
events are shown in Figures 2.12 and 2.13, respec-
tively. Time scaling provides data points at incre-
ments of 0.003536 seconds and 0.007071 seconds,
respectively, for SI and S2 events. The scaled total
time is 19.22 seconds for SI and 42.42 seconds for
S2. The peak accelerations for the SI level event are
0.29g horizontal and 0.15g vertical. The peak accel-
erations for the S2 level event are 0.42g horizontally
and 0.21g vertical.

As shown in Table 1.2, the test plan called for an
initial pressure test followed by S1(H), SI(V), and
SI (H+V) tests. The letters H and V stand for the
horizontal and vertical component, respectively, of
the input accelerations as identified in Section 2. A
leak test followed the SI design level tests to verify
liner integrity. Similarly, for S2, the test sequence
was S2(H), then S2(V), then S2(H+V), followed by a
static leak test. A loss of coolant accident in con-
junction with the SI level event, Sl(H+V)+LOCA,
followed by a leak tightness test, were the next tests
in the sequence. Following these tests, there was a
series of S2(H+V) tests for public demonstrations.
Finally, the RCCV model was subjected to a series of
tests with increased level of shaking, designated as
2S2(H), 3S2(H), etc., until failure of the model oc-
curred. Only the horizontal component of accelera-
tion was input during the failure level tests. Leak
tests were conducted after each seismic test.

Because of time and budget constraints, only a subset
of the test sequence is selected for pretest analysis.
The pretest analysis sequence consists of Sl(H+V)
and S2(H+V). The pressure tests are not analyzed in
the pretest calculations based on the assumption that
the pressure induced cracking would not significantly
affect the failure of the model.

The analysis begins with the application of gravity
loads. The first dynamic analysis is then conducted
by applying the input accelerations at the cut bounda-
ries on the basemat. The solution is marched in time
using the Hilber-Hughes integration operator, with
equilibrium iterations performed as needed for each

time step to allow cracking and load redistribution to
develop. A static step is applied at the end of the
time history to remove the residual inertial loads and
return the system to static equilibrium. Eigenvalue
extraction is then carried out using the current stress
and cracking state to evaluate the change in the fun-
damental frequencies caused by the degradation in
stiffness. The accumulated damage in the structure
and the residual stress/strain states form the initial
conditions for the next dynamic analysis using an-
other time history input. For the pretest calculations,
stiffness proportional damping of 3% at the first fun-
damental frequency is uniformly applied to the con-
crete material. For the posttest calculations, the
cracking consistent damping model is used and up-
dated to be cyclic dependent.

Due to the size of the model, only nodal point vari-
ables and element information at selected locations,
shown in Figure 2.14, are saved at each time step
from which time history plots are constructed. Re-
sponse variables for nodal points on the top section
and basemat are saved for generating time history
plots for accelerations and displacements.

3.2.2 Si Analysis Results

The model's response to the SI(H+V) input target
acceleration is presented here, with more detailed
results given in Appendix A. Figures 3.7 and 3.8
show the horizontal and vertical displacements of the
top section relative to the basemat. These plots show
a peak horizontal relative displacement of 1.1 mm
occurring at 1.8 seconds. The relative vertical dis-
placement is about 0.11 mm due to dead load alone,
with a peak average movement of 0.035 mm. At
diametrically opposite points in the direction of hori-
zontal shaking, peak relative vertical displacements of
0.35 mm are calculated, indicating rocking of the top
mass. Figure 3.9 present plots of the horizontal and
vertical accelerations of the top mass, which show a
peak horizontal acceleration of Ig and a peak vertical
acceleration of 0.23g, both occurring at about 1.8
seconds. Figure 3.10 shows the cracking patterns.
For any material point where cracking has occurred, a
circle indicates the crack plane, which is perpendicu-
lar to the principal direction in which the stress/strain
states have reached the cracking capacity of the con-
crete. An open crack is plotted in red while a closed
crack is plotted in green. This figure indicates that
the cracks develop principally due to bending at the

wall-basemat junction near the 900 and 2700 locations
and transition to shear cracks (crack surfaces ap-
proaching 450 angles) as they spread toward the
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penetration. Figure 3.11 shows the maximum princi-
pal strain contours in the concrete at the end of the
SI(H+V) test simulation and the peak tensile strains
of 0.028%. The cracking is more extensive in the
shear region around locations 3050 and 550 at the
wall-basemat junction. Figure 3.12 shows the vertical
strain contours, also after the termination of the
S1(H+V) motion. In the region of cracking, tensile
strains of 0.015 % are predicted. An estimate of the
crack width can be obtained by multiplying this value
of strain by the spacing of the hoop rebar. Using this
procedure, a crack width of about 0.01 mm is esti-
mated. Such a crack size is hard to detect by visual
inspection. Figures 3.13 and 3.14 present contour
plots of maximum principal strain and vertical strain,
respectively, for the liner at the end of the Sl(H+V)
simulation. These plots indicate that no damage is
predicted in the liner. Figures 3.15, 3.16, and 3.17
show the calculated mode shapes and frequencies
following the S1(H+V) simulation. Comparing these
frequencies to the initially calculated frequencies
indicates a very small change due to cracking.

Plots of liner and rebar strain histories are contained
in Appendix A. These include Figures A-I through
A.3, which show the axial and hoop liner strain histo-
ries for points identified in Figure 2.14, namely,
points 1, 2, 8, 9, 13, and 14, which indicate elastic
liner behavior. The strains are highest near the up-
stream and downstream locations (90° and 2700) with
vertical strains of about 145E-6 and hoop strains of
about 29E-6. Strain histories for the axial and cir-
cumferencial rebars are plotted in Figures A-4
through A-l 1 and Figures A-12 through A-15, re-
spectively. As shown, the reinforcing steel remains
elastic for the SI (H+V) test simulation. The largest
vertical rebar strain is about 710E-6 and occurs near
the wall basemat junction at 900. The hoop rebar
strains are very small and the drift seen in some rec-
ords is due to cracking.

3.2.3 S2 Analysis Results

The S2(H+V) analysis is restarted after the static
equilibrium step following the Sl(H+V) dynamic
analysis, using the residual stress, strain and cracking
distributions as initial conditions. The horizontal and
vertical components of the S2 target input accelera-
tion histories, shown in Figure 2.13, are applied as
before on all the surface nodes along the bottom and
cut sections of the basemat. The solution is marched
in time with equilibrium iterations applied at each
dynamic step to allow for the development of the
material's nonlinear behavior. The S2 input is de-

fined for 43 seconds, and the analysis is continued for
40 seconds using time steps of 0.007071 seconds. At
the end of the time history, a static step is applied to
remove any inertial forces remaining in the system
and to bring the structure to rest. Eigenvalue extrac-
tion is then conducted to determine the change in
frequencies that may have occurred due to stiffness
degradation. Figures 3.18 through 3.29, with more
details provided in Appendix A, document the pre-
dicted response histories of the model to the S2(H+V)
target acceleration input.

Figures 3.18 and 3.19 show the horizontal and verti-
cal displacements of the top section relative to the
basemat. The plots show a peak relative horizontal
displacement of 2.2 mm at about 7 seconds that cor-
responds to the time of the peak acceleration in the S2
input. The plots also indicate an upward drift in the
relative vertical displacement of about 0.2 mm. This
is attributed to imperfect crack closure due to crack
surface asperities and mismatch.

The concrete material model includes provisions for
modeling the asperities on a crack surface under the
assumption that a crack never closes exactly. Thus,
under cyclic loading, compressive stress can develop
normal to the crack due to surface roughness even
before the crack is fully closed. This effect is the
reason why the model predicts this slight increase in
the relative distance between the top section and
basemat as cracking damage builds up in the con-
crete.

The peak vertical relative displacement about the
mean value is predicted as 0.7 mm for the upstream
and downstream locations, indicating rocking of the
top section. Figure 3.20 shows the computed hori-
zontal and vertical acceleration response of the top
section. The peak horizontal acceleration is 1.3g
occurring at about 7 seconds, and the peak vertical
acceleration is 0.45g occurring at about 14 seconds.

Figure 3.21 shows cracking patterns predicted by the
pretest model at the end of the S2(H+V) simulation.
Cracking is evident in the bottom portion of the
RCCV wall between the basemat and the first floor
slab. In the region around the access tunnel penetra-
tion, the cracking is seen to be at 450 angles, indicat-
ing dominant shear response. As one moves toward
the 900 and 2700 locations, upstream and downstream
to the shaking direction, the cracking transitions to
more horizontal orientations due to bending loads.
Shear cracking is also evident around the penetration,
with diagonal cracks emanating from the hole at 45°.
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The shear cracks are predicted to be non-symmetric
in this area with more cracking to the side of the
penetration toward the 2700 side. This is attributed to
the non-symmetric nature of the input acceleration
history, which has larger acceleration peaks in the
negative direction than the positive direction. Thus,
cracking in the structure may depend on the nature of
the actual input at the basemat in the test. Figure 3.22
shows points in the model where the effective stress
has exceeded the uniaxial compressive yield strength.
These plots use magnified deformations and indicate
local damage regions with possible spallation at 900
and 270°.

Figure 3.23 shows the maximum principal strain
contours, which indicate localized damage in several
areas. The peak principal strain of 4% is indicative of
spallation on the outside of the wall near the 900 and
2700 locations. Figure 3.24 shows vertical strain
contours in the concrete after the S2(H+V) simula-
tion. Using a spacing of 81 mm for the hoop rebars,
the crack widths are estimated at 0.2 mm for the
bending type cracks. Assuming the principal strains
are more representative of the shear cracks near the
penetration, the width of these cracks is estimated at
0.4 mm.

Figures 3.25 and 3.26 show liner maximum principal
and vertical strains, respectively, at the end of the
S2(H+V) motion. These plots indicate that the peak
principal strains are mainly due to axial elongation
caused by imperfect crack closure, thereby inducing a
residual state of stress in the liner, although the be-
havior of the liner is elastic.

Figures 3.27 through 3.29 show the mode shapes and
frequencies for the model after the accumulation of
damage from S2(H+V). A reduction in the stiffness
of the model due to cracking is evident from these
figures. The first mode is now reduced from 15.1 Hz
to 12.1 Hz. The axial extension mode is reduced
from 41.5 Hz to 36.8 Hz, and the rocking mode is
reduced from 42.6 Hz to 28.9 Hz. The S2 response
spectra (see Figure 3.5) has about the same amplitude
of response for resonant frequencies between 8 and
20 Hz. Therefore, the fundamental sliding shear
mode frequency shift will not significantly amplify or
de-amplify the response unless the frequency de-
creases to less than 8 Hz. Below resonant frequencies
of 8 Hz, the response spectra curve shows that a small
decrease in resonant frequency will significantly
reduce the response amplification.

Figures A-16 through A-18 in Appendix A provide
vertical and hoop liner strain histories at selected
points roughly corresponding to gauge locations in

the test. These plots also show strain drift due to the
cracking in the concrete. However, the magnitudes of
the strains indicate linear behavior for the liner, with
the highest strains occurring near the wall-basemat
juncture toward the 900 and 2700 locations. Figures
A-19 through A-26 show the calculated strain histo-
ries for vertical reinforcement bars near the gauge
locations in the test. Figures A-27 through A-30
show strain histories for hoop rebars. The plots indi-
cate that some residual stress will exist in the bars
after the test due to cracking damage. However, the
reinforcing steel does not appear to reach yield, so no
plastic strains occur.

3.3 Pretest Failure-Level Analyses

3.3.1 Analytical Predictions

For the pretest failure-level calculations, the analysis
model is subjected to a series of ground motions of
2S2(H), 3S2(H), 4S2(H), 5S2(H), and 9S2(H) until
failure is predicted. However, because of the large
uncertainty in the input motion discussed earlier, it
was decided to perform only scoping calculations to
obtain some measure of structural behavior under
high seismic motion. Thus, the analysis was con-
ducted for 2S2(H) and 4S2(H) only. Selected results
are shown here and in Appendix A. Appendix B
contains posttest analysis results with test compari-
sons, and Appendix C provides the derivation of the
cycle dependence of the RCCV.

For the 2S2(H) event, the horizontal and vertical
accelerations of the top mass are shown in Figure
3.30. The relative horizontal and vertical displace-
ments at two points in the top mass are shown in
Figures 3.31 and 3.32. Figures 3.33 and 3.34 show
extensive cracking in the cylindrical wall, extending
into the basemat. Figure 3.35 shows relatively few
points where the concrete has reached its compressive
strength. The concrete strains are shown in Figures
3.36 and 3.37 for the inner and outer surfaces, re-
spectively. Liner strains and stresses are plotted
respectively in Figures 3.38 and 3.39. These plots
indicate generally elastic behavior.

The results for the 4S2(H) event are presented here
and in Appendix A. Figures 3.40, 3.41, and 3.42
present the accelerations and displacements respec-
tively, which show significant opening up of the time
record, indicating significant reduction in the fre-
quency. Similarly, the number of points of compres-
sive yielding has increased significantly, as shown in
Figure 3.43. The concrete strains are presented in
Figures 3.44 and 3.45, which indicate significant
widening of the cracks. Liner strains and stresses are
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depicted in Figures 3.46 and 3.47, which show the

liner to be in the plastic regime. Strain time histories
for the rebars and the liner are contained in Appendix
A.

3.3.2 Failure Prediction and Compari-
son to Static Pushover

Because of significant differences between the target
input accelerations, and the basemat accelerations
that were measured during the test, it was not possible
to compare the failure-level analyses with the actual
test results. However, it is instructive to compare the
2S2(H) and the 4S2(H) predictions to the failure level
results obtained from the static pushover analysis.
Figure 3.48 shows the static pushover curve and the
dynamic estimate curve, with the 2S2(H) and 4S2(H)
predicted peak accelerations plotted on the curve. As
noted earlier, the dynamic capacity estimate curve is

obtained by applying a knockdown factor to the static
pushover curve. Figure 3.48 indicates that the RCCV
model is close to failure at the 4S2(H) level motion.
It should be noted, however, that 4S2(H) input mo-
tion is obtained by simply multiplying the amplitude
of the S2(H+V) target motion by 4. The actual input
motion in the test was different than these assumed
target motions, especially in the vertical direction.
Nevertheless, the present analysis shows that if the
input motion is of the type 4S2(H), then, by the fail-
ure criterion developed for the PCCV model (see
James et al., 1999a) the structure would fail in shear.
This failure criterion states that 'a concrete contain-
ment structure would be at a state of impending fail-
ure during an earthquake when the shear strain aver-
aged over 80% area of any cross-section exceeds
0.5%.' This is illustrated in Figures 3.49 and 3.50,
which respectively show the shear strain contours up
to 5% and up to the maximum values attained at the
time of predicted failure.

3.4 Comparison to Test Data
The test model was initially subjected to a pressure
test followed by a S1(H) test, which were not in-
cluded in the pretest analysis sequence. The decision
to exclude these tests from the analysis was motivated
by cost considerations and justified by the assumption
that such tests would not significantly alter the re-
sponse of the model when subjected to the Sl(H+V)
motion and higher amplitude tests. As a result, the
test data revealed that the S1(H) test resulted in sig-
nificant cracking damage in the model as a result of
larger horizontal acceleration than targeted, and more
significantly, a large vertical component that was not
part of the target input motion.

The first analytical simulation used the S1(H+V)
target motions for input, while the actual test motion
differed significantly from the target values (about 1.3
times larger than the target values). Because of these
differences in the applied loading between the analy-
sis and the test, more cracking damage is observed
after the Sl(H+V) test than was predicted by the
analyses. Moreover, the experimentally determined
fundamental frequency was initially 13.5 Hz, while
the analyses predicted a frequency of 15 Hz. Fol-
lowing the pressure and the S 1(H) tests, the frequency
had decreased to 9.5 Hz, and after the S1(H+V) test,
the frequency was measured at 8 Hz. As noted previ-
ously, at resonant frequencies below 8 Hz, a small
decrease in resonant frequency will significantly
reduce the response amplification. While the pretest
analysis (only the S1(H+V) was analyzed) showed
negligible change in the frequency before and after
the analysis, the lowest frequency decreased by 5.5
Hz during the actual tests { 1.3S1(H), L.1SI(H),
l.lSl(V), 1.15Sl(H+V), and l.ISl(H+V)).

By the end of the S2(H+V) tests, the measured reso-
nant frequencies had decreased to about 6.5 Hz. In
the S2(H+V) analysis, the lowest resonant frequency
decreased by about 20% to 12 Hz.

After the 2S2(H) test, the measured resonant fre-
quency was about 6 Hz, which continued to decrease
during subsequent tests. After the 4S2(H) test, the
resonant frequency was about 5.5 Hz. During the
analysis of the 2S2(H) and 4S2(H), the lowest lateral
resonant frequency continued to decrease. At the end
of the 4S2(H) analysis, the resonant frequency was
about 7 Hz.

There are at least three reasons that the analytical
resonant frequencies didn't degrade as much as the
test results.

1. The input loads were different (i.e., larger) in the
test than the input loads used in the analysis,

2. The test model was cycled many times more than
the analytical model (i.e., only a few of the test
cases were analyzed), and

3. As cracks opened in the analysis model, the
concrete shear stiffness did not reduce as much
as occurred in the test model.

Because of these differences between the analysis and
the actual test, it is not meaningful to compare pretest
analytical results with test measurements.
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Figure 3.1 Modal shape and frequency for mode 1, undamaged state
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Figure 3.2 Modal shape and frequency for mode 2, undamaged state
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Figure 3.3 Modal shape and frequency for mode 3, undamaged state
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Figure 3.7 Relative displacements of RCCV under S1(H+V)
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Figure 3.17 Modal shape and frequency for mode 3 after S1(H+V)
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Figure 3.27 Modal shape and frequency for mode 1 after S2(H+V)
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Figure 3.28 Modal shape and frequency for mode 2 after S2(H+V)
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Figure 3.29 Modal shape and frequency for mode 3 after S2(H+V)
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4. POSTTEST CALCULATIONS

4.1 Background

4.1.1 "Lessons Learned" From Tests

The RCCV analysis effort has benefited considerably
from the lessons learned in the course of conducting
the PCCV analysis (James et al., 1999a). However,
as noted in the previous chapter, under cyclic condi-
tions the shear stiffness of concrete in regions with a
large number of cracks was still not well-understood
prior to the RCCV test. The posttest analysis effort
was directed at using the data from the RCCV test to
calibrate the shear stiffness degradation as a function
of crack size and shear cycles in the concrete analysis
software.

In the PCCV model, the prestressing caused many
cracks to close after they initially opened, while in the
RCCV model, most of the cracks that developed
remained open. After cyclic damage has accumu-
lated, more cracks remain open in a reinforced con-
crete structure than for a comparable prestressed
concrete structure. Correctly modeling the cyclic
degradation of the shear stiffness of cracked concrete
sections in reinforced concrete structures can be criti-
cal if significant shear loads exist. Therefore, the
concrete material model needed to be modified to
better account for cyclic degradation of the structural
stiffness.

The testing sequence consisted of 15 major tests, as
depicted in Figure 4.1. After each major test, the
resonant frequencies were measured by subjecting the
RCCV model to low-level broadband random vibra-
tions. Frequency response functions, which are
commonly referred to as transfer functions, were
calculated from the measured random vibration test
data, and the resonant frequencies were estimated
from the transfer functions. These estimated resonant
frequencies are not exact values. They can vary de-
pending on which acceleration gages are used to
calculate the frequency response functions, and on the
method of selecting the resonant frequency from the
transfer function. For example, frequency can be
estimated to occur at the 900 phase shift, or at the
peak magnitude, or by other measures. Figure 4.1
shows the approximate value of the lowest funda-
mental frequency of the RCCV after each major test
that was performed. This figure also plots the calcu-
lated value for the analytical model after the respec-
tive test simulation.

Each of the horizontal tests identified in Figure 4.1
resulted in companion vertical and rotational (rock-
ing) components with unexpectedly large amplitudes.
Moreover, the measured basemat motion was signifi-
cantly different than the intended target input motion.
These effects are due to the unavoidable interaction
between the RCCV model and the shake table due to
the large mass of the test structure. The posttest
analysis uses averages of the horizontal and vertical
components of motion recorded at the top of the
basemat, and calculates a rigid body rotation of the
basemat based on differences in the vertical accelera-
tion components. The horizontal, vertical, and rigid
body rotation of the basemat are used as input to the
posttest analyses.

Much of the analytical simulation complexities en-
countered in the RCCV posttest analysis stemmed
from these differences between the target input mo-
tion and the actual measured motion at the control
points on the basemat. Early in the test, these greater-
than-target-value motions caused significant cracking
and a considerable reduction in stiffness. This af-
fected the nonlinear behavior of the structure and also
caused the structure to be sensitive to small changes
in the loading, particularly in the initial stages of the
test sequence. This can be readily observed from the
experimental record of the test model fundamental
frequency vs. loading sequence depicted in Figure
4.1. This figure shows that the initial tests signifi-
cantly reduced the frequency due to stiffness degra-
dations. Later tests were much larger in magnitude,
but the increased loading did not cause much addi-
tional frequency shift. This is attributed to the large
extent of cracking that is induced during the design
level testing. Note that frequency shift is related to
the square root of the stiffness degradation; a 20%
reduction in stiffness changes the frequency by 10%
and a 50% change in stiffness is required to change
the frequency by 30%.

The first test result worthy of note is that the initial
pressure test produced cracking that changed the
frequency from an initial value of 13.5 Hz to a value
under 12.5 Hz. The dynamic test that followed the
initial pressure test was intended to be the Si(H)
target input, but the actual basemat recorded motion
was equivalent to 1.3S 1 (H) horizontal plus significant
vertical and rocking components. This initial test
further reduced the fundamental frequency to a value
of 9.6 Hz. The stiffness degradation continued, but at
a lower rate, with each subsequent event, even for
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tests with nearly equal magnitudes. Such behavior is
highly symptomatic of the dependence of structural
stiffness on the number of dynamic load reversals.
This implies that with each test, new damage is intro-
duced as the number of cycles increases, as long as
the amplitude of the accelerations are greater than
some damage threshold level. The LOCA test, which
includes internal pressure, does not appear to contrib-
ute as much to the stiffness degradation. The failure
level tests continue to degrade the stiffness and lower
the fundamental frequency but at a somewhat reduced
rate even though the magnitudes are increasing. This
is attributed to the fact that in a heavily damaged
structure, more and more damage is required to fur-
ther reduce the frequency. Consider that prior to the
2S2(H) test, the fundamental frequency of the RCCV
test model was reduced by 50%, which means that the
stiffness dropped by 75%. To capture this structural
behavior, the material properties that govern the dy-
namic response, namely shear stiffness along the
crack surface, compressive stiffness normal to the
crack surface, and damping, must be made to depend
on the number of loading cycles.

4.1.2 Differences Between Pretest and
Posttest Analyses

In the case of damping, damage-dependent viscous
damping was found to play an important role in the
dynamic response of the PCCV as an energy dissi-
pating mechanism, as discussed in James et al.
(1999a). This is in addition to the hysteretic damping
that naturally results from the energy-dissipating
cracking and plastic deformations. Similarly, the
structure's shear resistance to high-amplitude dy-
namic loading is strongly dependent on the local
deformation mechanisms at crack surfaces. The cor-
rect modeling of these mechanisms is crucial to the
predictive capability of the analysis software. The
complex interaction that develops at the crack sur-
faces under a large number of rapid load reversals
poses a challenging problem of material constitutive
modeling. This situation is further aggravated by the
fact that material characterization experiments under
high-frequency cyclic loading, which are needed to
derive behavioral models, are virtually nonexistent.
Nevertheless, without introducing the appropriate
form of cyclic dependence in the material constitutive
model, the posttest analysis effort of the RCCV
would contribute very little to the current state of the
art. Therefore, it became necessary to use a subset of
the test records to develop cyclic dependence in the
ANACAP material model for cracked material points
for the three relevant constitutive properties, namely

the shear modulus of cracking concrete, the viscous
damping ratio, and the compression modulus of a
closed crack. This development is described in some
detail in Appendix C.

The dependence of these three constitutive properties
on the number of cycles, cumulatively from test to
test, requires that all tests identified in Figure 4.1
must be analyzed. However, because of the excessive
computing demands and length of time needed to
complete each analysis, only selected tests could be
analyzed. These are identified in Figure 4.1.
NUPEC provided test data to Sandia for the initial
pressure tests, and the seismic tests of L.1SI(H),
L.1SI(V), I. I S I (H+V), 1. I S2(H), 1.1S2(V),
I.1 S2(H+V), LOCA+ 1.2S1 (H+V), 2S2(H), 3S2(H),
4S2(H), 5S2(H), and 9S2(H). Intermediate tests were
performed for which Sandia did not get the test data.
During all of the tests, including the intermediate
tests, cumulative damage occurred. A subset of the
actual tests performed was analyzed, with the analy-
ses performed sequentially, so that damage calculated
from previous analyses became the initial condition
for subsequent analyses. To account for damage from
tests that weren't analyzed, preconditioning analyses
were performed as necessary. These conditioning
analyses used short segments of strong motion input
accelerations from appropriate tests, modified as
described later in this chapter, to estimate damage
that occurred from the intermediate tests. These pre-
conditioning analyses brought the calculated and
measured frequencies closer, in an attempt to simulate
the test damage not simulated in the analytical model.

The addition of cyclic dependence of shear modulus,
compressive modulus, and damping in the concrete
material model required development and verifica-
tion. The numerical methods for identifying a cycle
that contributes to degradation and for establishing
the dependence of the properties on cycles must be
developed and implemented. The calibration and
verification of cyclic degradation relative to damping
must also be established. Because this development
and verification must occur over the entire span of the
test sequence, each test of a cyclic degradation im-
plementation requires many sequential analytical
simulations. Therefore, to stay within the project
schedule, a less-refined finite element mesh was re-
quired for the posttest analyses. A coarse mesh, il-
lustrated in Figure 4.2, was developed to significantly
reduce the computer resources needed for the simula-
tions. As illustrated, this coarse mesh model uses
only one element through the wall thickness, and it
significantly reduces the element discretization
around the circumference of the cylindrical wall. In
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addition, this model does not include the equipment
hatch penetration. While this coarse model provides
less refinement for local results, such as liner buck-
ling or stress concentrations near the penetration, it is
shown that the coarse model does provide adequate
simulation for the overall structural response. Figure
4.3 plots a comparison between the test results, the
fine mesh results, and the coarse mesh results for the
horizontal displacement of the top slab during the
SI(H+V) test. Figure 4.4 shows a similar comparison
for the horizontal acceleration response of the top
mass during the S1(H+V) test. These plots demon-
strate that the coarse mesh model is sufficient for the
overall structural response. It is expected that strain
histories for the reinforcement and in the liner at
specific gage locations may not be as good as the fine
mesh since the coarse mesh will not capture local
effects as well. The liner and rebar strain response
can also vary significantly in local areas where con-
crete cracking or liner buckling develops.

4.2 Design Level Analyses

The fundamental frequency of the as-built RCCV
analytical model is calculated as 15.1 Hz. This dif-
fered from the experimentally determined frequency,
which was given as approximately 13.5 Hz. The
higher analytical value is believed to be due to the use
of a higher than actual value for the elastic modulus
of the concrete. The elastic modulus was based on
the ACI formula and would not represent the true
modulus at origin of the stress-strain curve. In the
absence of stress-strain curve test data specific to the
model, the elastic modulus was adjusted to obtain a
satisfactory match between the experimental and
analytical frequencies.

The test sequence began by subjecting the RCCV
model to a static pressure test, which, as expected,
induced some cracking. The effect of the pressure-
induced cracking was to reduce the experimentally
determined fundamental frequency from 13.5 Hz to a
value slightly below 12.5 Hz. After the pressure test,
the model was subjected to the S1(H) motion, fol-
lowed by a frequency measurement. The measured
accelerations at the basemat deviated significantly
from the target input, as discussed previously. The
measured input is equivalent to 1.3S1(H) accompa-
nied by a strong vertical and rocking components.
After this 1.3S1(H) test, the experimentally deter-
mined frequency dropped to 9.6 Hz, indicating sig-
nificant additional cracking.

The test structure was then further subjected to three
more dynamic tests with target input motions simu-
lating Sl(H), S1(V), and SI(H+V). However, the
measured base motions for these tests are equivalent
to l.lSl(H), l.lSl(V), and 1.15Sl(H+V), respec-
tively, and also contain basemat rocking. The fre-
quency measurements showed a continuous drop to
slightly above 8 Hz after the SI (H+V) test.

The analysis plan calls for the SI (H+V) simulation as
the first dynamic test to be analyzed. However, the
1.3S1(H) test caused substantial damage, and signifi-
cant stiffness degradation also occurred in the fol-
lowing tests. This damage must be included in the
analytical simulation for the S1(H+V) test. Since the
measured base motion and results for the 1.3SI(H),
1.SI(H), 1.ISI(V), and 1.15S1(H+V) were not
provided to Sandia, an analytical simulation of the
cumulative damage that occurred in these tests was
necessary before attempting the 1.1Si(H+V) test
analysis for comparison to the provided experimental
data. This analytical simulation was performed with a
preconditioning analyses with combined horizontal
and vertical target input motions. The precondition-
ing analyses caused the fundamental frequency to
decrease by amounts similar to those observed from
the tests. The input motion used for this precondi-
tioning analysis consisted of a combined horizontal,
vertical, and rotational motion obtained by multiply-
ing the S1 (H+V) test records by the factor 1.3.

After the preconditioning analysis was applied, the
RCCV model was analyzed using the l.lSl(H+V)
measured base motions, which consisted of horizon-
tal, vertical and rotational (rocking) components, as
shown in Figure 4.5. The fundamental frequency,
measured and calculated at the end of the
1. 1 Si (H+V) test was 8 Hz. The calculated horizontal
and vertical displacement histories of the top slab are
shown in Figures 4.6 and 4.7, respectively, together
with the measured displacement response. A similar
comparison for test data and analysis results for the
horizontal and vertical acceleration response of the
top mass is shown in Figures 4.8 and 4.9. As these
figure show, the quality of the analytical results was
quite good. Comparisons of strain response in rein-
forcing bars and liner plate for the test data and
analysis results are provided in Appendix B.

The analysis of the l.lS2(H+V) test followed the
SI(H+V) analysis. In the test sequence, intermediate
tests for l.lS2(H) and 1.lS2(V) preceded the
1.1S2(H+V) test. Again, the damage induced in the
model for these intermediate tests were simulated
with a preconditioning analysis prior to the
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I.1S2(H+V) analysis to bring the analytical funda-
mental frequency down to the level present in the test
model. The input motions for the S2(H+V) test
simulation, which are constructed from the measured
response at the basemat, are shown in Figure 4.10.
The displacement results for the top slab, compared
with the measured response, are shown in Figures
4.11 and 4.12 for the horizontal and vertical response,
respectively. Comparisons for the acceleration re-
sponse of the top mass for the S2(H+V) test are
shown in Figures 4.13 and 4.14. Visual comparison
of the measured and calculated time histories again
indicates close agreement. The frequency dropped to
6.8 Hz with the analytical model having a slightly
higher fundamental frequency. Comparison of strain
response for rebars and the liner are provided in Ap-
pendix B.

It is apparent that for these levels of design basis
seismic loading, the RCCV suffers substantial con-
crete cracking damage and the seismic response is
nonlinear. This is a significant finding since in the U.
S. the Operating Basis Earthquake (OBE) is typically
evaluated based on linear assumptions and the OBE
levels could reach those of the S1 level tests. In ad-
dition, the RCCV test model exhibited significant
shifts in the fundamental frequency for the SI level
tests. Part of this frequency shift may be attributed to
the 1.3S1(H) loading, which was larger by a factor of
1.3 than a 1.0SI(H) event would have been. Thus,
the seismic response of an RCCV structure will de-
pend not only on the magnitude and frequency con-
tent of the earthquake, but also on the prior seismic
history of the structure.

4.3 Posttest Failure Level Analyses
After the design level tests, the test plan called for
subjecting the model to increasing multiples on the
S2 level magnitudes until structural failure occurs.
For these tests, only horizontal input motion on the
basemat was planned. However, increasing horizon-
tal amplitudes without control of the vertical compo-
nent caused substantial feedback and rocking of the
RCCV test model on the shake table, resulting in
rather substantial vertical acceleration input at the
basemat. The final sequence of failure-level tests for
the RCCV test model was 2.0S2(H), 3.0S2(H),
4.0S2(H), 5.0S2(H), and 9.0S2(H). The concrete
rubblized and spalled in large areas in the wall near
the basemat and around the equipment hatch penetra-
tion in the test model early in the 9.0S2(H) test.

The posttest analysis simulated the 2S2(H), 3S2(H),
5S2(H), and 9S2(H) tests. A portion of the 4S2(H)
measured input record was applied to the analytical
model before the simulated 5S2(H) test to account for
the accumulation of damage without calculating the
entire 4S2(H) test. Again, the basemat acceleration
input for the analysis was constructed from the accel-
erometer data recorded in the respective tests for the
gauges mounted on the basemat. Horizontal, vertical,
and basemat rocking input, as recorded on the base-
mat, is used in the analytical simulation. It should be
emphasized that substantial cracking damage and
cyclic degradation has and continues to occur in these
simulations. The RCCV test and analytical models
have 50-70% stiffness reduction as evidenced by the
continued decline in the fundamental frequency. In
the analytical model, virtually every material integra-
tion point in the RCCV wall has cracked and most
had three cracked directions at each point. The con-
tinued stiffness degradation was due to continued
degradation of the shear modulus and compressive
modulus (for closed cracks) with continuing crack
opening and closing cycles.

The results for the 2S2(H) test simulation are shown
in Figures 4.15 through 4.19 and in Appendix B. The
applied input motions, constructed from the recorded
motions at the top of the basemat, are depicted in
Figure 4.15. Comparisons of the analysis to test
results for the displacements of the top slab are shown
in Figures 4.16 and 4.17. It is noted that the apparent
differences in the vertical accelerations can be attrib-
uted to the cross-direction rocking which is not cap-
tured in the model because of enforcing symmetry in
the analysis. Comparisons of the acceleration re-
sponse of the top mass are depicted in Figures 4.18
and 4.19. These results show good agreement
through the largest response peaks at 15-16 seconds.
After this point, the analysis tends to overpredict the
displacement and acceleration response. This can be
attributed to slight differences in the structural be-
havior between the test model and the analytical
model during the peak response at 15-16 seconds. It
is hypothesized that some significant local damage
occurred in the test model during this peak response
that immediately degraded the stiffness resulting in a
step change in the fundamental frequency. The ana-
lytical model does not capture the same magnitude of
local damage and instead degrades the stiffness
gradually during the remainder of the analysis. This
hypothesis is based on the measured strain response
in the model. Consider Figures B-40 through B-44,
which show the strain response for inside and outside
vertical rebar, especially at gages SIV27C and
SOV27C. The measured response indicates that
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yielding occurs in these bars with subsequent offset or
residual strains. This would also indicate that sub-
stantial cracking damage has occurred across the
concrete wall, which would degrade the RCCV stiff-
ness. This sudden frequency change in the test model
is enough to reduce the amplification of the top mass
relative to the frequency of the input for the remain-
der of the test.

The results for the 3S2(H) test analytical simulation
are given in Figures 4.20 through 4.24. Figure 4.20
identifies the horizontal, vertical, and basemat rock-
ing components developed from the measured base-
mat response for the analysis input for the 3S2(H) test
simulation. Figures 4.21 and 4.22 show comparisons
for the horizontal and vertical displacements of the
top slab for the analysis and the test data, and Figures
4.23 and 4.24 show the similar comparisons for the
acceleration response of the top mass. The analysis
results match the peak magnitudes and timing of the
peaks reasonably well. As in the 2S2(H) simulation,
the comparison is better in the first 16 seconds where
the maximum response is occurring. The slightly
higher response in the analysis after 16 seconds is
again attributable to discrete increments of local
damage occurring in the test model that is not cap-
tured in the analysis due to the coarse mesh for the
posttest analytical model. Comparisons of strain
results for reinforcing bars and liner plate are in-
cluded in Appendix B with Figures B-59 through
B.77. The vertical rebar strain in the RCCV wall at
90 and 2700 (at the peak rocking points) where dam-
age initiated in the 2S2(H) test indicates continued
damage buildup. Many more peaks exceed yield
during the first 16 seconds with a maximum peak near
2% strain in an outside bar. Residual strains of .8%
are also in evidence, indicating substantial concrete
damage. The liner response also indicates that some
distress may be near in the liner with strains near
yield and drift due to residual buildup.

Figures 4.25 through 4.29 provide the results of the
5S2(H) test simulation. Figure 4.25 illustrates the
basemat input acceleration histories used in the analy-
sis. Note that a subset of the measured 4S2(H) test
records was used as a preconditioning run before the
5S2(H) analysis to account for damage that accumu-
lates during this test which is not simulated. A com-
parison of the analysis results and test data is shown
in Figures 4.26 and 4.27 for the horizontal and verti-
cal displacement response, respectively, of the top
slab for the 5S2(H) test. A similar comparison for the
horizontal and vertical acceleration response of the
top mass is shown in Figures 4.28 and 4.29. These
figures show that the analysis has good correlation for

this structural response, both in the timing and mag-
nitudes of the response. This indicates that the analy-
sis is doing a good job of simulating the extensive
cyclic damage that is accumulating in the structure
and that the cyclic dependent damping is also per-
forming well. Again, comparisons of strain response
at selected gage locations for the reinforcing bars and
liner plate are provided in Appendix B as Figures B-
78 through C-96. As expected, these plots indicate
substantial damage is occurring in the test model and
in the analytical model. Extensive plastic straining in
the vertical rebar and vertical displacement offset are
exhibited in the test results. Although extensive plas-
tic straining is not shown in the selected liner gages
included, some strain offset is in evidence implying
nearby distress or buckling. Although this extensive
damage has accumulated in this series of failure level
seismic input, it is a credit to the test model that some
type of structural collapse has not occurred during the
5S2(H) test. However, following such a buildup of
damage, it is clear that major repairs would be re-
quired before allowing such a structure to continue in
service.

Figures 4.30 and 4.31 show comparison for the hori-
zontal and vertical displacement, respectively, for the
top slab in the 9S2(H) test. Figures 4.32 and 4.33
show comparisons of the horizontal and vertical ac-
celeration response of the top mass in the 9S2(H) test.
Figure 4.30 clearly indicates the point in the test
where loss of concrete integrity in the RCCV oc-
curred. The analysis does not consider sudden mate-
rial loss, but clearly predicts the correct response of
the top slab and attached mass. Again the extent of
damage in the model is extensive with acceleration
magnitudes of 3gs and displacements of 40mm. It
should also be noted that the input accelerations for
the 9S2(H) test are about 3.7gs. Thus, the damage
level in both the test and analytical model before the
9S2(H) test is such that the top mass is almost iso-
lated from the basemat in shear response.

Figures 4.34 through 4.36 plot comparisons of the
analysis results and test data for the indicated failure
level testing. These figures plot the horizontal accel-
eration of the top mass versus the horizontal dis-
placement of the top slab as a measure of the hys-
teretic damage accumulation. The test data is plotted
in green and the analysis results are plotted in red.
These figures are very informative for a number of
reasons. First, the analysis shows very good correla-
tion with the test data both in magnitudes and shape
of the hysteretic loops. This means that the level and
rate of damage accumulation as well as the energy
dissipating mechanisms are consistent between the

4-5



analytical model and the test. Second, it is apparent
that damage occurs in the design level tests as con-
firmed in the frequency shift measurements. How-
ever, these hysteretic bands are fairly tight and the
general slope is stable indicating overall structural
integrity. While some scattering began at the higher
response peaks in the 2S2(H) test, the overall hys-
teretic band remains fairly stable. Clearly, the dam-
age that develops during the 3S2(H) is beginning to
affect the overall integrity of the structure.

Figures 4.37 and 4.38 plot contours for the shear
strain during the peak response for the 3S2(H) and
5S2(H) tests, respectively. These plots set the upper
contour limits so that any areas shown in dark red or
dark blue have shear strains above 0.5%. These plots
indicate that extensive areas of the RCCV walls have
0.5% shear strains beginning with the 3S2(H) test.

In the PCCV analysis (James et al., 1999a), this level
of concrete shear strain was proposed as an analytical

failure criteria for the prestressed concrete contain-
ment structure. The reinforced concrete containment
model appears to be able to withstand more than
0.5,% shear strain across a significant portion of the
cross-section without inducing structural collapse.
This is attributed to two differences in the two types
of structures. First, the RCCV has substantially more
reinforcement so that the dowel action of the rebar
contributes additional strength. This dowel action
effect is not explicitly modeled in the analysis. Sec-
ond, the compressive loads present in a prestressed
structure may contribute to the initiation of the con-
crete rubblization at this level of shear damage.
While the design codes allow added shear capacities
(or allowables) for compressive stress acting on shear
sections, high compressive loads combined with
extensive damage will contribute to brittle type fail-
ure and cause the structure to be less tolerant of cyclic
damage.
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Figure 4.2. Simplified finite element model of RCCV for posttest analyses
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Figure 4.5. S1(H+V) time history input for posttest analysis
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Figure 4.15. 2S2(H) time history input for posttest analysis

4-21

0-2.-

-; 0 0

* .00

9 . 00

2 00

0

< s - 00-900

a c tO- - 2 .

a 00

.2
2. -00

eel - O O

Q 0_00

-_.00

-9.00

.50

_00

,U

0

1 IllI II III

- l-.A - [- L 

o ~ ~ ~ ~ ~ ~ m 0 0 
.0a



DLX183 TeSt Result, 282(H)
Test Data

I~ ~ ~~~~p I Jll h111"..1.l I .1

0 S 10 15 20 25 30 35 4
Time (seconds)

Post Test Analysis
Analysis Result

n ~ ~ ~ . 1l,.IL.1l & IIl 11

0

Time (seconds)

Figure 4.16 Comparison of horizontal displacement of top slab for 2S2(H) test

10

5

0

-5

I'

I
'-4

a
Q4

-10

-15

4IN)
tN)

10

5

0

-5

I'

I
-4

U
Q4

-10

-15

au mu



DLZ183 Test Result, 2S2(H)
Test Data

s 1~~~~~~~~~~~~~~~~~~~~5 4.j -~~~~~~~~~~ . a . . . . . . . . . . .

0 5 ~ ~ ~ ~ ~~0 5r 20 25 30 35 44
Time (seconds)

Post Teot Analysis ReSult
Analysis_Result

. I a1 i.tE ......LI A AXwh i~~~Vr
I L . . .. . . . . . . . . . . . . . . . . . . . . . . . .

0 5 :10 15 20 25 30 35 4
Time (seconds)

0

0

Figure 4.17 Comparison of vertical displacement of top slab for 2S2(H) test

3.50

3.00

2.50

! 2.00

91.50

1.00

- .50

.00

-.50

-1.00

3.50

3.00

2.50

! 2.00

3 1.50
d 1.00

.50

.00

-.50

-1.00



ASX184 Test Result, 2S2(H)

Time (seconds)

Post Test Analysis

Test Data

Time (seconds)

Figure 4.18 Comparison of horizontal acceleration of top mass for 2S2(H) test

3

2

3

- 1

a

0

X o-

e

11 - 1

-2

-3

-3

2

a
0
'.4
4)
U 0'
$4

'2-4

-3 

io



ANZ184 Tuest Result, 282(H)
Test Data

2.50

2.00

1.50

1.00

a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 0 5w,0152250 354

1.50 -

*1.00

a - 50_ L

-1 .50_. F v

-2.00 . . . .

0 5 10 15 20 25 30 35 40
TiMe (seconds)

Foot TeOsnlSi eUt Analysis Result

2.50

1.50

-1.00

14 .0

* .00

.0

is 20 25 30 ~~ ~ ~~~~~35 40
Time (seconds)

Figure 4.19 Comparison of vertical acceleration of top mass for 2S2(H) test



Horizontal Acceleration at Basemat

Vertical Acceleration at Basemat

Time (seconds)

Rotational Acceleration at Basemat

Time (seconds)

Figure 4.20. 3S2(H) time history input for posttest analysis

4-26

M. 00

0
s.50

_ I .00
M

-. 50

- OO 0

-2.5

0- 0

_.00

0.00

0
2(U
I-

U)

-_.00

I. .50

I..

_ ._50

0
U)

.,

_L0

(U

M =_00

02~-n

-- ~~~~ Ij i l
1 i~~~~~~~r' I o ~~~~~~~~~~~ IF 

-O O A .-

-

_ A



DLX183 Test Result, 3S2(H)

20

15

-10

-15
-0

.4
'~-5

-10

-15

-20

Time (seconds)
k).

Post Test Analysis Result

20

15

_ 10

I 5

I
C 10

-4
'4 -5

,4
A

-10

-15

-20

Test Data

. ~~11AT i. v F

lip

10 15 20 25 30 35 . .

Time (seconds)

Figure 4.21 Comparison of horizontal displacement of top slab for 3S2(H) test

0



DLZ183 Test Result, 3S2(H)

5 5 ___15_20_25_ :_IX

A 3

I2

-4~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~p

0

Time (seconds)

00

Post Test Analysis Result

5.

4-

3

~2

-4 1 E 

0

-1-~~~~~~~~~~~ . . . . . . . . . . ... 
0 5 ~~ ~ ~~10 15 20 25 30

Time (seconds)

Figure 4.22 Comparison of vertical displacement of top slab for 3S2(H) test



ASX184 Test Result, 3S2(H)
Test Data

.... .... .... .... .... .... .... ....
0 5200 15 ao 25 30 35 4

Time (seconds)

Post Test Azialysis Result_ ~~~~~~~~~~~~~~~~~~~~~~~~~Analysis Result

.L--1 II S IIAIM IAI

. I lk

1U 1U AU LU 3U

Time (seconds)

Figure 4.23 Comparison of horizontal acceleration of top mass for 3S2(H) test

0

0

3

2

b 1

01
-3H -1

-3

3

2

1

0
Ai
U

0 -1

-2

-3

-4

u U aa U



AIZ184 Tent R*sult, 3M2(H)
Test Data

0 5 10 15 20 25 30 ~~~~~~~~~~~~~~~35 4
TiM. (seconds)

Pout TeOt Aals RUtAnalysis Result~~~~~~~. . . . . . . . . . . . ... ... ... .. . .. .... .. .. . .. ... .. ...
0 5 ~~ ~ ~~10 15 20 25 30 35 4

_____ _____ ____ _____ _ ___ _____ __ __ _____ ___ _ _____ ____ _____ _____A nalysis R esult

35 4

Time (seconds)

0

0

Figure 4.24 Comparison of vertical acceleration of top mass for 3S2(H) test

2.50

2.00

1.50

- 1.00

-4 .50

* .00
'.4
01

_ .50

-1.00

-1.50

-2.00

0

2.50

2.00

1.50

-1.00

-4 .50

e .00
,1a 

Q -. 50

-1.00

-1.50

-2.00



Horizontal Acceleration at Basemat

Time (seconds)

Vertical Acceleration at Basemat

Rotational Acceleration at Basemat

Time (seconds)

Figure 4.25. 5S2(H) time history input for posttest analysis
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Figure 4.30 Comparison of horizontal displacement for top slab in 9S2(H) test
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Figure 4.31 Comparison of vertical displacement for top slab in 9S2(H) test
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Figure 4.32 Comparison of horizontal acceleration for top mass in 9S2(H) test
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Background

The NUPEC scale-model testing presents a unique
opportunity to evaluate analytical methods by calculat-

ing seismic response of a model of a reinforced con-

crete containment vessel. Based on the test results,

some very general qualitative assessments of the struc-

tural and functional integrity of a U.S. containment can

be drawn. The RCCV tests consider a large-scale
specimen with geometries representative of reinforced
concrete containments and a broad range of seismic
input from design-level test simulations through ampli-
fied motions leading to failure.

The response of the scaled test specimen is fully docu-
mented. Damage accumulates as the magnitude of

seismic input increases, changes occur in the damping,
and the fundamental frequency shifts. Posttest destruc-
tive examinations are also documented for levels and

extent of damage through the structural sections and

liner attachments.

The objective of the calculations reported herein fo-
cuses on the question, "Given a base acceleration input,

can current analytical methods using detailed contin-

uum modeling capture the seismic performance of

reinforced concrete containment structures?" This
section summarizes the lessons learned in this regard
from the observations of the test itself, followed by a

summary of the lessons learned from the analytical

simulations. Final comments and recommendations are
then presented.

5.2 Lessons Learned from the
Testing

5.2.1 General Observations

Some very useful information can be gleaned from the

test results independently of the analyses that have been

reported. One observation is that, as expected, an in-

ternal design-level pressure test caused significant
cracking in the concrete.

Perhaps the easiest measure of damage in the test

model is the change in frequency and the change in the

measured damping ratio. Before the pressure test, a
low-level broad-band random vibration test was per-
formed to measure the fundamental resonant frequency
and the associated damping ratio. The measured fre-

quency was 13.6 Hz, and the damping ratio was about

1%. After the pressure test, the low-level random vi-
bration test was repeated, and the frequency had de-

creased by more than I Hz, while the damping ratio

increased to about 1.5% damping. The cracks caused
by the pressure test, but before the shaker table excita-

tion, were mostly horizontal and vertical, and were

mostly in the cylindrical section between the lower and

upper ring walls (i.e., in the middle third of the vessel).

After the first S1(H) excitation, the low-level random
vibration test measured a resonant frequency of about
9.5 Hz and a damping ratio of about 4.5%. After the
SI(H+V) test was performed, the lowest resonant fre-
quency had declined even further to about 8 Hz with a

damping around 5%. These SI level tests caused new
horizontal and vertical cracks to appear, as well as new

cracks oriented at +450. The 450 shear cracks were

near the 0 and 180° locations, and were caused by the

shear loads. The new horizontal cracks at 90 and 2700

locations were caused by global bending as the con-
tainment rocked back and forth. Although the heaviest
concentration of cracks was still in the middle third of

the vessel, many new cracks were formed in the bottom

third and top third of the vessel.

During the S2 series of tests, the lowest resonant fre-

quency declined to about 7 Hz, and the damping ap-

proached 6%. The number of visible cracks on the
concrete surface continued to increase, especially in the

lower third section and the upper third section.

One very important observation about this S2 and all

subsequent tests is that the energy content of the shaker
table simulated earthquake is such that it excites maxi-

mum response for structures with resonant frequencies
between 8 and 20 Hz. Based on response spectra
curves, the input earthquake excited a smaller response
for resonant frequencies below 8 Hz. Therefore, as the

resonant frequency of the RCCV decreased below 8
Hz, the response acceleration of the RCCV began to
decrease such that the same input time history would
excite a smaller response in the structure than previous
tests had. Looking at this another way, a larger earth-
quake time history would be required to excite the same
level of response as had been measured in previous

tests.

There are several other significant observations that can
be made about the RCCV response during the SI and
S2 design-level series of tests. First and foremost is
that the "design level" earthquakes caused significant
damage to accumulate. The lowest resonant frequency
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decreased from 13.6 Hz to 7 Hz, or about 50% reduc-
tion in frequency. Since frequency is equal to the
square root of the stiffness (assuming the mass remains
constant), this corresponds to a reduction in stiffness of
about 75%.

The PCCV tests, on the other hand, experienced only
minimal degradation to the stiffness during the SI and
S2 series of design-level tests. The primary difference
between the PCCV and the RCCV tests is that the
prestressing in the PCCV was sufficient to keep the
concrete in compression and prevent significant con-
crete cracking from occurring during design-level tests.
Therefore, the PCCV vessel experienced only a very
small decrease in frequency, with an accompanying
small increase in damping, while the RCCV was sig-
nificantly affected.

The RCCV was also tested under simultaneous internal
pressure and SI (H+V) earthquake. loads. Extensive
cracking had already occurred in the concrete from the
previous SI and S2 tests, and this combined test didn't
cause a significant number of new cracks to develop,
nor did the lowest resonant frequency or the damping
ratio significantly reduce. Since damage accumulates
as the tests progress, it is necessary to know which tests
preceded the current test in order to understand the
response. Eventually, at around 7 Hz, the model ap-
pears to reach a "saturation" point and further design
level testing does not cause significant additional dam-
age. If the tests had been performed in a different or-
der, damage would have accumulated at different rates
and locations. However, the vessel would have proba-
bly reached about the same "saturation" point, and the
damage would be very similar at that point in time.

Considerable damage accumulated during the Sl and
S2 "design-level" earthquakes, and the lowest funda-
mental frequency reduced significantly. After the SI
and S2 "design-level" tests were completed, the struc-
ture had significant cracking everywhere, but larger
seismic loads didn't reduce the stiffness or frequency
much more. This is attributed mainly to the reduced
structural amplification that develops as the fundamen-
tal frequency of the structure shifts relative to the fre-
quency content of the input, which does not change as
the magnitudes are increased.

The seismic failure level of the vessel was determined
by gradually increasing the earthquake excitations until
the model failed. Although some new cracks devel-
oped under these "failure level" loads, the existing
cracks also participated by absorbing energy under the
cyclic loads as the cracks opened and closed.

During the 2S2(H) "failure level" event, damage con-
tinued to accumulate, but the maximum shear stresses
were still below the peak shear stresses that occurred
during subsequent testing. This indicates that addi-
tional reserve strength still existed, even though con-
siderable damage was accumulating. The damping
ratio, measured during low-level broad band random
vibration tests before and after the 2S2(H) test, showed
a damping of about 5.5 to 6.0%. However, the damp-
ing ratio during the 2S2(H) test, estimated based on
transfer functions using 2S2(H) test data, showed a
damping of about 7.6%. This is consistent, since the
concrete cracks would open wider during the 2S2(H)
test than during the low-level random vibration tests.

The 3S2(H) and larger earthquakes all resulted in peak
shear stresses that were about the same magnitude, but
the associated peak shear strains varied, depending on
the simulated seismic event. Larger seismic accelera-
tions caused larger shear strains. (The peak shear
stresses were about the same for the 3S2(H), 4S2(H),
5S2(H), and 9S2(H) tests, but the shear strains were
bigger in the higher-level excitations.) This indicates
that the structure had little reserve strength left. How-
ever, the structure was able to absorb the energy of
subsequent simulated earthquakes through concrete
cracking, concrete crushing, steel yielding, and other
cyclic dependent damage mechanisms.

Before and after the 3S2(H), 4S2(H), 5S2(H), and
9S2(H) tests, a low-level broad band random vibration
test was performed, and the resonant frequencies and
damping ratios of the vessel were estimated. All of the
damping values during the random vibration tests
ranged between about 5 and 6% damping. However,
transfer functions of 3S2(H) data showed the damping
during that test to be about 8.3%. Transfer functions of
4S2(H) test data show a damping ratio of 10.0%.
During the 5S2(H) test, the damping was about 14.4%,
and during the failure level 9S2(H) test, the damping
was estimated to be 26. 1%.

As damage accumulated, the effective damping level
also increased, and this helped to offset the larger input
acceleration levels. Also, as the tests progressed, the
resonant frequency of the model decreased, and the
earthquake excited a smaller response in the model.
Both of these factors (the increasing amount of damp-
ing and the reduced response amplification for frequen-
cies below 8 Hz) tended to partially offset the increase
in acceleration levels.

The model, having withstood earthquake levels up to
5S2(H), indicated that a very comfortable seismic mar-
gin existed for the scaled model. The important point
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is that the vessel remained structurally intact and was

able to resist additional earthquake loads during the

2S2(H), 3S2(H), 4S2(H), and 5S2(H) tests. Although

significant damage progressively accumulated in the

model, catastrophic failure did not occur until the final

9S2(H) test.

5.2.2 Damping Performance

Damping as an energy-dissipation phenomenon is af-

fected by local conditions and therefore must be treated

accordingly in the finite element analysis. However,

the damping value to be used in an analysis cannot be

calculated, but rather is based on past experience and

observations of similar structures. The amount of

damping that exists, in either a real structure or in an

analysis, significantly affects the magnitude of the

structural response to the dynamic event.

For the scaled RCCV model, the observed damping

ratio was about 1% until the concrete cracked early in

the design-level test series. After cracking, the damp-

ing ratio was about 5%. For design earthquake level

excitations, the damping stayed at about 5 to 6%.

During the very large failure level tests, the apparent

damping ratio became 8%, 10%, 15%, and was about

26% during the test where the structure failed. The

structure does not behave in a linear manner. Cracks

and other damage accumulate, which results in the

hysteresis effects shown in Figures 4.34 to 4.36. Low-
level vibration tests were conducted before and after

each beyond-design-basis test to measure the response

characteristics of the structure in the current state. At

these low-levels of input motion, the scaled model had
about 5% damping. The Japanese seismic design prac-

tice is to use a damping value of 5%, and the U.S.

Practice is to use damping values of 4% and 7%.

Full-scale U.S. containments must address soil structure
interaction issues, basemat uplift, the effect of numer-

ous penetrations and piping connections, building-to-
containment interactions, and other things that could

affect the overall or "effective" damping ratio. The

large lead weights that are bolted to the model, the

flexibility of the shake table, and simplifications made

to the model to separate the containment building from

the surrounding structures may also have affected the

overall damping of the model. Therefore, damping
values in U.S. full-scale containments may be different

than the damping values that were estimated from this

test.

5.2.3 Liner Observations

Another useful piece of information that was gathered
during this test concerns the functional integrity of the

steel liner. The vessel was pressure tested after each

major test and no significant tears or major leaks de-

veloped during the tests, even though the vessel accu-

mulated considerable damage. It was not until the last

9S2(H) test, which caused large amounts of concrete to

spall, that significant tearing of the liner occurred.

A complete concrete shear failure occurred in some
sections of the cylindrical wall, and the resulting large

displacements in the failed region caused the liner to

tear in that area. In other areas, the concrete underwent
large shear strains, and although the liner showed ex-

tensive shear buckling from plastic deformations, no

significant tearing or fracture of the liner occurred.
NUPEC performed tests on wall sections to investigate
the effects of the mixed scaling used in their model and

concluded that the mixed scaling effect was not signifi-
cant for the particular containments they are evaluating.

Significant portions of the liner buckled under the large
in-plane shear strains that occurred. It is important to

note that the liner in the model was effective in main-

taining leak-tight integrity under loads that were many
times larger than those of the design earthquake.

There are many penetrations in a full-scale U.S. con-

tainment. In addition, the details of how the liner is

anchored to the concrete vary between U.S. contain-

ments. These differences will affect the liner behavior

in a full-scale containment. The analytical methods
validated against the RCCV data can be used to assess

the overall composite response of the liner and the

concrete.

Buckling does not scale, and significant portions of the
liner buckled under the large in-plane shear strains that

occurred. Still, it is worthwhile to note that the liner in

the model was extremely robust in preventing signifi-

cant leaks under seismic loads that were many times
larger than those of the design earthquake.

There are many penetrations in a full-scale U.S. con-

tainment. In addition, the details of how the liner is

anchored to the concrete vary between U.S. contain-
ments. These differences, along with the issues dis-

cussed in the previous section, could cause the liner in

a full-scale U.S. vessel to behave differently than was
observed in the scaled model.
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5.2.4 RCCV Integrity

The RCCV model accumulated considerable damage in
the concrete and the liner, but it still maintained struc-
tural integrity and prevented significant leakage until
the seismic loads were several times larger than the
design requirements. The RCCV model tests have
provided very good insights into the capacity and re-
sponse of reinforced concrete structures during seismic
events.

When performing scaled model seismic tests, mass
does not scale proportionately with geometry. NUPEC
selected scaling parameters of the model so that
stresses and strains in the cylinder wall near the base-
mat would be similar to the stresses and strains that
would exist in the full-scale vessel that the model rep-
resents. In a full-scale vessel, the largest shear stresses
would be expected in the wall near the basemat, with
the shear stresses at higher elevations decreasing in
proportion to the total mass above the elevation point.
Because of differences in the mass distribution, the
shear stresses above the wall-basemat juncture would
be different in the scaled model than in a full-scale
vessel. Also, even after accounting for scale affects,
there are still differences between frequencies, mode
shapes, and the structural response of the scaled model
and the full-scale vessel.

Failure occurred in the model at mid-height and also in
the wall near the basemat, which are likely places for
failure in a full-scale U.S. containment. Although a
full-scale U.S. containment would likely fail near the
basemat or around a large equipment hatch penetration,
differences discussed in the previous sections will af-
fect the response of a full-scale U.S. containment.
Therefore, one must not predict the capacity of a full-
scale U.S. containment by extrapolating the results
from this scaled-model test.

Failure occurred in the model at mid-height and also in
the wall near the basemat, which are likely places for
failure in a full-scale U.S. containment. There are also
other likely failure modes of interest in a full-scale U.S.
containment, such as, around a large equipment hatch
penetration. The analytical methods, which have been
validated against the RCCV model test data, can now
be applied to assess the complete response and failure
locations of U.S. containments.

5.3 Lessons Learned from Analyti-
cal Modeling

The following observations are summarized as lessons
learned from analytical modeling of reinforced concrete
containment structures under seismic loading (James et
al., 1999b; 2 0 0 0 )d.

The static pushover capacity may not be a true indica-
tion of the seismic capacity of the structure. This con-
clusion is a function of both the level of the modeling
used and the nature of the static pushover analysis
relative to the seismic event. For the level of modeling
and material characterization used herein, the struc-
ture's ultimate capacity determined in a static pushover
analysis is an upper bound on the seismic capacity.
The true seismic capacity is reduced because of cyclic
degradation, which affects the characteristics of shear
transfer across cracks and rebar bond strengths. In
addition, the structure will behave differently during a
static pushover analysis than it would during a seismic
event. For example, if the structure responds in such a
way that higher bending modes contribute to the struc-
tural response, the associated structural damage can
affect the capacity of the sliding shear mechanisms that
a static pushover may emphasize. Static pushover
analysis is a good tool for evaluating response charac-
teristics, and knockdown factors or reduced material
capacities based on cyclic degradation could be used
for estimating seismic capacities. However, the knock-
down factor must be calibrated for specific models and
for static pushover demands relative to seismic struc-
tural response. The latter could be tabulated as func-
tions of modal participation relative to seismic response
spectra.

Structural damping can be a critical parameter for these
types of nonlinear calculations. Too little damping can
develop excessive response in the analysis leading to
excessive cracking. Because of the progressive nature
of cracking damage, excessive cracking can lead to
structural frequency shifts that may alter the general
response of the structure for a given frequency content
of the seismic input. On the other hand, too much
damping in the analysis will underpredict the structural
response and possibly inhibit cracking. Damping can
be modeled in a cracking consistent manner to reduce
the errors associated with using a constant damping
value. There is a nominal uniform structural damping,

James, R. J., L. Zhang, and Y. R. Rashid, Seismic Proving
Tests on a Reinforced Concrete Containment Vessel-
Pretest Analytical Predictions, ANA-98-0246 Report to
Sandia National Labs, 1998b.
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in this case about 1%, that is attributed to microcrack-
ing, voids, construction joints, and other energy dissi-
pation mechanisms that are below the refinement of a
finite element model. As concrete cracking develops,
increased local damping occurs at the crack surfaces.
Thus, structural damping should increase as cracks
develop that is consistent with the level and extent of

cracking. During periods of increased response leading
to cracking, the use of a nominal level of uniform

damping will over-predict cracking. On the other hand,

the use of an increased uniform damping that is likely
to be reached at the end of the event can inhibit crack-
ing and underpredict the true response. In addition,

especially for RCCV structures, the damping is cyclic
dependent. Because the structural stiffness also de-
grades significantly with load cycles for the RCCV, the
damping levels reached are significantly higher than for
PCCV structures.

A robust and well-qualified material model is needed

for these calculations. It must be robust in the sense
that stable algorithms are required for extensive levels
of damage. It must be well-qualified in the sense that

post critical relations and interaction between all dam-

age and failure mechanisms and resistance paths are

important. For example, crack development must be
followed by cyclic opening and closing and shear trans-

fer relations. The shear stiffness along crack faces, the

compressive stiffness normal to cracks, and the associ-

ated damage dependent damping must depend on the
magnitude and number of load cycles.

Modeling of all structural components is important for
determining ultimate capacities. However, extremely
fine grids and detailed modeling of all structural con-
nections are not necessary to establish good estimates
of global response even near failure-levels of response.
Evaluations of mesh density, element types, and various
levels of modeling details did not show significant
sensitivity for global response in the analyses. In-

creasing levels of modeling details are needed if local
effects such as liner anchorage performance are of
interest. Good estimates for general magnitudes of
reinforcing steel and liner strains should be expected
from these types of calculations, but local gradients
may also exist because of local concrete damage. Av-

eraged values from several nearby integration points
might be considered for evaluation purposes.

Obviously, definition of the input acceleration compo-
nent history is an important parameter for these analy-
ses. In real applications, the structural response will

not affect the seismic event that is loading the structure,
so structural feedback is not a concern. However, all

modes of structural response to a given seismic loading

must be considered. For example, if basemat rocking
on the foundation can develop, it should be accounted
for using some type of soil structure interaction mod-
eling. As demonstrated in the design-level simulations,
basemat rocking can increase or decrease the relative
response in the RCCV depending on the level and

frequency of the input.

It is concluded that nonlinear, continuum-level model-
ing can be used for verification of design calculations
for seismic response of reinforced concrete contain-
ment structures. For reinforced concrete containments,
concrete cracking and damage is likely in design level

events. For linear elastic analysis methods typically
employed for design based calculations, the effects of
cracking on stiffness and frequency shift must be ad-
dressed. Because of the progressive nature of concrete
cracking, once cracking initiates it can spread and sig-

nificantly alter the response from the linear assump-
tions. The benefit of nonlinear calculations is to pro-
vide a verification that the cracking induced during a
design-level event does not lead to progressive deterio-
ration. The design-level RCCV tests show that the
cracking did not compromise the structural integrity for

this case. The design-level calculations verified that
cracking induced during the design-level seismic load-
ing does not compromise the performance of the struc-

ture. A continuum-based nonlinear analysis may be a
good verification that the correct frequency shift is
being considered in the linear analysis.

To reduce the uncertainties about the structural seismic
margin of a RCCV, these nonlinear continuum-based
calculations would appear to be a useful tool. The
failure-level calculations provided good correlation
with test data for the RCCV scale model. The progres-
sive levels and extent of damage can be simulated with

good overall response characteristics. While the cal-
culations could not explicitly trigger the shear failure
with a numerical instability, the conditions needed for

the sudden shear failure are present in the calculations
at the right time and location. A proposed failure crite-
rion for the calculations is established and can be de-

termined currently by post-processing the calculations
as they proceed.

5.4 Recommendations

5.4.1 Develop Fragility Curves for a
Typical U.S. Containment

The NRC is moving towards a "risk informed, per-
formance based" environment for U.S. nuclear power
plants. Therefore, future evaluations of U.S. contain-
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ment structures need to incorporate probabilistic meth-
ods that can provide important risk insights.

Parameters such as damping and material properties are
not exactly known, and the variability in the assumed
values can have a significant influence on predicted
results. For example, the concrete shear strength varies
as a function of its measured compressive strength,
confining pressures, and size and location of cracks,
and is not well defined.

Perhaps even more important than these parameters that
cause uncertainty in predicted behavior is the fact that
actual earthquake loadings are not known. For exam-
ple, two earthquake records with the same peak accel-
eration but different frequency content could cause a
structure to respond quite differently, or a design-level
earthquake may be assumed to occur while the vessel is
under internal design pressure caused by a LOCA.

In order to gain risk insights into U.S. containment
vessels, the sensitivity of the structure to various pa-
rameters that are uncertain (e.g., damping, material
properties, or seismic loading) must be understood.
Although the absolute values of these parameters are
uncertain, a realistic distribution of possible values can
be defined, and sensitivity studies can show how these
uncertainties affect the structural integrity and seismic
margins of U.S. containments. These types of studies
can account for significant uncertainties in the design
assumptions and verify the integrity of the containment
during design-level seismic events. In addition, the
seismic capacity and safety margins can be predicted
after accounting for uncertainties.

5.4.2 Improve Ability to Predict Leak
Tightness of Liner

Somewhere between design-level integrity verification
and seismic capacity evaluation is the need for evalua-
tion of the leak-tightness of the liner during seismic
events. The analyses that have been performed for the
scaled model tests did not have sufficient detail to
predict local liner tearing.

The liner thickness and anchorage system in the scaled
model RCCV was 2.5 times the relative scale of a full-
scale RCCV wall thickness, and this may have affected
liner tearing. Although local tearing did not occur in
the scaled model until after the structure failed in shear,
differences such as liner anchorage details or thickened
insert plates could result in stress concentrations and
liner tears in a full-scale U.S. containment.

During static overpressurization tests on scaled rein-
forced concrete containment models, liner tearing has
occurred under conditions of relatively low global
plastic strain response in the liner (Dameron et al.,
19 9 8)e. This is because of strain concentrations that
exist at anchorage connections or that can develop near
areas of concrete damage. The pressurization tests,
which were done in the 1980s, demonstrated that liner
tearing leading to depressurization (leak before break)
can occur for global liner strains around 1%. The liner
tears occur at thickness discontinuities at penetrations
and anchorages where concentration factors of 10-20
can develop.

While the liner did not develop significant tears or
leaks up to structural failure for the seismic tests on the
RCCV model, the question of liner integrity must be
addressed for full-scale U.S. containments. Very de-
tailed local models of penetrations and liner connec-
tions could be used to determine strain concentration
factors for typical prestressed concrete containment
liner configurations under dynamic loading. These
tabulated strain concentration factors could then be
applied to the strain response calculated from the type
of global model used herein to evaluate liner integrity
under seismic loads.

5.4.3 Add "Shear Shedding" Capability
to Concrete Material Model

A material model for shear shedding in concrete could
be developed. This model would define shear stress
capacity as a function of shear strain to better simulate
the shear shedding material behavior. For increasing
levels of shear strain, the capacity to carry shear stress
would diminish, leading to numerical failure when the
structure is unable to resist the shear loads. This model
is complicated by the interaction with crack opening
strain, which determines the shear stiffness along the
crack. Confinement and cyclic degradation effects may
also need consideration. Because of the lack of mate-
rial test data for shear shedding and the difficulty in
developing such data, it is proposed that the material
model be "reverse engineered" from the available
structural test data. Such a material model could be
iteratively constructed and verified against the struc-
tural shear failure in the NUPEC shear wall, PCCV,
and RCCV tests, as well as other tests.
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