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ABSTRACT 

Under the sponsorship of the Ministry of International Trade and Industry (MITI) of Japan, the Nuclear Power 
Engineering Corporation (NUPEC) has investigated the seismic behavior of a Reinforced Concrete Containment Vessel 
(RCCV) through scale-model testing using the high-performance shaking table at the Tadotsu Engineering Laboratory. A 
series of acceleration time histories, representing design level seismic motions, are sequentially applied to the test model to 
evaluate design methods and structural performance under design level seismic loads. These tests are then followed by 
another series of tests using increasing amplifications of the seismic input until structural failure occurs in the test model to 
evaluate margins of safety for structural failure. In a cooperative program with NUPEC, the United States Nuclear Regulatory 
Commission (USNRC), through Sandia National Laboratories (SNL), is conducting analytical research on the seismic 
behavior of RCCV structures. As part of this program, pre- and post-test analytical simulations of the scale model tests are 
performed by ANATECH Corp. Previous papers at SMiRT (James, et. al. August 1999) and ICONE (James, et. al. April 
2000) conferences have presented results of these simulations for the pre- and post- design level tests. This paper describes 
the analytical simulations for the failure level tests on the RCCV test model. These simulations consider 3-dimensional time 
history analyses for reinforced concrete subjected to extensive, cyclic damage leading to structural collapse. 

INTRODUCTION 

The seismic behavior of reactor containment structures has been under investigation during the past several years in a 
collaborative program between the United States Nuclear Regulatory Commission (USNRC) and the Nuclear Power 
Engineering Corporation (NUPEC) of Japan. As reported previously (NUREG/CR-6639, 1999), good agreement with test 
data was achieved for the analytical simulation of the structural failure of a Pre-stressed Concrete Containment Vessel 
(PCCV) Model. Key ingredients in the analytical predictions of the PCCV behavior are the constitutive description and the 
computational treatment of the damage dependent viscous damping and the shear resistance across open and closed cracks 
under cyclic loading. The performance of the RCCV test model under cyclic loads showed dramatic changes in behavior 
from one loading event to another where even design level seismic loading produced significant reduction in the fundamental 
frequency due to concrete cracking damage. To capture this type of structural behavior, the material model must include 
cyclic dependence of viscous damping, shear resistance across open cracks, and degraded compressive modulus across a 
closed crack. 

RCCV TEST MODEL 

The actual containment structure is connected to the reactor building through intermediate floors that are constructed 
as integral parts of the RCCV walls and the reactor building. The scaled test model is designed to be representative of the 
actual containment structure while meeting the limitations of the test equipment and the requirements needed for fabrication. 
A section containing the RCCV and intermediate floors must be isolated to form the RCCV test model. The isolated structure 
was scaled to fit within the capacity of the shake table while retaining the size and fabrication characteristics of the full-scale 
structure so that the structural behaviors of the model and the prototype remain compatible. The RCCV test model is depicted 
in Fig. 1 in the form of a finite element grid. The test model consists of a 0.2-m thick by 2.41-m tall reinforced concrete 
cylinder with an inside diameter of 3.625 m and a 1-m thick concrete basemat. The basemat is 9 m square and is bolted to the 
shake table. The access tunnel is represented as a 0.538-m diameter penetration through the RCCV wall along a diameter that 
is 90 degrees from the axis of the horizontal shaking direction. Two intermediate concrete floors, each 130 mm thick, frame 
into the cylindrical wall creating three nearly equal axial segments. The floors extend horizontally for a distance of 1 m 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 0.5-m thick by 
6.025-m diameter section with a 0.8-m diameter penetration at the centerline. A 0.4-m thick by 1.250-m high circular wall is 



built into the top of this section to support added weights. The weights are added to achieve a consistently scaled fundamental 
frequency. The basemat weighs 224 metric tons. The cylindrical section, including the intermediate floors and top section, 
weighs 76 metric tons, and the attached mass weighs 274 metric tons. A steel liner, 1.6-mm thick, is anchored to the inside of 
the RCCV cylinder with longitudinal T stiffeners embedded in the concrete. The overall geometry of the test model is 1" 10 
scale, while the concrete wall thickness is scaled at 1:8 and the liner thickness is scaled at 1:4 for constructability purposes. 
The design operating pressure for the RCCV is 45 psi (3.16 kg/cm2). 

FINITE ELEMENT MODEL 

Because the basemat is securely bolted to the shake table, 
only a ring section of the basemat needs to be modeled, as shown in 
Fig. 1, and the prescribed acceleration time histories are imposed on 
the nodes along the cut section. The geometry of the RCCV test 
model is assumed to be symmetric about a plane parallel to the 
direction of the applied horizontal input acceleration. Thus, a half- 
symmetry three-dimensional model is used, as illustrated in Fig. 1. 
Displacement constraints normal to the symmetry plane prevent any 
twisting or rocking of the model about this plane. However, it is 
anticipated that this effect should have little impact on the failure 
mode or failure-level earthquake. 

As illustrated in Fig. 2, all reinforcing steel is explicitly 
modeled using truss-type sub-elements embedded in the concrete 
continuum elements at the appropriate locations. The uniaxial stiffness 
and strength of these members are superimposed on that for the 
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Figure 1. RCCV Finite Element Model 

concrete elements through the shape functions of the continuum element. It is assumed that the reinforcing bars are fully 
bonded to the concrete so that the strains in the steel bars and the concrete are identical, and no dowel action is considered for 
the shear reinforcement. These assumptions could cause the analysis model to be too stiff late in the analysis sequence after 
large loads begin to damage the rebar bond in the test specimen. 

Figure 2. RCCV Finite Element Representation of Reinforcement 
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The steel liner in the RCCV test specimen is modeled as fully bonded to the concrete through displacement 
compatibility at the common nodes. For solution economy, the bending stiffness of the liner and the stiffness of the T anchors 
embedded in the concrete are ignored. The model is not intended to capture local tearing at stiffener discontinuities or 
anchorage failure. However, the modeling of plastic straining in the liner is included so that damage in the liner and the 
potential for buckling due to deterioration of the concrete wall can be evaluated. All bolted connections are assumed not to 
slip. The true geometry of the added weights is modeled to account for the spatial distribution of the mass. The pre-stressing 
effect of the bolts on the concrete is modeled by including pre-tensioned truss-type sub-elements for the bolts. 

The finite element grid shown in Fig. 1 was developed based on geometric requirements, past experience and 
economy of computation. Twenty-node brick elements with quadratic displacement interpolation and 2 x 2 x 2 reduced 
gaussian quadrature integration are used to model the concrete and attached weights. The steel liner is modeled with 8-node 
quadratic displacement interpolated plane stress elements using 2 x 2 reduced gaussian quadrature integration. Because the 
cyclic dependence of the cracking damage needed to be implemented for the posttest evaluation, a less refined but similar 
model was used for the final post-test calculations since the implementation depends on the entire analysis sequence. 

MATERIAL MODELS 

The ANATECH concrete material model (Rashid, 1996), using the smeared cracking methodology, is used to 
characterize the behavior of the reinforced concrete for the RCCV and basemat. A special sub-model for viscous damping as 
a function of cracking was refined in the concrete constitutive model for consistency with the evolution of cracking damage in 
the PCCV test series (NUREG/CR-6639, 1999). Hysteretic damping is accounted for through cracking and compressive 
plasticity of the concrete material. However, the test results for the RCCV specimen dramatically showed the dependence of 
the structural response on the cyclic degradation of the cracking damage for this type of structure. As shown in Fig. 3, this 
dependence on cyclic degradation also occurs for the low amplitude cycles typical of design level loading. As this figure 
shows, the first fundamental frequency, which is almost a direct measure of the structure's shear stiffness, decreased with each 
test. In order to translate this global response to a material constitutive behavior at the local material point level, cycle 
dependent degradation was introduced for the shear stiffness at a crack surface and the compressive modulus of a closed 
crack. 
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Figure 3. Frequency Shift of Fundamental Response Mode During Test Sequence 



The cycle-dependent degradation factor at an element integration point with a pre-determined crack is given by, 

F(N) = l+.9(N / 400) 2 (N / 200-  3), (1) 

where N stands for the cumulative number of crack open-close cycles and 0 < N < 400. As can be deduced from the 
above expression, the degradation factor is normalized to unity for zero cycles, and gives a value of 0.1 at 400 cycles. For N 
greater than 400 cycles, the factor remains constant at 0,1. 

The change of state of an existing crack from open to close, or visa versa, is counted as a cycle when the following 
two conditions are satisfied simultaneously: 

(a) The strain normal to the crack surface changes sign during the cycle, and 
(b) The magnitude of the change in the strain during the cycle exceeds the initial cracking strain for intact material. 

This degradation factor is computed at the element integration point and applied to the three constitutive properties 
discussed above. 

The shear response is expressed as follows, 

G = Ge(e, ef )*F(N ) (2) 

In the above expression, G stands for the instantaneous value of the shear modulus along the crack plane, Gc is the 
crack- history dependent shear modulus, which is a function of the crack-opening strain e and fracture strain ef. 

Similarly, the cyclic degradation of the concrete's compression modulus is expressed as, 

E = Ec(t~,8)* F(N), (3) 

where Ec stands for the instantaneous compression modulus normal to the surface of a closed crack, and is dependent 
on the current stress state and the material's prior stress-strain history at the element integration point. 

The local damping ratio is treated in similar way, but with a cycle-dependent enhancement factor rather than a 
degradation factor, as follows, 

= ~e (s, ne) + 0.02 *(N / 200) 2 (4) 

In the above expression, ~ stands for the instantaneous damping ratio, Xc(S, nc) is the cracking-dependent damping 

ratio, with s and nc standing for, respectively, the crack status (open or closed) and the number of cracks (1,2 or 3) at the 
integration point. As can be seen in Eq.(4), the second term in the equation adds a maximum value of 2% after 200 cycles to 
the user-input cracking-consistent damping value. As a protection against excessive damping, ANACAP-U software limits 
the cycle-dependent added damping to a maximum of 3%. It should be noted also that local damping at the integration point 
is assigned different values depending upon how the crack changes status from open to closed and visa versa. Eq.(4) is first 
calculated without regard to the crack status and then applied in full if a previously closed crack remains closed. However, if 
the crack changes status between the previous and the current step, Eq.(4) value is averaged with the user-input minimum 
damping value. This minimum damping value is also applied to a previously open crack that remains open in the current step, 
as well as to an intact material point with no prior cracking history. 

The RCCV test specimen is constructed in stages, and compressive test data are available for each construction 

stage. The elastic modulus is calculated from the given compressive strength using the standard ACI formula, E=57,000x~,  

where the units of compressive strength and modulus are in psi. The uniaxial fracture strain is based on Raphael's formula 

(1984) for tensile strength, namely, 1.7(fe) 2/3 for the static strength and 2.6(fe) 2/3 for the dynamic strength. The dynamic 

compressive strength is 15% higher than the static strength, Poisson's ratio is 0.19, and the weight density is 2400 kg/m 3 (150 
lb/ft3). The steel material models for reinforcing bars and liner plates are based on classical von Mises plasticity. 



TIME-DEPENDENT LOADING 

Because of the nonlinear behavior of 
RCCV structures, even for design-level input 
motions, the analyses must follow the same 
sequence as the test series in order to properly 
account for the accumulation of damage in the 
structure. However, the large number of tests 
performed made such an endeavor time 
consuming, and it was necessary to be selective 
in the number of analyses to be performed. As 
indicated in Fig. 3, the response of the model to 
the design basis earthquake is obtained by first 
conducting separate tests using the individual 
horizontal and vertical components followed by 
tests using the combined horizontal and vertical 
components. The maximum design earthquake is 
referred to as the S l-level input, and the extreme 
design earthquake is called the S2-1evel input. 
The response of the model to a Loss of Coolant 
Accident (LOCA) in combination with the S1- 
level earthquake is obtained by dynamically 
testing the pressurized model. The margin of 
safety for the scaled test model is then 
determined by subjecting the test model to 
progressively larger amplitudes of the $2 motion 
(horizontal component only) until structural 
failure occurs. The test program also includes 
low amplitude tests to measure fundamental 
frequency changes as qualitative indicators of 
the damage sustained by the model after each 
test. 

As indicated on Fig. 3, a subset of the 
actual tests is chosen for analytical simulation 
due to time and budget limitations. Pre- 
conditioning analyses are used to simulate the 
damage for the tests that are not analyzed. 
Typically, this pre-conditioning uses portions of 
the measured input time histories for the skipped 
tests to bring the fundamental frequency of the 
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Figure  4. T ime  History. Input  for 2S2(H)  Test S imula t ion  

analytical model close to that in the corresponding test. Fig. 4 shows the acceleration time history input for the 2S2(H) 
simulation. This input is constructed from the measured response on the basemat for the test. Note that a large component of 
vertical and basemat rocking occurred in the test although only the horizontal component was input during the test. Similar 
time history input is constructed from the measured basemat response for the other failure level tests that are simulated. 

POSTTEST FAILURE LEVEL ANALYSES 

The posttest failure level analysis simulated the 2S2(H), 3S2(H), 5S2(H), and 9S2(H) tests. These analyses started 
from the damaged state of the model after performing the design level test simulations. 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. The basemat acceleration input for the analysis was constructed from the 
accelerometer data recorded in the respective tests for the gauges mounted on the basemat. Horizontal, vertical, and basemat 
rocking input, as recorded on the basemat, 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 integration point in the RCCV wall has cracked and most had three cracked directions at each 
point. The continued stiffness degradation was due to continued degradation of the shear modulus and compressive modulus 
(for closed cracks) with continuing crack opening and closing cycles. 

Fig. 5 compares the measured and calculated displacements of the top mass for the 2S2(H) test simulation. These 
results show good agreement through the largest response peaks at 15-16 seconds. After this point, the analysis tends to over- 
predict the displacement and acceleration response. This can be attributed to differences in the structural behavior between 
the test model and the analytical model during the peak response at 15-16 seconds. It is postulated 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 analytical model does not capture the same magnitude of local damage and therefore 
shows gradual stiffness degradation during the remainder of the event. This hypothesis is based on the measured strain 
response in the model. Consider Fig. 6, which shows the strain response for an inside vertical rebar at gage SIV27C. The 
measured response indicates that yielding occurs in the bar with subsequent offset or residual strains. This would also 
indicate that substantial cracking damage has occurred across the concrete wall, which would degrade the RCCV stiffness. 
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 remainder of the test. 

The results for the 3S2(H) test analytical simulation are similar in quality to the 2S2(H) simulation. 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 captured in the 
analysis due to the coarse mesh for the posttest analytical model. The vertical rebar strain in the RCCV wall at 90 and 270 ° 
(at the peak rocking points) where damage 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. 

Fig. 7 compares the analysis results with the test data for the displacement of the top mass in the 5S2(H) test 
simulation. 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 accumulates during this test, which is not simulated. This figure shows that the analysis 
has good correlation for this structural response, both in the timing and magnitudes of the response. This indicates that the 
analysis 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 performing well. Again, comparisons of strain response at selected gage locations for the 
reinforcing bars and liner plate 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. Strain offset 
is in evidence in some liner gages 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 required before 
allowing such a structure to continue in service. 

Fig. 8 plots the horizontal acceleration of the top mass versus the horizontal displacement of the top slab as a 
measure of the hysteretic damage accumulation for tests 5S2(H) and 9S2(H). The test data is plotted in green and the analysis 
results are plotted in red. The analysis shows very good correlation 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 analytical model and the test. It should also be noted that the input accelerations for the 9S2(H) test 
are about 3.7gs compared to the response of the top mass of about 3 gs. Thus, the damage level in both the test and analytical 
model before the 9S2(H) test is such that the top mass is almost isolated from the basemat in shear response. 

Contour plots of shear strains indicate that extensive areas of the RCCV walls have 0.5% shear strains beginning 
with the 3S2(H) test. In the PCCV analysis (NUREG/CR-6639), this level of concrete shear strain was proposed as an 
analytical failure criteria for the pre-stressed concrete containment 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. Second, the compressive loads present in a prestressed structure may contribute to the initiation of 
the concrete 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 failure and cause the structure to be less tolerant of cyclic damage. 
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CONCLUSIONS 

The analysis results contained in this paper illustrate the progress made in coupling advanced analytical simulations 
with large-scale model testing to improve our understanding of the seismic capacities of RCCV structures. A formulation for 
cyclic dependent cracking damage and damping, which is needed for simulating the structural response leading to failure in an 
RCCV type structure, has been implemented and validated. Similar analyses for PCCVs were previously reported 
(NUREG/CR-6639, 1999), which further demonstrated the validity of this methodology for the evaluation of the static and 
dynamic capacities of reinforced and pre-stressed containment structures. Safety concerns, which continue to raise the design 
levels of seismic events, require validated analytical methods. Once the analytical methodology is validated for seismic loads 
using scaled models, capacities of actual RCCV structures can be predicted through numerical simulation. 
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