
Analyses of a Reinforced Concrete Containment with Liner Corrosion 
Damage' 

Jeffrey A. Smith and Jeffery L. Cherry 
Saiadia National Laboratories 
Albuquerque, NM 87185-0744 

ABSTRACT 

Incidents of liner corrosion in nuclear power containment structures have been recorded. These 
incidents and concerns of other possible liner corrosion in containments have prompted an 
interest in determining the capacity of a degraded containment. Finite element analyses of a 
typical pressurized water reactor (PWR) reinforced concrete containment with liner corrosion 
were conducted using the ABAQUS finite element code with the ANACAP-U nodiear concrete 
constitutive model. The effect of liner corrosion on containment capacity was investigated. A 
loss of coolant accident was simulated by applying pressure and temperature changes to the 
structure without corrosion to determine baseline failure limits, followed by multiple analyses of 
the containment with corrosion at different locations and varying degrees of liner degradation. 
The corrosion locations were chosen at the base of the containment wall, near the equipment 
hatch, and at the midheight of the containment wall. Using a strain-based failure criterion, the 
different scenarios were evaluated tci prioritize their effect on containment capacity. 
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Laboratories. Sandia is a multiprogram labaratory operated by Sandia Corporation, a Lockheed Martin Company, 
for the U.S. Department of Energy under Contract DE-AC04-94AL85000. 
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INTRODUCTION 

Liner corrosion degradation has been found in the existing containments of nuclear power 
stations (Shah et al. 1994). This cclrrosion may lead to a reduction of the margin between the 
design and failure pressure; this could lead to an increased risk of containment failure under 
accident loadings. Degraded steel containments under accident loadings have been analyzed by 
Cherry (1 996). The results from these analyses indicated that the location and amount of 
corrosion had a significant f iect  on the ultimate capacity of the containment. Corrosion in some 
locations did not effect the ultimate capacity while in other locations corrosion could significantly 
lower the ultimate capacity. The uork described here examines a typical reinforced concrete 
containment with liner degradation. A future paper will discuss the results of an investigation of 
the degradation of the liner in a typical prestressed concrete containment. 

A typical reinforced concrete containment with a liner that is attached to the concrete 
with studs was examined with postulated liner corrosion degradation in three locations. The 
locations of degradation was located at regions of highest stress, where corrosion damage had 
been observed in existing containments, and in regions that are considered likely to experience 
corrosion. Specifically, the locations were at the basemat on the cylinder wall, at approximately 
midheight on the cylinder wall (location of highest liner stress), and near the equipment hatch. 
Finite element analysis PEA) was used to examine the containment under accident conditions. 
Failure was predicted using a strain-based failure criterion. The effect of liner degradation was 
examined by varying the degree of’corrosion at the selected locations and comparing the failure 
level with the uncorroded case. 

MATERIAL PROPERTIES 

The liner material properties used were for A5 16 Grade 60 steel. The true stress-strain 
curves are shown in Fiagure 1. These curves were developed by using a mean value of engineering 
yield and ultimate stress from test data obtained from the containment liner at the Sequoyah 
nuclear power station and developing curves proportional to the curves for A5 16 Grade 70 steel 
tested at 22,93,149 and 204 OC (E atigue Technology, 1988). Engineering stress and strain values 
were converted to true stress and lrue strain, which are required by ABAQUS to define plastic 
material properties. The coefficient of thermal expansion used was 1 1.3 x 1 O-6/oC. 

elasticity 24.8 x lo9 GPa (3.6 x 1 O6 ksi), Poisson’s ratio of 0.1 8, and a tensile cracking strain of 
the concrete was given a value of 0.0001. Rebar material was taken as grade 40 steel for number 
11s and smaller, and grade 50 steel for number 14 and 18 bars. Typical curves for the rebar were 
developed from the stress strain times for A6 15 grade 60 shown by Gamble (1 973). 

Material properties used for concrete were f,, of 27.6 MPa (4000 psi), modulus of 
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Figure 1. A5 16 Grade 60 true stress versus true strain. 

CORROSION/DEGRADATION 

The study by Cherry (1990) examined degradation mechanisms and determined that for 
low-carbon, low-strength steels used in containment structures, corrosion degradation can be 
simulated by using a loss of section. The corroded material does not have any strength and 
therefore the reduction of strength is due to the loss of section. Cherry (1 996) also found that 
there is a reduction in ductility caused by stress and strain concentration regions at 
discontinuities such as pits or rough surfaces. Bruneau and Zahrai (1 997) found for a structural 
steel that the expected loss of strength for corroded specimens was directly proportional to the 
reduction of area and that the maximum elongation for tensile specimens was less than that for 
the uncorroded specimens. Theref ore in this study, corrosion was modeled only by investigating 
the effect of loss of section. 

The locations chosen in th  s study for the degraded liner were at the junction of the 
basemat and cylinder wall (at the lloorline of the containment), at approximately midheight of the 
cylinder wall (this is a high stress region), and near the equipment hatch opening. The floor to 
wall junction was chosen because mrrosion damage has been observed in this location for steel 
containments, and it was considered to have a high likelihood for corrosion. The region at mid 
height of the cylinder wall was chosen because it is a region of high stress. The equipment hatch 
location was chosen as a likely area for corrosion and possible stress concentration at the 
opening. 
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Figure 2. Temperature-pressure relationship. 
LOADING 

The FEA models were loaded with a quasi-static internal pressure that increased 
monotonically. During many postulated accidents, the pressure is caused by water turning into 
steam. Therefore, a thermal load was applied to the models along with the pressure loading. A 
steady state thermal analysis was performed on the containment wall to determine the 
temperature distribution through its thickness. The temperature was applied in a linear 
distribution between the inside and outside surfaces (see Figure 2). The initial stress-free state 
was assumed to exist at 22 OC. 

Although many possible accident scenarios exist and are important at near design 
pressures, for the calculation of ul timate containment capacity the thermal loads are not nearly as 
important. The effects of thermal loads on the liner strains are dissipated as the concrete cracks 
and reinforcing bars yield. 

FAILURE CRITERIA 

A strain-based failure criterion was selected for this study. Therefore, the failure is 
predicted to occur when the calculated strains exceed a critical value. Researchers such as 
Hancock and Mackenzie (1 976), Mackenzie et al. (1 977), and Mangoine (1 982) have shown that 
the critical failure strain varies as the stress state changes and that this strain can be related to the 
stress state. The failure criteria applied in this study is the same as that applied by Cherry 



(1 996) and uses “knockdown” factors to adjust uniaxial failure strain data to a failure value. 
There are four knockdown factors that are applied. Three of these factors, which are not related 
to corrosion, are consistent with a previous study by Miller (1990). The fourth factor has been 
added to account for the corrosion degradation. 

The critical effective plastic strain at which failure is predicted to occur is determined as 
follows: 

where, 
&failure = &uniaxial* f i  * f2 * f i  * f4 

&failure = effective plastic strain level where failure is predicted to occur. 
&uniaxial = strain at failure from a uniaxial tensile test. 

= knockdown factor to account for multiaxial stress state, fl  

f2 = knockdown factor to account for the sophistication of the analysis model. 
f3 = knockdown factor to account for variable material properties. 
f4 = knockdown factor to account for corrosion degradation. 
Oven = von Mises effective stress. 
(~1,2,3 = principal stress. 

= 1.648 * - 0 2  -0; 0 w n  

The relationship for the first “knockdown” factor is fiom Hancock and Mackenzie 
(1 976). The factor is determined from the analyses and relates the triaxial state of stress to the 
failure strain. For this study, the a3proach taken by Miller (1990) and Cherry (1996) was used 
and lower bound, best estimate, and upper bound values were chosen for the remaining factors 
(f2, f3, and a. 

The second factor accounts for how much detail is incorporated in the finite element 
model. For example, the element s ze in the mesh and missing structural details in the model 
affect the accuracy of the finite element prediction. This factor approaches 1.0 as the mesh size 
becomes small and includes all the structural details. The value chosen in this study was 
determined by reviewing the detail included in the finite element model in the critical failure 
region, and analytical results such ,is the strain gradient in the critical region. The details of the 
FEA will be discussed in a later section; however, since a detailed submodel of the containment 
liner was used, the fi value chosen for these submodels was 0.9 for the lowest bound, best 
estimate, and upper bound values of the factor. Since the axisymmetric model did not include 
much detail (especially in the liner) considerably lower values were chosen. 

often vary from the mean by a sigcificant margin. Since the liner material is the same as that used 
by Cherry (1 996), the same values for the f3 factor were used. These values were chosen from the 
variation in the material properties found for tensile tests of the liner material. It was found that 
the elongations for the material varied from the mean by 22 %. Similarly, the same values chosen 
for the f4 factor in the study by Cherry (1 996) were used in this study. From tensile tests on 
corroded coupons it was found that the elongation of the specimens was reduced by 

The third factor accounts f tx  the fact that in an actual structure the material properties 



approximately 50 percent. Therefore, the best estimate value for the f4 factor was chosen as 0.5. 
The values of the lowest and upper bound values are based on engineering judgment. 

Table 1. Knockdown Factors Used in Failure Criteria 
Factor Lower Bound Best Estimate Upper Bound 

Analysis 
sophistication f2 0.4 0.5 0.6 
(axisymmetric) 

Analysis 
sophistication f2 0.9 0.9 0.9 
(submodels) 

0.78 1 .o 1.22 Material 
properties 
Corrosion f4 0.25 0.5 0.75 

f3 

Table 1 shows the values chosen for the “knockdown” factors. It should be emphasized 
that these values are based on engineering judgment and therefore most likely would vary 
according to the analyst. The intent is that the analyst consider each of these areas and 
determines an overall failure limit that is reasonable. The best estimate failure strains that result 
from these factors are close to observed failure strains found during scaled model tests. The 
ASME code (ASME 1992) gives a minimum uniaxial failure strain for elongation in a 20.3 mm 
(0.8 in.) gage length as 21 percent h r  ASTM A516 Grade 60 steel. Therefore, a value of 0.21 was 
used for &,iawial. 

FEA MODELS 

A schematic of the typical reinforced concrete containment analyzed in this study is 
shown in Figure 3. The containment has an inside diameter of 38.4 m (126 ft) and inside height of 
56.4 m (185.0 ft). The wall thickness in the cylinder is 1.37 m (4.5 ft) and in the dome 0.76 m 
(2.5 ft). The concrete basemat thickness is 3.1 m (10.0 ft). The steel liner is 6.35 cm (0.25 in) 
thick on the floor, 9.5 cm (0.375 in) thick in the wall, and 12.7 cm (0.5 in) thick in the dome. The 
studs which attach the liner to the concrete wall are 15.9 cm (0.625 in) diameter. The equipment 
hatch modeled has an inside radius of 2.21 m (7.25 ft) and is centered at a height of 7.42 m (24.33 
ft) above the basemat. Typical wall reinforcing is shown in Figure 4. 

analysis. ABAQUS is a general purpose finite element code that provides the option to use 
external material models. In this study the behavior of the concrete material was modeled using 
ANACAP-U (ANATECH Corp, 1997). This material model uses the smeared crack approach 
(Rashid, 1968) to model the crackirtg concrete. 

The ABAQUS (Hibbit, Karlsson & Sorenson, 1997) finite element code was used in the 



56.4 ni 

Figure 3. Schematic of typical reinforced concrete containment. 
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Figure 4. Typical reinforcing layout. 
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Axisvm met ric 

Initially a global axisymmetric model was analyzed and the results from this model were 
used to develop more detailed subinodels of the areas where the degradation was located. The 
axisymmetric model consisted of 3 598 nodes with 13 12 elements (see Figure 6). Second order 
elements were used to model the liner ( S A X 2  in ABAQUS) and concrete (CAXSR in ABAQUS). 
The concrete elements used reduced integration. The basemat had spring elements (SPRING2 in 
ABAQUS) to model the soil under the basemat. The nonlinear spring modeled the soil pressure 
under the basemat but allowed unrestrained uplift of the basemat in areas where the pressure was 
zero. The dead load of the interior contents of the containment building was estimated and 
applied. 

3-Dimensional Subrnodel 

Since the equipment hatch was not included in the axisymmetric model a 3-dimensional (3D) 
submodel of the equipment hatch was developed. The model contains 4177 nodes and 3810 
elements (see Figure 7). The liner dements are 4-node reduced integration quadralaterals (S4R in 
ABAQUS) and the concrete elements are 8-node bricks (C3D8 in ABAQUS). Half of the hatch 
was modeled to take advantage of the vertical symmetry. Nodal displacements from this model 
were applied to the 2-dimensional (2D) submodels of the liner in the region of the hatch. 

2-Dimensional Subrnodels 

The actual degradation of t  he liner was modeled using a 2D submodels of only the liner. 
The concrete was not modeled, but the displacements of the studs were applied consistent with 
the global axisymmetric model or ihe 3D hatch submodel. 2D quadrilateral elements were used to 
model the liner and spring elemenis were used to model the studs. The idealized load-slip 
relationship for a stud loaded in shear was obtained from a study by Doyle and Chu (1971) and 
is shown in Figure 5 .  These analyses were similar to those conducted by Weatherby (1 990). A 
parametric study was conducted by Weatherby comparing the equivalent plastic strain near the 
edge of the studs for 2D analyses using 4-node bilinear quadrilateral elements (CPS4 in 
ABAQUS) and discrete spring elements (SPRJNGA in ABAQUS) with detailed 3D models of 
the liner and stud. The element sizes in the 2D liner analyses were varied. It was found that when 
the 2D liner element size was equivalent to the radius of the stud (using square elements) the liner 
equivalent plastic strain near the edge of the stud gave nearly the same results as the detailed 3D 
FEA. 

The curvature of the liner was neglected since only a small portion was modeled. Friction 
and bonding between the concrete and the liner were also neglected. In addition to the 
displacements applied to the end of the springs, displacements were applied to the edges of the 
liner. Vertical displacements were applied to the top 'and bottom edges and horizontal 
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Figure 5. Load displacement relationship for studs. 

displacements were applied to the vertical edges (except where symmetry conditions applied and 
the horizontal displacements were zero). A schematic of a typical mesh is shown in Figure 8. 

Four of these 2D submodels were analyzed: one model near the basemat, one at midheight 
of the containment, and two near the equipment hatch opening (one at the bottom of the hatch 
and one at the side). The area of corrosion was chosen as typical of what could be found in an 
actual containment. For this studj , the area was approximately 1.83 m (6.0 ft) wide in the hoop 
direction and 0.30 m (1 .O ft) high i n  the meridional direction for the submodel near the basemat, at 
the containment midheight and the model at the bottom of the equipment hatch. The model on 
the side of the equipment hatch had a corroded section of approximately 0.30 m (1 .O ft) in the 
hoop direction and 1.22 m (4.0 ft) in the meridional direction. The corrosion was placed so a stud 
was at the edge of the corroded section (a variety of corrosion widths and locations of the studs 
were examined and this case resulied in the highest strains). No corrosion was accounted for in 
the studs. Any corrosion damage that weakened the shear resistance of the stud would reduce the 
stresses in the liner around the degraded stud. Therefore, the assumption of no degradation of the 
stud is a “worst case” analysis. Further discussion of stud location and corrosion area will be 
given later. 
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Figure 6. Axisymmetric finite element mesh. 

Figure 7.3D hatch finite element mesh. 
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Figure 8. Schematic of typical 2D mesh. 

FINITE ELEMENT RESULTS 

Axisvmmetric 

Initially the axisymmetric model was analyzed and compared with results from previous 
studies (Weatherby 1988, Pananos and Reeves 1984, Rashid 1985). None of these studies used 
FEA, their results were based on limit-load analyses that determined the yield limit of the rebar 
and liner. A plot of the rebar and liner stresses versus pressure is shown in Figure 9. In this 
study, the outside hoop rebar was the first to yield at a pressure of 0.52 MPa (75 psi). This was 
followed by the inside hoop rebar yielding at approximately 0.76 MPa (1 10 psi). The liner was 
the last component to yield. Of the previous studies, only the study by Pananos and Reeves 
(1 984) included the effects of temperature. That study also found that the liner was the last 
component to yield. However, thai study assumed a constant temperature gradient through the 
wall thickness. Therefore, the hoop rebar yielded at the same pressure of 0.82 MPa (1 19 psi). In 
this study the interior rebar and the liner were subjected to higher temperatures and kept the 
inside of the containment wall in compression longer than the exterior. Therefore, the exterior 
concrete cracked first and the extenor rebar carried more load initially. However, in all the 
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studies, except for WASH-1400 (Itashid 1985), all of the hoop rebar eventually yielded between 
0.69 MPa (100 psi) and 0.83 MPa (120 psi). The WASH-1400 study was extremely 
conservative and gave a failure pr(:ssure (first yield of the hoop rebar) of 0.59 MPa (85 psi). The 
global axisymmetric FEA model ran until the pressure reached approximately 1.09 MPa (1 58 
psi). At this point the concrete on the floor of the containment began to experience large 
displacements and failure was considered imminent. Figure 10 shows a plot of the failure ratio 
(equivalent plastic strain divided hy the failure strain) versus pressure for the uncorroded 
axisymmetric model. The results show that under a lowest bound case the failure would be 
predicted at 0.90 MPa (130 psi). The best estimate shows that the liner would fail at 1.09 MPa 
(1 58 psi). This is the same failure pressure that the FEA model stopped due to large strains in 
the concrete. Therefore, failure could either occur due to liner failure or concrete and reinforcing 
bar failure. The upper bound case suggests that the liner is not likely to be the mode of failure for 
the containment. In terms of strain values, the lowest bound failure strain is 1.1 % and the best 
estimate value is 3.6 YO. 

2 0  Liner Models 

The 2D models discussed in an earlier section were run and failure strains were calculated 
after the runs using the failure criteria. As discussed, a lower bound, best estimate, and upper 
bound failure strains were calculaled to emphasize that an exact value is very difficult to predict. 
Table 2 shows a list of the resulting failure pressures for the degraded liner cases examined. The 
liner models were degraded by 10: 25, and 50 %. In cases where the failure pressure did not fall 
below the failure pressure for the irncorroded axisymmetric analysis there is no failure pressure 
listed. Despite a reduction of section by more than 50 %, the strains in the hatch area did not 
reduce the failure pressure below 1.09 MPa (1 58 psi). In each of the cases when the capacity of 
the containment was reduced, the failure strain was located at a stud. The strains within the 
degraded section of the liner were increased but not near failure levels. 

The sidewall analyses (for degradation levels of 10 and 25 %) resulted in reducing the 
capacity only for the lowest bound cases. These analyses resulted in failure pressures of 0.98 
MPa (142 psi) and 0.92 MPa (134. psi) respectively. The predicted failure strain for the 10 and 
25 % case were both 2.4 %. For the 50 % case the lowest bound failure pressure was 0.85 MPa 
(124 psi), best estimate failure pressure was 0.96 MPa (140 psi), and upper bound failure 
pressure was 1.08 MPa (1 57 psi). The resulting predicted failure strains were 2.4 %, 6.3 %, and 
1 1.3 % respectively. 

pressure for the lowest bound estimate. The resulting failure pressure was 0.98 MPa (142 psi) or 
a predicted failure strain of 2.7 %. The 25 % degradation case resulted in a failure of 0.96 MPa 
(139 psi), 0.99 MPa (143 psi), anti 1.05 MPa (152 psi) for the lowest bound, best estimate, and 
upper bound cases respectively. The respective failure strain values were 2.8 %, 7.2 %, and 
10.8 %. For the 50 % degradation case the lowest bound, best estimate and upper bound failure 
pressures were 0.94 MPa (137 psi), 0.97 MPa (141 psi), and 1.00 MPa (145 psi). The 
corresponding failure strains were 2.0 %, 7.3 YO and 13.2 YO. 

The basemat analysis for the 10 % corrosion case resulted in only lowering the failure 
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DISCUSSION 

In the previous study by Cherry (1 996), changes and discontinuities of the liner were 
areas of strain concentrations and he location of ultimate failure. However, in this study the liner 
had a uniform thickness in each of the basemat, sidewall, and dome. Therefore, the only locations 
of discontinuities are at the corroded areas and stud locations. For the analysis of an actual 
containment any known discontinuities should be an area of concern and analyzed. As was found 
in the 1/6' scale model analyzed by Weatherby (1 990), stud location in relation to a change of 
liner thickness can develop strain Concentrations at these discontinuities. However, in this study 
it was found that if the studs shear off prior to the liner tearing the strain concentrations in the 
degraded areas examined are considerably lower. The loads in the studs for these analyses were 
examined and determined not to bt: near failure. The loads in the studs, modeled as spring 
elements, were well below the ultimate stud load found experimentally by Goble (1 968). In that 
study, the specimens with 15.9 crri (0.625 in) diameter studs that failed by stud shear had 
ultimate stud loads ranging from 3 01.8 kN (22.9 kip) to 109.0 kN (24.5 kip). A typical plot of 
stud load versus pressure for the si dewall submodel with 50 % degradation is shown in Figure 1 1. 

Goble (1968) found that when the ratio of the diameter of the stud to the plate thickness 
was approximately 2.7 the failure mode of studs changed from shear to the stud pulling out from 
the plate (pullout). This study was done using typical commercially available studs and A36 
steel. The studs are typical of what would be in a typical containment. For the 1/6th scale model 
analyzed by Weatherby (1 990), which liner material more closely matches the material in this 
study, the ratio of stud diameter to plate thickness was 2.4. If these studs followed a trend 
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Figure 1 1. Stud force for typical stud in 50 % corrosion liner model. 

similar to those studied by Goble ( 1968), then the studs would have been expected to shear off 
prior to the studs failing by pullout. However, a strain concentration was forced between two 
stud lines due to a change in plate thickness, and the liner tore at this discontinuity prior to the 
studs shearing or failing by pulloui.. 

trend in the Goble (1 968) study held, the studs would shear off prior to stud pullout (or the 
strains reaching a critical value at ihe stud locations). However, the Goble (1968) study was 
conducted using different materials than those used in this study and the stud spacing was 
different. Since the loads in the studs for this study are below the ultimate shear loads found by 
Goble (1968), the studs were assumed to not shear off and a critical strain at the stud location 
was considered the initiation of a tear and subsequent failure of the liner. Stud shear would make 
a liner tear under the degraded conditions examined unlikely since strain concentrations would not 
build up at the stud locations. 

The equipment hatch was modeled because it seemed a likely location for corrosion 
around the opening and a likely location for stress concentrations. However, large deformations 
do not occur due to the large amount of reinforcing in the hatch area. Therefore, the liner stresses 
in this location were very low. Tht: submodels analyzed in this area, despite substantial 
degradation, did not reveal a likely failure in this area. 

In this study, the ratio of stud diameter to liner thickness in the wall was 2.0. Again, if the 



CONCLUSIONS 

Degradation of the liner in a typical reinforced concrete containment with the liner 
attached to the concrete with studs can degrade the ultimate capacity of the containment. The 
most critical location of degradation examined in this study was at the region of highest liner 
stresses (at approximately midheight of the containment). In this case the ultimate pressure 
capacity of the containment was reduced by more than 20 % when the liner was corroded by 
50 %. These results are dependent on the studs not shearing off. In addition, details in an actual 
containment may differ from the typical containment modeled in this study. This might cause the 
capacity of the actual degraded containment to differ from the typical model discussed in this 
paper. Since liner corrosion has been found in existing containments the liner was the emphasis of 
this study. However, rebar corrosion, or concrete degradation, could also have an affect on 
containment capacity. 
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