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Abstract

Deformation of a steel containment anchorage system during a severe
accident may result in a leakage path at the containment boundaries. Current
design criteria are based on either ductile or brittle failure modes of headed
bolts that do not account for factors such as cracking of the containment
basemat or deformation of the anchor bolt that may affect the behavior of the
containment anchorage system. The purpose of this study was to investigate the
performance of a typical ice condenser containment’s anchorage system. This was
accomplished by analyzing the Sequoyah Containment Anchorage System. Based on a
strength of materials approach and assuming that the anchor bolts are resisting
the uplift caused by the internal pressure, one can estimate that the failure of
the anchor bolts would occur at a containment pressure of 79 psig. To verify
these results and to calibrate the strength of materials equation, the Sequoyah
contairmment anchorage system was analyzed with the ABAQUS program using a three-
dimensional, finite-element model. The model included portions of the steel
containment building, shield building, anchor bolt assembly, reinforced concrete
mat and soil foundation material.

As internal pressure was applied, cracks were formed in the vicinity of the
anchorage system. Conical failure surfaces were observed at 60 psig. All
concrete surrounding the anchor bolt was cracked at 70 psig. At a pressure of
74 psig, a conical surface with a slope of 40 degrees extended to the
containment’s base plate. Because of convergence problems, the analysis could
not be continued beyond this pressure. However, one can hypothesize that if the
analysis had continued, enough cracks would probably have occurred to form a
complete failure cone above the bottom ring of the anchorage system. This would
leave the anchor bolt as the only load transfer mechanism, and hence, inducing
large strain with large deformation that may lead to a ductile failure of the
anchor bolt.
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EXECUTIVE SUMMARY

Recently, the Containment Technology Division of Sandia National
Laboratories has developed methods for predicting the performance of steel
containment buildings under pressures that exceed the design values. This
method is being employed to estimate the pressure capacity, at elevated
temperature, of the Sequoyah containment building shell. To predict shell
rupture, Sandia has suggested a failure criterion that is based on the ultimate
strain properties of the material and adjusted by knockdown factors. The
knockdown factors account for differences between design and actual
construction, sophistication of analysis methods, and variations in material
property data.

Axisymmetric analyses of the Sequoyah containment have been conducted to
determine the global response of the containment shell with local 3-D analyses
performed to determine the strain concentrations caused by penetrations. As a
continuation of this overall effort to estimate the pressure capacity of the
Sequoyah containment, the objective of the present work is to analytically
investigate the performance of the anchorage system. The study was carried out
using the ABAQUS finite element computer code.

The Sequoyah containment is held down by 180 pretensioned high strength
bolts that resist the uplift forces generated by internal pressure or seismic
events. Possible failure modes of the containment anchorage system were defined
as: (1) ductile failure caused by elongation of the bolts; and, (2) brittle
failure caused by failure of the concrete surrounding the bolt. Simplified
equations to evaluate the pressures associated with these failure modes are
given. However, these equations fail to account for the structural deformation
that affects the behavior of the anchorage system, such as deformation of the
anchor bolts and its assembly, concrete deformation, cracking of the containment
basemat and containment shell deformation.

Because of the complexity involved in estimating the anchorage system
behavior, the finite element method was chosen over more classical 'strength of
materials’ approaches. Analytical modeling of a concrete structure with the
finite element method requires consideration of several parameters that
influence the predicted behavior of the structure. Bond idealization and shear
transfer in cracked concrete were investigated using small concrete models that
were tested by others. The finite element analyses showed that the approach
employed in the ABAQUS program to idealize these two parameters gave
satisfactory results when compared to the test results. Therefore, ABAQUS was
selected for analyzing the Sequoyah containment anchorage system.

A one-degree wedge extending between the center of one bolt to midway to
the next bolt was idealized for the 3-dimensional nonlinear finite element
analysis. The model includes portions of the containment vessel, shield
building, anchor bolt, anchorage system, reinforced concrete mat and soil
foundation material. Solid and shell elements were used to model the concrete
basemat and the steel containment, respectively. The anchor bolt was mecdeled
using beam elements. All interfaces between the steel plates and concrete were
idealized using compression-only springs perpendicular to the steel plates. A
distributed cracking model was used to represent the mechanical behavior of



/
concrete in tension. During the analysis, the bolts were first preloaded ané
then internal pressure loading was applied in discrete steps. /

The analysis proceeded without significant convergence problems up to!a
pressure of 73.8 psig. Beyond this pressure, a load increment of 0.001 psi was
used and the analysis continued to a pressure of 74.123 psig. However,
numerical problems were encountered when the load was increased beyond this
value. ABAQUS personnel were consulted about the problem; however, the sougce
of the problems could not be determined. They suggested using an axisymmetyic
model for the problem in which the anchor bolt is modeled using axisymmetric
elements. The suggestion was considered but rejected since the objective!of
this work is to analyze the as-built anchorage system. After discussion with
Sandia National Laboratories’ personnel, it was decided to terminate the
analysis at a pressure of 74.123 psig. In the author’s opinion, future work
should be performed to obtain the pressure at which ductile or brittle failure
occurs. This would validate the ASCE design equations for nuclear containment
anchorage systems.

Cracks first occurred in the concrete surrounding the anchor plate as the
anchor preload was applied. As internal pressure was applied, additional cracks
formed in the vicinity of the anchorage system. Conical failure surfaces near
the bottom ring and anchor plate started to form at 60 psig. All concrete
surrounding the anchor bolt was cracked at 70 psig. At a pressure of 74.123
psig, a conical surface, with a slope of about 40 degrees from the horizontal,
extended from the outer right edge of the bottom ring to the surface of the
unfinished concrete.

The calculated strains in the knuckle, baseplate, anchor bolt, and the
portion of the containment shell within the finite element model were well below
the ultimate strain. The strain field in the shell was dominated by bending
strain near the basemat/shell connection.

If the analysis had continued beyond 74.123 psig, enough cracks would
probably have occurred to form a complete failure cone associated with the
bottom ring. This would leave the anchor bolt as the only load transfer
mechanism in the containment anchorage system. Hence, one could expect failure
to occur in one of two possible modes: (1) formation of a complete failure cone
above the anchor plate (brittle failure); or, (2) increase in the bolt strain
with large deformation (ductile failure).

A finite element analysis of the containment anchorage system, which
considers the parameters that affect this complex system, is feasible, but the

convergence problems in ABAQUS have yet to be solved. A simple model,
consisting of an anchor bolt embedded into a concrete block and subjected to a
tensile load, should be studied. Solutions should be carried out for both

brittle and ductile failures. Experimental calibration is strongly recommended
to validate the finite element results.




1. INTRODUCTION

During the past few years, the integrity of nuclear containment buildings

has become an important issue. Several researchers have increased efforts to
investigate the performance of nuclear containment buildings during hypothetical
severe accidents. Recently, the Containment Technology Division of Sandia

National Laboratories (SNL) has developed methods for predicting the performance
of light water reactor (LWR) steel containment buildings on behalf of the U.S.
Nuclear Regulatory Commission. Most of these methods were validated using the
results of scale model tests [l] and tests on penetrations, seals, and gaskets
[2, 3, 4). A failure criterion, based on the ultimate strain properties of the
material and adjusted with knockdown factors, has been developed [5]. The
failure criterion is applied to the results of finite element calculations to
predict shell tearing and hence, leakage of steel containments.

A containment building fails to perform its function after a leak path is
formed. Assuming that there are no pre-existing leak paths, a leak path can
develop in a highly strained region of the containment, resulting in the leakage
of radioactive material into the surroundings. The response of these regions
under severe loading conditions and the conclusions from component studies are
documented [6]. The objective of this investigation is to evaluate the
performance of the Sequoyah nuclear containment building (see Figures 1.1 and
1.2) anchorage system under loading conditions beyond the design values.
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Figure 1.1 Sequoyah Containment Building
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2. ANCHORAGE FAILURE

Many steel containments in nuclear power plants are free standing
structures held down by a number of high strength anchor bolts. These anchors
are distributed around the containment building base and are embedded in a
concrete floor (see Figure 1.2). Their function is to resist the uplift forces
that are generated by internal pressurization of the containment or by seismic
events. Failure of the anchorage system could introduce leak paths through the
containment pressure boundary, and, thereby, compromise the containment
integrity of the nuclear facility. Therefore, any evaluation of the performance
of a containment under critical conditions must also examine the likelihood of
this mode of failure.

In general, the failure modes of containment anchorage systems may be
classified as (1) failure of the anchor bolt itself (ductile failure), and (2)
failure in the concrete section (brittle failure). These two modes of failure
are part of the basic performance criteria in concrete design. Brittle failure
of a concrete connection is catastrophic, and thus, reinforced concrete
structures are normally designed to ensure a ductile mode of failure. Ductile
failure allows for movement and redistribution of forces. It provides some
warning of impending collapse if the movement is being monitored.

Ductile failure results in the elongation of the bolts themselves,
Typically, the bolts are made of ductile steel: for example, bolts with 16
percent elongation in a 2-inch gage length have been used in some containments.
Therefore, it is reasonable to assume that the failure of these bolts occurs
when the tensile stress exceeds the bolt material tensile strength, F,. The
containment pressure, P,,, at which bolt failure would occur may be estimated as
simply,

n A, By
Pub_ 2 (1)
Tr

where n is the number of bolts (180 bolts), Ap is the bolt cross-sectional area
(5.23 inz), and r is the radius of the containment vessel (57' 6"). Equation 1
yields a failure pressure of 79 psig for the Sequoyah anchorage system [6].
This pressure was based on a tensile strength of 125 ksi for the anchor bolt.

Brittle failure occurs when the embedded steel anchor does not fail in
tension but rather pulls out a secti»n of the concrete, which is approximately
conical. The failure is caused by diagonal shear forces and tension on the
conical surface {7]. The containment pressure which causes brittle failure is
calculated as:

P = (2)

where f.' is the concrete compressive strength and A, is the total effective
stress area for all anchor bolts, defined by the projected area of stress cones
[7, 8]. The effective area, A, is limited by overlapping of the stress cones,
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by intersection of the cones with the concrete surface, by the bearing area of
the anchor heads, and by the overall thickness of concrete. With an assumed
concrete compressive strength of 5000 psi, Reference ([6] reported that the
brittle failure mode will occur at a pressure of 135 psig.

Equation 2 does mnot account for additional strength provided by
reinforcing steel crossing the surface of the failure cone. The shear area of
the reinforcing steel that intersects the failure cone should be determined to
obtain upper bound for shear strength based on dowel action of the rebars [9].
This was not used in predicting the pressure associated with the brittle failure
listed in [6] since reinforcing steel was provided only at the bottom of the
basemat as well as near the unfinished and the finished concrete levels [10].
However, these rebars were included in the finite element model described later
in this report.

The procedure outlined above can be used to predict approximate pressures
at which ductile or brittle cfailure may occur in an anchorage system of a
nuclear containment. However, such a procedure does not account for the
structural deformation of the anchorage system. In the event of a severe
accident, the internal pressure may induce structural deformation of the
anchorage system sufficient to result in the formation of leakage paths in the
containment boundary. This structural deformation of the entire anchorage
system is, in all likelihood, caused by a combination of the following:
deformation of the anchor bolts, deformation of the stiffener assembly, concrete
deformation, cracking of the containment base-mat, and containment shell
deformation. In addition, large deformation of the knuckle plate and/or at the
weld connecting this plate to the containment shell (see Figure 1.2) may result
in another leakage path. Considering the complexity of this situation, a more
comprehensive approach to investigate the behavior of the anchorage system is
desirable. 1In this work the finite element method was chosen for the analysis
of the Sequoyah containment anchorage system. The ABAQUS [11] finite element
code was selected to accomplish this objective.




3. MODELING PARAMETERS

Analytical modeling using the finite element method requires consideration
of all the parameters that influence the behavior of the structure. The
complexities in concrete behavior stem from the nonhomogeneous nature of
concrete, the combination and mutual interaction of microscopic properties of
concrete and steel, destruction of bond in local areas and the tensile weakness
of concrete with progressive cracking. These parameters must be evaluated in
order to gain an insight into the sensitivity of the results to a specific
parameter.

3.1 Bond in Concrete

The strength of reinforced concrete structures depends upon the bonding
action at the interface between the reinforcing bars and the concrete. A
realistic representation of bond behavior is, therefore, necessary for
application in finite element analyses.

Special linkage elements, mainly springs, have been developed and used for
representing bond behavior in finite element analyses of reinforced concrete
structures. The stiffnesses of the springs in these linkage elements have been
experimentally formulated from force-displacement data [12, 13]. Bond behavior
has also been represented using a 'tension stiffening’ concept, i.e., allowing
the concrete to carry some tensile stress after cracking. Two methods exist to
incorporate the tension stiffening effect: (1) by defining the post-cracking
behavior of concrete through a tensile stress-strain relationship {14]; and, (2)
by adjusting the stress-strain diagram of the tensile steel after the concrete
has cracked [15]. The additional stress represents the total internal tensile
force carried by the concrete between the cracks. It is lumped at the level of
the tensile reinforcement and oriented in the direction of the rebars.

Appendix A summarizes the study conducted herein to investigate the most
appropriate method to idealize the bond behavior in reinforced concrete for this
finite element analysis. Since the tension stiffening approach has been known
to stabilize the solution numerically, it was selected instead of bond-link
elements for the purposes of this project [16]. Additionally, Method 1 (above)
was chosen to incorporate the tension stiffening effect because ABAQUS has
built-in provisions for this method. Details of the method used to model
bonding are provided in Section A.l.

3.2 Shear Transfer

The transfer of shearing forces is of critical importance in reinforced

concrete members. In finite element analyses, transfer of shearing forces
through uncracked portion of concrete is controlled by the shear modulus G of
the uncracked concrete. However, shear transfer through cracked concrete by

aggregate interlocking and dowel action of main reinforcement introduces some
difficulties.

Dowel action and aggregate interlocking were investigated by several
researchers [17]. A comprehensive analytical expression to represent the dowel
stiffness is still not available [18). Most of the proposed analytical models
for such stiffness are based on the concept of a beam on an elastic foundation
and their applicability is limited to small dowel forces [18]. Dowel action and

-8-



aggregate interlocking have also been modeled by a reduced shear modulus G;, in
the material matrix. A constant reduced shear modulus was most commonly used.
However, a shear modulus which decreases linearly with strain normal to the
crack yields a better representation of shear behavior [19]. Reference [20]
developed a hyperbolic expression to model shear transfer. The validity of the
two approaches given in {19, 20] were investigated and the results are
summarized in Appendix A. As described in Appendix A, the use of the linearly
decreasing shear modulus was found to give satisfactory results and has,
therefore, been selected for the current work,



4.  ANALYSIS OF SEQUOYAH CONTAINMENT ANCHORAGE SYSTEM
4.1 Geometry of the Containment Building

The Sequoyah steel containment is a cylindrical steel structure fabricated
with A516 Gr. 60 steel and is covered by a hemispherical dome (see Figure 1.1).
At the bottom there is a 1/4-in. thick steel plate covered by two feet of
concrete (see Figure 1.2). The transition between the cylindrical plates
forming the containment wall and the base plate is made through a knuckle plate
welded to both. The knuckle plate is formed from a 1/4 in. thick steel plate
curved at an outer radius of 12 inches. The steel containment vessel is
surrounded by a 3-foot-thick reinforced concrete shield building with an inside
radius of 62.5 ft.

Anchorage for the steel containment vessel is provided by anchor plates
(11.25 in. x 11.25 in. x 3 in.) at the lower end of high-strength preloaded
anchor bolts. The anchorage system is designed in such a way that uplift forces
are transferred from the steel vessel through top and bottom rings to the top of
the bolts, (see Figure 1.2). These rings are strengthened by 1 in. thick
vertical stiffeners located on each side of each anchor bolt. The bolts are 2.5
inches in diameter and are distributed circumferentially around the base of the
containment vessel at 2 degree intervals. The bolts are preloaded to 25 ksi and
embedded in a 12-foot-thick concrete mat. The basemat is anchored into the rock
foundation with several tie rods grouted into 10- to 15-foot deep holes.

4.2 Finite Element Model

The symmetrical arrangement of the anchor bolts around the bpase of the
containment vessel makes it possible to select a one-degree wedge extending from
the center of one bolt to midway to the next bolt (see Figure 1). The model
includes portions of the containment vessel, shield building. anchor bolt,
anchor plate, vertical stiffener, reinforced concrete mat, and soil foundation
material (see Figure 4.1).

From the theory of plates and shells, bending is a local phenomenon whose
effect diminishes at a distance of approximately 3 /rt, where r and t are the

mean radius and the thickness of the cylindrical structure (21]. With this
consideration, the heights of the shield and containment buildings in the model
were 500 in. and 92 in., respectively. The authors recognize that the shield

building has little or no effect on the structural behavior of the containment
anchorage system. However, it was necessary to include a portion of the shield
building in the model to account for the effects of its dead weight on the
pressure distribution beneath the basemat.

The finite element mesh was developed using Release 2.2 of PATRAN [22].
Figure 4.1 illustrates an outline of the finite element mesh used in the
analysis. Eight-node solid elements (C3D8 in ABAQUS) were used to model the
containment basemat and the shield building. The size of the solid elements
within the failure cone associated with the brittle failure mode explained in
Section 2 was reduced. Reinforcing steel where provided in the basemat were
modeled utilizing the rebar option in the ABAQUS program. The containment
shell, bottom plate, knuckle plate, top and bottom rings as well as the vertical
stiffener were modeled using 4-node shell elements (S4R5 in ABAQUS). The anchor
bolt was idealized using beam elements (B3l in ABAQUS).

-10-
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The concrete-rock interface at the bottom of the basemat was idealized by
compression-only springs (Springl in ABAQUS) whose stiffness was calculated by
multiplying the foundation subgrade modulus times the tributary area for the
spring. At locations where there were tie rods between the rock and the con-
crete mat, concrete-rock interface was idealized by nonlinear tension-
compression springs (Springl in ABAQUS). All interfaces between the steel
plates, containment shell, bottom liner plate and concrete elements were modeled
using compression-only springs (Spring2 in ABAQUS). These springs were
orientated perpendicular to the steel with stiffness calculated as those beneath
the basemat. Frictional forces were neglected at the interface. Appropriate
boundary conditions were imposed on the symmetry planes of the model (see Figure
4.1). The model has 1935 elements and 4000 nodes.

4.3 Material Model
4.3.1 ABAQUS Concrete Model

The concrete model in ABAQUS is mainly for plain concrete [11]. However,
a reinforced concrete element can be modeled by combining the plain concrete
model with rebar elements. These rebar elements are superimposed on the mesh of
plain concrete elements and are used with standard metal plasticity models that
describe the behavior of the rebar material. Cracking in the concrete model in
ABAQUS is assumed to occur when the stresses reach a failure surface. The
concrete model in ABAQUS is a smeared crack model in the sense that it does not
track individual macro cracks. Smeared crack models are known to produce finite
element results that are "mesh sensitive" [11]; however, mesh sensitivity was
not considered in the work reported herein. The ABAQUS theoretical manual [11]
documents that tension stiffening (Section 3.1) in conjunction with smeared
cracking is a practical solution to the cracking problem.

4.3.2 Concrete Properties

The concrete constitutive model in ABAQUS requires input of several
parameters, including points from the stress versus plastic strain curve in
uniaxial compression, concrete uniaxial tensile strength, concrete biaxial
compressive strength, principal component of plastic strain at ultimate in
biaxial compression and principal stress at cracking in plane stress when the
other nonzero principal stress component is at its ultimate compressive stress
value.

Points used to define a piecewise linear relationship for the uniaxial
compressive stress and plastic strain were calculated using Hognestad stress-
strain relationship in [23]. The stress-plastic strain relationship for
concrete under uniaxial compression is shown in Figure 4.2. The values for the
remaining material parameters are listed in Table 4.1. ABAQUS default values
were used for those parameters requiring biaxial test data since this
information was not available. Bond and shear transfer in cracked concrete were
accounted for as discussed in Appendix A, and Sections 3.1 and 3.2.
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Table 4.1 Additional Material Parameters Used With the Concrete
Constitutive Model in the ABAQUS Code

Parameter Value
Description

Young's Modulus 57,000 ch’ psi

Poisson’'s Ratio 0.167

Ratio of the biaxial ultimate compressive 1.16%
stress to the uniaxial compressive
ultimate stress

Absolute value of the ratio of 0.09*
uniaxial tensile stress at failure to
uniaxial compressive stress at failure

Ratio of principal plastic strain at 1.28%
ultimate stress in biaxial compression

to the plastic strain at ultimate

stress in uniaxial compression

Ratio of the tensile principal stress 1/3*
at cracking in plane stress when

the other nonzero principal stress

component is at the ultimate compressive

stress to the ultimate cracking stress

under uniaxial tension

* Default value in ABAQUS Code
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4.3.3 Steel Properties

The true stress-strain curve for A516 Gr. 60 for the different thicknesses
was obtained from engineering stress-strain data [24]. The stress-plastic

strain relationships for the different plate thicknesses are shown in Figure
4.3,

4.4 Loading and Solution Strategy

In the first step of the analysis, the dead weight of the containment
basemat and the anchor pre-load were applied. The dead load of the finite
element model was represented utilizing body forces of 150 1b/ft3. Bolt pre-
load was simulated by cooling the anchor bolt gradually until a stress of 25 ksi
was induced in the bolt. In the second step, the weight of portions of the
steel containment and the shield building not within the finite element model
were applied. To account for the weight of components within the containment
building (see Figure 1.1), a pressure of 500 psf was assumed to act on the
basemat. In addition, the weight of the concrete walls inside the containment
was applied as a pressure acting on the elements beneath the walls,

Following the application of the dead load and prestress load, an internal
pressure was applied. Pressures were applied on both the containment shell and
basemat. Meridional forces associated with the applied internal pressure were
calculated and were applied upward at the top nodes of the containment shell
(see Figure 4.1). This pressure was increased from zero to 30 psig in three
steps. The load step size was then decreased to 5 psig up to a pressure of 40
psig. Beyond this pressure and up to a pressure of 70 psig a load step size of

2 psig was wused. This was further reduced to 1 psig and the analysis was
carried to 73 psig. However, a singularity problem was encountered when the
pressure was increased from 73 to 74 psig. The load step size was then

decreased to 0.2 psig and the analysis was successfully performed to 73.8 psig.
Once again, a singularity occurred between 73.8 and 74 psig. The solution was
restated from 73.8 psig using a pressure increment of 0.0l psig.

Convergence in ABAQUS is attained when the maximum residual nodal forces
are less than a user-specified tolerance, which is defined as small fractions of
the applied nodal forces. A convergence tolerance of 1.5 kips was used up to a
pressure of 40 psig. Following this pressure, the tolerance value was relaxed
to 2.5 kips. A sufficient number of iterations were allowed during each load
step until a converged solution was reached. The convergence criterion was met
in each increment of the analysis. The effect of the residual force tolerance
on the structural response cannot be quantified unless the structure is analyzed
using different tolerances. However, the results after each load step showed
that the displacements increment from one iteration to the next were very small.
The largest residual force which occurred during the analysis was about 2.2
percent of the total applied nodal forces. This was associated with a vertical
degree of freedom.

No converged solution was obtained when the pressure was increased to
74.13 psig. At this pressure numerical problems were encountered during the
analysis. The ABAQUS program indicated that the "plasticity algorithm did not
converge at some nodes." However, the program did not identify the location of
these nodes. The load step size was decreased to 0.001 psig and the analysis
was continued. Converged solutions were reached as the pressure was increased
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to 74.123 psig; however, the plasticity convergence problem was again encoun-
tered beyond this pressure. ABAQUS personnel were consulted regarding this
nonconvergence problem ({25, 26]. They suggested using a smaller model with a
few elements to analyze the containment anchorage system. In such a model the
anchor bolt and the anchor plate were to be approximated by axisymmetric
elements. This type of model was not pursued since the objective o. this work
is to investigate the as-built anchorage system. After discussion with Sandia
personnel ([27], it was decided to terminate the analysis at this pressure.
Future work should be performed to determine the pressure at which ductile or
brittle failure of the containment anchorage system occurs.

4.5 Results
4.5.1 Concrete Cracking

The cracking sequence along the symmetry plane through the anchor bolt in
the basemat is illustrated in Figures 4.4 through 4.10. The ABAQUS output file
lists the direction cosines of the normals to the three principal planes. 1In
these figures the element is shown as cracked if a crack exists at, at least,
one integration point (eight integration points/element). When cracks were
formed at more than one integration point, crack orientation was determined by
averaging the crack slopes. Cracks were initiated i:. the first principal
direction (referred to as Crack 1 in the ABAQUS output file) in the concrete
surrounding the anchor plate as the anchor bolt pre-load was applied. These
cracks are shown as heavy lines in the figures. As the pressure was increased
to 20 psig, additional cracks were formed in the concrete below the bottom ring
(see Figures 4.4 and 4.5). These cracks propagated down toward the anchor plate
as additional pressure was applied (see Figures 4.6 through 4.10). Cracks were
also formed above the bottom ring at a pressure of 50 psig (see Figure 4.7).
Additional cracks were initiated in the concrete above the anchor plate. At 60
psig, more cracks were formed. Conical failure surfaces appeared to be
developing at the anchor plate and the bottom ring (see Figure 4.8 and
discussion in Section 2). When the internal pressure was increased to 70 psig
(see Figure 4.9), all concrete elements between the anchor plate and the bottom
ring as well as the elements just below the anchor plate were cracked. The
cracks below the anchor plate were horizontal, while the cracks forming the
conical surfaces on the left and right of the top ring and anchor plate range
between 30 and 40 degrees from the horizontal (see Figure 4.9). When the
pressure was increased to 74.123 psig, a conical surface with a slope of 40
degrees from the horizontal was formed on the right of the bottom ring. This
surface extended from the bottom ring to the surface of the unfinished concrete
beneath the 1/4 in. steel plate (see Figure 4.10).

The analysis also predicted that cracks were formed in the other principal

directions. Cracks in the second principal direction (defined as Crack 2 in
ABAQUS output) were initiated at a pressure of 30 psig in the region below the
bottom ring (see Figure 4.5). These cracks are illustrated in Figures 4.5

through 4.10 as dashed lines. The cracks in the second principal direction were
propagated in the radial direction and down toward the anchor plate as the
pressure was increased above 30 psig. When the applied internal pressure
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reached 50 psig, cracks started to form 1in the third principal direction
(referred to as Crack 3 in ABAQUS output file) In the concrete just below the
left and right of the bottom ring. (Note that cracks in the third principal
direction are parallel to the symmetry plane, that is, parallel to the view in
Figures 4.4 to 4.10. Elements that are cracked in all the three principal
directions are shaded in Figures 4.5 through 4.10.)

Cracks were also initiated in the concrete above and to the left of the
top ring at a pressure of 30 psig (see Figure 4.5). The analysis indicated that
inclined cracks began to form in the concrete to the left of the top ring as the
pressure reached 60 psig (see Figure 4.8). No additional cracks were detected
in this area as the pressure was increased to 74.123 psig.

4.5,2 Deformed Shape

A sequence of deformed shapes for the concrete elements in the basemat in
the vicinity of the anchor bolt is shown in Figures 4.11 to 4.13. At low
pressures these deformed shapes illustrate that the concrete cover above the top
and bottom rings behave as short-deep cantilevers subjected to an upward forces
(see Figure 4.12). As the internal pressure increases, the moments, M; and Mj,
shown in Figure 4.14 also increase. The resulting tensile stresses in the
radial direction cause cracking on the left of these two rings (see cracks in
Figures 4.4 through 4.10). (Note: All moments shown in Figure 4.10 are those
acting over the entire section.)

Similar behavior was also present at low pressures in the regions below
the bottom ring. Notice the discontinuity in the basemat caused by the embedded
portion of the containment shell. In other words, one can view the discontinuity
as a built-in crack in the basemat (see Figure 4.15). Vertical cracks beneath
the bottom ring were initiated by the tensile stresses in the radial direction
induced by the moment M3 (see Figure 4.14). This moment was caused by the
weight of the shield building and the upward pressure beneath the basemat. This
moment increases since the soil pressure beneath the basemat decreases as the
containment internal pressure increases. The increasing M3 propagated
additional cracks beneath the bottom ring, toward the anchor plate.

4.5.3 Component Loads

Prior to pressurization of the containment, the preload of the anchor bolt
was transferred to the basemat through the anchor plate and the top ring. As
the applied internal pressure was increased from 10 to 20 psig, the applied
upward forces were balanced by the bolt's preload. Additional applied pressure
was then transferred to the basemat through the top and bottom rings pressing
against the concrete above these rings. Portions of the applied load were also
transferred to the base plate and to the anchor plate. Figure 4.16 shows the
portions of the load carried by the top ring, bottom ring, anchor bolt and the
knuckle plate. The figure indicates that beyond a pressure of 40 psig, most of
the load was transferred to the basemat through the bottom ring. Notice that
the rate of the increase of the anchor bolt force is small. However, this rate
increased beyond a pressure higher than 40 psig. This occurred after the
cracking of the concrete above the top and bottom ring were progressed. At
higher pressures it is anticipated that larger portions of the load will be
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carried by the anchor bolt as more cracks develop in the vicinity of the
anchorage system. When complete failure cones associated with both the top and
bottom rings are formed, the anchor bolt will carry the entire applied load.

Figure 4.16 indicates that the force transferred to the knuckle plate and
the top ring were insignificant. The fraction of the load carried by the
knuckle plate remained almost constant (about 2%) throughout the loading
process. At a pressure of 74.123 psig, the force transferred to the knuckle
plate was approximately 512 1lb/in. This resulted in a stress of 1925 psi in the
3/8 in. fillet weld between the knuckle plate and the containment shell.

4.5.4 Steel Strains

Figure 4.17 shows the stresses in the anchor bolt as a function of the
applied pressure. Notice that the axial stress in the bolt is not zero at zero
applied pressure, but equal to the prestress of 25 ksi. The stress in the
anchor bolt increases with internal pressure. The rate of the increase in the
bolt stress increases with the applied pressure because more cracks were formed
in the containment basemat and more load is transferred to the anchor bolt.

The axial strain in the anchor bolt at 74,123 psig is 0,1% which is well
below the anchor bolt material’s ultimate strain. Hence, a ductile failure in
the anchor bolt is unlikely prior to the development of a complete failure cone
associated with the bottom ring Elev. 676’ 1 1/2" (see Figure 1.2).

The maximum surface strain in the portion of the containment shell that
was included in the model is illustrated in Figure 4.18. At 74,123 psig, the
maximum meridional strain was 0.192 percent on the inside surface of the shell
near Elev. 679’ 9 3/8". This strain was comprised of a membrane and bending
strains of 0.056 and 0.136 percent, respectively. Thus, the strain field was
dominated by bending strain caused by the bending of the shell near the
shell/basemat connection. The finite element results also showed that there was
insignificant bending strains near the top of the modeled portion of the
containment building. This illustrated the adequacy of the assumption of
including only a portion of the containment up to a height equal to 3 Jre
where r and t are the containment radius and thickness respectively (see Section
4.,2). The circumferential surface strain is also shown. The maximum
circumferential strain at 74.123 psig was 0.135 percent. These strains are well
below the failure strain predicted in (5] in which the complete containment
shell was analyzed. Reference [5] reported a peak strain of 10.7% in the steel
containment near the spring line at a pressure of 81 psig.

The maximum surface strain in the knuckle is shown in Figure 4.19. The
strain in the 1/4" knuckle plate at 74.123 psig is 0.084 percent. This strain
was comprised of membrane and bending strains of 0.013 and 0.071, respectively.
Notice that the strain in the knuckle plate is not zero at zero pressure. This
is caused by the anchor preload.
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4.5,5 Anticipated Failure Modes

Due to the non-convergence of the plasticity algorithm (see Section 4.4),
the analysis was terminated at 74.123 psig. If the analysis had continued
beyond this pressure, enough cracks would probably have occurred on the left
outer side of the bottom ring and on the right and left of the anchor plate to
form complete failure cones associated with the bottom ring and the anchor
plate, respectively. 1If the failure cone associated with the bottom ring forms
first, the anchor bolt becomes the only load path to transfer the load to the
anchor plate. Hence, if the analysis could have been continued beyond this
stage, one could expect failure to occur in one of two possible modes: (1)
formation of a complete failure cone at the anchor plate that would result in a
brittle failure; or, (2) increase in the bolt strain resulting in large defor-
mation and a ductile failure (see discussion in Section 2).
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
5.1 Summary

For some time, the Containment Technology Division at Sandia National
Laboratories has been conducting research to develop methods to predict pressure
capacity for 1light water reactor containment buildings subjected to beyond
design loadings. As a containment experiences large deformation during a severe
accident, the containment anchorage system may deform resulting in a leakage
path at the containment boundary. Current design criteria are based on simple
strength of material equilibrium equations that do not account for factors such
as cracking of the containment basemat or deformation of the anchor bolt and its
assembly that may affect the behavior of a containment anchorage system.

A finite element analysis of the Sequoyah containment anchorage system,
which considers the parameters that affect this complex system, was performed.
The three dimensional model included a portion of the containment shell, knuckle
plate, base plate, reinforced concrete mat, anchor bolt, anchorage system, soil
foundation material, and a portion of the containment shield building. The
analysis was terminated at a pressure of 74.123 psig due to numerical problems.

The analysis results showed the early formation of conical failure
surfaces within the concrete that are associated with the brittle failure mode.
However, these surfaces were not completely developed to the top of the
containment basemat. No high strains were recorded in the anchorage system or
the containment shell. Hence, failure of the containment anchorage system was
not hypothesized.

5.2 Conclusions
Conclusions from this study are:

+ 3-D finite element analysis of containment anchorage systems using the
ABAQUS program is feasible, but the convergence problems in ABAQUS have
yet to be solved.

+ The size of the finite e)2ment model used in this study could be
reduced by enlarging the size of the elements remote from the anchorage
system. However, the convergence problem in the ABAQUS program must be
addressed. Convergence should be based on a change in nodal
displacements or element strains rather than residual forces. At
present, this option is not available in ABAQUS.

» Failure of the weld connecting the knuckle plate to the containment
shell is not likely to occur. At 74.123 psig the stresses in the weld
are far below the allowable values.

« Ductile failure of the anchor bolt likely will not occur prior to the
development of a complete failure cone extending from the bottom ring
since the bolt will not fully be loaded until this cone forms.

+ The Sequoyah containment shell near the attachment of the anchorage

will remain leak tight until at least 74.123 psig. Maximum strains in
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the containment shell and the containment anchorage system are well
below the shell material ultimate strain.

5.3 Recommendations

Recommendations for further work are:

Further finite element work should be done to determine the pressure at
which ductile or brittle failure of the containment anchorage system
occurs. Prior to continuing the analysis of the complete containment
anchorage system, a simple model consisting of an anchor bolt embedded
into a concrete block should be analyzed. Solutions must be
carried out for both brittle and ductile failures, and the results need
to be compared with experimental results.

An experimental program is the next step to calibrate the finite
element results and the current design methods. To the author’s
knowledge, no experimental work has been conducted to investigate the
behavior of such complex anchorage systems.
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APPENDIX A: SENSITIVITY STUDY OF MODELING PARAMETERS

Analytical modeling using the finite element method requires a careful
consideration of all the parameters that influence the behavior of the structure
being analyzed. These parameters must be identified and evaluated in order to
gain an insight into the sensitivity of the results to a specific parameter.

Several parameters affect the behavior of reinforced concrete structures.
These parameters include the bond between rebars and concrete and shear
retention stiffness in cracked concrete. To duplicate the behavior of a
reinforced concrete element, a comprehensive definition of each of these effects
in an analytical model is necessary.

For proper quantification of the above listed parameters, some sort of
calibration is desirable. A review of the state-of-the-art in finite element
analyses involving reinforced concrete structures was conducted to identify the
work done by other researchers for which experimental as well as analytical
results were available. Two simple models that are related to the parameters
under consideration were selected. For example, to investigate the proper
idealization of bond, dowel action and aggregate interlocking, the responses of
a tensile specimen and a shear wall (shown in Figures A.1 and A.2),
respectively, were analyzed using the ABAQUS finite element code.

A.1 Bond Idealization

While link elements have been commonly used for idealizing bond behavior,
the tension stiffening concept was selected for its ease of application and aid
to solution convergence. Tension stiffening is incorporated in the concrete
material model in ABAQUS by expressing the retained tensile stress (beyond
concrete tensile strength) as a linearly decreasing function of strain normal to
the cracks. Three different values for the maximum strain, e, 10e.y and 3¢
(see curves A, B and C, Figure A.3), were used to investigate” the behavior o¥
the tension member shown in Figure A.1. These values were suggested in [28, 29]
respectively. An analysis with no tension stiffening was also conducted. A
quarter-symmetry model was used for idealizing the tension member. Solid
elements (C3D8 in ABAQUS) were used to model the concrete while two dimensional
truss elements (ClD2 in ABAQUS) were employed for the rebar idealization.
Symmetry boundary conditions were imposed on the symmetry planes. An axial load
was applied in increments at the end face of the rebar, and a sufficient number
of iterations within each load increment were allowed to ensure convergence.

Figure A.4 illustrates steel stress versus displacement at the end face of
the rebar. The analysis with no tension stiffening resulted in a cracking load
lower than the experimental and analytical results documented in [30, 31].
Although Curve C gives results closer to the experimental results, it cannot be
used in analysis because a value of maximum strain greater than the yield strain
of the reinforcement would artificially increase the total stress in the
direction of any yielded reinforcement [28]. Tension stiffening as represented
by Curves A and B yielded results bounded by Curve C and no tension stiffening
results. The tension stress-strain relation given by Curve B was selected to
model bond in the analysis of the Sequoyah Anchorage System.
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Figure A.3 Different Relationships Used to Investigate Tension Stiffening in
Reinforced Concrete Structures
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A.2 Dowel Action and Aggregate Interlocking

To verify the adequacy of the results summarized above and to study dowel
action and aggregate interlocking, which cannot be studied in a tension member,
a shear wall, that was tested and analyzed by Al-Mahaiidi [20], (see Figure A.2)
was Investigated.

Dowel action and aggregate interlocking are incorporated into the finite
element analysis by using a reduced shear modulus G;, in the material matrix
(see Section 3.2 of this report). Al-Mahaiidi ([20] developed hyperbolic
expressions relating the elastic shear modulus of uncracked concrete, G, to the
reduced shear stiffness G) of cracked concrete. These expressions are:

Gy = 0.4G/(eq1/¢q) for €1 > ¢g (A.1)
Gy -G for €1 < € (A.2)

where €7 is the principal tensile strain normal to the crack, ep is the concrete
cracking tensile strain, and G is the elastic shear modulus of uncracked

concrete. The shear modulus-strain relationship used herein is shown in Figure
A.S.

At the beginning of this project, the ABAQUS Version 4.5.165 was used.
This version allowed the user to specify a piecewise shear modulus strain
relationship. The relationship given in Equations A.1 and A.2 were used in
conjunction with this version to analyze the shear wall shown in Figure A.2.

The analysis of the shear wall was also accomplished using ABAQUS Version
4.7.19. In this version, the shear modulus, Gj, for cracked concrete is reduced
linearly to zero as the crack opening increases:

Gy = G (1 - €1/€payx) (A.3)

where ep.x 1s a user specified strain value beyond which the shear modulus
becomes zero. 1In this work, ep,y, was selected equal to the rebar yield strain.
The shear modulus-strain relationship obtained from Equation A.3 is illustrated
in Figure A.5.

In modeling the shear wall problem, solid elements (C3D8 in ABAQUS) were
used to idealize the concrete while truss elements (ClD2 in ABAQUS) were used to
idealize the reinforcing bars. Symmetry boundary conditions along the vertical
plane through the wall thickness were imposed. The finite element model {s
shown in Figure A.6. The six layers of reinforcement at each side of the panel
were represented by two layers consisting of 14 elements as shown by the heavy
lines in Figure A.6. Bond behavior was incorporated by the tension stiffening
approach outlined in Section A.l. Horizontal loads were applied in small
increments at the top nodes in the model.

Figure A.7 illustrates the load-displacement relationship obtained from

two analyses with different tension stiffening curves (Curves A and B in Figure
A.3). This displacement is illustrated for the top right corner of the wall in

4h -



0.8

S 06
P
| [
5 .0

S 04
O
(6D
QZ

0.2

ABAQUS version 4.5.165

N\
N e ABAQUS version 4.7.19
N\
N\
AN
AN
N\
N\
AN
N\
AN
N\
\
AN
AN
N\
N\
I l f X t t .
0.00I 0.002 0.003

Strain (in./in.)

Figure A.5 Shear Modules-strain Relationship Used to Analyze the Shear Wall in

Figure A.2




-— —d - —d - . — ed e -3 —

—7.0"
-60"
- 5.0"
- 4.0"
- 3.0"
- 20"
- 1.0"
-0
| | 1

| | [ | [ | | |
O 1.5"30"43"57" 70" 8.3 9.7"11.0"12.5" 14.0"

Figure A.6 Finite Element Mesh for the Shear Wall in Figure A.2

=40 -




2.5 l

2ol g

— ® — Ref.[20] Adjusted Experimental Results ]
— — — Ref. [20] Experimenial Results

— - — Ref. 20 Analytical Resulis

ABAQ vs Results:

—1|l— Using Eqs A.l, A.2 and curve B in
Fig. A.3

——— Using Eq A1, A.2 and curve A in —
Fig.A 3

""""""" Using Eq A.3 ond curve B in Fig.A.3

HORIZONTAL SHEAR FORCE, KIPS

o 1 | | 1
0 5 10 15 20 25
HORIZONTAL DISPLACEMENT X 1073 inches

Figure A.7 Load-Displacement Relationship for the Top Right Corner of the Shear
Wall in Figure A.2

47—



Figure A.5. Also shown are the experimental and analytical results given in
[20]. Al-Mahaiidi [20] adjusted the experimental result to reflect the effects
of true fixity at the base, which was not duplicated in the experiment. As can
be seen, the results obtained by using curve B for tension stiffening in
conjunction with the shear retension option in the ABAQUS program using
Equations A.1 and A.2 or A.3 yielded results closer to the adjusted experimental
results.

A.3 Conclusions

Based on the sensitivity studies summarized in Appendix A, the tension
stiffening relation defined by Curve B in Figure A.2 was chosen to model the
bond between rebars and plain concrete. The shear retention curve given by
Equation A.3 was used to represent aggregate interlock and dowel action in the
analytical model for the containment anchorage system.
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