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Containment Anchorage System Response to Pressures beyond Design
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ABSTRACT

A three-dimensional nonlinear finite element analysis of the anchorage system
of an ice-condenser stezl containment is presented. The finite slement model
consists of a one degres segment of the base-wall region. It includes a portion
of the steel containment building, shield building, anchor bolt, anchorage
system, reinfcrced concrete mat and soil foundation material.

1  INTRODUCTION

Recgently, the Containment Technology Division of Sandia National Laboratories
{SNL) has developed a method for predicting the performance of gteel containment
buildings under pressures that excesd the design values. 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 factorg (Miller
1980) . The knockdown factors account for differences between design and actual
construction, sophigtication of analysis methods, and variations in material
property data.

B containment building fails to perform ite 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. Among these leak paths
is the containment-base connection. This paper summarizes the results of an
analysis conducted for SNL to evaluate the performance of a typical ice-
condenser steel containment anchorage system. The study was carried out using
the ABAQUS general purpose finite element program (ABAQUS 1288).

2 CONTAINMENT DESCRIPTION

The steel containment that was analyzed in this work is a cylindrical steel
structure fabricated with A516 Gr. 60 steel and is covered by a hemispherical
dome. At the bottom there is a 1/4-in. thick steel base plate coversd by two
fest of concrete (see Fig. 1). The transition between the cylindrical plates
forming the containment wall and the base plate is made through a knuckle plate
welded to both. As shown in Fig. 1, this plate is formed from a 1/4 in. thick
steel plate curved at an outer radius of 12 inches. The containment is held
down by 180 pretensioned high strength bolts that resist the uplift forces
generated by internal pressure or seismic events. These bolts are 2.5 inches
in diameter and are preloaded to 25 ksi and embedded in a 12-~foot-thick concrete
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mat. The basemat is anchored into a rock foundation with several tie rods
grouted intoc 10- to 15=foot deep holss. The steel containment wvessel is
surroundad by a 3-foot-thick reinforced concrete shield building.

FINITE FLEMENT MODEL
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The symmetrical arrangement of the anchor belts around the base of the
containment vessel makes it possible to select a one-degres wedge extending from
the center of one bolt to midway to the next bolt. The model includes portions
of the containment vessel, shield building, anchor bolt, anchor plate, stiffener
plates, reinforced concrete matc, and soil foundaticn matzrial.

From the theory of plates and shells, bending is & local phenomencon whose
effect diminishes at a distance of approximatsly 7 Yrt, where r and t are the
mean radius &nd the thickness of the cylindrical structure {Timoshenko 1959},
with this coensideration, the heightsz of the shield and containment building in
the model were each limited to 3 Jrt. Figure 2 illustrates an outline of the
finite element mesh used in the analysis. Bight-ncde solid elements (T3D8 in
ABRAQUS) were used to model the containment basemat and the shield buildin
Reinforcing bars, where provided, wers modeled utilizing the rebar option in the
ABAQUS program. The containment shell, base plate, krnuckle plate, top and
bottom rings as well as the vertical stlffencr were modzled using 4-node shell
elements (84R5 in ABAQUS). The anchor bolt was idealized using bkeam elawmants
(B3l in ABAQUS)}. The concrete~rock interface at the bottom of the basemat wa
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idealized by compressicn-only springs (Springl in ABARQUS) whose stiffness wa
czleulated by multiplying the foundastion subgrade modulus times the tributary
area for the spring. Tie rods between the rock and the concrete mat, were
idealized by nonllnear tension-compression springs (Springl in RBAQUS). all
interfaces between the steel plates and concrete elements were modeled using
compressicn-only springs (Spring2 in ABAQUR) perpendicular to +the plate.
Frictional forces were neglected at the interface. approprilate boundary
conditiong were imposged on the symmetry planss of the model. The model has 19233
glements and 4000 nodes.

Analytical modeling of & concrete structure with the finite slement method
reguires consideration of several parameters that influencz the predicted
behavior of the structure. Bond idealization znd shear transgfer in cracked
concrete were investigated utilizing small concrete finite element models
(Fanous et. al. 1989). The analyses showzd that the tension stiffening and
shear retention employsd in the ABAQUS program to idealize, raspectively, bond
and shear tranzfer parameters, respectively, gave satisfactorvy resultes and,
hence, were selected to analyze the containment anchorage systsem.

w

=]

4  LOADING AND SOLUTION STRATERY

Following the application of the dead load and the bolt prestress load, an
internal pressure was applied. DPressures were applied on both the containment
shell and basemat. Meridional forces assocciated with the applied internal
prassuve were calculated and were applied upward at the top nodes of the
containmant shell. A sufficient number of iterations were zllowed during the
analysis until a converged soclution was reached. Convergence in ABAQUS is
attained when the maximum residual nsdal forces are less than a user-specified
tolerance, which is defined as a small fraction of the applied nodal forces.

The internal pressure wag lnereased from zero to 30 psig in three steps. The

load step size was then decreasged to 5 psig up to a pressure of 40 psig. Beyond
this pressure and up to a pressure cf 70 psig, a load step =zize of 2 psig was
used. This was further reduced to 1 psig and the analysis was carried to 73
psig. However, a singularity problem was enccuntered when the pressure was
increzaged from 73 to 74 psig. The ABAQUS program indicated that the "plasticity
algorithm did not c¢onverge at some nodes”, The load step size wasg then
decreasad to 0.2 peig and the analysis was successfully performed to 73.8 psig.
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Once again, no convergsd solution was obtained between 73.8 and 74 psig. The
soclution was restated from 73.8 psig using a pressure increment of (.01 psig.
However, the numerical problems were encountered as the pressure was increasged
to 74.13 psig. The load step size was decreased to 0.001 psig and the analysis
was continued from a pressure of 74.12 osig. Convarged sclutions were reached
ag the pressure was Iincreased to 74.123 psig; however, the plasticity
convergence problem was again encountered beyond this pressure. Several
unsuccessful attempts were made to continue the analysis beyond this pressure,
but convergence could nct be achisved.

5 RESULTS
5.1 Concrete Cracking

Fig. 3 illustrates the cracks along the symmetry plane through the anchor bolt

in the basemat at s pressure of 74.123 psig. In the figure, the clement is
shown as cracked if a crack exists at, at least, one integration point (eight
integration points/element). When cracks were formed =zt wore than one

integration point, crack orientation wazs determined by averaging the cvack
slopes. 1In the figures, the cracks in the first principal direction are shown
as heavy lines while dashed lines were used to illustrate the cracks in the
second principal direction. Elements that are cracked in the three principal
directions are shaded in the figure.

Cracks first occurred in the concreste surrounding the anchor plate as the
anchor pre-load was applizd. As the 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. Bll concrete
surrounding the anchor bolt was cracked at 70 psig. At a pressure of 74.123
psig, a conical surface, with a slope of 40 degrees from the horizontal,
extended from the outer =dge of the bottom ring toc Elev. 677° ¢ 3/8".

.2 Component Loads

Buring the course of the analysis, about 94% of the applied load was transferred
to the contaimment basemat through the kottom ring and the anchor bolt. The
other 6% was transferred to the basemat through the top ring and the knuckle
plate. The fraction of the load carried by the bottom ring decreased rapidly
as cracks were formed in the concrete above the bottom ring. & larger share of
the applied pressure was then transferred to the basemat threough the anchor
bolt., At 74.123 psig, the bottom ring carried about 40% of the anchor bolt
load. The highest principal stress in the 3/8 in. fillet weld betwesn the
knuckle plate and the containment shell was 19,325 psi as the presssure reached
74.123 psig.

5.3 Steel Strains

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
material ultimate strain. For example, the axial strain in the anchor belt at
74.123 psig was 0.1% and the maximum inside surface strain in the containment
shell at this pressure was 0.192%. The strain field in the shell was dominated
by bending strain near the basemat-shell connection.

5.4 Deformed Shape
B deformed shape at a pressure of 74.123 psig for the concrete elements in the
basemat in the vicinity of the anchor bolt is shown in Fig. 4. At low

pressures, these deformations illustrated that the concrete cover above the top
and bottom rings behave ss short-deep cantilevers subjected to an upward force
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{(see Fig. 5}. As the internal pressure wag increased, the moments M, and M,
{e¢ee Fig. 5) increased, resulting in tensile stress in the radial direction
which caused vertical cracking on the left of the top and bottom rings. Similar
behavior was also present in the region below the bottom ring. Notice that the
discontinuity in the basemat caused by the embedded poriion of the containment
shell can be viewed as a built-in crack (see Fig. 53}). The vertical cracks
beneath the bottom ring were initiated by tensile stresses in the radial
direction. These stresses were induced by ths moment, M,, regulting from the

upward pressure under the basemat and the weilght of the shield building.
5.5 Possible Failure Modas

Several unauccessful attempts were made to continue the analysis beyond 74.123
psig, but convergence could not be achieved. If the amalysis had continued
beyond 74.123 psig, enough cracks would probably have occurred to form a
complete failure to occur in one of two possible modes: {1y formation of a
complete failure cone above the anchor plate (brittle failure); or, (2} increase
in the bolt strain with large deformation (ductile failure).

£ SUMMARY

A 3-D nenlinear finite element analysis of an ice-condenser steel containment
anchorage system, which congiders the parameters that affect this complex
system, was performed. The model included a portion of the containment ghell,
knuckle plate, base plate, reinforced concretz mat, ancheor bolt, anchorage
gystem, soil foundation material, and a portion of the containment shield
building. The results showed the early formation of conical failure surfaces
within the concrete that are associated with the britile failure mode. However,
these surfaces wers not completely developed to the top of the contzinment
basamat. No high strains were recorded in the anchorage system or the
containment shell. Hence, failure of the containment anchorage system could not
be not predicted.
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Fig. 3. Development of Cracks in the Containment Basemat
at 74.123 psig

Fig. 4. Deformed Shape for the
Containment Basemat in the
Vicinity of the Anchorage
System at 74.123 psig
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Fig. 5. Loads Acting on the Contain-
ment Basemat in the Vicinity
of the Anchorage System
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