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INTRODUCTION

1.1 Objectives

1.2

A structural evaluation of the Spent Fuel Pool (SFP) at the Oyster Creek Nuclear
Generating System (OCNGS) was initiated under GPUN Contract No. PC-082008
(Reference 1). The purpose of this effort was to evaluate the SFP concrate structure
for consolidated and unconsolidated fuel loads with other design basis w0ads. The
general technical requirements for this evaluation are defined in GPUN Specification
SP-1302-53-047, Revision 1 (Reference 2). These requirements were followed to
develop an Analysis Criteria Document (Reference 3) which provides the detailed
direction for their implementation.

The analysis considers the effects of dead load, live load, thermal gradients, seismic
load and cask drop accident using prescribed loads and load combinations, The
specific evaluation of section capacities and stresses was performed in accordance
with ACI-349 (Reference 4). A detailed finite element model of the SFP concrete
siructure with connecting and supporting members was generated in order to
consioer all required loads, load combinations, and specific features of the SFP
which cannot he effeciivaly analyzed by less rigorous methods. Specifically, these
features are (1) the reduced embadment length of bottom reinforcing bars
connecting the SFP slab to the supporting beams/walls, (2) the integral connaection
of the floor slabs and shield wa" with the SFP structure, and (3) cracks on the
concrete girder along Column Line RE, and the Lottom of the floor slab beneath the
SFP north wall (Reference 8) and cracks on areas of the shield wall connection to
the SFP wall observed during field walkdowns. The model was developed to predict
this cracking and consider the effects of intermal force redistribution. This repon
describes the process followed by ABB impell to meet these analytical requirements,
resulting in an evaluation 0 * SFP for design basis and increased fuel loads,
considering specific as-buit ana observed features of the structure.

This report focusas on the results of Analysis Cases C and D, dascribed in Section
3.2. Analysis Cases C and D results envelop those of Case A and B, as described
in Section 3 of this report.

Scope

The scope of work for the SFP evaluation, defined in the GPUN Specification,
required the development of an Analysis Criteria Document prior to the initiation of
any activities. This document (Reference 3) includes the definition of loads, load
combinations, material properties, and evaluation criteria. It also establishes the
methods to be used to consider concrete cracking, load redistribution, and uetails
of the finite element model, including boundary conditions, model limits, and types
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of elements 10 be useu. This document was approved by GPUN and is included as
an attachment to this report (Reference 23).

Using these requirements, ABB Impell generated a detailed finite element model of
tho OCNGS SFP using the ANEVYS computer program (Reference 5). This model
was developed to meet the stated requirements of the S" P concrete structure
evaluation for design basis and increased fuel loads, while considering specific
observed and as-built features of the structure. The evaluation considered four
analysis cases, as defined in Section 4.0 of Reference 2. This report provides a
description of the SFP finite element model, the analytical work performed, the
behavior of the SFP and a summary of results.

Brief Sum f R

The results of the analyses described herein demons!rate that the OCNGS SFP
meets the requirements of ACI 349-80 (Reference 4) for Load Combinations of the
Analysis Cases prescribed in the GPUN Specification (Reference 2). A detailed
discussion of the Code evaluation results and margins is contained in Section 5.2.
The general pattern of cracks observed in the SFP and connected structuras, as well
as specific individcal cracks, are pradicied by this analysis. A detaileu discussion
of the correlation of analysis results with observed cracks can be found in
Section 5.3. Conclusions are presented in Section 5.4.
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2.0 METHODS OF ANALYSIS
2.1 Description of the Roactor Building and SFP

- &

The Reactor Building at OCNGS is a box-shaped concrete structure with plan
dimensions 140'-0" by 109'-C" and height 95'-9" above the top of a soncrete
chamber which surrounus the \. us. The longer direction of the building is divided
into six approximaiely equal sp. cings by seven coimn lines from R1 to R7.
Similarly, the shorter side is aivided into five spacings by six colur- lines from RA
through RF. The northern half of the reactor building is shown in the plan view of
Fiqure 2.1.

Figures 2.1 and 2.2 show that the reactor vessel centerline coincides with C2lumn
Line R4 and is 4'-9" to the west of Column RD. The vessel is encloced by an
axisymmetric reinforced concrete shield wall of varying thickness ranging from §' to
10', shaped like an inverted light bulb and supported by a substantial concrete
st.ucture The shield wall is cunnected to the exterior walls by slab and beam
systems located at elevations 51'-3%, 75'-3", 95'-3" and 119'-3" which will be referred
to throughout this report as elevations 51, 75', 83" and 119'. Reinforced concrete
columns are located between elevations to support these slabs.

The SFP is an elevatad reinforced concrete tank cantilevered froin the north side of
the upper half of the shield wall between elevations 75" and 119’ and supported
from below by girders and columns. The exterior dimensions of the SFP measure
51-3" in the east-west directi .1, 39' in the north-south direction, and 43-11°
vertically from the bottoin of the pool slab to the top of the wwis. The top of the SFP
is open to the air. With 6' walls around the ‘our sides, except for the 4'-6" upper
portion of the west wall, the pocl interior occuyvies a volume of 39'x27'x39'-5". The
south wall of the pool is monolithically cast with the shield wall and contains the
thickest concrote regions of the SFP. T'he bottom of the SFP is a 4'-6" thick slab
supported by Girders RD and RE, and Girder R6. Girder R6, which c~rries a portion
of the Icn® -'om the SFP slabs, is supported by Girders RD and RE, and
Columns ¢ “ Fé. Girders RD and RE are supported by the shield wall at their
south ends - _ Jolumns D7 and E7, respectively, at their north ende.

The Finite Element Model

The established requirements for the structural evaluation of the OCNGS SFP
necessitatec the developiment of a detailed finite element model having the capability
of pre Jicting the cracking of the concrete and the resulting redistribution of internal
forces and stresses. To accomplish this, it was necessary that the finite element
modei be of sufficient size and detail to allow for the internal redistribution of tarces
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over a relatively large region which included all potential load carrying mochanisms
within the Reactor Building. A detailed description of the SFP model geometry is
provided in Reference 25.

A review of the Reactor Building drawings shows that the entire structure is
approximately symmetric with respect to Column Line R4, Using this symmetry, the
finite element model consists of the northern half of the Reactor Building, which
includes tne r~gion beunded by columns lines R4 to R7 and RA to RF, and vertically
from elevation 23' to 119’ (See Figures 2.1 and 2.2).

221

222

2221

Global Coordinate Systems

Two global coordinate systems are used to defire the ANSYS SFP
model: a Cartesian system and cylindrical system. In the Cartesian
coordinate system, the positive X-axis points to the north and the positive
Y-axis 10 the west. Both X and Y coordinates are measured from the
centerline of the reactor and the Z coordinate is chosen to be the same as
the actual elevation, with positive Z pointing upward as shown in
Figures 2.1 and 2.2.

The origin for the cylindrical oordinate system is the same as that of the
rectangular cartesian coordinate system. The radial direction is measured
from the center of the reactor, the Z coondinate is the same as the atual
elevation, anc the angular direction is positive when measured
counterclockwise from a radial line pointing north.

Finite El.nents Used
Finite Elements for Stresr and Thermal Analysis

Ti. ANSYS moc-l of the SFP is cecmposed of 5,071 nodes and 3,583
element:  Three different structural finite elemeants are employed:

1. 3-D solid e:ement (STIF 45)
2. 3-D quadrilateral sheli (STIF 63)
3. 3-D spar (truss) (STIF 8)

The 3-D solid elements (STIF 45) are used to model the SFP walls, the
SFP slab, the supporting beams, girders and columns and the shield weil,
Floor slabs at elevation 75', outside the SFP, from Column Lines RS 1o R7
and RC to RF, are also modelud with 3-D solid elements.

Slabs and walls at other areas are modeled by using 3-D shell elements
(STIF 63). These include the slabs at elevations 51', 75", 95" and 119', and
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oxterior walls at Column Lines RA, RF and R7. By changing the
thicknesses of th=5e shell elements, varous beams and columns which are
monolithically cast with the slabs or walls are also modeled.

The third finite element used in the SFP is a 3-D spar (STIF 8).
Column C6, which carries load from the SFP, is supported at its bottom end
(elevation 23') by a concrete frame spanning over the torus. To incorporate
the stiffness properties of the concrete frame, a separate model of the
frame was constructed, (as described in Section 2.2.3) and its stiffiness at
the location of Column C6 was determined. This stifiness was converted
to equivalent properties for spar elements that support the nodes at the
bottom of Column C6.

The ANSYS structural finite element model described above was also used
for thermal analysis by changing the ANSYS structural elements from STIF
45,63 and 8 to ANSYS thermal elements STIF 70, 57 and 33. The thermal
finite elemants corresponding to the structural elements listed above are:

1. 3-D thermal solid (STIF 70)
2. 3-D thermal shell (STIF 57)
3. 3-D thermal bar (STIF 33)

At SYS Element Types

In the ANSYS model, 20 ANSYS element types are used to identify groups
of similar type elements within various regions. The ANSYS element types
and the specific structural components they represent are listed below,

Typus 1, 2 and 3 - Girders RD and RE

Type & - Shield Wall

Type 5 - South wall of the SFP, not included in Type 4

Type 6 - Shelves supporting the south wall of the SFP

Type 7 - SFP Floor Slab

Type 8 - SFP Walls (North, East and West)

Type 9 - Regions intersected by two SFP walls, or wall and slab, and
Columns C6 and C5

Type 10 - Girder R6

Type 11 - Slabs outside tha SFP, at Elevation 75', from Column Lines
RS to R7 and Column Lines RC to RF

10. Type 12 - Spar elements at bottom end of Column C6

11. Type 13 - Exterior walls at Column Lines RA, RF and R7, and slab at
Elevation 51'. Some columns and beams embedded in these walls and
slabs are also identified as Type 13.

NOOA LN -

© ®
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12. Type 14 - Columns B4, BS, B6, D7, E7, F5 and Fé
13. Type 15 and 16 - Slabs at Elevation 75’
14. Type 17 and 1€ - Slabs at Elevation 95'
15. Type 19 and 20 - Slabs at Elevation 119’

Il Sh u

The drywsll shield wail is modeled using 3-D solid elements, with 2
elements across the thickness, 20 elements along the circumferential
direction and 19 elements in the vertical direction. The mesh is finer in the
upper cylinder to match the finer mesh of the SFP walls and coarser in the
lower portion of the ¥ - Il to reduce the total number uf elements in an area
where a fingr mesh will not noticeably improve the accuracy of the results
for the SFP.

Figure 2.3 shows the drywell shield wall model. As seen from the outside
surface, the wall is composed of a smaller cylinder at the top, a larger
cylinder at the bottom, and a conical portion in the middle connecting the
two cylinders. From the inside surface, Figure 2.13 shows that the wall is
formed by tapered cylirders at the top and a spherical bulb at the bottom.
The narrow opening in the upper cylindrical portion of the model is the
location of the removable concrete blocks.

Global cylindrical coordinates are used when generating these elements
and nodes, and when specifying the boundary conditior:s at tha bottom of
the shield wall.

h Wall of Pool

The south wall of the SFP is shown in Figure 2.3 and extends from
elevation 75'to 119'. The south wa!'l is monclithically cast with the drywell
shield wall and contains the thickest concrete regions of the SFP.

Extending from the bottom of the south wall to the outer surface of the
conical portion of the shie'd wall are the shelves supporting the wall. Due
to the geometric complexity, this is the most difficult region of the SFP to
model with solid elements. To ensure that warping of element faces was
avoided, this region was modeled with a cumbination of eight noded solids
and tetrahedrons, which are a degenerate form of the eight noded solid.
In addition, a feature of the ANSYS program which allows mismatched
nodes at adjacent element faces to be joined together by intemally
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generated constraint equations among the nodal degrees of freedom was
used in the development of this portion of the model. The mismatcheo
elements of the shelves and shield wall are shown in Figure 2.4. (This
feature was also used 1o attach column C5 and the southarn end of Girders
RD and RE to the conical portion of the shield wall as shown in
Figure 2.18.)

Girders RD, RE, R6 and Adjacet Floor Slab

Figure 2.4 shows the SFP, with Girders RD, RE and R6, the shield wall,
and the SFP south wall. Due to the presence of flexure and flexure-shear
cracks in the web and bottom face of Girder RE near Column Line R7
(Reference 8), the webs of Girders RD and RE are modeled with a
relatively fine mesh of solid elements. Since no bending is expected about
their vertical axis, only one element was used across the width. For
Girders RD and RE, six elements were used through the depth of the 9 foot
region, and eight elements in the 13'6" deep region (see Figures 2.15,2.16
and 2.17 and Section 2.2.3.7). One end of ihese girders is built into the
shieid wall, and the other end is supported by a column at Column Line R7.

Similar to RD and RE, Girder R6 is modeled with one element across the
width. In the vertical direction six elements are used to model the 10'-7"
deep region with four of these elements through the 6' deep web portion of
the girder.

The floor slab at elevation 75' between Column Lines RE and RD contains
a through thickness crack at the intersection with the SFP north wall and
slab (Reference 8). This slab also forms the top flange of girders RE, RD
and 6. Therefore the portions of the slab a* elevation 75" which attach 1o
girders RE, D end R6 are modeled using solid elements to ensure that
potentially complex behavior and load redistribution can occur. This slab
is shown in Figure 2.8.

SFP Slab

The upper portion of Girders RD, RE and R6 are ambedded in the SFP
floor slab which has a depth of 4'-6". Figure 2.5 shows the location of the
SFP slab and its connection with Girders RD, RE and R6. The swo is
modeled using 3-D solid elements with 2 elements through the slab
thickness. In those portions of the slab not embedded with girders, finer
meshes aro used to capture the more localized stresses in the slab.
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C6 was determined from the 3-D solid element model of the concrete frame
shown in Figure 2.9.

2236 Floor Slabs at Various Elevations

The floor slabs at elevations 119" and 95', and elevation 75', where 3-D
solid elements are not used, are all modeled using 3-D shell elements as
shown in Figures 2.10,2.11,2.12 and 2.13. Floor beams in these regions
are also modeled using shell elements by increasing the shell thickness.

These floor slabs are included in the model because (1) they accurately
distribute the vertical floor dead and live loads to the SFP ¢ ructure, (2) they
allow a dete ination of the extent to which the floors support the SFP, and
(3) they provide lateral continuity between the shield wall and SFP, and the
extenor walls.

The floor slab at elevation 51', consisting of a very coarse mesh of 3-D
shell elements, is included in tha model to provide a realistic boundary
condition for the shield wall at elevation 51'. The plane of Elevation 51' is
considered the effective boundary of the finite element model. In order 1o
achieve as accurate a boundary condition as possible at this elevation, the
shield wall, exterior wall and interior columns were extended to elevation
23'. The slab at Elevation 51' provides the lateral connection among these
various structures and ensures that lateral loads are realistically distributed.
This slab is shown in Figures 2.12 and 2.13.

Each node of a floor slab 3-D shell element contains thiee transiation
degrees of freedom and two rotational degrees of freedom about orthogonal
axes which lie in the plane of the element. Unlike the 3-D shell elements,
the 3-D solid elements, which comprise the shield wall and SFP walls, do
not possess rotational degrees of freedom at their nodes. Therefore, at
locations where the floor slab is connected to the SFP walls and shield wall,
a hinge connection exists which can resist thrae components of force but
no bending. This lack of bending restraint between the SFP walls and the
floor slabs is not significant to the overall response of the SFP and only
results in larger forces being transmitted to the primary members supporting
the- SFP. (Effectively this condition only exists in iteration 0, since in all
other iterations the floor slab stiffness is reduced by a factor of 1000. See
Sections 4213 and 4.214)
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As explained in Section 2.2.3.6, the uxtension of the SFP model from
elevation 51' to elevation 23' was done to ensure that accurate boundary
conditions were applied to the model at elevation 51°. While other
combinations of boundary conditions at elevation 23' may be plausible, their
influence above elevation 51' will not be significant.

ARH

Except as specifically noted above, all other degrees of freedom are
unrestrained.

2.3 Criteria for Cracked Stitiness Properties
231 ranson i

Eending moments which occur in a transversely loaded beam produce a
relative rotation of adjacent cross sections. The amount of relative rotation
per unit length of twu adjacent cross sections is the curvature. Once the
distribution of curvature along a beam is known, deflections can easily be
calculated. For an elastic beam, the curvature is given by the expression
M/E| where M ic the applied moment and El is the flexural stiffiness of the
cross section. In a reinforced concrete beam a wide disparity in flexural
stiffness can exist from one cross section to another, due not only to
whether cracking has or has not occurred, but also due to the severity of
cracking once it has occurred.

In a reinforced concrete beam El. denotes the flexural stiffiness of an
uncracked cross section and El, denotes the flexural stiffness of a tully
cracked cross section. Between these two extremes intermediate values
of El exist which are dependent on the load level, i.e., the actual moment
acting on the cross section. To express the transition from | to |, as a
function of the load level, Branson (Reference 6) developed an empirical
expression for an effectiv~ flexural stiffiness, El;, based on a number of
controlled experiments. The Branson Equation for the effective moment of
inertia is:

Mc,. M
T.+[1-(—£)4%) 1
w ) et ) e

M, = The cracking moment, f, |/Y, (for pure bending).

M, = Actual moment in the member at the load level for which the
effective moment of inertia is being calculated.
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{ = Modulus of rupture = 7.5 Vi,

f. = Utltimate compressive strength of concrete in psi.
Y, = Distance from centroid to extreme tension fiber.
l,b, = Gross (uncracked) moment of inertia.

|, = Cracked transformed moment of inertia.

lg = Etfective moment of inertia from Branson Equation.

In determining the flexural rigidity of partially cracked concrete sections the
Branson Method provides a transition value between well defined limits in
the uncracked and fully cracked states. The Branson Method is based on
proportioning between these limits where the proportioning factor is a
function of the ratio of cracking moment to actual moment,

The Branson Equation is the only expression explicitly recognized by ACI
349-80 (Reference 4) for the computation of the flexural rigidity of
reinforced concrete members to account for the effects of cracking. The
AC| Code recognizes the use of the Branson Equation to predict member
stiffness changes due to cracking for both one-way construction (beams)
and two-way construction (slabs and walls),

In the AC| Code, the Branson Equation uses the third power instead of the
fourth power used here. The third power Branson Equation is intended to
calculate an effective moment of inertia at the location of maximum moment
as a single value for the entire span in the case of simply supported
beams, or as a single value between points of inflection in continuous
beams. However, to recognize the continuous variation of the moment of
inertia along the span, which is the case when the moment of inertia is
calculated at discrete locations along the span, Branson found that a fourth
order equation gave best results (Reference 6). In this analysis, the
Branson Equation is applied at all cracking locations. Hence, the Branson
Equation may be applied at many locations in the same memoer.
Therefore, use of the fourth order form is appropriate.

Since thermal and mechanical loads may introduce significant axial forces
in the walls and slab of the SFP, the Branson Equation must be adapted
to account for the influence of axial load on the flexural rigidity. This was
done by defining the cracking moment to be the actual moment on the
cross section which in combination with axial load produces an extreme
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fiber tensiie stress equal to the modulus of rupture (Reference 7).
Specifically, the cracking moment was modified as follows:

Mu e ('v ) om) './Yi
where:

o, = The membrane stress acting on the section.

In the SFP model, the thickness of the solid elements could not be changed
to account for the changes in the effective moment of inertia due to
cracking. Instead, the modulus of elasticity of each affected element was
changed in proportion to the ratio of I 10 |, to refiect the change in flexural
stifiness, El.

Since the SFP model is composed of solid elements, moments and axial
forces, which act on the cross section of slab or beam members, cannot be
output directly. Therefore, the moments and axial forces acting on any
cross section were obtained by integrating the nodal stresses through the
depth of the section. The resulting moments and axial forces were used
in the 3ranson Equation to determine the section's effective flexural
stiffness.

All solid elements in the SFP model incorporate cracking effects using
changes 1o the directional elastic moduli perpendicular to the crack plane.
Foliowing the initial cracking of a slab or wall element, an effective element
stifiness (elastic modulus) was calculated from the fourth order Branson
Equation. The new value of elastic modulus perpendicular to the cracked
plane was proportioned to refiect the relative stiffness changes predicted
by the Branson Equation. The influence of tension stiffening due to the
uncracked concrete still bonded to the steel adjacent to the crack is
implicitly incorporated in the empirical formulation of the Branson Equation.

Reduced Rebar Embedment

Insufficient or reduced rebar embedment has the effect of lowering the
moment capacity of a section by not allowing the yield stress of the
reinforcement to be reached prior to bar pullout. At sections of the SFP
slab where moment capacity could be affected by reduced embedment,
separate element nodes were generated on either side of an element
interface so that they could be uncoupled in the direction of the
reinforcement at the location of the reinforcement (see Section 2.2.3.4),
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The result of this uncoupling was 1o reduce the section's ability to resist
moment so that a redistribution of forces could occur within the slab.

| r i

As moment is applied to the cross section of a reinforced concrete beam,
the concrete tensile stresses increase until they reach the cracking stress
(modulus of rupture), at which time the concrete cracks and tensile load
previously resisted by the concrete is transferred to the tansion
reinforcement. As additional moment is applied, other sections crack and
the steel and concrete stresses at all cracked sections increase in close
proportion to the moment. At some level of moment, the steel yields and
the concrete compressive stresses become nonlinear at the cracked
section. This level ot moment is usually close to the ultimate moment. It
is between the stage when the concrate first cracks and when the
proportionality between the applied moment and the steel and concrete
stresses is no longer valid that the Branson Equation is intended t¢ be used
o compute an effective flexural stifiness.

As explained in Section 2.3.1, the Branson Method provides a transition
value between the limits of an uncracked section and a fully cracked
transformed section for determining the flexural ngidity of partially cracked
concrete sections. The limits of uncracked and fully cracked transformed
sections correspond to the limits of applied moment which vary between the
cracking moment and a moment, less than ultimate, at which the tensile
reinforcement yields.

As discussed further in Sections 2.3.2.1 and 23.2.2, there are two
situations for which the Branson Equation does not perform adequately, i.e.,
provide a complete transition in stiffness from the uncracked moment of
ingrtia (1) to the fully cracked transformed moment of inertia (l,). These
situations occur in areas with low reinforcement ratios. One is in the SFP
walls where the cracking moment exceeds the ultimate moment, and the
other is in the SFP slab where the Branson Equation provides an
incomplete transition in stiffiness. In both the walls and the slab, the fully
cracked transformed state is not achieved when the ultimate moment is
reached. Inthe walls and slab, therefore, the Branson Method always over
predicts stiffness (i.e., under predicts the level of cracking) which leads to
very conservatively calculated moments. To resolve this problem for the
walls and slab, fully transformed cracking criteria was developed. In these
criteria when a section exceeds the cracking moment, rather than using the
Branson Equation to compute stifiness, the cracked transformed properties
are used.
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Application to the SFP Walls

With respect to the discussion in Section 2.3.2, the use of the Branson
Equation to compute cracked cross-section stiffness properties implies that
the section under consideration has additional momen, capacity beyond the
moment which causes cracking. During the preliminary evaluation of the
SFP it became apparent that this was not the situation for the SFP walls.

Specific provisions of the ACI Code (Reference 4, Section 10.5.1)
recognize the desirability for the moment capacity to be greater than the
cracking moment. However, the minimum reinforcement requirements for
walls specified by the Code may provide less reinforcement than necessary
fo ensure @ moment capacity greater than the cracking moment.
Consequently, for walls so constructed, the Branson Equation will severely
over predict member stitfness. This is particularly significant where thermal
gradients are concerned, since the over prediction of stifiness results in
higher thermal moments

Therefoie, for the SFP walls, where the cracking moment exceeds the
moment capasity, alternate stittness and cracking criteria were used. In
these criteria. the stress at which cracking occurs was set equal to the
value obtained by applying the ultimate moment to the uncracked section
rather than the modulus of rupture, f,. Thus, the moment which produces
cracking can never be greater than the ultimate moment. Use of these
criteria avoids the situation where the factored moment from a thermal load
combination exceeds the motnent capacity at a section which may not have
cracked, or at a section far which the level of cracking had been under-
estimated. Where cracking dit occur based on this criteria, fully cracked
transformed properties were utad for those sections, since no transition
region exists between the crac/ung moment and the ultimate moment.

licati he SFF Si

Referring to the discussion in Section 2.3.2, the use of the Branson
Equation to compute cracked stiffness properties assumes that at or slightly
below the ultimate momen: the stifiness properties of a section will have
transitioned 1o the cracked transformed value. In the SFP slab this
transition 10 the cracked transformed value at the ultimate moment does not
occur. When the moment in the slab reaches the design capacity, the
effective stiffness computed from the Branson Equation is more than 60%
greater than the cracked transformed value. In regions of the slab where
mechanical and thermal moments combine, a bending sifiness 60%
greater than the cracked transformed value can produce an unrealistically
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high combined moment because of the higher stittness. computed from the
Branson Equation. To resolve this problem for the slab, the tully cracked
to agformed criteria was used.

2323 Consistency in the Appiication of Cracking Criteria

Section 861 of ACI-349 requires that reasonable and consistent
assumptions be adopted throughout the analysis for computing the relative
stfiness of structural components. The use of the Branson Method
throughout the analysis 1o compute member stiffiness constitutes a
consistent basis for determining relative stifiness. However, as explained
in Sections 2.3.2.1 and 2.3.2.2, when the cracking moment exceeds the
ultimate moment or when the proper transition in stiffness is not provided,
the Branson Method is not applicable. To address the inability of the
Branson Method to provide reasonable stiffness values in these situations,
critena were developed (see Section 2.3.2) to ensure that appropriate
stiffness, consistent with the intent of the Branson Method, was applied.

. 2.4 Load Application

In accordance with Reterence 3, the SFP analysis considered concrete dead load,
hydrostatic and hydrodynamic pool loads, fuel rack loads, thermal gradients and
seismic loads. A detailed description of the SFP loads and of how the loads were
applied 1o the SFP model is provided in Reterence 26. A summary description of the
SFP model loads ‘s previded below.

Concrete dead load was appled as a 19 vertical load on al! structural elements.
Hydrostatic and hydrodynamic pool loads were applied statically as element
pressures to the slab and walls of the SFP. Hydrodynamic pool loads were
calculated using the methodalogy given in Reference 11 and were based on the
determination that the SFP walls and slab are essentially rigid, as demonstrated by
caleulations performed by GPUN (Reference 12). Static and dynamic fuel rack loads
corresponding 1o the three conditions described in Section 3.1.1 and the cask drop
load were applied statically to the pool slab as element pressures. Seismic inertia
loads were applied statically to all structural elements of the SFP as a percent of
gravity based on floor response spectra ZPA values.

The temperatures on the wet surtace of the SFP and the inner and outer surfaces of
the shield wall were explicitly applied at each node as specified in Table 3.2. Uniform
ambient air temperature wes _pplied at all the remaining surface nodes in the reactor
building. Using the SFP thermal model (see Section 2.2.2.1) a steady state heat
transfer &nalysis was performed 10 determine the temperatures at the intermediate
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nodes in the shield wall and the SFP walls and slab. The temperature at each nc Je
was stored on File 04 of the ANSYS heat transfer analysis and then retrieved in the
thermal Load Step solution for the structural model.

The first step in performing a distinct analysis (i.e., iteration), was 1o apply each load
separaisly 10 the entire model, assuming linear elastic behavior, 10 determine the
general effect of each load, its relative severity with respect 1o other loads, and its
participation in the load combination for the various structural components. These
separate load cases (load steps) were ther scaled and combined to produce results
for wach load combination.

Within this repon, the follewing nomenclature is used to describe SFP mode! Inads
and load combinations:

(1) Loads and Load Steps
These are the individual lcads applied to the SFP model, namely:

Load Step 1 - Concrete Dead Load

Load Step 2 - Hydrostatic, Fuel Rack, and Stored Cask Loads
Load Step 3 - Design Live Load

Load Step 4 - Winter Temperature Condition

Load Step 5 - Summer Temperature Condition

Load Step 6 - Cask Drop Load

(2) Analysi

These represent the four conditions prescribed by GPUN (Reference 2) referred
to as Analysis Cases A, B, C, and D. Each Analysis Case is described in
Section 3.2.

(3) mbination

This represents the combination of results from individual load steps with the
appropriate load factors applied to sach load step. Load Combinations (a, b, ¢,
d, and e) are described for each Analysis Case in Section 3.3.

(4) Mteration or Cracking Hteration

This represents a distinct computer run where the SFP model is executed with
material properties revised 10 reflect a stiffness change. In structural analysis,
the word iteration normally refers to a change in loag during tne analysis
process. However, in the SFP analysis, the word iteration refers to a change in
stifiness with all loads held constant during the analysis process. Therefore,
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each cracking iteration (or iteration) represents a distinct stifiness configuratior

of the SFP to which load= are applied and results obtained based on a linear
elastic aralysis. The iteration process is described in detail in Section 4.3
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3.0 DESI N CRITERIA

i he loads and load .mbinations used in the evaluation of the SFP were developed
and applieu in accordance with Reference 3. Results were evaluated in accordance
with ACI-349 (Reference 4). Per GPUN direction only results for Analysis Cases C
and D were carnied to completion (Reference 30). Results for Analysis Cases A and
B are considered preliminary and are not reported. However, Analysis Cuses A and
B are bounded by the results of Anulysis Cases T d D

Jead load, live load, seismic load, thermal gradients, and cask Jdrop load each
constitute a separate load gell tion as gescribed below

it
1l

on of Loads

I'he individual loads defined in this section were used in conjunction with the Analysis
Cases descnbed in Section 3.2 and combined in accordance with the load
combinations given in Section 3.3. The details on how these loads were applied to
the SFP model can be found in Reference 26

Lead Load

The dead load appled to the SFP model consisted of the weight of
reinforced concrete at a density of 150 Ib/ft’, a 38'-9" column of water at a
density of 62.4 pounds per cubic foot within the SFP, the submerged weight
of fully lnaged racks, and a local load in the northeast comer of the pool to
simulata a 100 ton cask temporanly stored within the Cask Drop Protection

\;) ,,.- v.",”‘

The 100 ton cask dead load was applied as a uniform pressure to the

elements within the ten (10) foot diamete

) circie centgred as shown In
Figure IV-8 of Reference 13

T

nree tue! rack conaitions were considered

Rack and fuel loads in place in 1983 were used. The rack loads were

determined from the Wachter rack drawings listed in Reference 14

The Wachter racks are as located on Sketch No. 1 except that row ©

was never installed (Reference 15). Approximately 3980 fuel assemblies

were in the pool in 1983 located in rows 1, 2 and 3. The weight of one

fue!l assemuiy was 680 pounds and its net volume was 2326 cubic
;

‘,r\:.:es ‘r‘,‘:"“‘}‘(}p‘g "H’:f ""_:1""“?;”
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2. The weights of the fully loaded high density racks presently in the pool
are provided on Joseph Oat Drawing D-7475, Revision 4 (Reference
14) and their location within the pool is shown on Joseph Oat Drawing
™.7472, Revision 2 (Reference 14). The volume of the racks was
calculated from the Joseph Oat Drawings. The weight and volume of
one fuel assembly were as specified for Condition 1 above.

3. The weight, volume, and = out of the racks were the same as in
Condition 2 above. The -olume of a consolidated fuei assembly
(128 fuel rods), including tne canister, is 4158 cubic inches. The
weight of one fuel assembly fully loaded was 1350 Ib.. (Reference 16).

Fuel and rack loads were applied as equivalent uniform pressures to the
pool slab eiements located are directly beneath the racks.

Live Loads
Design Live Lo

Design Live Load is summarized in Table 3.1 below:
(See Table 3.8.6 of Reference 17)

TABLE 3.1 - DESIGN LIVE LOAD

Elevation Load (psf)
119-3" Columns A-C, 4-7 1000
119-3" Remainder 800

§5'-3" New Fuel Storage 800

95'-3" Remainder 400+20 kips

(The 20 kip load was applied as a concentraied load between column
line RD and RE).
75-3" All Areas 400
Equipment Live Loads
Equipment Live Loads are as specified below (Reference 16 and 18).
Elevation 75'-3":

1. Two (2) Fue: Pool Heat Exchangers weighing 3200 lbs. each located
near the junction of Column Lines RS and RE-RF.
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Two (2) Spent Fuel Pool Pumps weighing 5000 Ibs. each located near
the junction of Column Lines R5-R6 and RE-Rf

One (1) Augmented Spent Fuel Pool Heat Exchanger waighing 31,700
lbs. located near the junction of Column Lines R7 and RD

Two (2) Augmented ‘o ent Fuel Poo! Pumps weighing 5000 Ibs. each
oc¢ med near the junction of Column Lines R7 ard RE

Elevation 95'-3°

Two (2) Emergency Condensers weighing 380,000 each located in the

region of Column Lines R3-RS and RA-RC

R ~ | nas
f‘){"-‘;-i‘,hk L0ag

'he Operating Basis Eanthquake (OBE) horizontal acceleration used in both
and east-west
acceleration used was 0.10g (Reference 3)

the nonh-south directions was 0.24g. The OBE verical

The Safe Shutdown Earthquake (SSE) horizontal acceleration in both the
north-south and east-west direcions was 0.48g. The SSE verical
acceleration was 0.2 Og per Reference 3

The equivalent static seismic load of the reinforced concrete was equal to
the weight of the concrete multiplied by the appropriate vertical and
honzontal accelerations

The vertical inertial load on the SFP slab was equai to the weight of the
38°-9" column of water multiplied by the SSE venical acceleration. The
hydrostatic pressure on the SFP walls was also increased by the vertical
seismic acceleration. Statically equivalent hydrodynamic loads were applied
to the SFP walls using the methodology of Reference 11 (References 22

and 26)

To account for fuel rack loaus during a seismic event with the pool fuii 0
acks, the buoyant weight of fully louded racks was multiplied by the vertical
cceleration. No horizontal inertia load was applied (Reference 15)

SeISMIC 10ads were appued inGependently in eacn direction and the
resuils were como.ned algebraically everal difterent aigebraic

combDinations were used in the icad comoination equations to produce the
re e o

most resuilts (see Hectio

consearvative
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The thermal gradients for Analysis Cases C and U were assembled
considering the Reactor Building air temperatur varying from 40°F to
$10°F, the pool water temperature from 85°F to 100°F, and the interior
surface of the drywell concrete temperature varying with elevation as shown
in Table 3.2 (References 3 and 21).

The above variations result in two critical thermal conditions which generate
maximum thermal cemand ¢n the structure (Reference 21).

1. The winter condition with the Reactor Building air at 40°F and pool
water at 100°F resulting in a thermal gradient of 60°F through the pool
slab and the north, east and west pooi walls. The interior drywell
concrete shield wall temperatu-9s were the lower bound operating
temr “ratures given in Table 3.2 with surface temperatures interpolated
linearly between elevations.

2.  The summer condition with the Reactor Building air at 110°F and pool
water at 85°F resulting in a thermal gradient of 25°F through the pool
slab and the north, east and west pool walls. The interior drywell
concrete shield wall temperatures were the upper bound operating
temperatures given in Table 3.2 with surface temperatures interpolated
linearly between elevations.

The temperatures on the wet surface of the SFP and the inner and outer
surfaces of the shield wall for the two conditions described above were
explicitly applied at each node of the SFP thermal model. Uniform ambient
temperature was applied at all the remaining surtace nodes in the reactor
building. Using the SFP thermal model (see Section 2.2.2.1) a steady state
heat transfer analysis was performed to determine the temperatures at the
intermediate nodes in the shield wall and the SFP walls and slab. The
temperature at each node was stored on File 04 of the ANSYS heat
transfer analysis and then retrieved in the thermal Load Step solution for
the structural model.
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All thermal gradients were considered to be steady state conditions

TABLE 3.2 (Reference 21)
SPENT FUEL POOL ANALYSIS TEMPERATURES (F)

INTERIOR SURFACE REACTOR BLDG
CONCRETE SHIELD WALL  FUEL P TCR AMBIENT AIR

The effect of a cask drop accident was considered in the analysis using an
equivalent static load of 1560 kips applied to the SFP siab (Reference 16)
This load was uniformly distnbuted over the siab elements within a 10

i~ . ~ g & -~ - » ~ \ ~ b g \ 2 ~ 23 o . — n
giameter circle centered as shown In Figure 1V-8 of Reference 13
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{ Analysi
Analysis Case A

The baseline analysis assumes normal plant operation loads, the rack and
fuel loads in place in 1983, (Section 3.1.1, Rack Condition 1, and a thermal
gradient as delineated in Section 3.1.4, Winter Condition. No seismic or
cask drop loads were considered and only equipment live load (Section
3.1.2) was included for this case. Adequate embedment length of the rebar
was assumed and pre-existing cracks were not included.

Analysi )

This analysis used the sam~ loads as in Case A, except that a reduced
Aambedment of the bottom slab rebar into the supporting beams and walls
was included.

Analysis Case C (Licensed Condition)

This analysis assumed normal plant operating loads and the high density
rack and fuel loads as given in Section 3.1.1, Rack Condition 2. Reduced
rebar embedment and the existing crack as described in Reference 2 were
included. The thermal gradients were as delineated in Section 3.1.4. Also
included in this case were design live load, seismic load and cask drop load
as described in Secticns 3.1.2, 3.1.3 and 3.1.5. Analysis Case C is the
icensed condition for the plant.

Analysi 56

This analysis assumed normal plant operating loads and the maximum rack
and consolidated fuel loads as given in Section 3.1.1, Rack Condition 3.
Reduced rebar embedment and t.e existing crack as described in
Reference 2 were included. The thermal gradients were as delineated in
Section 3.1.4. Seismic, cask drop, and design live load were considered.

3.3 Load Combinations

In Sections 3.3.1 and 3.3.2 below, the load combinations for which the SFP is
licensed and which were used in the analysis are presented. However, they do not
constitute all of the load combinations for which the SFP must be evaluated in order
to comply with an ACI 349-80 Code evaluation. Sec*ion 9.2.3 of the Code requires
that where any load reduces the effects of other loads, the corresponding coefficient
(load factor) for that load shall be taken as 0.9 if the load is always present or occurs
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C = Cask drop load as specified in Section 3.1.5

Due to the introduction of live load in each of these equations, the load
combinations could not be conservatively simplified to take advantage of
the fact that E' = 2E.

3.4 Maienal Properties and Section Capacity

Section capacities, stresses and properties were determined in accordance with
ACI-349 (Reference 4) and standard engineering texts on reinforced concrete
analysis and design (References 9, 10 and 20). Ultimate moment capacity was
bssed on the fundamental assumptions of ACI-349 Section 10.2 and used the
V«nitney Stress Block for concrete as described in ACI-349 Section 10.2.7.

A yield strength of 40,000 psi was used for the reinforcing steel.
A compressive strength of 3000 psi was used for concrete.

The surrounding structural floor slabs at elevations 75', 95', and 119’ in the SFP finite
element model generated axial loads in the SFP walls and slab due to the restraint
of axial therma: growth. Since compressive axial force has a significant effect on
increasing moment capacity and tensile axial force has a significant effect on
decreasing moment capacity, the caiculation of the moment capacity of a member at
critical sections must account for the effects of axial load. The calculation of moment
capacity accounting for axial loads complied with ACI-349 Section 10.3.1. The
influence of axial forces on shear capacity complied with ACI-349 Section 11.3 12
and 11.3.2.3.

The calculation of concrete and steel stresses at moments which are less than
ultimate was based on the application of first principals (i.e., cross section equilibrium,
linear strain distribution, strain compatibility, and the stress-strain curve for concrete
and steel).
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4.0 SPENT FUEL POOL BEHAVIOR
4.1 Basic Considerations

The Spent Fuel Pool (SFP) occupies a prominent position in the Reactor Building
because of its relatively large mass and its location high up in the structure. As
shown in Figures 2.1 and 2.2, the SFP is integrally connected to the shield wall and
the floor slabs at Elevations 119, 95' and 75', and supported from below by integrally
cast concrete girders which are, in tum, supported by interior columns and exterior
columns and walls. Because of this connectivity, the SFP's behavior is dependent
on the relative supporting stiffness provided by all of these members. As the relative
stiffness of these members change, due to the normal cracking of tha reinforced
concrete from mechanical loads and thermal gradients, so too does the amount of
load that each of these members carries. R is this redistribution of the internal forces
within the Reactor Building which leads to the intricate and compiex behavior of the
SFP. Section 4 is concerned with the behavior of the SFP structure and the
evaluation process. The actual evaluation to demonstrate Code compliance and the
determination of the significance of cracks in the SFP structure is provided in
Section 5.

.2 The Evaluation Proces

The evaluation of the SFP structure integrates various analysis methods, criteria and
strategies with structural behavior to form an overall evaluation process. The aistinct
components of this process include: (1) an understanding of the Reactor Building
structural response to individual loads and the role of the major structural components
in supporting the SFP, (2) an analysis strategy which addresses observed response
and considers original design intent, (3) the application of a cracking methodoiogy,
and (4) load application and stiffiness. The following sections discuss these
interrelated components which together make up the evaluation process.

421 Reactor Building Structural Response

This sertion discusses what was leamed from the results of iteration 0 (see
Section 4.3.2) regarding the response of the SI"P model to each load step
defined in Section 2.4. The manner in which the SFP model responded 10
these loads formed the basis for the development of the analysis strategy
in Section 4.2.2.
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ign Intent and the Prim ting Members

As discussed in Section 2.1, the SFP is integrally connected to the reactor
building shield wall and to three floor slabs at the top, mid-height and
bottom of the pool walls. From belcw, the SFP is supported by integrally
cast concrete girders and columns. This high degree of connectivity
between the SFP structure and the Reactor Building makes the overall
structure highly indeterminate and, as a consequence, many parns of the
Reactor Building will resist loads from the SFP. However, in the original
design this high degree of indeterminacy was not considered in the
selection, sizing and reinforcing of structural members to resist loads from
the SFP. Rather, the original designers selected (or designed) a specific
set of major structural members 1o resist all ol * \e vertical loads developed
by the SFP and its contents. This specific set of major structurai members
includes Girdars RD, RE and R6 and Column C6, as shown in Figure 2.1.
These four members are referred to throughout this report as the "Primary
Supporting Members." Insights into the behavior of the SFP can be
revealed by examining the loads in each cf these members at varous
phases in the analysis process.

It is the primary supporting members which were designed to carry the
vertical loads from the SFP. That is, the primary supporting members were
gvaluated for load from the SFP and reinforced to resist those loads.
However, due to the high degree of connectivity between the SFP and
Reactor Building, it can be expected that other structural members, which
were not designed to resist SFP load, will also carry significant load.
Therefore, it is important to distinguish between those structural
components which were designed to resist SFP ioad and are "qualifiec”
load paths, and those structural components which were not specifically
designed to resist SFP loads and are considered *unqualified" load paths.
The concept of qualifiod load paths is an important part of the analysis
strategy discussed in Section 4.2.2.

Effect of Thermal and Mechanical Loads on Floor Slabs

in the discussions that follow in this and other sections, photographs of
stress contour plots will be used to illustrate various aspects of SFP
response. For reference, each photograph contains a caption describing
the analysis case, iteration number and load combination. In addition to the
tactored load combinations described by various letters (e.g., see section
3.3.2 and Table 5.1a), unfactored load combination results are also used
in order to clearly distinguish response in terms of only sustained
mechanical and thermal loads. When an unfactored load combination is
used it is incorporated directly into the caption. "DL" represents dead lcad
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and includes concrete dead load, hydrostatic pool load and high density fuel
racks as described in Section 3.1.1, "LL" represents fioor design live load
as described in Section 3.1.2, and “T," and *T," represent the wintar and
summer temperature conditions as described in Table 3.2.

The results for Analysis Case A indicated that the floor .labs at elevation
119, 95" and 75' have an important influence on the response of the SFP
and, in particu.ar, on the response of the primary supporting members.
However, before discussing this influence specifically, « is important 1o
understand why they have an influence and the factors that effect the
degree 10 which they can influence the response of the primary supporting
membe. s.

The responses of the fioor slabs to mecnanical and thermal loads are quite
different. To illustrate this difference for the floor slab at Elevation 119/,
which is shown in Figurs 4.1, the principal tensile membrane stresses within
the floor slab are plotted in Figure 4.2 for the unfactored lnad combination
of dead load plus live load (DL+LL,. Figure 4.3 is the same plot with the
shield wall and SFP wall removed. For this combination of mechanical
loads, the stress levels everywhere in the slab are well below the concrete
cracking stress of 410 psi (410 psi is the modulus of rupture for concrete
with a compressive strength of 3000 psi.). In Figure 4.4 the principal
tensile membrane stresses in this same slab are plotted for the unfactored
load combination of dead load, live load and winter temperature condition
(DL+LL+T,). To better illustrate the tensile stresses in the floor slab for this
load combination, Figure 4.5 shows only the stresses in the floor slab
elements. In contiast to Figures 4.2 and 4.3, Figures .4 and 4.5 show
much higher levels of membrane tensile stress  Thus, the winter
temperature condition alone subjects the floor slab to significantly higher
membrane strosses than all the niechanical loeds ombined. Also, as can
be seen in the stress trajectory plots in Figures +.6 and 4.7, the generai
direction of the tensile stresses in Figures 4.3 and 4.5 is the same.

Figures 4.3 and 4.5 show that when thermal loads are combined with
mecharicel loads, the resulting stresses are sufficiently in excess of 410 psi
over wide regions of the floor slab at Elevation 119’ to cause exter.sive
concrete cracking, However, because of the self-limiting nature of thermal
strain, the thermal stresses and the associated internal forces are
substantially relieved after the slab's membrane stiffness has been reduced
by the concrete cracking. This is not the situation for the stresses resulting
from the mechanical loads which produce the stresses shown in Figure 4.3.
The internal forces which cause the mechanical load stresses remain in the
structure since they are not self-imiting or self-relieving. Thus these
mechanical forces will redistribute after cracking has occurred due to the
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thermal stresses. It is also apparent from Figure 4.6, which shows the
direction of the principal tensile stresses given in Figure 4.3, that these
strasses (forces) restrain the SFP, prevanting the upper portion of the pool
from moving in the northerly direction. This tendency of the upper portions
of the pool to move in the northerly direction, and also rotate downward,
under the action of mechanical load (e.9., concrete dead load) can be seen
from the horizontal (x) and vertical (z) displacement contours plotted in
Figures 4.8 and 4.9 respectively.

Infi f Floor Si nSFP R

In Analysis Case C, iteration 0. the floor slabs were assumed to be fully
effective (uncracked), but in iteration 1 the floor stiffness was reduced by
several orders of magnitude to make the floor slabs ineffective as
restraining membranes. The influence of reducing the floor slab stiffness
from iteration O to iteration 1 on the redietribution of forces onto the primary
supporting members is illustrated in Tables 4.5, 4.6, 4.7 and 4.8 for each
load case. The vertical shear forces in the girders shown in these tables
are unfactored values and are taken at the face of the embedded wall
column. As these tables show, the result of reducing the floor slab stitfness
was an increase in load in all primary supporting members. This load
transter is further illustrated by compating the stress increase in Girder RE,
as observed in Figures 4.10, 4.11 and 4.12 for iteration 0 and Figures 4.13,
4.14, and 4.15 for iteration 1 (see also Figures 5.112 and 5.118).

The actual significance of the floor siabs as restraining membranes which
reduce the loads in the primary supporting members is probably
underestimated by the results shown in Tables 4.5 10 4.8. In proceeding
from iteration 0 to iteration 1, these tables reflect only the release of the
floor slabs while the remainder of the Reactor Building and SFP structure
are left completely uricracked. Had the floor slabs been released after the
shield wail and SFP walls cracked, the resulting load in the primary
supporting members would have been the same since the overall level of
cracking would have been the same, however, a greater contribution of the
total load due 10 the release of the floor slabs and the cracking of the shielo
wall and SFP walls wouid have been attributed to the release of the floor
slabs.

Another observation to be made from Tables 4.5 to 4.8 is the significant
effect that the floor slabs have on the response of the structure due to
temperature conditions. For example, Tables 4.5 and 4.6 show that
reducing the stiffness of fioor slabs to simulate tensile cracking causes a
significant load change in Girders RD and RE, so much so in fact, that load
reversal occurs between iterations 0 and 1. This load change can aiso be
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observed in the stress change which takes place at the bottom of
Girder RE between Figures 4.16 and 4.17.

onclusion ing Floor Si havier

Based on the discussion above, it is concluded that (1) the temperature
condition will cause extensive cracking of the tioor slabs, (2) the mechanical
loads cause tensile membrane forces in the slabs which redistribute to
other regions of the structure after the slabs crack, (3) the ornginal design
intent for the fioor slabs weuld not have been designed to act as restraining
membranes to support the mechanical loads of the SFP, and (4) as a
consequence of (3) the continuity and development of the reinforcing stee!
may not be adequate to ensure that the slabs can function as restraining
membranes. Therefore, it is important to reduce the membrane stiffness
of the slabs so that they do not act as restraining membranes for the SFP.

A comparison of the influence of the winter versus summer temperature
conditions on the cracking of the floor siab at elevation 119’ showed that
the winter condition dominates floor slab cracking. For the shield wall, SFP
(see Section 4.2.1.5) and fioor slabs, the winter temperature condition
produces much higher tensile stresses over larger regions of the SFP
model. As aresult, load combinations with the winter temperature condition
will produce far greater relative stiffness changes within the structure and
m¢ e redistribution of internal forces onto the primary supporting members
than will the summer temperature condition. Therefore, load combinations
with the winter temperature condition were used in the cracking process for
the entire model.

Effect of Temperature Conditions on Shield Wall and SFP Crackin

As discussed in Section 2.4 the temperature distribution throughout the
SFP and Reactor Building structure for the winter and summer conditions
was determined from a heat transfer analysis of the entire SFP finite
element model. Figures 4.18 and 4.19 show the resulting winter and
summer temperature distributions used in all analysis cases. The thermal
stresses in the shield wall and SFP structure resulting from these
temperature distributions in iteration 0 are shown in Figures 4.20 and 4.21
for the summer condition, and in Figures 4.22 and 4.23 for the winter
condition. The plots in Figure 4.24 for the summer condition and in
Figure 4.25 for the winter condition have the same stress contour range,
and show that concrete cracking is far more extensive for the winter
condition than the summer condition and, therefore, the winter temperature
condition was used in the cracking process for the entire madel.
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Analysi rat

The objectives of the SFP analysis were to qualify the SFP for increased
loads in accordance with the Code requirements of ACI-349 and to explain
why cracks exist in the SFP structures. It is the analysis strategy which
provides the means to achieve these objectives.

To confirm the licensed condition for High Density Fuel Storage (Analysis
Case C), an analysis strategy was developed which provides high
confidence in the safety of the SFP design. The implementation of the
analysis strategy is the cracking process. The objective of the cracking
process used for Analysis Case C was to ensure that the sequence of
cracking and the resulting redistribution of internal forces maximized the
forces in the primary supporting members of the SFP and the SFP slab.
While the cracking sequence used in the evaluation could deviate from the
actual, but unknown, cracking sequence, there is high confidence that the
cracking process together with the evaluation process provide conservative
results which can account for any variation in the cracking sequence that
might be postulated.

However, an analysis strategy which only focuses on maximizin: the forces
in the primary suppcrting members and SFP slab may not achieve the
objective of explaining why the cracks in specific members exist and what
these cracks mean in terms o! the magnitude of the loads that the primary
supporting members may actually resist. Recognizing that unqualified load
paths do paricipate in resisting SFP loads, the analysis strategy also
quantified that portion of the response which was caused by unqualified
load paths. It is here that the analysis strategy and the development of the
finite elernent model cannot be separated, because in order to achieve this
level of understanding of actual behavior, all significant load paths, including
unqualified load paths, must be represented in the model. This was an
objective in developing the model (see Section 2.2).

In consideration of these broad objectives, the analysis strategy employed
a cracking sequence which deliberately allowed load to accumulate within
the primary supporting members due to the cracking of other regions of the
reactor building and SFP. In addition to accounting for the normal cracking
of concrete under mechanical and thermal load, this cracking sequence
also addressed the problem of SFP loads carried by unqualified load paths
and the concerns for observed cracking. As implemented, therefore, the
cracking sequence allowed the uncracked primary supporting members 10
accumulate all of the load relieved through the normal cracking of the shieid
wall and SFP and the release of unqualified load paths before the primary
supporting members were cracked and allowed to redistribute load. With
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loads conservatively accumulated in the primary supporing members (see
Section 4.3.1.1, iteration 3R), these members would then be cracked in
accordance with the criteria of Section 2.3.1 and their load redistributed
back (see Section 4.3.1.1, iteration 4) to structures which had cracked in
previous iterations. These structures would then be checked for higher
levels of cracking and if required cracked further and their internal forces
redistributed in a subsequent iteration. The strategy of incorporating normal
cracking with the sequential elimination of unqualified load paths and
intentionally accumulating load in the primary supparting members resulted
in a conservative assessment of the loads carried by the primary supporting
members. This, in turn, led to a high confidence that the calculated loads
(unfactored) are greater than the actual load to which the primary
supporting members may be subjected. An additional benefit to this
approach is that it also quantified the extent to which unqualified load paths
participated in supporting the SFP.

The concepts of design intent and qualified load paths were introduced in
Section 4.2.1. As already noted, these ideas formed an important part of
the analysis strategy, and were used to ensure that load paths which
support the SFP were designed and qualified for that nurpose.
Consequently, unqualified load paths identified during the analysis process
were made inoperative. In subsequent iterations the load within these load
paths was redistributed to qualified support components. Three ungqualified
load paths were identified during the analysis process: (1) the restraining
membrane mechanism provided by the floor slabs at elevations 119', 95'
and 75, (2) the bending resistance and flange action of the floor slab at
elevation 75 near girders RD, RE and R6, and (3) the cantilevered support
provided to the SFP by the upper elevations of the shield wall. Each of
these mechanisms was separately released tc understand its significance
and to redistribute its load to the qualified structural components of the
SFP. The first mechanism was released in iteration 1, the second in
iteration 4 and the third in iteration 5. This is further explained below and
also in Sections 4.3.1 and 4.3.2.

The influence of the fioor slabs on the structural response of the SFP was
discussed in Section 4.2.1. The support that these floors provide to the
SFP was shown to be significant. Since the original design of these siabs
did not envision that they would restrain the SFP by membrane action, the
detailing and continuity of the reinforcing steel may not be dequate to
provide th:n type of structural support. Therefore, as part of the analysis
strategy this unqualified load path was released (i.e., membrane and
bending stiffness reduced by a factor of 1,000) in iteration 1 and all
subsequent iterations to ensure that it was not relied upon for SFP support.
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is updated at each successive load iteration.  Rather, the Branson
Equation is intended to predict deflection (flexural stifiness) at or near
service load levels with the total service load applied in a single load
iteration (Reference 6), as would be done in a secant stiffness approach.

To illustrate the method, the total service load would be applied to the
uncracked structure and the internal forces computed from a linear elastic
analysis. Based on these internal forces, a linear distribution of stress (the
linearized stress) would be computed through the thickness of all SFP
structural components (i.e., shield wall, SFP walils, SFP slab and girders).
The entire model would be scanned and at locations where the linear stress
levels exceeded the cracking stress, the associated forces (moments)
would then be input to the comguter program Branson (Reference 19) to
determine new stiffness properties at these locations. The revised
stiffnesses would then be used in a subsequent analysis (iteration) with the
same total service lcad to determine the redistribution of internal forces due
to the cracking which had occurred in the previous analysis (iteration). In
the next iteration stresses would again be reviewed to determine if higher
levels of cracking were appropriate at sections which had previously
cracked. In all cases it was found that the moment causing first cracking
was higher than the moment after cracking. This process would be
repeated in successive iterations until no new cracking occurred.

in this process all concrete cracking (and the release of unqualified load
paths) takes place at a constant load level. The process itself is divided
into distinct linear elastic analyses which are called "iterations.” Each of
these iterations takes place at the same ccnstant value of load. Stiffness
is the only thing that changes from one iteration to the next. Therefore,
iterations do not refer to changes in load, they refer to distinct changes in
stifiness with load held constant. The stiffness changes which occurred
with each iteration are described further in Section 4.3.

Since both load combinations "b* and "e", (Section 3.3.2) are close to
service load levels it was decided that one of these load combinations
would be used as the service load for the cracking process. Surface stress
contours for each of these load combinations are showin in Figures 4.26
and 4.27 for different sides of the SFP. Both ivad combinations "b" and "e"
produce very similar results even though they have somewhat ditferent load
factors. The real difference between these two load combinations is that
"@" includes the cask drop load while "b" does not. The cask drop load has
its major influence on the girders beneath the SFP, and its presence would
transfer more load to other pars of ihe structure when the girders were
cracked, since the level of cracking would be greater than if the cask drop
load were not present. Since this was consistent with the analysis strategy
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1. This error substantively atfects only the loads and moments in girders
RD and RE.

2. Seismic stresses in the structure are small and the conclusions above
regarding stiffness and application of seismic inertia to the cracked
state are still valid.

3. Allofthe descriptive matenal involving load combinations which include
seismic came from References 24, 27, and 28, and therefore, contain
the error.

4. The evaluation of girders RD and RE presented in Tables 5.2 through
5 6 contain the corrected values.

Selection of Critical Seismic Load Directions

Although seismic loads are not part of the cracking iteration process
because they oscillate about an equilibrium configuration (see Section
4.2.4.1), they are an important load for the evaluation of the SFP.
Therefore, it is appropriate to briefly discuss the general behavior of the
SFP to seismic load and the selection of critical seismic load directions.

OBE level equivalent static seismic loads were applied to the entire Reactor
Building finite element model in the two horizontal and one vertical
direction. The stress resuits for seism . loads applied in the east-west
direction (+Y acceleration direction) are shown in Figures 4.56 to 4.58. Of
particular interest in these figures is the shear transfer which takes place
between the exterior wall at R7 and the north wall of the SFP at elevations
75', 95" and 119". The influence of each seismic load direction on the
response of the girders is shown in Figures 4.59 to 4.61. The magnitude
of the response te OBE seismic load relative to the response of other
mechanical loads can be seen by comparing these figures to Figures 4.30,
4.31 and 4.32.

in the load combinations shown in Section 3.3.2, downward seismic
acceleration (-Z) has the effect of reducing the 1.4 factor in front of the
dead load term. For most of the SFP structure, this reduces the member
loads and increases margins and thus was not considered for the bulk of
the structure. However, since downward seismic acceleration has the
same effect as reducing dead load, it could add to the response of the SFP
slab from the winter and summer thermal gradients (see Sections 3.3 and
5.2), and theretfore it must be included in the evaluation of the SFP slab.
This evaluation was conducted for iteration 4S and the results are
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presented in Section 52.2. The results show that downward seismic
acceleration in combination with winter and summer thermal gradients does
not result in the minimum capacity margins | the SFP slabs. Minimum
capacity margins are always produced by load combinations which include
upward seismic acceleration.

From the three seismic directional cases, seismic load combinations were
made to determine the most severe directional combinations for the primary
supporting members, the SFP slab and SFP walls. The various seismic
acceleration directions were summed algebraically, however, because
downward seismic acceleration (-Z) opposes the sustained loads, and was
considered in a separate avaluation for the SFP slab, it was not the focus
in this evaluation. For the bulk of the SFP structure, the foliowing seismic
acceleration combinations were considered: (1) +X+Y+Z, (2) -X+Y+Z, (3)
+X-Y+Z and (4) -X'Y+Z. Based on a review of results for the four
coinbinations, combinations (2) and (4) contributed most to the response
of the primary supporting members, SFP slab and SFP walls. Therefore
only seismic combinations (2) and (4) were incorporated in the load
combination equations for evaluation, except for analysis iteration 4S which
also included combinations -X+Y-Z and -X-Y-Z.

4.3 The Cracking lteration Process

As discussed in Section 4.2.2, the cracking iteration process is the implementation
of the analysis strategy. The objective of the cracking iteration process was 0
ensure that the sequence of cracking and the resulting redistribution of internal forces
maximized the forces in the primary supporting members of the SFP and the SFP
slab. As the analysis proceeded the cracking process was interrupted to study
structural behavior and to perform evaluations at critical iterations to ensure that the
most severe cases had been evaluated.

A summary of the behavior of the SFP as described by the iterative process is given
'n Section 4.3.1. The distinct iterations in the cracking process are shown in Tables
4.1 and 4.2. A description of each iteration is given in Section 4.3.2 and summarized
in Tables 4.3 and 4.4. Table 4.13 arranges the information in Table 4.3 into an array
format for easy reference. Figures showing stresses for various ioad combinations
are sometimes rew.red to in the discussion which follows. For easy reference, Table
5.1a summarizes all of the load combinations referred to in the figures.
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In discussing SFP behavior in general, and in particular as it relates to the
cracking iteration process, constant reference will be made to Tables 4.5
through 4.8. These tables provide the descriptive information necessary 1o
develop an understandng of SFP behavior. Tables 4.5 to 4.7 show the
vertical shear force at the end of each girder where it intersects the face of
the exterior wall columns, and Table 4.8 shows the axial force ir Column
C6 where it intersects the bottom of Girder R6. The forces in all of the
tables are unfactored so that quaniitative response comparisons can easily
be made for the various types of :ad and for different iterations. For the
purpose of discussing behavior, it is not necessary to tabulate moments or
stresses since these are a direct consequence of (and proportional to) the
forces shown in these Tables. (Tables 4.5 to 4.8 apply to Analysis Case
C. Tables 4.9 to 4.12 display the same force information but apply to
Analysis Case D.)

Analysis Case C - High Density Storage
lteration O

In iteration C the entire SFP model was uncracked. The results from this
iteration, which were discussed in Section 4.2.1, showed that the
temperature conditions had a sigrificant impact on the cracking ot the
shield wall, the SFP walls and the floor slabs. As a result of the extensive
cracking of the floor siabs caused by the temperature condition ana the fact
that the floor slabs were not a qualified load path (see Saction 4.2.2) for
providing support to the SFP, the fioor slabs at elevations 119', 85" and 75
were cracked (i.e., released) except for the portion of the floor slab at
elevation 75' from column lines RS to R7 and RC to RF (see Section 2.2.3).
iteration 1 contains the analysis results with these floor slabs cracked.

lteration 1

As again discussed in Section 4.2.1, the cracking of the floor siabs in
iteration 1 caused an increase in load carried by each of the primary
supporting members. This load increase is shown in Tables 4.5 10 4.8.
Based on the stress distribution for load combination "e" with the winter
temperature cor .ition. the shield wall, SFP walls and SFP slab were
cracked (see Sections 4.2.1 and 4.2.3). However, consistent with the
analysis strategy (see Section 4.2.2), Girders RD and RE were not cracked
based on iteration 1 results even though stresses were above 410 psi (see
Figures 4.28 and 4.29). The stresses which resulted from the redistribution

Page 55 of 284



A“n Report No. 03-%3:\’23;3:(1)

AST A ERDOWSN BINVIER

.‘.i?_jl e | L“‘_‘L'"j]?l“"

of internal forces due to shield wall, SFP walls and slab cracking in iteration
1 are given in iteration 2.

Heration

The increase in load carried by each of the primary supporting members
due to the concrete cracking which took place between iteration 1 and
iteration 2 is again shown in Tables 4.5 1o 4.8. From these tables it can be
determined that in the cracking which took place between iteration 0 and
iteration 2 the total sustained load redistiibuted to Girders RD and RE
increased from 1268 kips (671 + 597) to 1793 kips (988 + 805). Of this
41% increase in load, 18% occurred between iterations 0 and 1, and 23%
occurred between iterations 1 and 2. Principal tensile stresses in the
girders and the floor slab at elevation 75' are shown in Figures 4.30 t0 4.34
for each load step in iteration 2. For comparison to Figure 4.30, Figure
4.35 shows these same stresses for concrete dead load in iteration 0.

Figure 4.36 shows the principal tensile stresses for load combination "e" in
iteration 2. Also, for load combination "e" of iteration 2, Figure 4.37 shows
the normal stresses in the X direction (North-South) in Girder RD and
Figure 4.38 shows the distribution of shear stresses. Figures 4.39 and 4.40
show the same stresses in Girder RE. For comparison to load combination
"e", Figures 4.41 and 4.42 show the normal and shear stresses on the east
and west faces of Girder RE for load combination "b" of iteration 2. Based
on the results of iteration 2, the floor slab at elevation 75" adjacent to the
SFP north and west walls was released. The resulting redistribution of
internal forces and final stresses are given in iteration 3R.

lteration 3R

Based on the Muenow Report (Reference 8), the floor slab at elevation 75
contains a crack along the outside edge of the SFP north wall between
girders RD and RE through its entire three foot thickness (see Figure 5.15).
As a consequence, the ability of this slab to resist significant load and, also,
to act as a compression flange to produce Tee beam behavior in Girders
RD and RE is gquestionable. Therefore, consistent with the objectives of the
analysis strategy, the solid elements of this slab were cracked (i.e., reduced
in stiffness by a factor of 1,000) along the entire north and west faces of
the S? extending from column lines RC to RF and RS to R7. This
cracked portion of the floor slab was intentionally made larger than the
actual region containing the crack because of the uncerainty that the
proper reinforcing details exist which would allow the fioor slab to provide
positive moment restraint at its connection to the SFP wall (see Section
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Membr, havior of the SFP

The negative moment resistance provided by Girder RD can be seen in
Figure 4.45. This figure shows the positive and negative moment stresses
in the X (North-South) direction in Girder RD and the deflection of the
girder/pool system under concrete dead load for iteration 2. Figure 4.46
shows the same result as Figure 4.45 but for iteration 3R. Figure 4.47
shows the tensile stresses in the X direction on the surface of the pool slab
due 1o concrete dead load and Figure 4.48 shows the same information
with the stress range of interest better defined. The concrete dead weight
load step is used to illustrate this behavior because no loads are applied
diractly to the pool surface. When loads are applied directly to the pool
surface the same negative moment bending behavior in the girder occurs,
but it is masked by the bending stresses on the slab surface and cannot be
seen as easily. Thus, as these figures illustrate, the SFP slab acts as a
tension flange within the negative moment region of Girder RD. This flange
behavior induces membrane tension in the slab through shear transter from
the girder. With the fuel pool slab acting as a tension flange for the girder,
the local negative moment pending in iie pool siad due 10 hydrostatic
pressure and rack load causes the south edge of the slab adjacent to the
shield wall 1o be a critical location for the evaluation of negative moment
bending and shear because the membrane tension in the slab significantly
reduces the bending and shear capacity. This is illustrated in Figure 4.49
which shows the normal stresses in the X direction acting on the SFP .ab
surface for load combination "a" of iteration 4 and Figure 4.50 which shows
the same information with the stress range of interest better defined.

The tension flange behavior of the SFP slab discussed above is the primary
sechanism for the introduction of membrane tensile stresses into the slab
in the X direction. Membrane tensile stresses also occur in the Y (East-
West) direction as well. The Y direction riembrane tension is caused by
the greater circumferential thermal expansion of the reactor building shield
wall relative to the thermal expansion of the SFP siab. Figure 5.97 is a
plan view of elevation 75' where the section plane is taken at the mid-depth
of the SFP slab. The composition of this plan view can be better seen in
Figure 5.98 which is a 3-D view taken from. the northeast just above
elevation 75'. For the unfactored load combination of dead load (DL),
design live load (LL) and winter temperature (T,) in iteration 0, the principal
stress contours in Figure 5.99 show that the stresses at the mid-depth of
the slab (the membrane stresses) are on the crder of 100 to 300 psi
tension. Figure 5.100 shows that the principal stress trajectories are in the
Y direction within the slab. While these stresses are significantly reduced
due to the concrete cracking which takes place in subsequent cracking
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iterations, they are, nonetheless, still present and have the effect of
reducing the moment and shear capacity of the SFP slab.

Tippi ior of the SFP

As can be seen from Figure 4.9, the northeast comner of the SFP has a
larger downward displacement than any other region of the pool. This
tipping of the SFP toward the east end of Girder R6 is caused by the
greater downward displacement of column C6 relative to the other
supporting Columns D7, E7 and F6 (see Figure 2.1). The vertical
displacement of these four columns is shown in the contour plot of
Figure 4.5* for the sustained loads of load combination "a" in iteration 4.
Column C6 has larger displacements than the other three columns for two
reasons: (1) it is suppornted by a relatively flexible concrete frame spanning
over the torus and (2) it has higher axial compressive stresses along its
entire length, as shown in Figure 4.52, which causes a greater shortening
of the column. The axial stresses in Columns D7, E7 and F6 are
significantly lower than those of Column C6 because they are embedded
in the Reactor Building exterior wall, to which they tra.isfer significant load.

This tipping has two effects on the response of the SFP structure. The
first, and most pronounced effect, is the increase in load in Girder RD. This
contributes to Girder RD consistently being more heavily loaded than Girder
RE for all sustained load cases (see Figures 4.30 to 4.32) anc 7" iterations
(see Figures 4.2G, 4 36, 4.43 and 4.44 and Tables 4.5 and 4.6). The
second, but more subtle e*ect, is the increase in bending stress in the Y
direction of the southeast section of the SFP slab (see Figure 2.1). The
vertical displacament of the primary supporting members and the SFP slab
caused by concrete dead load in iteration 2 is shown in Figure 4.53. The
relative downward displacement of the east side o1 the southeast slab
relative to the west side causes tensile stress in the Y direction on the top
of the west side of the slab and compression on the top of the east side of
the slab. This can be observed in Figure 4.54 and in Figure 4.55 where the
stress range of interest is better defined. The negative moment on the
west side due to loads not directly apyed to the <lab (e.g., concrete de’ d
load) adds directly to the negative moment caused by loads applied cire ~tly
to the pool surface, to make this region an important loca:ion for evaluati. 2.

[An inconsistency exist an Tebles 4.5 10 4.8 and Tables 4.9 10 4.12
caused by an analysis . ~rorin Analysis Case C. The only difference
betweecn Analysis Case C and D is the increase in pool slab load. As such,
only the load step for pool slab loads (i.e., liydrostatic + fusi racks + stored
casx) should be different, since the same cracked states were used in both
cases. Therefore, the results for concrete dead load, live load, temperature
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- Design L.ve Load
- Winter Temperature Condition
- vask Drop

The regions specitically cracked on the basis of this iteration include the
shie'd wall, the SFP s'ab and the SFP walls.

lteration 2 - Shield wall, EFP walle and SFP slab cracked, plus the
cracked properties from lteration 1,

Based on the stress results from iteration 1, ihe shield wall, SFP walls and
SFP slab were cracked in accrdance with the methodology described in
Section 2.3.1. The analysis of the SFP structure was performed for the
same load steps as in iteration 1:

L.S. 1 - Concrete Dead Load
2 - Hydrostatic + High Dersity Fuel Racks + Stored Cask
3 - Design Live Load
4 - Winter Temperature Condition
5 - Cask Drop

In this iteration the portion of the slab at elevation 75' consisting of solid
elements remained uncracked and was the only portion of the floor systems
at elevation 75, 95' and 119' to carry load from the SFP structure.

Itaration 3SU - SFP Slab Uncoupled, plus the cracked properties from
lteration 2.

Under the action of mechanical load the SFP slab develops positive
moument in the middie region and negative moment along the supporting
edges. The SFP Slab is designed for such behavior. Under the winter
thermal gradient, however, the bottom of the SFP Slab develops a constant
positive moment which could overcome the negative rnoment along the
supporting edges. Since the SFP Slab has a lack of positive moment rebar
embedment along these supporting edges, which may not be able to resist
a significant positive moment, ihe degrees of freedom in the direction of the
rebar (perpendicular to the potential crack) were uncoupled along the
boitom surface of the pool slab at the supporting edges to simulate rebar
pullout, see Section 2.2.3.4. This iteration used the same element stiffness
properties for the SFP model and the same lcad steps as iteration 2.
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lteration 3US - SFP Uncoupl 3 for Seismic, plus the cracked
properties from lteration 2.

This iteration was the equivalent static seismic run used in combination with
iteration 35U, However the stiffiness deviates slightly from iteration 35U
since, in a seismic event, the floor slabs are designed to transfer the
horizontal inentia loads o the exierior walls and couple the respanse of the
shield wall and SFP with the axtencor walls. Hence, the stifinese ¢f all the
floor slabs, including the solid elemenis at elevation 758 were 'ntact
(uncracked). The foliowing directions of seismic acceleration were applied
10 the model:

LS 1 - Seismic -X and Hydrodynamic
2 - Seismic +Y and Hydrodynamic
3 - Seismic +Z and Hydrodynamic

The following combinations were considered and the various seismic
directions were summed algebraically

LS 1: +X+Ys2Z
2. -X+¥Ya2
3: +X-Yas2
4: - X-Ya+2

Based on a review of the four seismic acceleration load steps, load steps
2 and 4 were shown to contribute most to the forces in the primary
supponting members. Hence, only load steps 2 and 4 were used for load
combinations and evaluation (see discussion in Section 4.3.1),

Iteration 3R - Solid elements In the floor slab at Elevation 75’ were
cracked to allow for Rectangular beam behavior In the
girders, pius the cracked propertics from Iteration 2.

The floor siab at elevation 75' contains a crack along the edge of the pool
wall between girders RD and RE through the &:'ire three foot thickness
(Reference 8). As a consequence, the ability of this slab to resist
significant lcad and, also, 10 act as a compression flange to produce tee
beam behavior in Girders RD and RE, is questionable. Based on this, and
consistent with the objectives of the cracking process, the slab ai elevation
75', extending from RC to RF and RS to R7, was cracked (i.e., reduced in
stiffness by a factor of 1,000). By so doing, this also determined the
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portion of the applied loads which were resisted by these slabs. This was
the only ¢ ange made between iteration 2 and terauon 3R

The stifiness of .he slab solid elements at elevation 75' was reduced to
maximize the loads in the supporting girders and determine the extert 1o
whizs this floor slab was resisting mechanical load. The presence of the
thru-thickness crack at the bottom surface of the siab made it essential o
perform this teration. Therefore, in iteration 3R the girdors are resisting
load ae rectangular sections not as lee beams. The following load steps
ware included.

I.8. 1- Concrete Dead Load

. Hydrostatic + High Density Fuel Racks + Stored Cask
« Design Live Load

« Winter Temperature Condition

- Cask Drop

e mN

This iteration is referred 1o throughcut this report as iteration 3R. The
designations 3R and 3RB, which are used in the calculctions (Reference
24), refer to the same iteration. This iteration formed the basis for cracking
the girders in iteration 4.

iteration 3SS - Stittness and mass of Solid elements in the floor slab
at Elevation 75' were neglected, plus the cracked
properties from Iteration 2 for Seismic.

This iteration is the equivalent static seismic run used in combination with
iteration 3R. Similar to iteration 3US, the siffness of all the floor slabs s
intact (uncracked) except for the solid elements at elevation 75" where the
stitiness and mass wers neglected to ensure rectangular beam behavior in
the girders. The same seismic acceleration diractions and load steps were
used, as in iteration 3US.

iteration 4 - Girders RE, RD and R6 cracked, plus the cracked
properties from iteration 3R.

Based on the results of iteration 3R girders RD, RE and R6 were cracked
and load was redistributed 10 other pars of the structure. Iteration 4 is
identical to iteration 3R except for the revised (crackod) elastic moduli for
airders RD, RE and R6. This iteration included the load steps shown
bulow!

Page 65 of 284



AL BB BB
FREDEP

lteration 48S - Same as lteration 35S with girders RE, RD and R6
cracked as In Heration 4

Ihis iteration is the equivalent static seismic run 10 be used in combination

with iteration 4. Similar 1o teration 35S, the stiffness of all the floors is
Imact except the id glements at elevation 75" tor which the ‘\'uf'l‘.t:i»‘- ang
mass were neglected 1o ensure rectangular beam behavior of the girders

same SeismicC & eration directions and ioad steps ware used as In

lteration 5 - Shield wall stiffness above Elevation B0’ neglected plus
the cracked properties In iteration 4
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5. The same seismic acceleration directions and load steps were used as
in iteration 45S.

ltgrations Using the Fully Transtormed Cracking Criterig for Case C

The following lterations were performed uging the fully transformed cracking
critenia. This criteria is descrbed in Section 2.3.2 and the methodology in
Section 4,2.3.2. The summer temperature condition was included in the
analysis because it etfects the negative momen: regions in the SFP east,
wost, and north walls and pool slab. The cracked properties of the walls
and pool slab based on the fully transformed cracking criteria were added
to ieration 4 10 form lierations 45 and 4W.

lteration 4W - SFP Walls have cracked properties based on the fully
transformed cracking criteria plus the cracked
properties from iteration 4.

Cracked properties for the SFP walls based on the fully transfcrmed
cracking criteria were u-ed together with the cracked properties from
iteration 4,

The load steps included in the analysis were:

L.S. 1 - Concrete Dead Load
2 - Hydrostatic + High Density Fuel Racks +
Stored Cask
- Design Live Load
- Winter Temperature Condition
- Cask Drop
- Summer Temperature Condition

DO aWw

Iteration 4WSS - Cracked p.operties for SFP Walls based on the fully
transformed cracking criterla plus the cracked
properties from lteration 4SS

This iteration is the seismic run used in combination with iteration 4W. The
stiffness of all the floors is intact except the solid elemenits at elevation 75'
for which the stiffness and mass were neglected to ensure rectangular
beam behavior in the girders. The following seismic acceleration directions
and load steps were used:
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L.S. 1: Seismic -X and Hydrodynamic
2: Seismic +Y and Hydrodynamic
3: Seismic +Z and Hydrodynamic

lteration 4S8 - Cracked transformed properties for the SFP Slab
based on the fully transformed cracking criteria plus
the cracked properties from Iteration 4W,

In addition to the changes incorporated in iteration 4W, the cracked
properties of the SFP slab based on the fully transformed cracking criteria
were added. The same load steps of iteration 4W were used in this
iteration.

lteration 4SSS - Cracked transformed properties for the SFP Slab
based on the fully transformed cracking criterla plus
the cracked properties from iteration 4WSS.

This fteration is the seismic run 1o be used in combination with iteration 4S.
The stifiness of all the fioors is intact except the solid elements at elevation
75' for which the stiffness and mass were neglected to ensure rectangular
beam behavior in the girders. The same load steps of iteration 4WSS were
used in this iteration.

iption of Cracking lterations for lysi

The cracking of the shield wall and SFP walls and slab, which resu'ted in
the cracked properties for iteration 2 of Analysis Case C, was dominated
by the winter temperature cundition. It was therefore concluded that for
Analysis Case D the addition of consolidated recks and fuel to the SFP slab
would not appreciably change the cracking patterns or the level of cracking,
as measured by th. effective concrete moduli, used in iteration 2 (see
Section 4.3.1). Hence, iterations 0 and 1 were not performed for Case D
and the cracked properies from iteration 2 of Analycis Case C were used
for iteration 2 of Analysis Case D.
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Hteration 2 - Shield wall, SFP walls and SFP slab cracked, plus the
cracked properties from lteration 1,

Element stitftnesses are based on cracked concrete properies developed
from the iteration 1 results of Case C. The analysis of the SFP structure
was performed for the same load steps as iteration 1:

LS. 1 - Concrete Dead Load

- Mydrostatic + Consolidated Fuel Racks + Stored Cask
- Design Live Load

- Winter Temperature Condition

- Cask Drop

aW@WN

In this iteration, the portion of the slab at elevation 75 consisting of solid
elements is uncracked and is the only portior. of the floor systems at
alevations 75', 95" and 119’ to carry load from (he SFP structure.

lteraticn 3SU - SFP Slab Uncoupled plus the cracked properiiés from
iteration 2.

Under the action of mechanical load the SFP slab develops positive
moment in the middle region and negative moment along the supporting
edges. The SFP slab is designed for such behavior, Under the winter
thermal gradient, however, the bottom of the SFP slab develops a constant
positive moment which could overcome the negative moment along the
supporting edges. Since the SFP slab has a lack of positive moment rebar
embedinent along these supporting edges which may not be ale to resist
a significant positive moment, the degrees of freedom in the direction of the
rebar (parpendicular 10 the potential crack) were uncoupled along the
bottom surface of the pool slab at the supporting edges (see Section
2.2.3.4). This iteration has the samc element stiffness properties for the
SFP model and the same load steps as iteration 2.

lteration 3US - SFP Uncoupled for Seismic In addition to cracked
properties from Iteration 2.

This iteration was the equivalent static seismic run used in combination with
iteration 3SU. However the stiffness deviates slightly from iteration 3US
since, in @ seismic event, the floor slabs are designed to transter the
horizontal inertia loads to the exterior walls and couple the response of the
shield wall and SFP with the exterior walls. Hence, the stiffness of all the
floor slabs, including the solid elements at elevation 75, were intact
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(uncracked). The following directions of seismic acceleration were applied
o the modei:

LS. 1 - Ssismic -X and Hydrodyramic
2 - Seismic +Y and Hydrodynamic
3 - Seismic +Z and Hydrodynamic

The various seismic directions were summed algebraically. Based on a
review of Case C the following combinations were considered (see Case
C iteration 3US and Section 4.3.1):

LS. 1 - Xe¥Ys2
2+« X-Ya2

lteration 3U designates the combination of iterations 3SU and 3US to form
load combinations for evaluation.

lteration 3R - Solid elements in the floor slab at Elevation 75' were
cracked to allow for Rectangular beam behavior in the
girders, plus the cracked properties from Iteration 2.

The floor slab at elevation 75' contains a crack along the edge of the pool
wall between girders RD and RE through the entire three foot thickness
(Reference 8). As a consequence, the ability of this slab to resist
significant load and, also, to act as a compression flange to produce tee
beam behavior in Girders RD and RE, is questionable. Based on this, and
consistent with the objectives of the cracking process, the slab at elevation
75', extending from RC to RF and RS to R7, was cracked (i.e., reduced in
stiffness by a factor of 1,000). By so doing, this also determined what
portion of the applied loads were resisted by these slabs. This was the
only change made between iteration 2 and iteration 3R.

The stiffness of the slab solid elements at elevation 75' was reduced to
maximize the loads in the supporting girders and determine the extent to
which this floor slab was resisting mechanical load. The presence of the
thru-thickness crack at the bottom surface of the slab made it essential to
perform this teration. Therefore in iteration 3R the girders are resisting
load as rectangular sections not as tee beams. The following load steps
were included:

L.S. 1 - Concrete Dead Load
2 - Hydostatic + Consolidated Fuel Racks + Stored Cask
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lteration 38S - Stifiness and mass of Solid elements in the floor slab
at Elevation 75' were neglected, plus the cracked
properties from lteration 2 for Selsmic

[his Heration is the equivalent static seismic run vsed in combination with

teration 3R. Similar to iteration 3US, the stifiness of all the floor slabs is

ntact (uncracked) except for the solid elements at elevation 75" whaere the

stiffiness and mas. were neglected 10 ensure rectangular beam behavi

the girders. The same seismic acceleration directions and load steps were

80 as 1n neration ‘1(:.(1

Heration 4 - Girders RE, RD and R6 cracked, plus the cracked
properties fron: iteration JRB

Based on the results of iteration 3R girders RD, RE and R6 were cracked
f

and load was redistributed to other parts of the structure, Heration 4 1§
identical to itaeration 3R except for the revised (cracked) elastic moduli for
girders RD, RE and R6. This iteration included the load steps shown
DEIOW
Concrete Dead Load

Hydrostatic + Consolidated Fuel Ra
Design Live Load

Winter Temperature Conditior

Cask Drop

iteration 43S - Same as Iteration JSS with girders RE, RD and R6
cracked as In iteration 4

[ his fteration 18 the equivalent static seismic run 10 be used in combpination
with teration 4. Similar to iteration 355, the stifiness of all the 1loors 18
mact except the solid elements at elevation 75" for which the stitiness and
mass were neglected 1o ensure rectangular beam behavior of the girders
[he same seismic acceleration directions and load steps were used as In

teration 3SS
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ration ng the Fully Transform racking Criteria for Case D

The foliowing iterations were performed using the fully transtormed cracking
critena. This criteria is described in Section 2.3.2 and the methodology in
Section 4.2.3.2. The summer temperature condition was included in the
analysis because it effects the negative moment regions in the SFP east,
west, and north walls and pool slab. The cracked properties of the walls
and slab based on the fully transformed cracking criteria were added to
iteration 4 to form iteration 4S.

lteretion 4S - SFP Walls and Slab have cracked properties based on
the fully transformed cracking criteria, plus the
cracked properties from iteration 4.

Cracked properties for the SFP walls based on the fully transformed
cracking criteria were used together with the cracked properties from
iteration 4,

The load steps included in the analysis are:

LS. 1 - Concrete Dead Load

- Hydrostatic + Consolidated Fuel Racks + Stored Cask
- Live Design Load

- Winter Temperature Gradient

- Cask Drop

- Summer Temperature Gradient

o,awn

teration 4SSS - Cracked properties for the SFP walls and Slab based
on the fully transformed cracking criteria, pius the
cracked properties from iteration 4S8S.

This iteration is the seism'~ run used in combination with iteration 48. The
stiffness of all the floors is intact except the solid elements at elevation 75’
for which the stiffness and mass were neglectad to ensure rectangular
beam behavior in the girders. The following seismic acceleration directions
and load steps were used:

LS 1 - Seismic -X and Hydrodynamic

2 - Seismic +Y and Hydrodynamic
3 - Seismic +Z and Hydrodynamic
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Structural Analyses - Cracking feration 0
Entire madel uncrackod

3

Cracking lloration 1
and 118, excapt the sofid

Structural Analysis
Floors al Elevation 75, 95
stiftness reducad by a tactor of one thousend

Swuctural Analysis - Cracking lleration 2
Shwld Wall, SFP Siab and SFP Walls cracked

Structural Analysis - Cracking Neration 35U
The batiom edge of the SFP Slab s unco
propertios  Floor Slab at 75" s actve. “SU” denotas

Swucturid Analyses - Salsmec Hun 3
SFP Slab s uncoupksd [or sesm
75 wore aclive

slabs mcludng the solkt alements

for Senms

Crack

Structural Anadyse

Sold element of floor Siab at 7%

proporties. "R" denotes Rectanoular beam behavior

tructural Analysis - Sesmic Fun 358
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siflness and mass by a factor of one thou
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ruciual Anadyse
Ginters RD, RE and R6 cracked T3
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Strecturad Ana
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Structural Analyses - Selemic Run &
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. adabon 1o Soammie Run 4

Structural Analysss - Cracking Har it
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1 slonants al Elevation 7
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_DESCRIPTION FOR CASE C

elemonts al Elevation 78, had thew

od, N aOdiion 1o leration 2 stiffnoss

tha SIP Slab in Uncoupled

All oo
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Shftness propearties

2 shiftnass
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0 31 stiffness properie:
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)" weore recduced by a factor of 1000
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truciural Analy s aismic # VW
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ProOperie
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ABB Impel Corporation

BR'"F DESCRIPTION FOR CASC D

Structural Analysss - Cracking Heration 2
Shield Wall, SFP Slab and SFP Walls cracked

Structural Analysis - Cracking lteration 35U
The bottom edge of the SFP £lab is uncoupled, in addition to Neraton 2 stiffness
properties. Floor Slab ai 75 s avlive. "SU" danotes the SFP Sian in Uncouplad

Structural Analysis - Seismic Run JUS

SFP Slab is uncoupled for seismic, In add.Lun 10 leration 2 stifiness properties. All floor
slabs including the solid elements at 75" were active  "US™ denotas SFP Slab Uncoupled

for Saismic

Structural Analysis - Cracking lteration 3R
Solid elemant of loar Stab at 78" are fully cracked, in addition to Herution 2 stiffness
properties. “R" denotes Rectangular beam behavior

Structural Analysis - Seismic Run 358

All floars are ac.ve axcep! the solid elamants 2! Elevation 75" wiich had a reduced
~fiffness and mass by a factor of one thousand (1000} in addition to lteration 2
"SS" denctes seismic with fioors slifiness inciuded

Structural Analysis - Cracking eration 4

Girder HD. RE and R6 cracked in addition to lteration 3R stifiness propertiss
Structural Analysis - Seismic Run 48S

Girders RD, RE and RB crucked in addition 1o Saismic Run 35S stiffness propertes
Structural Analysis - Cracking lteration 45

Cracked transformed properties for SFP Slab in addition 1o lteration 4W properties
Structural Analysis - Seismic Run 4588

Cracked transformed propertes for SFP Slab in addition o Seismic Run 4WSS
propories

Table 4.4
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5.0 SUMMARY OF RESULTS

5.1 The Evaluation Process

The evaluation of the SFP structure, as discussed in Section 4.2, integrates various
analysis methode criteria and strategies with structural behavior to form an overall
evaluation process. The objectives of that process were 1o requalify the SFP for
existing high density rack loads considering existing cracks, to evaluate the SFP for
consolidated fuel rack loads, and 10 explain why cracks exist in the SFP struciures.
As explained in Section 4.3, the cracking iteration process ensured that the sequence
of cracking and the resulting redistribution of internal forces maximized the forces in
the primary supporting members of the SFP and the SFP slab. As the analysis
proceeded, the cracking process was interrupted,tc study structural behavior and to
perorm evaluations. Section 5.0 summarizes the re sults of those evaluations.

In the evaluation of a linear elastic structure for static load, the magnitude of the
internal forces at a particular location can be determined for a varety of load
combinations at the end of the analysis and then checked against code allowable
values. However, this approach cannot be used for the evaluation of a structure
which exhibits nonlinear behavior, such as the SFP. Due to the complex behavior

. of the SFP structure and due to the redistribution of internai forces which takes place
as concrete cracking occurs, the most severa load condition for a structural
coinponent may not occur at the end of the cracking process. Therefore, 10 achieve
high confidence in the analysis results, the cracking process was interrupted for the
purpose of evaluating structural components at vario..s stages within the process (see
Section 4.3). In addition, iterations were added to the cracking process which were
not directly related to actual levele of cracking. These added iterations allowed
unintended support mechanisms, such as the floor slabs and shield wall, to be
released during the iteration process to determine their influence on SFP response
(see Section 4.2). Evaluations were performed for normal concrete cracking
iterations and for those iterations which were added to account for the release of
unintended support mechanisms (See Section 4.2.2). Whenever load con - “ations
were formed (or a particular iteration, as shown in Tables 4.1 and 4.2, evawations
were performed.

The iterations selected for evaluation of the primary supporting members, the SFP
slab and SFP walls were based on a review u' Tables 4.5 to 4.8, a comparison of
stress contour plots for all iterations and specific load combinations and individual
load cases, and an understanding of SFP structural behavior developed through the
cracking iteration process, as discussed in Sections 4.2 and 4.3 and later in
Section 5. The specific iterations selected for evaluation and the reasons for
selecting them are discussed in Section 5.2. In addition, based on the examinai'on
. of stress contour plots for each structural component for ditf. rent iterations and load
combinations, locations were selected within the component for processing and
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lapuiating imernal forces and stresses (1.e. ineanzed siresses, 506 Section 524 1)
NOt o Iy were specific locations of maxirnum stress selecten also entire regions
containing many individual locations where relatively high «esses were observed
For example, Figure 5.2 shows all of the locations within the SFP slab where extreme
fiber surface stresses were processed for each load combination and then tabulated
As explained further in Section 5.2.4.2, stress critera were developed 1o ctio0se the
most severe combinations of surface stresses from the tabulaied data for coge

evalyanor

It is the combination of selecting internal forces and stresses at many locations for

several cracking Herations and the processing of stress data for many load
ombinations which, together with stress screening critena, constitutes the evaluation
Proces This procass was used in the evaluation of the SFP slab, the SFF walls

and the primary supporting members of the SFP

shows all of the vad combinations which were used 10 process stress

data throughout the cracking iteration process. Combinations a, b, ¢, d and e (See
ection 3.3.2) Include the winter temperature conci*ion and one of the cntical
directions of seismic load (see Section 4.2.4). Combinations a' and ¢’ are the same
as a8 and ¢ except that they contain the second critical direction of seismic load
ombinations ¢, d,, ¢, and d, correspond agir~ctly 10 combinations ¢, 0, ¢ and @
axcept that they contain the summer temps & condition. Load combinations b
and e were not evaluated for the summaear temp.u.at

were bounded by load combinations ¢, and d,

y condition because their resuits

lable 5.1b shows all of the load combinations which were specifically developed to

demonstrate compliance with AC| 349-80, Section 9.2.3 (see Section 3.3). This code
provision is directly applicable to the effects that combined dead load and thermal
gradients have on the SFP slab. The winter and summer temperature conditions
produce reversals in curvature in the SFP slab and dead load produces effects which
LOth adgd to and subtract from the thernial response. In addition, both dead load and
temperature produce axial tensile forces which reduce the moment and shear
capacity

I'he concern is that, since the dead load and thermal conditions are always
taken in the same proporiion in the loag combinations given in Table & 14, a Sllgh‘

change in that proportion could trigger a large response, because the response may
be the result of a small aif ce between large numbers. Therefore, the Code
reqQuires that where any loa 8., gaad load) reguces the eltects of other oads {1.G.,
thermai) the corresponding load factor for that load shall be taken as 0.9 if the load

always present. Since load combination ¢ i1s a dominant contributor to the lowest
margins in the SFP slab and girders, t was selected 10 monitor compliance with

n 30 sy (¢ MIrear ) M ™™ r ¢ y ol , ' - &
on 9.2.3 of the Code U\L"vt- ence a9 Lownward seismic acceleration was aiso

T : N ¢ 3\ - 3 - ¢
lapie 5.10, since this has the same eflect a




Anu Report No. 03%3‘7\'(‘)‘“10 ::‘la

reducing dead load and could result in even larger thermal responses in the SFP
slab. The results of Code evaluations using the load combinations /1 Table 5.1b are
discussed in Sections 5.2.1 and 5.2.2.

Evaluations of the SFP slab and girders were performed for cracking iterations 3U,
3", 4 “S and 5. The iterations for which load combinations were formed and
processed are shown in Tables 4.1 and 4.2, Tables 4.5 10 4.8 show that iteration 3R,
4, 45 and 5 dominate the response of the girders. Based on this and a review of
stress contour plots for all iterations, these iterations were selected for girder
evaluation. A review of stress contour plots for the SFP slab for all iterations and
specific load combinations shawed that iterations 3R and 4 produced more severe
results for thermal load combinations, due to increased axial forces, than iteration 2,
and more severe results for mechanical load comb/nations than iterations 0 and 1.
Therefore iterations 3R, 4, 4S5 and 5 were selected for SFP slab evaluation. In
addition, iteration 3U was also evaluated for the SFP slab since this iteration
simulated the effects of rebar pullout at locations along the edge of the slab where
the bottorn reinforcement could not be developed o full capacity.

The sections and locations of the girders and SFP slab where internal forces and
stresses were processed for each load combination are shown in Figures 5.1 and 5.2,
Not all twelve load combinations were tabulated from the processed data for @ach
iteration and each component. A preliminary screen of the processed data usually
eliminated several load combinations from consideration, although the specific load
combinations not tabulated varied with structural component. In general, eight load
combinations were tabulated for each component for the five iterations above. Based
on a review of the tabulated data, together with stress screening criteria, the most
severe combinations from each iteration were selected for code evaluation.

The additional loads applied to the SFP by high density and consolidated fuel racks
do not increase the loads applied to the SFP walls. Therefore, the loads applied to
the walls are the same as those for which the walls were originally designed.
However, based on the results of the cracking iteration process (see Section 4.3), the
shield wall provides some support to the SFP and relieves load in the primary
supporting members. The mechanism, or load path, for this support is provided by
the membrane forces in the SFP east and west walis. To ensure that the shield wall
ar § SFP walls were not primary mechanisms for the support of vertical SFP loads,
the shield wall stiffness was removed in iteration 5. As a consequence the horizontal
membrane stresses in the SFP east and west walls decreased significantly. For
example, at the south end of the SFP west wall the horizontal membrane forces
acting on a venical section through the height of the wall showed a 10% increas

between iterations 3R and 4, and a 22% decrease between iterations 4 and 5 to th 2
level required to restrain the hydrostatic pressure. These results show that in
iteration 5 the walls vere not restraining load intended for the primary supporting
members. They also show that the stiffness configuration of the SFP structure in
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iteration 4 produces the most severe results for the SFP walls as load is redistributed
from the positive moment region of the girders in iteration 3R 1o the negative moment
region of the girders and SFP slab, and into the shield wall through the SFP walls.
Therafore the SFP walls were evaluated in iteration 4S. The ten most critical load
combinations from Table 5.1a were tabulated &t 85 locations in the walls. Based on
a review of the tabulated data, together with stress scieening criteria, the most severe
lucations were selected for code evaluation.

Both hig . nie  * *4! «orage (Analysis Case C) and consolidated fuel storage
(Analysis Urow o, « avi ed in this section. Since the only difference between
the two « w28 = % Lo cack loads in Case D, it is convenient to discuss the
behavior an. -y w0 speific structural components for Analysis Cases C and D
together.

521  Evalyation of Girders and Columns
§21.1 Higt ity F rage - Anal

Tables 4.5 and 4.6 show that the maximum shear force carried oy Girder
RE is bounded by the results for Girder RD for all itarations, therefore,
capacity margin results wul oniy be discussed for Girder RD since both
girders have the same cross-section dimensions, rebar size and reinforcing
detalls. Table 4.5 shows that for unfactored loads, iteration 3R produces
the highest sustained load shear forces in Cirder RD, while for the
combination of sustained load and temperature condition iteration 5
controls. Table 5.2a shows that the minimum shear capacity margin for
Girger RD is 3% which occurred in iteration 3R. Table 5.3a shows that
Girder RD has a moment capacity margin of 16% and is controlied by
iteration 3R. Datails of the methods used to obtain moments, shears and
axial forces from the stress results in the finite element model, and dete’'s
of the ACI Code evaluation perfcrmed on the girders are found in Section
524

The results of nondestructive tests (Referance 8) conducted on Girder RE
show the prasence of 8 very large (i.e., grea@r than 2°) diameter stee! bars
distributed across the width of the bottom surface of the girder. However,
the structural drawings show 18 number 11 bars in each of the two layers
distributed across the bottom surface. These results strongly indicate that
the main tensile reinforcement at the bottom of the girder is bundied. If the
36 number 11 bars were grouped in 4 bar bundles, 9 very large diameter
bars would be detected by a nondestructive examination. This is consistent
with the test results and with the way the gQirder could have been
constructed.
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and as load 18 | from the upper elevations of the shield wall
elimination as a supponing structure for the SFP in teration 5
shows that Girder R { nimum moment capacity margin
a shear capacity margin of 46%

45 proguced the iowest moment capacity

( imn C6 was also checked for biaxial

id and Downward Seismic Accelaeration

2, evaluations were conducted 10 determine the
ce 0! reduced dead load and downward seismic acceleration on the
ty margin of the girders. Specifically, the evaluations focused on the

I (1) reducing dead load to 90% of its value in load combinations

nclude winter or summer temperature conditions and (2) reducing

(2

of its value together with downward seismic acceleration

§ which include winter or summer temperature

of these evaluations are summanzed in Tables 5.2b
ombinations shown in Tatle 5.1a and 5.1b

w tha! reduced dead 0agd ang gownwarg seismic

gleration rom oad combinations i able 5.1b increase the capacity

nargins for shear and moment in the girders. Therefore, load combinations

r )

table 5.1a, which do no!l reduce gead load and do not include downward

acceleration, proguce lower margins in the girgers than the load

D nerelore, only the oaga comuinauons in

&8 10 evaluate the

Case L was
gitterence Ir

’

LeNavior

thei
response was caused by the ) S1a K as ngner | 1alysis

ase L. oince Lases U and Are SO s N §80:18 leamed in the

reening ang evaiuation processes trom alys .ase L were used 10

re ethciently perform evalyations for Analysis ase U. Knowing the

cal load combinations from Analysis Case C and knowing locations of

ghest responses within the structure, allowed for less information to be

|

lapuiateq qur ng the screenir g Procass he fact that the only Qifto. ance

Detween the two analysis cCases was the poo! load enhanced the checking

d aifterences In response e
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transformed cracking criteria, discussed in Section 2.3.2, was used for the
EFP slab in iteration 45,

The results from iteration 4S (Reference 27) show substantial margins for
moment of 32% or more in all areas of the SFP slab. The lowest margins
at all secuons result from the load combinations which include the summer
temperature condition, even though the winter temperature condition has
a higher gradient. This was expected since the summer temperature
gradient produces negative moment in the slab which adds to the negative
moment produced by the mechanical loaus acting on the pool suriace.

As Table 5.7a shows, significant margins exist for shear in the SFP slab for
all terations regardless of the cracking criteria used. In all cases the lowest
margins occur for load combinations “a" and "a™, which do not contain
temperature conditions. The lowest shear capacity margin anywhere in the
clab is 30%.

A number of observations can be made from the results shown in Tables
57aand 5 8a:

(1) For the south section vl the southeast (SE) slab, load combination
*a" in Table 5.8a shows a 50% decrease in moment between
iteration 4 (Branson Equation based cracked properies) and
iteration 4S5 (cracked transformed properties). Table 5.8a also
shows a significant moment decrease between iterations 3U, 3R
and 4, and iteration 4S for load combinations containing
temperature. This is expected because of the increased flexibility
of the slab in iteration 4S. However, the 50% moment decrease
observed for mechanical ioads was not expected and requires
explanation. The decrease in mechanical load moment in the
south section of the SE slab occurred, not because of the overall
change in general stifiness properties, but, because of the relative
change in directional stifiness properties between iterations 4 and
4S. In iteration 4 the SE slab's flexural stiffness properties were
higher in the north-south (i.e., about the Y axis) direction than in
the east - st (i.e., about the X axis) direction because the SE slab
acts like a one-way slab in the east-west direction. Thus the
momente in the east-west direction are higher, and as a
consequence, the Branson Equation produces more cracking in the
east-west direction. With the north-gouth direction stiffer than the
east-west direction, the north-south direction attracts more moment
in iteration 4 than it does in iteration 4S5, where the flexural stiffness
i$ the same in both directions.
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'he decreasad stifiness of the slab in the north-south direction In
iteration 45 decreases the net tension along the south section of
the southwest (SW) slab. This is shown in Table 5.7a (South of
SW) for load combination "a". Progressing from iteration 3K 10 4
the tension forces in the north-south direction of the slab increase
due 1o hcr.omtal shear transfer between the negative moment
region of Girder RE and RD and the slab. When the siab stifiness
18 reduced in Heration 4S5, the pool slab, acting as the tension
flange of the girders, is relieved and sheds load 10 the positive
moment region of Girders RD, RE and R6, and to Column C6. The
amount of tensile load relief can be seen by comparnng equations
"a" in teration 4 and 45. Although not shown in Table 5.7a, the
same load reduction occurs for the south vection of the SE slab
To demonstrate this, Table 5.9 shows that in the South section of
tne SE slab tensile loads are reduced from 840 kips to 575 kips for
equation "a" and from 470 kips to 338 kips for equation "a™
between iteration 4 and 4S5

lensile membrane stress within the slab contributes 10 reducing the
moment and shear capacities at many locations in the slab. The
tensile stresses originate from the thermal expansion of the shield
wall and the negative moment bending of Girders RD and RE
within the pool region. This behavior was discussed in Section
4311

Evaluation of Slab Reinforcement Development Length

In several of the negative moment regions of the SFP slab the botiom
reinforcement is not sutficiently embedded 10 be considered fully developed
{0 resist positive moment (tension on the bottom of the slab). Sinec the
winter temperature gradient produces positive moment in these regiong, an
analysis was periormed which assumed that the bottom reinforcement was
not effective. To implement this effect in the finite elemant model, adjacent
nodes at specific slab boundanes were uncoupled (disconnected) in the
displacement direction aligned with the reinforcement (see Section 2.2.3.4)
Tha purpose of the analysis was 10 determine if the reduction in positive
moment capacity in these regions could cause increased moments
elsewhere in the slab, and also, 1o determine the maximum size of the
crack which could form in these regions assuming the reinforcement was
not effective. As shown in Tables 5.7a and 5.8a, this cracking iteration, 3U,
was included in the evaluations of the SFP slab for moment and shear
lable 5.10 shows the size of the approximate gap between the adjacent
nodes which were uncoupled. These numbers represent the maximum size
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moment capacity margin increases when dead load is reduced and
seismic acceleration is downward. Thus the minimum moment capacity
margins produced by the winter temperature condition load combinations
are lower than the reduced moment capacity margins produced by the
summer temperature condition load combinations.

3. Table 5.8b shows that reduced dead load and downward seismic
acceleration decreased the moment capacity margin on the north, south,
east and west edges of the southeast and southwest SFP slabs only for
load combinations with the winter temperature condition. However, the
minimum moment capacity margin on the edges of the SFP slabs are
produced by load combinations with the summer temperature condition
for which the moment capacity margin increases when daad load is
reduced and seismic acceleration is downward. Thus the minimum
moment capacity margins produced by the summer temperature
condition load comb..ations are lower that the reduced momerit capacity
margins produced by the winter temperature condition load
combinations.

4. The results presented in 1, 2 and 3 above demonstrate that the load
combinations in Table 5.1a, which do not consider reduced dead load or
downward seismic acceleration, produce lower minimum capacity
margins for the SFP slab than load combinations in Table 5.1b which
reduce dead load and/or apply downward seismic acceleration.
Theretuie, the use of load combinations in Table 5.1a are sufficient for
the evaluation of the SFP slab since they produce minimum margins.

nsoli F rage - Analysi

The same behavor already discussed for Analysis Case C can also be
observed in Tables 5.11 and 5.12 for Analysis Case D. As in Case C, the
moment capacity margins for the slab for Case D iteration 4S are high for
all load combinations (Reference 32). The lowest moment capacity margin
for iteration 45 is 36% which cccurs in the west section of the SE slab and
is again, like Case C, controlled by the summer temperature condition.

The shear capacity margin is controlled by machanical loads. The lowest

margin for iteration 4S is 14% and occurs at the east section of the SW
slab for load combination "a".
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moment capacity margin increases when dead load is reduced and
seismic acceleration is downward. Thus the minimum moment capacity
margins produced by the winter temperature condition load combinations
are lower than the reduced moment capacity margins produced by the
summer temperature condition load combinations.

3. Table 5.8b shows that reduced dead load and downward seismic
acceleration decreased the moment capacity margin on the north, south,
east and west edges of the southeast and southwest SFP slabs only for
load combinations with the winter temperature condition. However, the
minimum moment capacity margin on the edges of the SFP slabs are
produced by load coinbinations with the summer temperature condition
for which the moment capacity margin increases v hen dead load is
reduced and seismic acceleration is downward. Thus the minimum
moment capacity margins produced by the summer temperature
condition load combinations are lower that the reduced moment capacity
margins produced by the winter temperature condition load
combinations.

4. The results presented in 1, 2 and 3 above demonstrate that the load
combinations in Table 5.1a, which do not consider reduced dead load or
downward seismic acceleration, produce lower minimum capacity
margins for the SFP slab than load combinations in Table 5.1b which
reduce dead load and/or apply downward seismic acceleration.
Therefore, the use of load combinations iti Table 5.1a are sufficient for
the evaluation of the SFP slab since they produce minimum margins.

nsoli Fuel - Analysi

The same behavior already discussed for Analysis Case C can also be
observed in Tables 5.11 and 5.12 for Analysis Case D. As in Case C, the
moment capacity margins for the slab for Case D iteration 4S are high for
all load combinations (Reference 32). The lowest moment capacity margin
for iteration 4S is 36% which occurs in the west section oi the SE slab and
is again, like Case C, controlled by the summer temperature condition.

The shear capacity maryin is controlied by mechanical loads. The lowest

margin for iteration 48 is 14% and occurs at the east section of the SW
slab for load combination "a".
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Evaluation of the SFP Walls
High ' | Storage - i

A preliminary evaluation of the walls cf the SFP was performed for
iteration 4. The results showed that the moments from load combinations
containing temperature conditions exceeded the mement capacity at
several sections. Further investigation revealed that the moment capacity
of the wall sections was actually less than the cracking moment. This
meant that a cracked concrete model based on the Branson Equation,
which uses the cracking moment as the starting point to initiate stiffness
reductions, would result in a significant overestimate of cracked member
stitfiness. This led to thermal moments which were higher than the section
could physically develop. Tharefore, 10 achieve a cracked state more
consistent with the actual situation which exists after cracking occurs, the
cracked properties of the walls were set to ihe cracked transformed values
in accordance with tha criteria of Section 2.3.2. The resulting cracked
stitfiness properties for the walls were used in iteration 4S.

Tables 5.13 and 5.14 show the results of the SFP wall evaluations. The
minimum moment capacity margin is 7% and occurs in the vertical section
(i.e., moment about the Z axis) at the north end of the west wall. The 7%
margin is controlled by sustained loads in load combination “a". In all
cases axial tension plays a significant role in reducing moment capacity.
In contrast 10 the moment results, the shear capacity margin everywhere
is quite high with the lowest margin of 37% also occurring in the north
section of the west wall. The upper portion of the west wall between
elevations 95’ ana 119’ tapers to a thickness of 4'-6". This is the thinnest
region of any of the SFP walls and is where the lowest margins occur.

Consolidated Fuel Storage - Analysis Case D

No evaluations of the SFP walls were performed for Analysis Case D
because (1) the hydrostatic and hydrodynamic loads on the walls from the
pool did not change from Case C to Case D and (2) the lowest margins
occurred in ' . upper regions of the walls where loads from the slab have
litthe influence.
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The output of the finite element analysis of the SFP model consists of nodal
strosses and forces. Typically two or more solid elements are used through
the thickness or depth of a member in the model. Nodal stress or force
data by itself cannot be used to evaluate a structural component for
compliance with the AC. Code (Referece 4). These stresses must first be
translated into moments, shears and axial forces acting on a particular
cross section in order 10 be used in a code evaluation. The intent of this
section is 10 show step-by-step how raw data from the finita element model
was translated into the information necessary to perform a code evaluation
and how the code evaluation was performed.

in the sections which follow, typical moment and shear evaluations nre
perormed for Girder RE and the SFP slab. For completeness ANSYS
routine and filename terminology and actual filenames are used. For load
cases (load steps) in a particular iteration analysis output (ANSYS File 12)
refer 10 Section 4.3.2. For a listing of a. analysis input files refer to
Appendix A,

Since the code evaluation of the SFP walls is similar to the code evaluation
for the SFP slab, it is not included as a specific example.

Girder RE Evaiuation Example

Girder HE is evaluated for Analysis Case C, iteration 3R, load combination
*¢" (see Reference 24),

The results of ANSYS iteration 3R contained in output File 12
(CCIARR.F12) and the File 12 (CCI3SS.F12) for the seismic run 3SS were
placed in the same directory. File CCI3RB.F12 was renamed 1o
FILE12.DAT and File CCI3SS.F12 10 FILE40.DAT. Using ANSYS Post 27
and input file ECI3RLC.2F5, the unfactored load steps of iteration 3R and
selsmic run 35S were acded with the appropriate load factors applied tc
form all of the necessary load combinations. The load combinations were
stored in file ECI3RLC.F10 in which load step 3 is load combination "c"

Using input file ECI3RLC.1FS5, which read file ECI3RLC.F10, the elements
pertaining to Girder RE between the north face of the SFP wall and column
£7 were selected (see Figure 5.3). Figures 5.4 and 5.5 show the node
numbers on the east and west faces of the selected portion of ( ser RE.
To this point the evaluation processes for both the moment and ear are
the same. Beyond this point the evaluation processes are distinctly
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different for each and in the paragraphs below each is discussed
separately.

ment Eval

The bending stresses (SX) taken through a vertical section of each face at
the location of maximum moment (see Section ME in Figure 5.1) are plotted
in Figures 5.6 and 57 In Figure 5.6 the stresses are plotted from node
930 10 node 210 and in Figure 5.7 from node 940 to node 310. These
figures show that the actual bending stress dist-ibution is nonlinear through
the depth, particularly in the compression zene. This nciinear bending
stress distribution is integrated through the depth using the ANSYS Program
(PLSECT Command) to obtain an equivalent linear stress distribution on the
saction, (The linear and nonlinear stress distributions are eguivalent in the
sense that they both procuce the same resulting axial force and bending
moment when (ntegrated (hrough the section.) These stresses are referred
10 as the "linearized stresses,” and both the linear and constant (membrane)
pars are given. The lineanzed stresses at the extreme fibers (i.e., the end
point nodes) for all stress components are printed in Table 5.15 and 5.16
taken from output file ECI3RLCS.1F6.

‘ Shown below are the top and bottom linearzed bending siresscs (SX) on
the eas( and west faces (with the associated node in parentheses) as well
as the average values at the top and bottom,

East Face West Face Average

1op -1774(930) -864(940) -1319
bottom 1158(210) 1430(310) 1204

(Note: The diference between the stresses on the east and west faces
shows that weak axis bending is occurring. This is discussed at the end of
the Section.)

Using the computer program RCBEAM (Reference 31), the average

linearzed stresses, reinforcing details, and girder section properties are |

entered. From the linearized stresses and cross section geometry the |

program computes the mornent and axial force acting on the cross section. |

The girder properties and reinforcing details entered are given below: :
|
|

h = 108"

b = 60" |
fc = 3,000 psi |
ty = 40,000 psi |
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N trom the PCBEAM program I8 ():-,”!- i\ 'dtll,._~4 517 and
ed DO IOW

d Moment = 12699, ft-kips

| Axial Load 81 Kips (Compression)

n the interaction d.agram given in Figure 5.8

the interactio rvé or Table 5.17, the Design Moment Capacity at
COMpressior I8 « 18935 A-kips Therefore. the moment

ty margin of Girder RE 18 100(18935-12699)/18635 = 33%. The
given above are those shown in Reference 24

mentioneq earier, the stress results for each face of Gurder RE show
the presence 0! weak axis bending. This bending can be easily seen from
the displacement piot viewed from above the girders and shield wall shown
n Figure 510 (See Figure 5.9 for reference). This weak axis bending is
caused by th.a winter temperature condition and the unrestrainad east-west
thermal movement which occurs ~etween the SFP north wall and the
Reactor Bullding exteror wall due tu the absence (reduced stifiness) of the
slab at elevation /5. The eflect of mducing the stiffiness of the fioor slab

1§ Clearly seen in Table 5.18. In eration 3R the top and
DOTIOM siress on the east and west taces 1or the concrete dead load case
are mparabié n magnitute, where as for the winter temperature
conaiion they are quite different and show the presence of significant

WeaK axis penaing

|

Y&
il @levalon )

With the slab at full stiffiness this relative thermal growih i1s restrained Dy
the shear stifiness of the slab. This can also be seen in Table 5.18 for
neralion . For this teration the concrete dead load stresses at the top
And bottom of each tace are almost the same, and the difference betwe«n

the east and wes' face thermal stresses has been greatly reduced from
what they were in iteration 3R - straint proviged Dy the fioor slab at

elevatior y cant ir nplane shear stresses (SXY) in Figure
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5.11 for this same load combination in iteration 2 (see Figures 5.97 and
5.98 for reference). This figure also shows the high shear stress in the
slab between the west SFP wall and the Reactor Building exterior wall due
10 the restraint of relative therma! growth in the north-south direction. The
same inplane shear stresses are also shown in Figures 5.12 and 5.13 for
iteration 0. The principal tensile stresses and predicted cracking of the
floor slab at elevation 7&' are discussed further in Section 53.3. For
completeness the weak axis bending occurring in iteration 3R, although
fictitious, was nonetheless evaluated and shown to be well within code
limits,

Shear Cvaluation

Girder RE was evaluated for shear in accordance with the Code provisions
for deep flexural members found in Section 11.8 of ACI 343-80. The
criticar section for shear evaluation is located mid-way between the face
of the supporting column and the north face of the SFP wall (see Sectiun
SE in Figure 5.1). Since the critical section location occuis half-way
between nodal planes, the stress results from the adjacent nodal planes
were averaged at the critical section. On the east face linearized stresses
were determined at sections through nodes 282 and 212, and nodes 283
and 213 (see Figure 5.4), and on the west face through nodes 382 and
312, and nodes 383 and 313 (see Figure 5.5). The results are shown in
Tables 5.19 from output file ECI3RLCS.1F6. The cpecific stress results
needed from Table 5.19, as well as the final average values used, are
shown in Table 5.20.

The section properties of tha girder and the values of the ACI Code
defined variables are given below:

h =108 b, = 60", d = 102.5",

Section Modulus, § = 116,620 in’,

Ag = bh = 6480 in®,

Py = A/bh = 92.04/60 x 102.5 = 0.0104,
and |, = 117%,

The span-to-depth ratio

I/d = 1.14 < 2.9,

Page 134 of 284



Heport No. 03-0370-1341
Haision O

il the top and bottom of the
'he average shear

axial load, ¥, and Shear, V

apsoiute s\ o1 the p and potiom
x (S8 Hon '. OQuUiIyS
the algebraic sum o Op and bottom
560 Gross Area)

"'Ql“' Lart I‘«'O"“

i




ARR e ¢

Therefore, the concrete contribution to shear capacity at the critical section
is V, = 2021 kips.

The shear reinforcement contribution to shear capacity, V,, is calculated
from Code Equation 11-30:

V, = {(A/S)(141/d)/12 + (A/S,)(11-1/d)12)1.d,
A, = 22in" (5-#6 stirrups at 10")

where:

S = 10in

A,= 158 in® (2-#8 bars, slab reinforcement
neglected)

S, = 257 in (5-#8 bars in each face conservatively
spread over the total depth; bars are actually
spaced at 10" in the girder web.)

f = 40 ksi

Substituting the above values in ACI Code Equation 11-30 gives:
V, = 368 kips.

The total shear capacity is the sum c! the concrete and reinforcing steel
contribution which is:

V, =V_+V, =2021 + 368 = 2,389 kip.
This is less than the Code allowable maximum value of

V. (max) = 2695 kips.
Therefore the design shear capacit- from AC| Code Equation 11-1 is ¢V,
= (0.85)(2389) = 2,031 kips, which exceeds the factored shear applied at
the critical section of 1542 kips. ~he shear capacity margin of Girder RE
I8!

100(2031-1842 2031 = 24%.

This is the value shown in Reference 24.
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In this section, the SFP slab is evaluated for Analysis Case C, iteration 3R,
Moment is evaluated for load combination *¢* and shear for load
combination "a™ (see Tables 57a and 58a). Following the same
procedure described in Section 5.2.4.1, the factored load combinations for
iteration 3R were formed. Load combinations "a™ and "¢ are load steps
6 and 7 respectively on ANSYS file ECI3RLC.F10.

lyation

The solid elements representing the SFP slab (Type 7, Section 2.2.2.2)
were selected by the ANSYS Post 1 input file ECI3RLCS.1F5, which
computed linearized stresses in the X and Y directions (SX and SY) at the
top (wet surface) and bottom (dry surface) of the SFP slab at all locations
shown in Figure 5.2. The results, taken from output file ECI3RLC.176, are
tabulated in Reference 24. Table 5.21 is an example of this tabulation at
four of the node locations shown in Figure 5.2.

The SFP slab has #11's at 9" in both the east-west and north-south
directions. For a 9" wide section of slab the program RCBEAM was used
to create the design capacity moment/axial load interaction diagram shown
in Figure 5.14 (see Table 5.22 for the specific numerical values). Based
on the interaction diagram for this section a stress screening criteria was
developed to scan the tabulated data t~, determine the most severe cases.
From the interaction diagram (see also Table 5.22) it can be seen that for
no axial load the section has a design strength in pure bending of 227 ft-
kips, which is equivalent to a linear bending siress distribution of 622 psi
acting on a 9"x54" section of slab. ~t a moment of 227 #t-kips, the
compressive load capacity is 830 kips which is equivalent o a uniform
compressive stress of 1708 psi. For no moment, the section has a
capacity of 112 kips in tension and 949 kips in compression. These are
equivalent to 231 psi in tension and 1953 psi in compression.

Based on the above results, siab sections which are in compres 1 are
satisfactory if the following two conditions are satisfied: (1) half of the
algebraic sum (membrane stress) is less than 1708 psi, and (2) half of the
absolute sum (bending stress) is less than 622 psi. Feor sections that were
in net tension, three evenly spaced points ori the tension portion of the
interaction diagram (e 0., Figure 5.14) were chosen and the resulting
moment and axial tension converted to three sets of equivalé: t membrane
and bending stress pairs. Any tabulated stress data having mombrane
and bending stress values less \han any orw of the three screening criteria
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5.3 Correlation of Analysis Results with Observed Cracking

Prior 10 developing the SFP finite element model, GPUN personnel took the project
team on an inspection tour of the Reactor Bullding and Spent Fue! Pool. The primary
purpose of the inspection was 1o provide a clear understanding of the geometry of
the SFP and Reactor Building as represented on the structural drawings from which
the finite element model would be constructed. Another purpose of the inspection
tour was 10 observe any sigrificant visible cracks which had occurred in the SFP and
primary supporting members. The project team's inepection incluced all accessible
areas on elevations 51', 76, 95 and 119’ in the viciruty of the SFP. The team
observed cracks in the shield wall above elevation 85' and the SFP east and west
walls. Vertical cracks were noticed at the intersection of the south SFP wall and the
shield wall on both the east and west sides above elevation 95'. Cracks were also
noticed in the floor slabs on elevations 75" and 95 on the north side of the SFP and
on elevation 119’ near the southeast and southwest corners of the SFP cavity.
(Cracks were not observed al the northeast and northwest corners of the SFP at
Elevation 119 because the floor in those areas was hidden from view by a paper
covering.) The crack beneath the floor slab at elevation 75" and the crucks in Girder
RE were closely inspected from scaffolding which had been erected to perform a
nondestructive examination of the cracks (Reference 8).

All of the concrete surfaces inspected appeared 10 be heavily paimed. As a result
it is safe to say that minor hairline cracks which wouid be visibie on unpainted
concrele were probably not observed. In addition those cracks which were observed
through the paint probably cycle in size with significant changes in the relative
lemperature distributions of the shield wall, SFP, and exterior Reactor Bullding walls.
This will become clearer in the following sections.

Before beginning the discussions of crack prediction there are two topics which
generally effect all oi the discussions. The first is the surface stress level at which
cracking should occur. This Is generally congidered to be equal to the modulus of
rupture which is equal to 7.5 times the square root of the concrete comprassive
strength (See Section 2.3.1). While tha design compressive strength is 3000 psi the
insitu strerigth based on limited ‘ests of Girder RE (Reference 8) is approximately
5000 psi. However, the=e higher ingitu siengths may not consistently apply to all of
the concrete in the F.eactor Building. Theigfore, for the purpose of crack prediction,
cracking is expected to J~cur when zurface stress levels are above 410 psi, which
corresponds 10 a concrets Girergtn of about 3000 psi.

Second, since cracks occur perpendicular 1o the direction of the maximum tensile
stresses on the surface ¢! Lne cuncrete, figures showing maximum tensile stress
trajectories are used to precict crack direction. It is important 10 keep in mind that
the trajectories in the figures are not shown at the element surface, but at the
centroid of the element nearest the surface. Therefore, the number of elements
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which occur through the width v thickness of a structural member will determine the
depth from the observed surface at which the trajectory ar-ow is showing the direction
of the maximum tensile stress. For example, this means that in most of the SFP
walls the stress trajectory is showing the direction of the maximum tensile stress 18"
below the surface, since the six foot wall has two el:ments through its thickness.
Whenever either membrane or bending stresses dominate the response of &
component the stress trajectories give a very accurate representation of maximum
tensile stress direction. iHowever, when bending stresses through the thickness of
a structural component are comparable to the membrane stresses, the trajectories
observed give a less accurate representation of maximum tensile stress directions
on the surface. In general it Is believed that most of the tensile stess tra)actories
shown in the figures approximate the actual surface trajectories.

5.31 rack Beneuth the SFP h Wall in the Floor SI levation 75

Al elavation 75', a three-foot thick floor slab spans betwee. Girders RD
and RE in the east-west direction and between the SFP north wall and the
Reactor Building exterior wall, R7, in the north-south direction. At the
bottom of this slab, just beneath the north wall of the S1 2, there is a crack
running in the east-west direction at approximately the location shown in
Figure 5.15 (see Section 4.2.2). Physical examination of the crack
(Reference 8) showed that the depth varied from 2.4' to 3.0' and that the
crack width at the bottom of the slab varied from 0.040" midway between
Girders RD and RE: to about 0.003" near each of the girders (See Drawing
No. 7 of Reference 8).

The tensile stress distribution at the bottom of the slab is shown in
Figure 5.16 for load combination "e" of iteration 2 and in Figure 5.17 for
load combination "b" of iteration 2. Both of these combinations represent
service load conditions and give approximately the same swress results for
the slab. Section A-A in Figure 5.15 passes through the crack plans.
Taking this sama section through the slab and girders of the finite element
model and viewing it from the southeast results in the plot shown in
Figure 5.18. The stress distribution along the entire face of the crack for
the unfactorecs combination of dead load, live load, and winter temperature
is shown in Figure 5.19. By better defining the stress range of interest, the
contour plot of Figure 5.20 shows that the tensile stress level in the slab
at the crac’< is about 500 psi under service load conditions. A better view
of the stress distribution through the depth of the .lab can be seen in
Figure 5.22 which corresponds to Section B-B in Figure 5.15 (see also the
geometry plot in Figure 5.21). Because of nodal stress averaging, the
maximum etress in the slab shown in Figure 5.22 does not appear to occur
under the north face of the north wall, however, by viewing only the slab
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Figures .16, 517, 5.19 and 5.20 show that the slab between Girders RD
and Column Line RC is more highly stressed than the slab between Girder
RD and RE. This is consistent with the vertical displacement contours
shown in Figure 5.27. Based on th'«, and knowing that all portions of the
slab along the north wall were corstructed in the same way, it must he
concluced that a similar crack exists baneath the slab between Girder RD
and Column Line RC. Since this area iz not acoussible, the existence of
a crack has not been confirmed

Figures 5.19 and 5.20 also show that the portion of the slab west of Girder
RE is stressed to the same level as the slab between Girders RD and RE.
However, large cracks in this region have not been observed. This may
be due to the fact that the slab reinforcement was detailed in accordance
with Section P-P due 1o the presence of local beam 3833 (Reference 2

Cracks in the Shield Wall anc Pool Walls

The cracking of the shield wall and the east and west walls of the SFP is
described using plots of maximurn principal stress contours and plots of
principal stress trajectories (directions) which are presented in pairs. The
direction of a crark at a specific location is perpendicular to the direction
of the arrows on he plots showing principal stress trajectories. In some
cases these figures are augmented by figures showing the expected crack
patterns for a particular iteration and load combination.

Two views of the SFP are provided: (1) the west view in Figure 5.28
shows the shield wall above elevation 53', Girder RE, and the west wall of
1@ SFP, and (2) the east view in Figure 5.29 chows the shield wall above
elevation 53, Girder RD, and the east wall of the SFP. The relevant
cracking iterations are iteration 0 (no cracking anywhere) and iteration 1
(tloor slabs at elevations 119, 95', and 75' completely cracked except for
the floor slab at elevation 75" adjacent to the north and west walls of the
SFP) since the shield wall and SFF walls are not cracked in these
iterations and therefore the stresses that are calculated in these iterations
are expected to cause cracking. The caption on each photograph in
Figures 5.30 through 5.53 describes the Case C unfactored load
corabinations for which the stress results apply. "DL" represents dead
loed and includes concrete dead load, hydrostatic pool load and high
density fuel racks, "LL" represents floor live load, "T," représents the
winter temperature condition, and "T," represents the summer temperature
condition.
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cracks turn sharply 12+ ard the vertici .~ )levations 119'to 95' and then
from nearly horizontal to almost vert.” . Awean elevations 95' and 75"
The great difference in stress trajeciuies between iterations 0 and 1
mear:s that the orientation of cracks in the east shield wall will be
dependent on the extent to which the floor slabs resirain the shield wall
and SFP.

To clearly explain this difference in response between iterations 0 and 1,
and to aid in the discussions which follow, a number of fiqures are
required. Rather than breaking-up the discussion of the phenomanon with
a concurrent explanation of the figures, most of the figures cited in the
discussion are introduced here, accompanied by a brief explanation.
Almost all of the descriptive inforraation can be found in the figure itself,
either in the title below it or in the ANSYS documentation block to the
right. Figure 5.54 is a geometry plot of the shield wall and SFP viewed
from the east, and Figure 5.55 is a cross-section of the shisld wall and
SFP taken at elevation 108". All of the figures discussed below are
derived from one of these twc geometry plots. In addition, all figures
pertain to the winter temperature condition only. Figures 5.56 and 5.57
show the principal tensile stress contours (SIG1) for iterations 0 and 1.
Figures 558 and 559 show stresses in the vertical (SZ) direction for
iterations 0 and 1, and Figures 5.60 and 5.61 show the circumferential
stresses (SY in cylinarical coordinates) in the shield wall. Figures 5.62
and 5.63 show the principal tensile stresses (SIG1), Figures 5.64 and 5.65
show the ¢/~cumferential stresses in the shield wall, and Figures 5.66 and
5.67 show deformed and undeformed displacement plots all for iterations
0 and 1, respectively.

Two important points need to be made conceming these results. First, the
cracks become more vertical between iteration 0 and 1 in both the east
and west shield walls as the floor slab stiffness is reduced with a much
greater change occurring in the east shield wall. Second, in both the east
and west shie!d walls, the thermal stresses increase on the surface of the
shield wall from iteration 0 to iteration 1 which can be seen in the increase
in principal stresses from Figures 5.56 to 5.57 Figures 5.58 and 5.59
show that the surface stress increase is not due to vertical stresses, but
rather, is due to an increase in circumferential stresses, as observed in
Figures 5.60 and 5.61. This is normally not expected, because as restraint
of thermal deformation is released rv the cracking of the floor slabs,
thermal stresses would be expected to decrease. Instead, the shield wall
surface stresses increase significantly.
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This response is entirely related to the temperature condition. As the
membrane stifiness of the floors is reduced in iteration 1, the shield wall
expands, relieving most of the membrane thermal stress in the shield wall.
This can best be seen in the inearzed circumferential stress plots shown
in Figures 5.68 and 5.69 for a nodal line in the east shield wall at elevaticn
108'. These plots show tlat the membrane compressive stress was
reduced from approximately 350 psi through the shield wall to about 50
psi, while exterior surface berding stresses increased from 1000 psi to
1700 psi.

The greatest expansion in the shield wall and SFP occurs in the SFP
south wall at the fue! transtfer opening sinc= this region provides the least
restraint 1¢ thermal expansion. The east-wes. «pansion of the SFP south
wall rotates the southeast and southwest corners of the SFP because of
the restraint provided by the SFP east and west walls. Figures 5.62 and
5.63 show the change in principal stresses and Figures 5.64 and 5.65
show the change in both the magnitude and the distribution of
circumterential stresses in the shield wall as thermal expansion occurs and
larger bending stresses are introduced into the shield wall near the
intersection with the SFP south wall. Because the east wall is thicker than
the west SFP wall, it provides more rotational restraint. In addition,
because there is significantly less floor on the west side (and therefore
less stiffness) less change occurs on the west side between iteration 0
and 1. This can be observed in the deformation piots of Figures 5.66 and
5.67. The restraint proviaed by the east SFP wall, rotates the southeast
corner counterclockwise, thus increasing the circumferential bending stress
in the east shield wall which results in an increase in the circumferential
tensile stress on the shield wall extenor surface. Again, this is clearly
seen in Figures 5.64 and 5.65. Since the circum*arential tensile stresses
now dominate, the tensile stress \roiectories turn to the horizontal
producing nearly vertical cracks in the snield wall.

Spent Fuel Pool Walls

Load combinations which include the summer temperature condition do not
produce cracks on the extenor surface of the SFP east, west or north walls
in either iteration 0 or iteration 1. This can be seen from Figures 5.34,
5.40, 5.46 and 5.52 for the east and west walls of the SFP.

Figures 5.70, 5.71, 5.72 and 5.73, which isolate the west wall in Figures
5.32, 533, 5.38 and 5.39, show that the most extensive cracking occurs
between elev.tions 95" and 119' near the south end of the wall. In both
iterations 0 and 1, Figures 5.71 and 5.73 predict the presence of vertical
cracks between these elevations, however. because this portion of the wall

Page 146 of 284



ii B Bb Report No. 03-0370-1341
FREPEP Revision 0

many of these cracks were not

of the west wall, above and below
show that large fluctuations In crack

0 and iteration 1. lteration O predicts

is region, while tteration 1 shows a distinct
cracks. Since the mechanical loads have

within this central region for both iterations

will occur. These vertical cracks should be
a1d 95'. The predicted crack pattern for the

CS and C6, Figures 5.74

ires 5.44 5 45 550

trajectones n faration 0 but
iteration 1. .. & change in cracs
can be attnbuted to the Increase Ir
in iteration 1. This is consistent

P east wall provides in resisting the
discussed in the previous secuon

3 X) in the east SFP wall at elevanun
for the winter temperature condition
it 1s expected that vertical cracks wii
ntinueé to elevation 119°. In the region

it \ A r

C6 between elevation 80" and

N &Y
105, bott
presence of nonzontal cracks. In aagtion
4 ’ | ” ¢ f ™ mM -
magnitudes in columns C5 and C6 for
NGy inadicate that these
. reul 17
ySIOY Several eevallof
at about elevation 100

SNown

iterati
ciated stres
res show that
jectory patterns ove
syrtace

Y{;_-‘




A PO BOVE

ABE e o

)'\[‘.f‘\ mpeil | M DO E!]

rrelation With 4%

The cracks observed in the shield wall and SFP walls have been sketched
in Figures 5.86, 5.87 and 5.88. A comparison of these observed crack
patterns with the predicted crack pattarns shown in Figures 5.83, 5.84 and
5.85 shows good agreement. At all locations where cracks were
observed, the analysis predicted the occurrence of cracks. Also, at aimost
all locations where cracks were observed the analysis predicted the same
orientatio” of the cracks.

The only region where the . .erved crack crientation differed from
predictions was in the lower region of SFP west wall just above elevation
75" where more diagonally oriented cracks were predicted. As explained
in Section 5.3, the prediction of crack orientation is based on stress
trajectories at the element centroid, which in this case is 18" below the
surface. A review of the vertical and honzontal stress components on the
surface of the west wall showed that the horizontal tensile stresses
dominate the vertical stresses in this region. While the principal tensile
stresses in this lower region are oriented diagonally, other influences, such
as the extension of propagating vertical cracks from above (i.e., from
elevation 95" down), could trigger vertical cracks in the biaxial tension field.
Therefore, the presence of vertical surface cracks in this biaxial tension
region is possible, based on the analysis results.

The only crack not predicted was the horizontal crack between Columns
CS and C6 in the east wall of the SFP; however, the vertical cracks in this
region and the extension of the horizontal crack into the columns and the
adjacent region of the east wall were predicted.

533 Cracking of Floor Slabs at Elevations 75, 95', and 119’

In Section 4.2.1 it was shown that mechanical loads (e.g., DL; LL) do not
produce membrane stresses that are high enough to cause cracking of the
floor slab at Elevation 119', but that thermal loads do produce membrane
tensile stresses of sufficient magnitude to cause cracking over significant
regions of the floor slab adjacent to the shield wall and SFP. In addition,
it was demonstrated that the floor slabs provide a mechanism through
membrane action to partially restrain the SFP and thereby reduce the
loads in the supporting girders. It was the recognition of this behavior that
led to the relaxation of the floor slabs at Elevation 75', 95', and 119" in
iteration 1, and all successive iterations, 10 ensure that the floor slabs were
not relied upon to resist SFP loads.
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The maximum tensile stresses in the floor slab at Elevation 119’ for an
unfactored combination of dead lad (DL), live load (LL) and winter
temperature (T,) are shown in the stress contour piot of Figure 5.89 and
the refined contour plot of Figure 5.90, which highlights the tensi'e stresses
between 400 and 1,000 psi. Figure 5.90 shows iné laige areas of the
operating floor which are expected to crack due to the presence of
membrane tensile stresses in excess of 400 psi. The direction of the
tensile stress trajectories, shown with and without the SFP walls and shield
wall, are shown in Figures 581 and 592 Based on the stress
magnitudes in Figure 5.90 and the stress ‘rajectory directions shown in
Figure 5.91, the expected cracking pattern for the operating floor is shown
in Figure 5.101. While the figure shows a great many cracks, it is
anticipated that a much smaller number of the cracks will actually occur
due to the relief of thermal stress as cracks initiate. The figure shows the
regions where cracks can be expected to occur and their probable
direction if they occeur.

The elements comprising the floor slab at elevation 95" are shown in the
geometry plot of Figure 5.93. The maximum membrane tensile stresses
in the floor slab at Elevation 95' and their associated orientation are shown
in Figures 5.94 and 5.95. Figure 5.96 is a refined ¢ ntour plot showing the
tensile stresses between 400 and 1,000 psi. Based on the stress
magnitudes and the stress trajectory directions, the expected crack pattern
for Elevation 95' is shown in Figure 5.102.

At Elevation 75', Figure 5.97 shows a plan view of the floor slab which
includes the SFP wall and SFP slab taken at its mid-depth. The
composition of this plan view can be better seen in Figure 5.98 whicl: is
a 3-D view taken from the northwest just above elevation 75'. The
principal tensile stress contours in Figure 5.99 show the regions of the
floor where the most cracking can be expected to occur. The trajectories
for these tensile stresses are shown in Figure 5.100. Regions where
cracks are expected and their anticipated directions are sketched in Figure
5.103.

The observed crack patterns in the floor siabs at Elevations 119', 85' and
75" are shown in Figures 5.104, 5.105, and 5.106, and were based on
information supplied by GPUN. By comparing the existing cracks with the
predicted crack patterns it can be seen that most of the observed cracks
occur in reg'ons where cracks are expected, and all of the cracks have
orientations consistent with predicted results. The only exception is at the
northeast corner of the SFP where cracks were observed in the floor slab
at Elevations 75 and 95'. (Similar cracks were not observed at
Elevation 118" because the floor in that area was hidden from view by a
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In iteration 2 the shield wall, SFP walls and SFP slab crack and additional
load is redistributed to Girder RE. The stress trajectory orientations for
DL+LL (Figure 5.125) and DL+LL+T, (Figure 5.127) exactly coincide to
those of iteration 1, It should be pointed out that the stress trajectories for
DL+LL are always the same, in iterations 0, 1 and 2 and that only when
temperature conditions are introduced do the stress trajectories change.

A review of Figures 5.113,5.115,5.117,5.119,5.121,5.123,5.125, 5.127,
5.128 and 5.129 for iterations 0, 1 and 2, show that the stress trajectory
orientations in Figures 5.128 and 5.129 for DL+LL+T, and DL+LL+T, in
iteration 0, and in Figure 5.125 for DL+LL in iteration 2 (as well as
iterations 0 and 1) bound all of the stress trajectory crientations in the
other figures. Thus, in the uncracked structure, before any significant
thermal gradients occur, stress trajectories are oriented as shown in Figure
§.113. As the plant begins operation and thermal gradients increase, the
trajectories become more horizontal as shown in Figures 5.128 and 5.129.
As the floor slabs, shield wall, SFP wall and SFP slab crack, the
nrientation of the stress trajectories become less horizontal and more
closely resemble those shown in Figures 5.125 or 5.127. Regardless of
the extent or degree of cracking or the type and severity of the thermal
gradients, the trajectory orientations predicted by the analysis fall between
specific limits. The actual crack pattern which emerges in the girder w:”
depend on what stage in the cracking process the surface stresses in the
girder reach the tensile strength of the concrete. The crack patter-
predicted from the stress trajectories in Figure 5.127 is sketciied in Figur:
5.130 for the west face of the girder. Similarly the crack pattern predictea
from the average orientation of trajectories in Figures 5.127 and 5.128 is
sketched in Figure 5.131.

The observed crack pattern on the east and west faces of the girder are
shown in Figures 5.132 and 5.133. The pattern on the west face (Figure
5.132) compares well to the diagonally oriented crack pattemn in Figure
5.130 which is the same for DL+LL in iterations 0, 1 and 2 or DL+ :.L+T,
in iterations 1 and 2. The pattern on the east face, shown in Figure 5.133
{and its mirror image in Figure 5.134) compares well to the more vertical
crack pattern in Figure 5.131. What these comparisons show is that the
observed crack patteris in Girder RE are within the predicted analysis
bounds set by the successive cracking iterations and by the extreme limits
of the thermal gradients. Therefore there is nothing unusual about either
the orientatior or pattern of cracks.
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Interpretation of Analysis and Non iv ion

The SFP analysis results show that for all load combinations and all
iterations Gircler KD is more highly stressed than Girder RE by about 10
1o 20%, but since Girder RD is not visibie no relative conclusions can be
drawn between the observed cracks in Girder RE and the absence or
prasence of cracks in Girder RD. However, the physical examination and
evaluation of the cracks in Girder RE, documented in Reference 8,
revealed that all of th i

girder's surface and that cracks on the east, west and bottorn surfaces of
the girder are probably related. Based on the analysis results and the
results of the pliysical examination of the cracks two conclusions can be
drawn.

First, in order to cause only surface cracking in a pattern which is
consistent with the analysis results for machanical and thermal loads, a
relatively homogeneous isotropic tensile stress field must have existed
within the first few inches of the surface of the girder at th~ time that
significant mechanical and thermal loads were applied. (An isotropic
stress field is a special case of a biaxial stress field where the stresses are
the same in both directions, i.e., Mohr's Circle is a point.) The most
reasonable way that such a surface stress field could have occurred is
during the curing of the girder concrete at the time of construction. If the
surface cured too rapidly relative to the interior of the girder, shrinkage
would not occur uniformly through th3 width of the girder. This would
result in a nonlinear residual stress distribution within the girder web.
Tersile stresses would be highest on the east, west and bottom surfaces
and would decrease rapidly within the first few inches to a much lower
level of comprassion within the intenor of the girder. Later, as mechanical
and thermal loads werc applied, the tensile stresses due to bending and
shear would add to the isotropic tensile stresses on the surface until the
tensile strength of the surface concrete was reached. A surface crack
would initiate but only propagate a few inches below the surtace as the
tensile stresses decrease rapidly with distance from the surface. With an
isctropic surface stress field, the resulting cracks would be oriented in
exactly the same direction as the mechanical and thermal load stress
trajectories. This is because the direction of these stress trajectories
would not be altered by the presence of an isotropic stress field no matter
what the magnitude of the isotropic field.

Second, the loads resisted by Girder RE do not produce sufficiently high
shear or bending stresses to cause cracking through the entire width of the
girder. Therefore, the combined effects of the magnitude of the load to
which the SFP structure has been subjected and the degree to which
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. normal crack pattern consistent with the analysis results, further supports
this conclusion. In addition, this is consistent with the low number of
observed cracks in the floor slabs at elevations 75', 95" and 119’ discussed
in Section 5.3.3, and it reinforces the conclusion that a significant portion
of the SFP load is carried by structural systems not specifically designed
to resist these loads, but due to the integral attachment to anc connectivity
with the SFP they provide redundant paths to divert load from the primary
supporting members.

5.4 Conclusions

(1) The finite element analysis of the Oyster Creek Spent Fuel Pcol is valid,
particularly as evidenced by the ability to match and explain the observed cracks
in the SFP structure. The close correlation of analysis predictions with observed
cracks indicates that even though the loading sequence in the analysis is not
exact, the structure is not particularly sensitive to the loading sequence. This
is due to the fact that little if any cracking takes place under the sustained
mechanical loads and that it is the temperature conditions, applied after the
sustained loads, which drive the cracking of the structure.

‘ (2) All observed cracks were shown not to be detrimental to the successful
performance of the structure. The analysis showed that the prominent cracks
are related to the high degree of connectivity within the structure and are a
direct result of its kinematic behavior. As such, the cracks are not related to
structural distress or other equilibrium issues. 'n correlating analysis resuits with
observed cracks, it was shown that the existing cracks are predicted by the
analysis and should be expected to occur as a result of normal operations within
the envelope of licensed loads.

(3) As a consequence of the high degree of redundancy and connectivity exhibited
by the SFP structure, the analysis paid particularly close attention to the
presence of unqualified load paths. As part of the analysis strateJy these load
paths were systematically released to ensur2 that the maximum loads were
applied to the primary supporting members of the SFP. In addition, the analysis
showed that the integral connectivity of the SFP slab with the shield wall and
girders imposed significant biaxial membrane tension loads on the SFP slab
which were accounted for in its evaluation. The evaluation showed that the SFP
structure is in full compliance with ACI 349-80 for all loads for which the plant
was licensed. Furthermore, the resuits of the Code evaluation and the excellent
correlation of analysis results with observed cracks gives confidence that the
SFP structure has not lost any structural capacity.
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. {4) The analytical results and Code evaluation show that the SFP structure can
support consolidated fue! loads. However, the analysis also shows that
Girder RD has only 0% margin when the pool is loaded with consolidated fuel.
GPUN must be aware that (1) if consolidated fuel is added to the pool, Girder
RE could crack further, which is undesirable, (2) Girder RD would have to be
inspectec and evaluated in detail prior to any decision, and (3) the bottom of the
SFP slab would also have 10 be inspected. These points must all be considered
and evaluated before a decision is made 1o increase SFP loads to consolidated
ievels.
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The margin was based on biaxial bending capacity.

Table 5.4

Iter. Eq. Column C6 Axial Moment Moment
Bending Force®* Capacity
About (kips) M, M,
- (ft-kips) (ft-kips)
3U d Y-axis 818 47% 3,985 77
X-axig 664
IR - Y-axis 1,178 623 4,445 77
Pt e
X-axis 640
Eammsa
4 d Y-axis 1,094 606 4,341 bR
] X-axis 663
4 a’ Y-axis 2,693 664 5,268 80
_4 X-axis 593
48 c Y-axis 1610 787 4.88" 77
X-Axis 632
5 d Y-axis 1,502 664 4,787 79
X-axis 593
—
5 e Y-exis 1968 763 5,122 84
I X-axis 186
. -
. A negative axial force produces a tensile axial stress on the
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force produces a tensile axial stress on the
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ITER. EQ. SECTION OF | AXIAL SHEAR SHEAR MARGIN
SLAB FORCE®* | FORCE CAPACITY®* v
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A = pramm B o e W) iard i R A W St
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i . B - e e st e W ———
4! ar* South of &W 3¢ 44 (Y) 157 12
. 4 e - Wl . e : st ; scaeptaionsh
4! Cq South ot 5w A2 2 1Y) ot ()
L A Heaalive axial forc i'é_gﬁffn'fﬂ'« 8 lonuile anial stiese on the GilaD
| L1 g soct jon,  The moment capacity is baked on the samo axial force
| *e Axida Foroe, Moment, and Mosent Capacity ave for 8 9% wide sectlion ¢ f
| ulal
ree The letter in parenthesis is the glabal axis about which Lhe moment 1€

taken (gee Figuwe 2.1 or 5.11
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SHEAR CAPACITY MARGIN IN THE SFP WALLS ANALYSIS CASE C

e e~

ITER EQ . SECTION OF | AXIAL SHEAR SHEAR MARGIN
WALL FORCE®* | FORCE CAPACITY®* %
{kips) | V, (kips) oV, (kips)

e s -1 s s e e Sy
B 7 JEaat—Wall it f—‘ o |

| ol e dagtod S RSN i

45 a' North GSect 34 27 69 61

A S e e e

45 o’ North Sect. a7 3l 71 56
West-wall

. B [icittocd oot sntso ] o S TN ST ) [ MR .

45 | a |[North Sect. | -43 , 30 | 48 | 37 |

48 d North Sect. 4 29 49 41

_1__., .AT - R r.], _I.,_,_]ﬁv._._%._wq ot T L E e T e _,.3____ ~__.J__._,..____._._
North-Wall

— i — — — 2 ~ i — DICESIRY. . S - S
. negatil I LOrt proguces a tensile axial stress on the

12% wide
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A1l

A.12

A.16

A.17

CCI3US.7F5

CCI3USLC.2F5

ECTI3ULC, 2FS

ECI2ULCS.1F%

CCI3RB.7FS

CCI3RBLC.2F5S

CCI3RBST.1F5

3 CC1388.7F5

CCI388LI.2F5

ECI3RLC.2FS

ECI3RLCS.1F5S

22 CCI4.7F5

CCI4LC.2FS
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{.ructural Analysis ~ Cracking Iter. 3US 65
SFP Slab is uncoupled for seismic, All
floors including the colid elements at

76+ were active. "Us denotes SFP {lab
uncoupled for seismic®.

Load combination for different seismic 1
dirertions based on iteration 3US,

Load combination for all equations of 2
case C based on Iterstions 35U and 3US.

Pprinted resulls at all c¢ritical sectaions 32
for evaluation based on ECI3ULC.2FS.

structural Analysis - Crecking Iter, 3RB 66
glab at 75', sclid elements, is fully

cracked beside all other floors. "RB

denotes rectangular beam behavior®.

Load combination fur equations L and e 1
based on lteration IRB,

Linearized stresgses for various sections 2
in girders RD, RE and Ré based on eguation
e of Iteration 3RB

Structural Analysis - Cracking Iter. 388 64
All floors are active except the solid
elements at elev. 75’ had negligible

mase and stiffness. *S8 denotes

seismic with flcors stiffness included®,

Load combination for different seismic 1
directions based on Iteration 38E.

Load combination for all eguations of 2
Case C based on lterations 3RB and 38S.

Printed results at all criticel 34
sections for evaluation based on
ECIZRLC.2F5.

Structural Analysis - Cracking Iter. 4 67
Girders RN, RE and Ré cracked based on
iteration 3RB.

Load combination for all equations of 1
Case C based on Iterations 4.
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.36

CCI488.7F5

CCI4S5LC . 2F5

ECI4LC.2F5

ECI41LCS.1F5

CCIS.TFS

CCIS8.7F%

BCISLC . 2F5

ECISLCS,1FS

LOADDCC, 1F5

PISPCC,1F5S

SLBDISP,1FS

ECCSLB.1FS

ECCSBWX , 1F5S
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Structural Analysis - Cracking Iter. 488
All floors are active except the solid
elements at elev, 7%’ had negligible mass
and stiffness. *8§ denotes seismic with
floors stiffness included"®.

Load combination for different seismic
directions based on Iteration 488S.

Load combination for all equations of
Case C based on iterations 4 and 4SS,

Printed resulus at all critical sections
for evaluation Lased on ECI4LC.2FS.

Ctructural Analysis - Cracking Iter. 5
Shield-Wall stiffnes and mass were
negligible.

Structural Analysis - Cracking Iter. 58
All floors are active except the solid
elements at elev. 7% had negligible mass
and stiffness, "8 denotes seismic with
floors stiffness included®".

Load combination for all equations of
Case C based on lIterations S ard 5S.

Printed results at all critical sections
for evaluation based con ECiSLC.2FE,

Load distribution among primary members
of the SFP structure for each Ilteration
and each load acting alone. .

Displacements at critical locations in
the SFP structure for each Iteration
and cach load acting alone,

Digplacements at the uncoupled deqgrees
rreedom i) the SFP Slab for Iteration
3V for load combination equation *b*.

Shear forces and linearized stresses

in the S¢P Slab at an alternative south
section for all eight load combination
oordations for Iterations 3U, 3R and 4.

Linearized stresses in girders for bending
about weak axis, Iterations 23R, 4 & 5.

66

34

65
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38
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41

43

.44

.45

.46

ECISLCNM. 1F%
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Linearized stresses in girders RD and RE
for negative moment region, Iteration 5.

Input ¥Piles for Analysis Case D (Reference 28)

Filename

TEMPCD.7FS

CDi3.7F5

CDI38U.7F5

CDI3US.7TFS

EDIJIULC.2FS

EDI3ULCS.1F5

CDI3RB.7F5

CDI1388.7TF5

EDI3RLC.,2F5

_—

Fuel Pool Heat Transfer Analysis
for winter and summer conditions.

Structural Analysis - Cracking Iter. 2
Shield-Wall, SFP Slab and Walls cracked.

Structural Analysis - Cracking Iter. 3SuU

SFP Slab 1s uncoupled. Siab at 75‘, solid

elements, 18 active. *SJ denotes the SFP

Slab is uncoupled*.

Structural Analysis - Cracking Iter. 3US
SFP Slab is uncoupled for ceismic., All
floors including the solid elements at
75' were active. "US denotex SFF Slab
uncoupled for seismic*.

Load combination for all eguations of
Case C based on iterations 38U and 3US.

Printed results at all critical sections
for evaluati based on ECIiULC.2F5.

Structural Analysis - Cracking Iter. 3RB
S'ab at 757, solid elements, 1s fully
cracked beside all other floors. “RB
denotes rectangular beam behaviov®.

Structural Analysis - Cracking Iter. 388
All floors are active except the solid
elements at elev. 75’ had negligible
rass and stiffness. "S85 denotes

seismic with floors stiffness included*.

Load comhination for all egquations of
Case C based on iterations 3RB and 38S.

51

63

63

32

64

63
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o, of Pages
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.47

.48

49
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CDI3KRBSET.1FS

EDI3RLCE.1FS

CDI4.7F5

CDI4SS.7F

EDI4LC.2F5

EDI4LCE,1FS

LOADDCD . 1FS

ECDSLEB,1FS

ECDSLBI'S . 1F§&
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Linearized stresses for various sections
in girders RD, RE and Ré based on equation

e of iteration 3RE.

Printed results at all ¢ritical
sections for evaluation based on

EDI3RLC.2FS.

Structural Analysis - Cracking Iter, 4
Girders RD, RE and R6 cracked kased on
iteration 3RE.

Structural Analysis - Cracking iter. 4S8
All floors are active except the solid
75" had naegligible mass
*S5 denotes seismic with

elements at elev.
and stiffness.
floors stiffnecs aincluded".

Load combination for all equations of
Case C based on ituecations

Printed results at all critical sections
for evaluation based on EDI4LC.2F5.

Load distribution among primary members
of the SFP structure for each i1teration
and each load acting alone,

Shear forces and linearized stresses
in the SI'P S8lab &t

Shear {orces in the SFP Slab
punching shear section for all! eight

load combination eguations 1or iterations
3U, 3R and 4.

4 and 488,

an alternative south
section for all eight load combination

equations for iterations 3U, 3R and 4.
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35

65
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xm&_zglu_m'_qum!;_c (Reference 27)
Applyl

ng Supplemental Cracking Criteria (Fully Transformed)

e DY

A

A

60

61

.62

Filaname

CCIAW.7FS

CCI4WSS . TFS

ECI4WLC ,2F5

CCT48.7F%

CCI488S8.7F5%

ECI4SLC,2F5

BCI48 .CS.1F5

DRescription Mo, of Pages

Structural Analysis - Cracking Iter. 4w 61
Crucked Transformed Properties

for SFP Walls and Poisson Ratio

of 0,01,

Structural Analvsis - Cracking Iter. 4W8S 60
Seismic run [or Cracking Iter. 4w
In addition to changes made in
iteration 4W, all floors are active
except the solid elements at e.ev.
9’ had negligible mass and astiffness.
*Su denotes seismic with floors
stiffness included*.

Load combination equations (10 Egs.) 3
Based on iterations 4W and 4WSS,

Structural Analysis - Cracking Iter. 48§ 58
Cracked Transformed Froperties

for SFP Walls and Slab and Poisson

Ratio of 0.01.

Structural Analysis - Cracking Iter. 4888 §7
Seismic run for Cracking Iter. 48

"n addition Lo “hanges mede in

iteratica 45, a.l floors are active

except the so0lid elements at elev.

“5* had negligible mass and stiffness.

*88 denotes seiamic with floors

stiffness included*.

Load combination eguations (10 Egs.) 3
Based on iterations 45 and 45SsS.

Printed results at all critical 34
sections in the SFP S8lab, girders

and column C-6 for evaluation based

on file ECi4SLC.F10.
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A.63 ECI4SLCW.1F5 Printed results at all critical 11
sections in the SFP Walls based
on file ECI4SLC.Fl0,

A.64 LOADCIAS.1FS Load distribution among primary members 4
of the SFP structure for iteration 48
for each load step.

A.6% ECI4SLNM.1FS Linearized stresges in girders RD and RE -

for negative moment region, Iteration 48,

Input F for Analysis Case D (Refereuce 32)
Applying Supplemental Cracking Criteria (F.lly Transforued)

Filename Degcription No. of Pages
A.66 CDIAS.T7FS Structural Analysis Cracking Ilter. 48 58

Cra*ked Transformed Properties for
SFP wWalls and slab and Poisson Ratio
of 0.01.

A.67 CDI48SS5.7F5 Structural Analysis - Cracking Iter. 4888 %7
Seismic run for Cracking lier. 48S.
In addition to changes made 1in
iteration 43, all floors are active
except the solid elemants at Elev.
75*' had negligiblie masg and stiffness.
*SS denotes seismic with floors
stiffness included".

A.68B EDI4SLC.2FS Load combination eqguations (10 Egs.) 3
Based on iterations 45 and 48S8S.

A.69 EDI4SILCSE.1FS Printed results at all critical 34
gections in the SFP Slab, girders
and Column C-6é for evaluation based
on file EDI4SLC.F10.

A.70 LOADDIA4S,1FS Loa: distribution among primary members 4
of the SFP structure for iteration 4S5
for each load step.
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1.0  PURPOSE

The purnose of tnis document 1s to establish the criteria that will

govern the analysi: of the Spent Fuel Pool (SFP), This includes the

definition of loads, load combinations, material properties, and the

evaluation of section capacity. It also includes the methodology by

which relative stiffness 15 established, the criteria that governs |
changes ‘n relative stiffness due to concrete cracking, how stiffness

chances are implemented, and the relationshin between relative stiffness

and the loading sequence. More generally the document discusses the

extent of the finite element model, the boundary ‘onditions employed,

and the types of elements used.

2.0 DEFINITION OF LOADS

:
‘ 2.1 Dead lLoad 1

Dead load shall cons%st of the weight of rainforced concrete at a
density of 150 1b/ft?, a 38'-9" column of wate: at a density of
62.4 pounds per cubic foot within the SFP, the submerged woight of
fully loaded racks, and a localizeu load in the northeast corner of
the pooi to simulate a 100 ton cask temporarlily stored within the
Cask Drop Protection System.

The 100 ton cask dead Toad shal) be applied as a uniform pressu-e
to the elements within the ten (10) foot diameter tircle centered
as shown in Figure IV-8 of Reference 5.

Three fully loaded fuel rack cases shall be considered:

Case 1. Rack and fuel loads in place in 1983 shall be used. The
rack loads shall be determined from the Wachter rack
drawings listed in Reference 19. The Warhler racke are as
located on Sketch No. 1 of Reference 20, except that row 6
was never installed Approximately 980 fuel assemblies
were in the pool in 1983 located in rows 1, 2 and 3
(Shetch No. 1)  The weight of one fuel assembly is 680
pouLnds and 1ts net volume is 2326 cubic inches including
the channel.
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Case 2. The welghts of the fully loaded high density racks
presently in the pool are provided on Joseph Oat Drawing
0-7475, Revision 4 (Reference 19) and their location
Aithin the pool 15 shown on Joseph Oat Drawing D-7472,
Revision 2. The volume of the racks can be calculated
from the Josepn Oat Drawings. The weig:t and voiume of
one fuel assembly are as specified for Case 1 above.

Case 3. The weight, volume, and layout of the racks shall be the
same as in Case 2 above. The net volume of a consolidated
fuel assembly {1zs fuel rods), including the canister, is
4158 cubi’ inches. The weight of one fuel canister fully
loaded shall be 1350 1bs, (Reference 21).

Fue) and rack loads may be anplied as an equivalent uniform
pressure to the pool slab clements .nich are directly beneath the
racks,

Live Load

2.2.1 Design Live Load

Design Live Load shall be as specified below:
(See Table 3.8.6 of Reference 7)

TABLE 2.2.1 - DESIGN LINE LOADING

Elevation Area of Lcading Live Load (psf)
119'-3" Columns A-C, 4-7 1000
119 -3 Remainder 800
953" New Fuel Storage 800
95 -3 RemainCer 400 + 20 kips
753" All Flocrs 400

2N ]
ro
r

Equipment Live Load

fcuipment Live Load shall be as specified below (Reference
21 and 23):
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Elevation 75'-3":

1. Two (2) Fuel Pool Heat Exchangers weighing 3200 lbs
each 'ocated near the junction of column lines RS and

RE-RF,

2. Two (2) Spent Fuel Pool Pumps weighing 5000 1bs. each
lucated near the junction of column 1ines R5-R6 and

RE-RF,

3. One (1) Augmented Spent Fue! Pool Heat Exchangers
weighing 71,700 1bs. each located near *he junction of

rolumn lines K7 anu RD.

4, Two (2) Augmented Spent Fuel Fool Pumps welghing 5000
Ibs. each located near the junction of column lines R7

and RE.

flevation 95'-3":

1. Two (2) Emergency Condensers weighing 380,000 each
located in the region of column lines R3-R5 and RA-RC.

Seismic Load

The Operating Basis Earthquake (OBE) horizontul acceleration in
both the north-south and east-west directions shall be 0.24g. The

OBE vertical acceleration shall he 0.10g (Reference 6).

The Safe Shutduwn Earthquake (SSE) horizontal acceleration in both

the north-south and east-west d'rections shall be 0.48g.

vertical acceleration sha)l ve 0 20q (Reference 6).

The SSE

For the reinforced concrete of the SFP, the equivalent static
seismic load shall equal the weight of the SFP walls, slab, and
supporting girders muiiiplied 'y the appropriate vertical and

horizontal absalute acceleration.

Except as specifically noted, all references to horizontal &and
vértical accelerations shall pertain to the values given above,
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TASLE 2.4

SPENT FUEL POOL ANALYSIS TEMPERATURES C(°F)

FLEVATION INTERIOR SURFACE REACTOR JUILDINRG
(ft.) CONCRETE SHIELD WAL’ FUEL POOL WATER AMBIENT AIR_
Case |
50 105* N/A 40
80 1764 100 40
92 200* 100 40
95 200+** 100 40
110 2004 100 40
Case 2
50 126* N/A 110
B0 176- 85 110
9¢ 290" 85 110
95 200** 85 110
110 200*+ 85 110

Calcula*ed

4% Measureu

2.5 Cask Drop Accident

The effect of 1 cask drop accident shall be considered in the
analysis using an equivalent statc load of 1560 kips applied to
the SFP slab (Reference 21). Thi¢ load shall be uniformly
distributed over the slab elerents within a 10° diameter circle
cantered as shown in Figure 1/-8 of Reference 5.
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Where: U « dead load as specified in Section 2.1, Case
L« 1ive load as specified in Section 2.2.2
To » thermal loading due to temperature differential
across the slab or wall as specified in Table 2.4
Arialysis Cases C and D

The following load coubinations shall be considered for Analysis
Cases C and D (Reference 6 and 21).

A, 1,40 « 1.7L & 1,858

b, 0.75 (1.4D « 1.70L + 1.47,)

¢, 0.75 (1.4D0 & 1,70 « 1,47, « 1.9E)
d. D« L+ T4 E
P.UOL-'T()Q(,

Where: D dead load as specified in Section 2.1, Cases 2 and 3
L « live load as specified in Section ™. 2.1

To + therma) 'oading due to temperature differential
across the siab or wall. Two critical cases shall be
considered as specified in Table 2.4.1

f - OBL seismic load as specified in Section 2.3
£' « SSE seiemic load as specified in Section 2.3
C = Cask drop load as specified in Section 2.5

Due to the intraduction of live 1oad in vach of these equations,
the load rombination equations cannot be conservatively simplified
to take advantage of the fact that £' « 2E.

Additional Considerations

In the load combination equations in Sections 4 ) and 4.2 slab live
load shall be neglected if the presence of slab live load reduces
the stresses due to other loads.

When live load and seismic load are specified in the same load
combinition, the full live load shall be considered to art with the
selsmic inertia load No portion of the tull live load shal’ be
seismically amplified or be considered par of the seismic inertia
load.

R R —— —
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5.0 MATERIAL PROPERTIES AND SECTION CAPACITY
% yield strength of 40,000 psi shall be used for the reinforcing steel.

The compressive strength of the conrcrete shall be 3000 p. 1. An increase
in ttrength may be allowed for dynamic loading of the cash drop aL- dent
in accordance with Appendix C of Reference ).

Section caparities, stresses and properties shall be determ ned in
accordance with AC)-349 (Reference 1) and standard engineering tex*s on
reinforced concrete analysis and oesign (References 12, 13, 14, and
15). Ultimate moment capacity shall be based on the fund.mental
assumptions of ACI-349 Section 10.7 and shall use the Whitney Stress
Bleck for concrete as described in ACI-349 Section 10.2.7.

The surroundin? structural floor slabs at Elevations 75', 95', and 119’
. in the SEP finite element mode) are expected to generate axial loads in

the SFP walls and slab due to the restraint of axial thermal growth.

Since compressive axlal forces can have a significant effect on

increasing the momert capacity of a section, the calculation of the

moment capacity of a member at critical sections will account for the

effects of axial load. The calculation of section capacity accounting

for axial loads shall comply with ACI-349 Section 10.3.1. However, when

the presence of axial force increases moment capacity the axral force

shall be reduced to 90% of its value when calculating usable moment ‘

capacity. :

The calculation of concrete and steel stresses at moments which are less
than uitimate shail be based on *he applization of first principles
(1.¢., cross section equilibriur  1inear strain distribution, strain
compatibility, and the stress-strain curves for concrete and steel),

The influence of axial forces on shear capacity shall also be considered
and shall ~omply with ACI-349 Section 11.3.1.2 and 1).5.2.3. However,
when the presence of axial force increases shear capacity the axial
force shall be reduced to 90% of its value when calculating usable shear
capacity.

P R R R N I N R R R R T R R I R R R O R R R RO RN NI T ORI TR IR CRBE NN =P At 5y T RSP ST ==mNE,
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The finite element model will provide boundary cenditions for the
SFP which wil)l ensure the accurate prediction of its non-linear
behavior (cracking) »-. subsequent internal force redistribution
for a complex set of loading conditions. To accomplish this, the
model will include the drywell shield wall and all columns, slabs,
walls, and girders between Column Lines R4 and R7 in the
north-south direction and between Column Lines RA and RF in the
past-west direction., Vertically the model will extend from
Elevation 51 to {levation 119'. Extending the SFP mcdel in all
directions to incorporate all structural members integrally
attached to the SFP ensures thet the boundary conditions for the
SFP are accyrate. By including this extended region, the SFP
fini.e element model naturally subdivides into two distinct parts;
the Main SFP Model and the Extended Region Superelement.

Finite Element Types

The SFP floor slab and walls have relatively high depth to span
ratios. At iarge depth to span ratios shear deformations become
significant. 1o addition there exists the possibility that
cracking could occur in one direction of a wall or slab but not in
the other. Both of these effects can be incorporated in the model
by the use of finite element: which account tor shear deformation
and orthotropic matertal behavior in their formulations. To
incornorate these effects, the finite ei.ement model of the SF?
slabs and walls shall be constructed of orthotropic solid elements.

Girders supporting the STP along Column Lines RE, RD, and R6 will
be modeled with a minimum of four solid elements from the top of
the pool slab through the depth of the girder web. This wili be
done in lieu of locally ti ckening the slab element or using beam
elements, since these tochniques canno. properly account for local
“tee-beam" behavior. Providing solid elements through the entire
depth of the girder incorporates this behavior. This type of model
can accurately incorporate the effects of cracking .arough the
girder web by transformation of the directional elastic moduli of
each element through the depth.

The nuth wall of the spent fuel pool is monolithically cast with
the -ywell shield wall and concains the thickest concrete regions
of SFP, This region of the SFP and the extendod drywell shield
wall snall be modeled using orthotropic solid ele" nts.

R
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The most difficult region of the SFP finite element model to
construct with solid elemants is the geometrically complex
intersection region of the SFP slab and drywell shield wall upper
cone. This area will be carefully modeled with eight node solids
and tetrahedrons to ensure that the warping of element faces is
avoided.

The slab at elevation 75'-3" between column lines RE and RD
contains a through thickness <rack at the intersection with the SFP
wall/slab. This slab also forms the top flange of cracked oirder
RE. Based on these considerations the slabs at Elevati n 75'-3"
which attach to girders RE, RD, and R6 shall be modeled using solid
elements to ensure that potentially complex load redistribution
patterns can occur,

A1l of the regions discussed above, 1.e., the SFP wall and slab,
drywell shield wall, girders RD, RE and R6, and the selected slabs
st Elevation 75'-3" constitute the Main SFP Model. The Main SFP
Model shall be modeled using orthotropic solid elements with two or
more elements through the member tiiickness. All of the elements
comprising the slabs at Elevation 75, 95' and 119', and th. walls
of columa Yines RA, RF, and R7 which connect the Main SFP Model
with the terminal boundaries constitute the Extended Region
Superelement and shall largely be composed of plate (shell type)
elements with some solid elements in sensitive transition regions.

Terminal Boundary Conditions

Due tu the encompassing size of the SFP finite element model,
oounddry conditions need only be cpplied within the plane of Column
Line R4 and the plane of Elevation 23'. To these planes the
following terminal boundary conditions shall be applied: (To
describe the boundary conditions let the positive global X axis
point in the direction of north and the positive global 2 axis be
vertically up.)

a. Column Line R4

Symmetric boundary conditions shall be applied to all nodes
along Column Line R4 from Column Line RA to Column Line RF and
between Elevation 23' and Elevation 119' (i,e., translation in
X and rotation about Y and 7 equal zero with all other degrees
of fresdon unrestrained).

P ——
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b, Elevation 23'

At Elevation 23' the nodes of the drywell shield wall and all
other walls and columns shall be restrained horizontally,
vertically and rotationally. The vertical (Z) degrees of
freedom of column C<6 shall be either fully restrained or
elastically restrained depending on the results of relative
stiffness calculations for the lower elevations,

¢. Remaining Degrees of Freedom

Except as specifically noted, all other degrees of freedom
shall be unrestrained.

6.2 Criteria for Cracked Stiffness Properties

. Application of the Branson Equation

Following the initia) cracking of a slab or wall element, an
effective element stiffness (elastic moduius) wil! be calculated
hased onto the use of a fourth order Branson Equation (Reference |
and 14). The Branson Equation is the only expression explicitly
recognized by ACI 349-80 for the computation of the flexural
rigidity of reinforced concrate members to account for the effects
of cracking.

For determining the flexural rigidity of partially cracked concrete
sections the Branson Method provides a transition valuas between
well-defined 1imits in the uncracked and fully cracked states. The
Branson Method 1. based on proportioning between these limits where
the proportioning f <ctor is a function of the ratic of actual
moment to cracking moment.

Since thermal loads may introduce significant compressive axial
forces in the walls and slab of the SFP, the Branson Method must be
adapted to account for the influence of axial load on changing
flexural rigidity. This will be done by definln? the cracking
moment to be the actual moment on the cross section which in
combination with axial load produces an extreme fiber tensile
stress equal to the modulus of rupture (Reference 24).

Since the main SFP mode! is composed entirely of solid elements,
. the moments and axial forces acting on the cross section of slab or

beam members cannot be obtained di-ectly from the ANSYS output.

Therefore, the moment and axial forces acting on any cross section
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will be chtained by integrating the nodal stresses through the
depth of the section. The resulting moment and axial force will be
used in the Branson Equation to determine the section effective
flexural stiffness.

All solid elements in the main SFP model will incorporate cracking
affects by changes to the elastic modulus in the direction of
cracking. The new value of elastic modulus in the cracked
direction will be correlated to the relative stiffness changes
predicted by the Branson equation. The influence of tension
stiffening due to the uncracked concrete still bonded to the steel
adjacent to the crack is implicitly incorporated in the empirical
formylation of the Branson equation.

The pre-existing flexural cracks in girder RE and the slab at
Elevation 75'<3" shall be modeled by modifying the elastic modulus
of the elements through which the cracks pass. The effective
modulus of the element in the dircction perpendicular to the crack
may be derived from the crack sizes giver in Reference 25. To
estabiish an effective modulus based on ¢, ck =ize, an approximate
rebar stress at the crack will be determined from the Gergely-Lutz
t ‘uation (Reference 12). The ACI Code provisions (ACI-349 Section
10,6.4) are based on the Gergely~Lutz expression for crack width.
Extensive laboratory experiments have verified that crack width is
proportional to stesl stress. With an approximate rebar stress
based on crack width and assuming fully cracked properties at the
crack plane, an estimate of the moment acting on the section can be
made, This moment becomes the actual moment in the Branson
tquation from which an effective modulus can be calculated.

The effective shear stiffness of the web of a membéer containing
Alagonal tension (shear) cra“ks shall be based on the shear
reinforcement in the member 2, d the methodology given in Reference
15. The intent of the present analysis scope is to only include
pre-existing flexural cracks in the SFP model for Analysis Cases C
and D, Pre-existing diagonal shear cracks shall not be included.

Insufficient or reduced rebar embedment has the effect of lcwering
the moment capacity of a section by not allowing the yield stress
of the reinforcement tc be reache. prior to bar pullout. At
sections of the SFP slab where moment capacity could be effected by
ieduced embedment, the allowable moment capacity shall be reduced
in proportion to the lack of required embedment beyond the -
effective section depth, 1f the reduced moment canacity §.
exceeded, the effective elastic modulus of the element in the
direction of the rebar shall be reduced to zero.
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Supplemental Cracking Criteria

Sections 9.5.2 and 9.5.3 of the ACI Code (Reference 1) refer to the
use of the Branson Equation to predict member stiffness changes due
to cracking tor both one-way construction (beams) and two-way
constryction (slabs and walls). Based on the Branson Equation
formulation, the use of this equation to compute cracked
cross=section itiffness properties implies that the section unér
consideration has additions: moment capacity beyond the crrcking
moment. This may not be the case for all structural components of
the spent fusl pool.

Typically, one-way construction is more heavily reinforced than
two-way construction and specific provisions of the ACI Code
(Reference 1 Section 10.5.1) recognize the desirabiiity for the
moment capacity to be greater than the cracking moment. For slabs
and walls the minimum reinforcement requirements specified by the
Code may provide less reinforcement than necessary to ensure a
moment capacity greater than the cracking moment. For slabs and
walls so constructed, the Branson Fquation “i11 over-predict the
resulting member stiffness as cracking takes ,..ace. This is
particularly significant for thermal gradients, where the
over-prediction of stiffness results in higher thermal moments.

Therefore, for slabs and walls where the cracking moment exceeds
the moment capacity, a revised cracking criteria may be used. In
this revised criteria the stress at which racking occurs shall
equal the value of stress computed elastically w.ch the moment
capacity applied to the uncracked section, Use of this criteria is
intended tu avoid the situation where the factored moment from a
ioad combinét'on exceeds the moment capacity for a section which
may ot have , « .ed or for wiich cracking has been
under-estimatee.  Should such situations occur, the analyst shall
use cracke! transformed properties for the section.

Load Application

Concrete deau load will be applied as a 1g vertical loading on all
structural elements. Hydrostatic and hydrodynamic pool loads will
be applied statically as element pressures to the floor and walls
of the SFP. MHydrodynamic pool loads will be calculated using the
methodology given in Reference 10 and will be based on the
assumption that the SFP is essentially rigid, as demonstrated by
calculations performed by GPUN (Reference 18). Static and dynamic
fuel rack loads corresponding to the three levels of consolidation

B e e e e e e e e e el e |
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and the cask drop load will be applied statically as element
pressures within the region of loading. Thermal gradients will be
applied as a linear distribution of surface and mid-surface
temperatures through the thickness of the elements composing the
floor and walls of the SFP and the drywell shield wall. Seismic
inertia loads will be applied statically to all structural elements
of the SFP as the appropriate percent of gravity based on floor
response spectra ZPA values.

The purpose of the proposed investigations 1s to focus on the
cracking and capacity of the SFP and its supporting structural
mombers. It is noi the intent of this investigation to chase the
normal cracking which may occur in the slabs at Elevations 75°, 91"
and 119' due to the application of 1ive load, except in the case of
the slab adjacent to Girder RE at Elevation 75°, which 15 cracked.

lo avoid unnecessary cracki.g iterations for live load, which may
or may not be active, statically equivalent tributary live loads
may be applied at the slab bounda~ies. This will avoid having to
consider the normal iocal flexural cracking of “secondary type"
members (1.e., members incorporated in the model to achieve the
proper boundary coaditions) which will have I1ttle or no influence
on the major redistribution of internal forces ard will slow
convergence during each non-linear cracking iteration in the
analysis.

srior to the formalized analysis, all loading cases will be applied
separately to the entire mogel, assuming linear elastic behavior,
to determine the general effects of the loading, its rolative
severity with respect to other loads, and its part:.rination in the
load combination equations.

The cracking of reinforced concrete members and the resulting
non-1inear behavior 's a nonconservative process and requires that
the actual load hist -~ be reasonably well followed, since final
results are load path-dependgent. However, the nading sequence
which has occurred over the 1ife of the Oyste Creek SFP structure
is not exactly known and thus only a reasonable approximation to
the true loading sequence can be made. Therefore, in ieu of any
preferred loading sequence, the general loading sequer.e will
follow the order shown below, which is believed to closely resemble
the sequence in which the loads were actually applied to the SFP.
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Concrete Dead Weight

Hydrostatic Loading

Fuel Rack Loading

Live Load

Thermal Loading

Sefsmic Inertia and Mydrodynamic or Cask Drop

DN —

Analysis Strategy

As the loads are applied to the SFP structure, the distribution of
internal forces which resist these loads i1l be dependent on the
relative stiffness of the various structural elements which
comprise the SFP structure. when the load level reaches a certain
value, cracking begins and load is transferred from the cracked
tensile concrete to the adjacent tension steel reinforcement, This
results in an instantaneous change in curvatur. a* .onstant moment
(i.e., a reduction in rotational stiffness). As cracki J
continues, the relative stiffness of the structural elements oegins
to change and the internal forces begin to redistribute themselves
within the SFP structure. This internal redistribution of forces
is a non-linear process since the stiffness 1s changing with
increasing load.

The question arises as to how this non-linear process can best be
accounteo for in the analysis of the SFP structure. An analysis

strategy to account for this non-linear process must incorporate

the following considerations:

(1) Since the problem is non-linear, the final result will be
dependent on the sequence in which the loads were applied.
However, the loading sequence which has occurred over the life
of the Oyster Creek SFP structure is not exactly knowh and
therefore only a reasonatle approximation to the loading
sequente can by made. Strict adherence to loading sequerce is
typically not concern for nuclear power plant structures
(Reference 1 and 26).

(2) Since the dead load portion of the 'oading sequence (i.e.,
concrete deadweight, pool hydrostatic and rack loads) is
expected to produce monotonically increasing levels of internal
forces at the most critical regions of the “tructure, possible
minor variations in the assum.d loading sequence from che true
loading sequence are nol expected to significantly change the
final results in these critical regions.
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ctiffness. When crack closure occurs (1.e., zero tensile stress is
reached), the element stiffness will be increased to the gross
concrete valua until such time as there is further evidence of
cracking or crack opering. For those sections which continue to
increase their curvature afte- -acking, the effzctive stiffness
will be recalculated from the . .nson Equation. This iterative
process will continue until a stable ~rack ronfiguration has been
established at the full thermal gradiunt.

Seismic_and Cask Drop Cases

Although seismic inertia, nydrodynami~, and cask drop loads will be
applied statically, they are still dynamic loads which produce
oscillations about on equilibrium .til"ness cosition. As the
structure moves in one direction away from the equilibrium
position, it: stiffness changes as crack opening and closing
occurs. When the structure moves in the other direction away from
the equilibrium position, cracks whicn opened on *he previous half
cycle are now closing and vice versa. In the ahsence of large
moment reversals, the average structural stifyness accompanying
this process can be assumed to be that which exists at the static
equilibrium position. Thereiore, the ennverged structural
stiffness which exists at the end of wne apnlication of all actual
static loads. including thermal gradient, = ' be the stiifness
used for the statically applied dynamic ! ads.
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